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Preface to “Polyphenols in Crops, Medicinal and Wild

Edible Plants”

Phenolic compounds from commercial crops, old varieties, medicinal herbs, and wild edible

species, including phenolic acids, coumarins, flavonoids, and tannins, may play a crucial role in the

prophylaxis of various human diseases. The antioxidant capacity of polyphenols, likely their key

prerogative in controlling a plethora of human diseases, varies sensibly depending on their chemical

nature, whose complexity has paralleled the evolution of land plants. The aim of this Special Issue

was: (i) to describe polyphenols’ classification, diversification, and occurrence in the plant kingdom;

(ii) to report the effect of external factors on their metabolisms; and (iii) to establish the potential

benefits of polyphenols for human pathologies, testing their antioxidant activity with the attempt to

exploit the derived secondary metabolites as drug or nutraceutical compounds in fortified foods. This

Special Issue of the journal Molecules, entitled ”Polyphenols in Crops, Medicinal and Wild Edible

Plants: From Their Metabolism to Their Benefits for Human Health” is devoted to studies related to

medicinal herbs of different ethnobotanical regions, in an attempt to discover plant resources that can

be used for the extraction of targeting polyphenols, leading to the development of new treatments

for treating especially complicated and minor diseases. Recent research dealing with polyphenolic

chemodiversity and polyphenol-based fingerprint of crops and old varieties, as well as the effect of

external factors to polyphenol profile and abundance, are also presented here. The plant kingdom

is an open-pit mine of chemical compounds that are still waiting to be explored, a task that can be

accomplished in the era of omics sciences.

Marco Landi, Marek Zivcak, Marian Brestic, Oksana Sytar

Special Issue Editors
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Abstract: Thymoquinone (TQ) has shown substantial evidence for its anticancer effects. Using
human breast cancer cells, we evaluated the chemomodulatory effect of TQ on paclitaxel (PTX). TQ
showed weak cytotoxic properties against MCF-7 and T47D breast cancer cells with IC50 values of
64.93 ± 14 μM and 165 ± 2 μM, respectively. Combining TQ with PTX showed apparent antagonism,
increasing the IC50 values of PTX from 0.2 ± 0.07 μM to 0.7 ± 0.01 μM and from 0.1 ± 0.01 μM
to 0.15 ± 0.02 μM in MCF-7 and T47D cells, respectively. Combination index analysis showed
antagonism in both cell lines with CI values of 4.6 and 1.6, respectively. However, resistance fractions
to PTX within MCF-7 and T47D cells (42.3 ± 1.4% and 41.9 ± 1.1%, respectively) were completely
depleted by combination with TQ. TQ minimally affected the cell cycle, with moderate accumulation
of cells in the S-phase. However, a significant increase in Pre-G phase cells was observed due to
PTX alone and PTX combination with TQ. To dissect this increase in the Pre-G phase, apoptosis,
necrosis, and autophagy were assessed by flowcytometry. TQ significantly increased the percent of
apoptotic/necrotic cell death in T47D cells after combination with paclitaxel. On the other hand, TQ
significantly induced autophagy in MCF-7 cells. Furthermore, TQ was found to significantly decrease
breast cancer-associated stem cell clone (CD44+/CD24-cell) in both MCF-7 and T47D cells. This was
mirrored by the downregulation of TWIST-1 gene and overexpression of SNAIL-1 and SNAIL-2 genes.
TQ therefore possesses potential chemomodulatory effects to PTX when studied in breast cancer
cells via enhancing PTX induced cell death including autophagy. In addition, TQ depletes breast
cancer-associated stem cells and sensitizes breast cancer cells to PTX killing effects.

Keywords: paclitaxel; thymoquinone; apoptosis; autophagy; tumor-associated stem cells

1. Introduction

Over the past three decades, 1355 new drugs were approved for the treatment of malignancies [1,2].
However, there are 18.1 million new cases of cancer, and 9.6 million mortalities due to cancer
annually [3]. Breast cancer has the highest incidence, causing the most female mortalities among
other malignancies [4]. Breast cancer tissue is a heterogeneous tissue consisting of various cell types,
which differ in terms of origin, function, genetic profile, morphology, and sensitivity to therapy [5,6].
Breast cancer stem cells (BCSCs) are a subclone of cancer cells that have gained great attention,

Molecules 2020, 25, 426; doi:10.3390/molecules25020426 www.mdpi.com/journal/molecules1
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and are believed to be responsible for tumor growth and unlimited self-renewal ability. BCSCs possess
a remarkable ability to effectively persist after exposure to chemotherapy [7].

Paclitaxel (PTX) is anti-microtubule chemotherapy that has been used successfully for different
types of solid tumors including breast cancer for more than 40 years [8–10]. PTX stabilizes tubulin
dimmers and suppresses microtubule depolymerization during mitosis, resulting in cell cycle arrest
in M-phase; it is also called mitotic catastrophe [9,11]. However, breast cancer patients treated with
taxane frequently develop chemotherapeutic resistance [12]. Combination therapy for PTX has been
studied by many research teams, including ours, to enhance its anti-tumor activity and protect PTX
from tumor resistance [13–16].

Natural compounds are believed to be a promising alternative for many chemotherapeutic
remedies in fighting neoplasia [17]. More than 74% of the newly approved anticancer drugs during the
past 30 years were of natural origin or inspired by natural product [1,2]. Nigella sativa and its constituents
are among the most studied medicinal herbs in different health care issues [18]. Thymoquinone (TQ) is
the major natural component of Nigella sativa seeds; it possesses anti-bacterial, anti-oxidant, anti-allergic,
and anti-cancer effects [19–22].

Medicinal plants combined with cancer chemotherapy has gained great attention in recent years,
and some studies have demonstrated promising results and outcomes. The main goal of these studies
was to reduce the chemotherapeutic resistance associated with conventional chemotherapeutic agents
or to protect normal tissues from their toxicity [23]. In our previous publications, thymoquinone was
shown to improve the activity of cisplatin and gemcitabine against head and neck squamous cell
carcinoma and breast cancer cells in addition to protecting oral epithelial cells from cisplatin-induced
apoptosis. Herein, we studied the effect of TQ on the cytotoxicity profile of PTX against breast cancer
cells, emphasizing breast-cancer-resistant clones in relation to BCSCs.

2. Results

2.1. The Chemomodulatory Effect of Thymoquinone to PTX within Breast Cancer Cells

A sulfarodamine-B (SRB) assay was used to assess the effect of TQ on the cytotoxic profile of PTX
against breast cancer cells by calculating the IC50 values and R-fractions of single and combined PTX
against MCF-7 and T47D cells. PTX showed a dose-dependent cytotoxic effect. Viability started to
drop significantly at a concentration of 0.1 μM with IC50 values of 0.2 ± 0.07 μM and 0.1 ± 0.01 μM in
MCF-7 and T47D cells, respectively (Figure 1A,B). In contrary, TQ did not exert any cytotoxic activity
against either cell line until 30 μM. Higher concentrations of TQ induced a sudden drop in the viability
with calculated IC50 values of 64.9 ± 14 μM and 165.1 ± 2.8 μM in MCF-7 and T47D cells, respectively
(Figure 1A,B). Equitoxic combination (100:1) of TQ with PTX did not further improve the IC50 values of
PTX against either MCF-7 or T47D cells (0.7 ± 0.01 μM and 0.15 ± 0.02 μM, respectively). Combination
index analysis showed that TQ antagonized the cell-killing effect of PTX against MCF-7 and T47D cells,
resulting in CI-values of 4.6 and 1.6, respectively (Table 1). Yet, TQ completely abolished the resistance
fractions of both MCF-7 and T47D towards PTX from 42.37 ± 1.4% and 41.9 ± 1.1%, respectively, to 0%
(Figure 1A,B) (Table 1). These data suggest that TQ does not improve PTX potency against MCF-7
or T47D cells and apparently antagonizes its killing effects. However, TQ significantly abolishes
tumor-associated resistant cell clones.
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Figure 1. The effect of thymoquinone (TQ) on the dose-response curve of paclitaxel (PTX) in MCF-7 (A)
and T47D (B) breast cancer cell lines. Cells were exposed to the serial dilution of PTX, TQ, or their
combination for 72 h. Cell viability was determined using a sulfarodamine-B (SRB) assay, and data are
expressed as mean ± SD (n = 3).

Table 1. Combination analysis of cell cytotoxicity for TQ, PTX, and their combination against MCF-7
and T47D breast cancer cell lines.

MCF-7 T47D

IC50 (μM) R-Value (%) IC50 (μM) R-Value (%)

PTX 0.2 ± 0.07 42.3 ± 1.4 0.1 ± 0.01 41.9 ± 1.1
TQ 64.9 ± 14.5 1.6 ± 1.3 165.1 ± 2.8 0.1 ± 0.15
PTX+TQ 0.7 ± 0.01 0 0.15 ± 0.02 0
CI-value Antagonism/4.6 Antagonism/1.6

2.2. Cell Cycle Distribution Analysis of Breast Cancer Cells

Further assessment for the interaction between TQ and PTX against cell cycle progression was
undertaken using DNA content flow cytometry. In MCF-7 cells, PTX significantly arrested the cell cycle
at G2/M-phase with a significant increase in the G2/M-phase population from 17.5 ± 2.3% to 71.2 ± 0.8%
and from 15.9 ± 2% to 72.1 ± 2.8% after 24 h and 48 h, respectively (Figure 2A,B). TQ alone did not
cause any significant change in the cell cycle distribution of MCF-7 cells. However, a combination
of TQ with PTX induced a significant increase in the S-phase cell population (from 19.9 ± 0.5% to
23.8 ± 1%) after 24 h (Figure 2A). The cell cycle arrest at G2/M-phase induced by PTX alone and in
combination with TQ resulted in cell death; a significant increase of Pre-G phase population was
observed from 4.7 ± 1.5% to 27.1 ± 5% and 29.8 ± 4%, respectively, after 24 h (Figure 2C) and from
2.5 ± 0.6% to 17.9 ± 1.6%, 18.9 ± 0.4%, respectively, after 48 h (Figure 2D).

Similar to MCF-7, PTX significantly arrested T47D cells in G2/M-phase with a significant increase
in this population from 19.4 ± 1.7% to 62.0 ± 2.9% and from 16.6 ± 1% to 83.3 ± 2.1% after 24 h and
48 h, respectively (Figure 3A,B). After 48 h of exposure, TQ alone and TQ+PTX treatment increased
the S-phase T47D cell population from 29.1 ± 1.7% to 38.4 ± 0.2% and from 15.1 ± 1.7% to 28.6 ± 4.1%,
respectively (Figure 3B). Interestingly, TQ treatment alone induced significant cell death and increased
the Pre-G cell population of T47D cells from 8.5 ± 0.3% to 10.8 ± 0.2% and from 12.6 ± 1.4% to
67.6 ± 5.2% after 24 h and 48 h, respectively (Figure 3C,D). In addition, PTX alone induced a significant
increase in the pre-G cell population from 8.5 ± 0.3% to 38.1 ± 5.1% and 12.6 ± 1.45% to 44.5 ± 3.2%
after 24 and 48 h, respectively. Combination of PTX with TQ resulted in a significantly higher pre-G
cell population compared to PTX treatment alone after 24 and 48 h (69.6 ± 1.1% and 60.4 ± 1.7%,
respectively) (Figure 3C,D). Pre-G phase is indicative of cell death. However, it is non-specific and
could be programmed cell death (apoptosis or autophagy) or non-programmed cell death (necrosis).
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Control TQ 

PTX PTX+TQ 

Control TQ 

PTX PTX+TQ 

A) 24 h B) 48 h 

C) 24 h D) 48 h 

Figure 2. Effect of PTX, TQ, and their combination on the cell cycle distribution of MCF-7 cells. Cells
were exposed to PTX, TQ, or their combination for 24 h (A,C) or 48 h (B,D). Cell cycle distribution
was determined using DNA content flowcytometry analysis and different cell phases were plotted as
percentage of total events. Sub-G cell population was plotted as percent of total events (C,D). Data are
presented as mean ± SD; n = 3. (*) significantly different from the control group.
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Control TQ 

 PTX  PTX+TQ 

Control TQ 

PTX  PTX+TQ 

A) 24 h B) 48 h 

C) 24 h D) 48 h 

Figure 3. Effect of PTX, TQ, and their combination on the cell cycle distribution of T47D cells. Cells
were exposed to PTX, TQ, or their combination for 24 h (A,C) or 48 h (B,D). Cell cycle distribution
was determined using DNA content flowcytometry analysis and different cell phases were plotted as
percentage of total events. Sub-G cell population was plotted as percent of total events (C,D). Data
are presented as mean ± SD; n = 3. (*) significantly different from the control group. (**) significantly
different from PTX treatment.

2.3. Apoptosis Assessment

Herein, we investigated the effect of TQ in overcoming MCF-7, T47D cells resistance to PTX by
inducing further apoptosis, necrosis, and/or autophagy. T47D cells were exposed to the pre-determined
IC50 values of PTX, TQ, and their combination for 24 and 48 h rather than 72 h to detect early apoptotic
events. Apoptosis/necrosis populations were then determined by Annexin-V/FITC-PI staining coupled
with a flowcytometry technique. Both TQ alone and PTX alone induced a significant apoptosis after
24 h of exposure (22.4 ± 3.2% and 10.3 ± 0.8%, respectively) compared to untreated control T47D cells
(4.3 ± 0.5%). Yet, PTX combination with TQ induced significantly more apoptosis compared to PTX
treatment alone (58.1 ± 2.1%). In addition to apoptosis, TQ, PTX, and their combination induced
significant necrotic cell death in T47D by 5.9 ± 0.3%, 7.4 ± 0.7%, and 22.2 ± 0.6%, respectively (compared
to 2.3 ± 0.7% necrosis in control cells) (Figure 4A)). Similarly, further exposure (48 h) of T47D cells to
PTX alone or TQ alone resulted in more apoptosis (18.4 ± 2.9% and 32.5 ± 2.8%, respectively) compared
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to untreated control cells (1.9 ± 0.5%). Combination of PTX and TQ did not significantly increase
T47D apoptotic cell population compared to TQ treatment alone (31.5 ± 1.3%). Moreover, TQ, PTX,
and their combination induced significant necrotic cell death in T47D by 4.0 ± 0.4%, 11.3 ± 0.6%,
and 11.0 ± 0.4%, respectively (compared to 2.6 ± 0.1% necrosis in control cells) (Figure 4B). To confirm
apoptosis, Western blot analysis was carried out for caspase-3 and PARP proteins. PTX induced the
expression of caspase-3 after 24 and 48 h. Further combination of PTX with TQ resulted in more active
caspase-3 and more cleavage for its downstream target protein, PARP (Figure 4C,D).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control TQ  

PTX+TQ PTX 

(A)-24 h (B)-48 h 

Control TQ  

PTX+TQ PTX 

Caspase-3 

PARP 

-actin 

Caspase-3 

PARP 

-actin 

(C)-24 h (D)-48 h 

C TQ PTX PTX+TQ C TQ PTX PTX+TQ 

Figure 4. Apoptosis/necrosis assessment in T47D cells after exposure to PTX, TQ, and their combination.
Cells were exposed to PTX, TQ, or their combination for 24 h (A) and 48 h (B). Cells were stained with
annexin V-FITC/PI and different cell populations are plotted as a percentage of total events. Western blot
analysis for caspase-3 and PARP was assessed for MCF-7 (C) and T47D (D) cells. Data are presented as mean
± SD; n = 3. (*) significantly different from the control group. (**) significantly different from PTX treatment.

2.4. Autophagy Assessment

Besides apoptosis, we were keen to study the effect of PTX, TQ, and their combination on other
cell death mechanisms such as the autophagy process. In MCF-7, treatment with PTX, TQ, and the
combination of PTX+TQ increased the fluorescent intensity indicative of autophagic cell death by
58.2%, 33.9%, and 49.1%, respectively (Figure 5A). On the other hand, none of the treatments under
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investigation (PTX, TQ, or their combination) induced any significant change or autophagic cell death
in T47D (Figure 5B). CQ (positive control autophagic drug) induced autophagic cell response in MCF-7
and T47D cell lines and increased Cyto-ID fluorescence by 31 and 42%, respectively (Figure 5A,B). For
further conformation, two key autophagy genes beclin-1 and LC3-II were assessed by the RT-PCR
technique. In MCF-7 cells, treatment with PTX, TQ, and the a combination of PTX+TQ significantly
increased the expression of beclin-1 by 4.4, 3.1, and 6.8 folds, respectively, and significantly increased
the expression of LC3-II by 3.4, 1.9, and 4.1 folds, respectively. In T47D, only PTX marginally increased
the expression of beclin-1 by 1.4 folds (Figure 5C,D)

PTX PTX+TQ 

A)-MCF-7 B)-T47D 
CQ TQ 

PTX PTX+TQ 

CQ TQ

C)-MCF-7 D)-T47D 

Figure 5. Autophagic cell death assessment in MCF-7 (A) and T47D (B) cells after exposure to PTX, TQ,
and their combination. Cells were exposed to PTX, TQ, or their combination for 24 h, and were stained
with a Cyto-ID autophagosome tracker. Net fluorescent intensity (NFI) was plotted and compared to
the basal fluorescence of the control group. Gene expression fold changes for beclin-I and LC3-II were
assessed for MCF-7 (C) and T47D cells (D). Data are presented as mean ± SD; n = 3. (*) significantly
different from the control group.
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2.5. Breast Cancer-Associated Stem Cell (CD44+/CD24- Cell Clone) Detection

Furthermore, we assessed the breast cancer-associated stem cell clone (CD44+/CD24-) and
endothelial mesenchymal transition gene expression in relation to treatment with TQ, PTX, and their
combination. TQ alone induced a significant decrease in the CD44+/CD24- stem cell clone by
12.4 ± 0.8%. However, PTX treatment reduced CD44+/CD24- cell clone by only 7.6 ± 0.1%.
Interestingly, the combination of PTX with TQ significantly abolished the tumor-associated stem
cell clone (CD44+/CD24-) by 32.3 ± 0.08% (Figure 6A). In addition, TQ significantly decreased the
T47D associated stem cell clone (CD44+/CD24) by 19.9 ± 0.8%, while PTX caused a 9.9 ± 0.2% decrease
in the tumor-associated stem cell clone. Yet, the combination of PTX with TQ further decreased the
tumor-associated stem cell clone by 23.9 ± 1.6% (Figure 6B).

TQ 

PTX+TQ 

Control TQ 

PTX PTX+TQ 

Control 

PTX 

C
D

44

A)-MCF-7 B)-T47D 

CD24 

Figure 6. Effect of PTX, TQ, and their combination on the expression of CD44 and CD24 stem cell
markers. MCF-7 (A) and T47D (B) cells were exposed to PTX, TQ, or their combination for 24 h.
Expression levels of CD44 and CD24 were assessed using flowcytometry and plotted as percentage of
total events. Data are presented as mean ± SD; n = 3. (*) significantly different from the control group.
(**) significantly different from PTX treatment.

2.6. EMT Genes Expression Assessment

Further assessment for the expression of key EMT genes (ZEB-2, TWIST-1, SNAIL-1, and SNAIL-2)
after treatment with TQ and PTX was undertaken using the RT-PCR technique. No significant changes
in the expression of ZEB-2 due to the treatment of TQ or PTX could be detected. TQ induced a significant
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increase in the expression level of both SNAIL-1 and SNAL-2 compared to the untreated control by 3.8
and 3.7 folds, respectively. On the other hand, TQ significantly downregulates TWIST-1 expression to
18% of the control expression level. PTX did not induce any significant change in the expression level of
the SNAIL-1, SNAIL-2, or TWIST-1 genes. Taken together, TQ efficiently diminishes tumor-associated
stem cells (Figure 7).

Figure 7. Effect of PTX and TQ on the expression of EMT-related genes in MCF-7 cells. Cells were
exposed PTX or TQ for 24 h. Total RNA was extracted and subjected to RT-qPCR to measure gene
expression. Data were plotted using the 2-ΔΔCt method (expression normalized to the housekeeping
gene GAPDH). Fold expression and significance was calculated relative to control untreated cells
(dotted line). Data are presented as mean ± SD; n = 3. (*) significantly different from the control group.

3. Discussion and Conclusion

Breast cancer remains the most common malignancy in females and a leading cause of death
worldwide [3,24]. PTX is a cornerstone and commonly used chemotherapeutic drug for the treatment
of breast cancer [9,25]. Despite its promising initial clinical response, it might be discontinued due to
the emergence of resistance and toxicities [26,27]. TQ is a major active component of the Nigella sativa
plant, which is commonly used for different medicinal purposes [18,28]. Herein, we are testing the
hypothesis that a combination of PTX with TQ can decrease the breast cancer cell resistance to PTX.

According to our data, TQ alone showed significantly weaker cytotoxic/antiproliferative effects
compared to PTX. Apparently, TQ combined with PTX resulted in decreased PTX potency in the form
of a slight increase in its IC50 values. It was interesting to discover that TQ significantly abolished the
resistance fractions of both breast cancer cell lines to PTX (R-fractions were above 40% in both cell
lines). In one of our previous publications, it was found that curcuminoid-based synthetic compounds
increased the IC50 of PTX against colorectal cancer cells but significantly decreased the resistance
fractions of these cells towards PTX [16]. Herein, we have a similar scenario with the natural and safe
compound, TQ. Cumulative evidence within the literature reports the safety and potency of TQ in
enhancing many chemotherapeutic compounds against different tumor cell lines [29–32].

It is well known that PTX causes cell cycle arrest in the G2/M phase [33]. According to our finding
in the current study, TQ induced accumulation of cells in S-phase. This could explain the apparent
antagonism between PTX and TQ. However, this combination resulted in an increase in the pre-G cell
population. Yet, TQ pushed quiescent stem cells to proliferate and become sensitized to PTX treatment
via entering S-phase temporally and then entering G2/M-phase [34].

The elevated Pre-G cell population due to PTX treatment alone or in combination with TQ
is indicative of cell death. Apoptotic, necrotic, and autophagic cell death induced by PTX, TQ,
and their combination were examined to test the above hypothesis. Our observations showed that
TQ significantly increased apoptosis in T47D cells by more than 4 folds and 16 fold after 24 h and
48 h, respectively. Many previous publications from our team and from others have highlighted the
apoptotic effects of TQ against several cancer cells [31,32,35,36]. The enhancement effect of TQ towards
PTX against T47D could be explained by the supra increase of apoptosis; PTX in combination with

9



Molecules 2020, 25, 426

TQ increased the apoptosis by more than 4 folds compared to PTX alone. It is worth mentioning that
combination treatment induced marked elevation rates of necrosis compared to PTX alone. It was
previously reported by Canatan and colleagues that the combination of PTX with TQ increased the
expression of several genes involved in apoptosis in triple-negative breast cancer [37]. On the other
hand, MCF-7 does not undergo normal apoptosis due to a lack of caspase-3 expression [38]. In the
current work, caspase-3 was not detected by Western blotting in MCF-7 cells. Yet, it was suggested
in our previous publications that autophagy represents an alternative cell death pathway in MCF-7
cells [32]. Herein, TQ induced autophagic pro-death effects in MCF-7 cells. In other words, PTX and TQ
increased the concentration of caspase-3 enzyme in T47D cells with a prominent elevation of cleaved
PARP concentration, which is indicative of apoptosis-dependent cell death. In MCF-7 (caspase-3
deficient cell line), TQ and PTX forced the cells to proceed in autophagy-dependent cell death.

Breast cancer stem cells play an important role in resisting chemotherapeutic treatments,
and targeting or depleting this clone could effectively sensitize cancer cells to drugs [39]. Overall,
our results provide further evidence to the ant-resistance effect exhibited by TQ in combination with
PTX through studying their effect against breast cancer-associated stem cells (CD44+/CD24-) [40].
To the best of our knowledge, this is the first study demonstrating the effect of TQ in depleting
BCSCs. Herein, TQ remarkably decreased the percentage of the CD44+/CD24- cell clone of MCF-7
and T47D, while PTX caused a slight decrease in the CD44+/CD24- cell clone. Interestingly, TQ in
combination with PTX significantly decreased the aforementioned clone far more than TQ or PTX
treatment alone. Resistance to chemotherapy and poor cancer patient prognosis was previously
attributed to the failure of chemotherapy in depleting this stem cell clone [41]. Finally, the TQ effect
in depleting tumor-associated stem cells was confirmed via studying the expression levels of key
EMT genes. BCSCs possess high expression levels of mesenchymal markers such as TWIST-1 and
a low expression of epithelial markers [42]. Herein, TQ significantly downregulates EMT-regulatory
protein (TWIST-1) expression. Previously, it was found that TQ downregulates TWIST-1 expression in
other tumor types, resulting in improved efficacy [43]. Other key EMT genes, the SNAIL gene family,
are known to promote the migration and invasion of cancer cells [44]. Further details showed that the
SNAIL family increased the sensitivity to anti-tubulin drugs such as PTX through the downregulation
of bIII and bIVa-tubulin [45]. Thus, the observed increased expression of SNAIL1 and SNAIL2 due to
TQ treatment, in the current study, provides PTX with a wider target to induce mitotic catastrophe,
resulting in ultimately reduced resistance.

In conclusion, TQ proved and is still proving to have a potential effect in chemosensitizing several
tumor types such as breast cancer to many chemotherapeutic agents such as PTX. Several aspects of TQ
in decreasing breast cancer cell resistance to PTX are shown in this study. Mechanisms underlying this
effect include cell cycle synchronization followed by cell death via apoptosis, necrosis, and autophagy.
In addition, TQ interacts with EMT properties resulting in diminishing tumor-associated resistant
stem cell fraction. Further in vivo studies that translate these molecular observations into therapeutic
values is highly recommended.

4. Materials and Methods

4.1. Drugs and Chemicals

Thymoquinone (TQ), paclitaxel (PTX), and sulfarodamine-B (SRB) were all obtained from
Sigma-Aldrich Chemical Co. Cell culture media, fetal bovine serum, and trypsin were obtained
from Gibco™, Thermo Fisher Scientific.

4.2. Cell Culture

MCF-7 and T47D, were obtained from Nawah Scientific (Mokkatam, Cairo, Egypt). Cells were
maintained in full DMEM media with heat-inactivated fetal bovine serum (10% v/v), streptomycin
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(100 μg/mL), and penicillin (100 units/mL). Cells were kept in a humidified, 5% (v/v) CO2 atmosphere
at 37 ◦C.

4.3. Cell Viability Assay

An SRB assay was used to evaluate the cytotoxicity effect of TQ, PTX, and/or their combination
against MCF7 and T47D as previously described. Cells were seeded at 3000–5000 cells/well and treated
with a serial concentration of TQ (0.01–300 μM), PTX (0.001–10 μM), and their combination for 72 h.
Following that, cells were fixed by adding TCA (10% w/v) to each well and incubated for 1 h at 4 ◦C.
After washing, a 0.4% SRB staining solution (w/v) was added, and the following steps and incubations
followed what was previously described. The absorbance was measured at 540 nm with an ELISA
microplate reader and calculated as the percent viability of control cells (cells exposed to drug-free
media). DMSO concentrations were less than 0.1% in all treatment conditions.

4.4. Data Analysis

The dose–response curves of TQ, PTX, and their combination were analyzed using the Emax

model [46] according to the following formula

% Cell viability = (100−R) ×
(
1 − [D]m

Kd
m + [D]m

)
+ R (1)

The CI-value was calculated from the following formula:
Combination index (CI) was calculated from the formula:

CI =
IC50 of drug(x) combination

IC50 of drug(x) alone
+

IC50 of drug(y) combination
IC50 of drug(y) alone

(2)

The nature of the drug interaction was defined according to Chou and Talalay as synergism if CI
< 0.8, as antagonism if CI > 1.2, and as additive if CI ranges from 0.8 to 1.2 [47].

4.5. Cell Cycle Analysis by Flow Cytometry

To evaluate the effect of the drugs on cell cycle distribution, both cell lines were treated by the
pre-determined IC50 values of TQ, PTX, or both drugs in combination, for 24 or 48 h. An additional
drug-free medium-treated group acted as a control group. Post-treatment, cells were trypsinized,
collected, and washed with ice-cold PBS and re-suspended in 0.5 mL of PBS. To ensure fixation of cells,
2 mL of 60% ice-cold ethanol were added on the cells while vortexing. Cells were incubated at 4 ◦C
for 1 h. Prior to analysis, cells were washed and re-suspended in 1 mL of PBS containing 50 μg/mL
RNAase A and 10 μg/mL propidium iodide (PI). Cells were incubated for 20 min in the dark at 37 ◦C
and analyzed for DNA content using flow cytometry analysis FL2 (λex/em 535/617 nm). In all of the
following flow cytometer analysis, 12,000 events were acquired, and NovoExpress™ software was
used for analysis.

4.6. Analysis of Cell Apoptosis by Flow Cytometry

An Annexin V-FITC apoptosis detection kit (Abcam Inc., Cambridge Science Park, Cambridge,
UK) was used to determine the effect of drugs on apoptosis and necrosis. Briefly, the cells were treated
by the pre-determined IC50 values of either TQ, PTX, or both drugs combined for 24 h. A drug-free
media-treated group was used as control. Cells were collected and washed twice with PBS and
incubated in a dark place with 0.5 mL of Annexin V-FITC/PI solution for 30 min at room temperature
according to the manufacturer’s protocol. FITC and PI fluorescent signals were then analyzed using
FL1 and FL2 signal detector, respectively (λex/em 488/530 nm for FITC and λex/em 535/617 nm for PI).
Positive FITC and/or PI cells were quantified by quadrant analysis.
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4.7. Analysis of Cell Autophagy by Flow Cytometry

To further confirm the cell death mechanism induced by the drugs, autophagic cell death was
quantitatively analyzed using a Cyto-ID Autophagy Detection Kit (Abcam Inc., Cambridge Science
Park, Cambridge, UK). In brief, cells were treated for 24 h by the IC50 values of the test compounds
(single or combined treatments). Chloroquine treatment (10 μM) was used as a positive control,
while a drug-free medium was used as a negative control. Cells were then washed twice with PBS and
stained with Cyto-ID Green in the dark at 37 ◦C for 30 min according to the manufacturer’s protocol.
After staining, cells were analyzed for Cyto-ID differential green/orange fluorescent signals using
an FL2 signal detector (λex/em 535/617 nm). Mean net fluorescent intensities (NFI) were quantified.

4.8. Stem Cell Detection by Flow Cytometry

For assessing the effects of TQ, PTX, and their combination against the breast cancer-associated
stem cell clone (CD44+/CD24-), cells underwent FITC-labeled anti-CD44 and APC/Cy7-labeled
anti-CD24 antibody (Abcam Inc. Cambridge Science Park, Cambridge, UK) staining and flowcytometry
assessment. Briefly, cells were treated with the predetermined IC50 values of test drugs (single or
combined treatments), or with drug-free media as a control group, for 24 h. After treatment, cells were
trypsinized and washed with ice-cold PBS supplemented with 10% FCS. Cells were stained with the
conjugated anti-CD44 and anti-CD24 antibodies and kept in the dark at room temperature for 30 min.
Cells were then washed three times with ice-cold PBS containing 10% FCS. Cells were then analyzed
for FITC and APC/CY7 fluorescent signals using FL1 and FL2 signal detector, respectively (λex/em
488/530 nm for FITC and λex/em 535/617 nm for APC/CY7).

4.9. EMT Gene Expression Analysis

Real-time polymerase chain reaction (PCR) was performed to assess the expression of CDH1,
CDH2, SNAL1, SNAL2, ZEB2, and TWIST1 genes after treatment with the pre-determined IC50

values of TQ and PTX. After 24 h of treatment, RNA was extracted using mirVana™ RNA isolation
kit (Invitrogen, Carlsbad, CA, USA). The RNA and purity were confirmed (A260/280>2.0) using
a DeNovix DS-11™microvolume spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
Subsequently, the total RNA samples of all treatments were reverse-transcribed to construct a cDNA
library using the SuperScript™Master Mix kit (Invitrogen, Carlsbad, CA, USA). The cDNA were then
subjected to quantitative real-time PCR reactions using Custom TaqMan® Gene Expression Assay
(Applied Biosystems, Foster City, CA, USA). GAPDH was used as a housekeeping gene; normalized
fold changes for all genes of interest were calculated using the following formula: 2-ΔΔCq.

4.10. Autophagy Gene Expression Analysis

Real-time polymerase chain reaction (PCR) was performed on the cDNA prepared in the
previous experiment to assess the expression of beclin-1 and LC3-II autophagy genes after
treatment with the pre-determined IC50 values of TQ and PTX. The beclin-1 forward primer was
3’-GGCTGAGAGACTGGATCAGG-5’; the backward primer was 5’- CTGCGTCTGGGCATAACG-3’;
the LC3-II forward primer was 3’-GAGAAGCAGCTTCCTGTTCTGG-5’; the backward primer was
5’-GTGT CCGTTCACCAACAGGAAG-3’. The housekeeping β-actin gene was as a reference
gene with a forward primer of 3’-GAGAGGCGGCTAAGGTGTTT-5’ and a backward primer of
5’-TGGTGTAGACGGGGATGACA-3’.

4.11. Western Blot Analysis and Detection of Apoptosis Related Signals

Apoptosis proteins, caspase-3, and PARP were assessed within cell lysate after treatment with TQ,
PTX, and their combination to confirm cell death propagation via apoptosis. Briefly, cells were treated
with the pre-determined IC50 values of PTX and TQ for 24 h and 48 h. Cell lysates were extracted using
an RIPA-buffer and electrophoresed using SDS-PAGE (10%) and then transferred to PVDF-membrane.
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Caspase-3 and cleaved PARP-1 proteins were detected using rabbit monoclonal anti-active caspase-3
and rabbit monoclonal anti-PARP (Abcam Inc., Cambridge Science Park, Cambridge, UK). Bands were
visualized using HRP-conjugated anti-rabbit secondary antibodies (Abcam Inc., Cambridge Science
Park, Cambridge, UK).

4.12. Statistical Analysis

Data are presented as mean ± SD using Prism® for Windows, ver. 5.00 (GraphPad Software Inc.,
La Jolla, CA, USA). To assess significance, analysis of variance (ANOVA) with an LSD post hoc test was
used with SPSS® for Windows, version 17.0.0. A cut off value of p < 0.05 was used for significance.
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Abstract: Crops, such as white cabbage (Brassica oleracea L. var. capitata (L.) f. alba), are often
infested by herbivorous insects that consume the leaves directly or lay eggs with subsequent injury by
caterpillars. The plants can produce various defensive metabolites or free radicals that repel the insects
to avert further damage. To study the production and effects of these compounds, large white cabbage
butterflies, Pieris brassicae and flea beetles, Phyllotreta nemorum, were captured in a cabbage field
and applied to plants cultivated in the lab. After insect infestation, leaves were collected and UV/Vis
spectrophotometry and HPLC used to determine the content of stress molecules (superoxide),
primary metabolites (amino acids), and secondary metabolites (phenolic acids and flavonoids).
The highest level of superoxide was measured in plants exposed to fifty flea beetles. These plants also
manifested a higher content of phenylalanine, a substrate for the synthesis of phenolic compounds,
and in activation of total phenolics and flavonoid production. The levels of specific phenolic acids
and flavonoids had higher variability when the dominant increase was in the flavonoid, quercetin.
The leaves after flea beetle attack also showed an increase in ascorbic acid which is an important
nutrient of cabbage.

Keywords: Brassica oleracea; Pieris brassicae; Phyllotreta sp., phenolics; ascorbic acid

1. Introduction

Brassica crops, commonly known as crucifers, are grown worldwide for food and as animal
feed and represent a significant economic value due to their nutritional, medicinal, bioindustrial,
biocontrol, and crop rotation properties [1]. White cabbage (Brassica oleracea var. capitata) is
a widely-cultivated crucifer vegetable with a high nutritive value due to its richness in active
phytochemicals, such as vitamins C and E, carotenoids, minerals, dietary fiber, glucosinolates, phenolic
acids, flavonoids, and anthocyanins [2]. White cabbage is extensively cultivated throughout the world,
and the crop is often severely damaged by herbivorous insects such as the cabbage white butterfly,
Pieris brassicae, and flea beetles which are the most common pests of the Brassicaceae family.

The large white butterfly (Pieris brassicae L.; Lepidoptera: Pieridae) has a life cycle lasting 45 days
from egg to adult and there may be two to three broods per year with the first caterpillars hatching
in spring (April to June), and the second during summer (July to August). Adults drink nectar
of various plant species, while larvae exclusively feed on crucifers. Severe caterpillar infestations
can destroy entire plants not only because of their feeding but also their feces. Cruciferous plants
produce defensive compounds to repel insect attackers, but some larvae are able to safely accumulate
the poisonous compounds in their bodies, which provides them protection from being eaten by
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some bird species. Because of this phenomenon, the cabbage butterfly has been used as a model
species in the field or laboratory to study insect pest biology [1]. Flea beetles, primarily Phyllotreta
nemorum and P. undulata (Coleoptera: Chrysomelidae), are the most common species on B. oleracea
plants. They feed on cotyledons, young developing leaves, and stems of seedlings, leading to loss
of photosynthetic capability and often to plant death. Feeding starts at the first two weeks after
beetle emergence, and produces a shot-hole appearance and necrosis. Injury from larvae feeding on
secondary roots hairs, however, caused a negligible effect on plant survival [3].

Plants have developed various defensive strategies against herbivorous insects. Apart from
structural features like trichomes, thorns, or waxy leaf coatings, plants can reconfigure their metabolism
to produce and accumulate specific chemical compounds that repel or even kill insects. These plant
defense compounds act both as constitutive substances to repel herbivores through direct toxicity,
or antifeeding properties by lowering the digestibility of plant tissues (e.g., by lignification), and as
inducible substances produced in response to direct damage by herbivores. In addition, they may also
play roles as antioxidants or as volatile attractants for predators [2,4]. In addition to the well-studied
glucosinolate–myrosinase products, there are also a number of volatile compounds, such as lectins,
phytoalexins, and phytoanticipins [5]. Phenolic compounds are common secondary metabolites
in vascular plants. They exhibit great structural diversity, embodying a variety of functions in
plant–herbivore interactions. They play important roles in pollination and oviposition, in host
plant recognition by phytophagous insects, as feeding repellents, and in insect pest management [6].
Among the phenolics derived from phenylalanine are simple phenylpropanoids such as caffeic
and ferulic acid, phenylpropanoid lactones (coumarins), and benzoic acid derivatives such as vanillin
and salicylic acid [7]. The most common flavonoids in Brassica crops are quercetin, kaempferol,
and isorhamnetin, commonly found as O-glycosides, mainly conjugated to glucose. They are also
commonly acylated by different hydroxycinnamic acids [2].

Most of the published work has focused on the glucosinolate–myrosinase system, which is
the best-studied chemical defense in crucifers [8,9]. Most research dealing with changes in phenolic
metabolism has focused mainly on the absorption and sequestration of phenols and flavonoids in
the bodies of P. brassicae caterpillars [10,11]. There have been no published reports about changes in
phenolic metabolism after Phyllotreta attack. Therefore, the aim of this research was to study the changes
in the accumulation of the main phenolic compounds in Brassica oleracea following attack by common
insect pests. We focused on the herbivory of adult flea beetles (Phyllotreta nemorum) and the larvae of
the large white cabbage butterfly (Pieris brassicae), specifically the direct feeding of 2nd instar larvae,
the effects of oviposition, and the subsequent feeding of hatched caterpillars.

2. Results and Discussion

Plants have been generating complex defense mechanisms against various herbivorous insect
feeding strategies over the entire long period of their evolution. Here, we studied the effects of adult
flea beetle predation in the lab at two different levels, 50 or 100 insects per exposure (FB50, FB100),
the feeding of 2nd instar larvae (WBC), or oviposition with subsequent feeding of hatched caterpillars of
the large white cabbage butterfly (WBA). As soon as herbivore feeding starts on a plant, several defense
signals are induced, leading to different defense responses. The injury by chewing of insects causes
an immediate burst of reactive oxygen species (ROS), mainly hydrogen peroxide and superoxide
radical, giving rise to both local and systemic responses [7]. In our study, the concentration of
superoxide radical was elevated in nearly all plants exposed to insect predation. The presence of
flea beetles, especially at lower numbers (FB50), as well as exposure to cabbage butterfly oviposition
and larvae, WBA and WBC, significantly increased the superoxide level in infested plants compared
with controls (Figure 1a). Evidence from the literature, shows that the characteristics of the oxidative
burst differ according to the type of plant and insect pest. For example, a strong accumulation of
H2O2 was observed within 3 h of aphid infestation in wheat [12]. Additionally, histochemical staining
of Arabidopsis leaves showed an accumulation of H2O2 72 h after oviposition by P. brassicae [13].
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In contrast, no ROS accumulation was observed in Arabidopsis plants up to 48 h after attack by
the phloem feeding aphid, Brevicoryne brassicae. No evidence of ROS was found for up to 21 days
after feeding of the sweet potato whitefly, Bemisia tabaci, however. A number of genes associated
with oxidative stress, ROS scavengers, such as ascorbate peroxidase or catalase, were reported to be
upregulated, which suggests that increased levels of ROS were not essential for triggering enhanced
expression of oxidative defense genes, and secondary signaling pathways may be involved [14,15].

 

Figure 1. Effect of insect predation on production of stress compounds, and primary and secondary
metabolites in white cabbage: (a) Superoxide, (b) total soluble proteins, (c) phenylalanine, (d) tyrosine,
(e) total phenols content, and (f) total flavonoid content. WBA, adult cabbage butterflies (egg laying
and hatching larvae), WBC 2nd instar larvae, FB50 fifty flea beetles per box, and FB100, one hundred
flea beetles per box. All bar values were recalculated relative to the compound content in untreated
samples taken as 100% (dashed line). Data are means of three repeats ± SE. The asterisk (*) represents
a significant difference between insect-damaged plants and controls, and different letters between
the values of one compound. p < 0.05 by Fisher’s least significant difference (LSD) test.

One characteristic plant response to insect attack is elevated protein content as a result of
the induction of plant enzymes and nonenzymatic proteins involved in plant defense. Here, the content
of total soluble proteins in injured leaves was not measurably affected by any of the used treatments
(Figure 1b). In previous studies, contrary results were found in kale plants attacked by P. brassicae [16]
and in corn plants infested with Spodoptera frugiperda [17], where a significant increase in total
protein was measured. In general, phenolic compounds play a major role in host plant resistance
to herbivores, including insects. Phenolics are synthesized in plants via the shikimic acid pathway.
Phenylalanine ammonia-lyase (PAL) is the key enzyme catalyzing deamination of the aromatic amino
acid, phenylalanine (Phe), to t-cinnamic acid, which participates in further reactions by conjugation with
coenzyme A or hydroxylation to p-coumaric acid. Alternatively, p-coumaric acid is produced directly
from tyrosine (Tyr), the hydroxyl derivative of Phe, via tyrosine ammonia-lyase, an analogue of PAL
(Figure 2) [2,6,7]. The activity of PAL was strongly elevated in Chrysanthemum during the early period
(0.5 to 6 h) after aphid infestation [18] and in kale after P. brassicae herbivory [16], and the enhanced
PAL activity was correlated with elevated concentration of phenols. In our study, the activity of
specific enzymes was not analyzed, but the levels of enzyme precursors were measured. The amount
of Phe significantly rose only in plants attacked by flea beetles while the level of Tyr stayed unchanged.
In contrast, herbivory by cabbage butterfly larvae resulted in a significant decrease in Phe and Tyr
(Figure 1c,d).
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Figure 2. Pathways of phenolic acid and flavonoid metabolism [19–22]. PAL—phenylalanine ammonia-lyase;
TAL—tyrosine ammonia-lyase; C4H—cinnamate 4-hydroxylase; 4CL—4-coumarate-CoA ligase;
C3H—p-coumarate 3-hydroxylase; COMT—caffeic acid 3-O-methyltransferase; BA2H—benzoic acid
2-hydroxylase; CHS—chalcone synthase; CHI—chalcone isomerase; F3H—flavanone 3-hydroxylase;
FLS—flavonol synthase; F3′H—flavonoid 3′-hydroxylase; FNS—flavone synthase.

Phenols possessing antioxidant activity are known to be produced by stressed plants. They may
neutralize ROS directly or through enzymatic reactions. Their antioxidant activity depends on their
chemical structure, the position and increased number of hydroxyl groups in the molecule leading
to higher antioxidant activity. Even when phenolic compounds are oxidized by polyphenol oxidase
or peroxidase to quinones, they can still be effective in defense reactions against herbivores [23,24].
On the other hand, glycosylation, the addition of a sugar moiety, results in lowering of this antioxidant
activity [2]. In our study, plants exposed to flea beetles (FB50 and FB100) and hatching caterpillars
(WBA) showed a significantly higher content of total soluble phenols in comparison with controls;
but treatments did not differ between themselves. The WBC plants did not differ from controls
(Figure 1e). In the literature, the described changes in the content of total soluble phenols are not
consistent. Some studies reported higher phenols content [25,26] while others noted a decrease in
their level [23]. Analysis of total phenols content is not only specific for molecules like phenolic
acids or flavonoids, but other types of compounds can also be detected. However, it is still the most
widely used method, especially in stress-related research, and values of particular metabolites are
then usually determined in detail using more accurate methods, such as liquid chromatography or
mass spectrometry.

Another commonly used analytical procedure in stressed plants is the evaluation of flavonoid
content via spectrophotometric assay based on the formation of an aluminum chloride complex
(sometimes expressed as AlCl3-reacted flavonols). Here, the content was significantly higher only in
cabbage plants exposed to 50 flea beetles, FB50 (Figure 1f). Total flavonoid content includes amount of
various molecules that are synthesized and further metabolized by subsequent reactions. Figure 2
shows various pathways leading to three individually analyzed aglycones—kaempferol, quercetin,
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and luteolin. In this study, the preceding flavonoid substrates for these compounds or their glycosides
and other metabolites were not analyzed. Overall, the highest content was monitored for quercetin.
Here, a significant increase compared to control was found for WBC and FB50 plants. Surprisingly,
hatching caterpillars (WBA) did not change the amount of quercetin. Total levels of kaempferol
and luteolin were considerably lower in comparison with quercetin. Only flea beetle infestation
resulted in significant enhancements in both compounds (Figure 3).

 

Figure 3. Effect of insect herbivory on flavonoid content in white cabbage. (a) Quercetin; (b) luteolin;
(c) kaempferol. All bar values for experimental levels of compounds were recalculated relative to
the content in untreated samples taken as 100% (dashed line). WBA, adult cabbage butterflies (egg laying
and hatching larvae), WBC 2nd instar larvae, FB50 fifty flea beetles per box, and FB100, one hundred flea
beetles per box. Data are means of three repeats ± SE. The asterisk (*) represents a significant difference
between treated samples and controls, and different letters between the values of one compound.
p < 0.05 by Fisher’s least significant difference (LSD) test.

Beyond their well-known antioxidant properties, flavonoids also play an important role in
insect–plant interactions. Studies of a variety of flavonoids have demonstrated their feeding deterrent
and stimulant activity. The significant inhibition of feeding by flavone and dihydroquercetin,
and the ability of apigenin or isorhamnetin to stimulate feeding suggest that the degree of predation of
flea beetles on crucifers may depend on flavonoid structure. The most abundant cabbage flavonoids,
quercetin, and kaempferol, showed only slightly elevated deterrent properties. However, a mixture
of these flavonoids may influence feeding preferences [27]. There is evidence of selective uptake of
flavonoids by P. brassicae larvae from their food sources (B. napa, B. oleracea) and their subsequent
bioconversion to provide beneficial functions, such as protection from harmful UV radiation [10,11].

With regard to the phenolic acids participating in flavonoid biosynthesis, only t-cinnamic acid was
strongly increased in plants subjected to herbivory by second instar larvae (WBC). Surprisingly, other
insect exposures caused significantly lower values in comparison with controls (Figure 4a). The content
of other phenolic acids, p-coumaric and caffeic, rose slightly after flea beetle attack, FB50, and both
FB50 and FB100, respectively. The other two treatments led to a decrease in phenolic acid concentration,
more so for caffeic acid (Figure 4b,c). These phenolic acids also serve as substrates for other compounds
like ferulic or chlorogenic acid; but no correlation between herbivory and their content was observed.
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Moreover, their content dropped in all tested plants, with the exception of ferulic acid in plants exposed
to one hundred flea beetles, FB100, where a significant increase was seen (Figure 4d,e). One possible
explanation for this may be their involvement in lignin biosynthesis.

 

Figure 4. Effect of insect treatment on phenolic acids content in white cabbage. (a) t-cinnamic acid;
(b) p-coumaric acid; (c) caffeic acid; (d) ferulic acid; (e) chlorogenic acid; (f) benzoic acid; (g) salicylic
acid; (h) 4-hydroxy benzoic acid. All bar values were recalculated relative to the compound content in
untreated samples taken as 100%. Data are means of three repeats ± SE. The asterisk (*) represents
a significant difference between treated samples and controls, and different letters between the values
of one compound. p < 0.05 by Fisher’s least significant difference (LSD) test.

The phenolic acids, t-cinnamate and p-coumarate are also metabolized by β-oxidation to benzoate
and 4-hydroxybenzoate, respectively. Benzoate can be further hydroxylated to salicylic acid which can
serve as a signal molecule. The measured results, however, showed that insect-stressed plants did
not have a significantly higher content of any of these compounds compared to controls (Figure 4f–h),
but there were differences between individual exposures. Moreover, markedly lower amounts of
salicylic and 4-hydroxybenzoic acid (Figure 4g,h) were detected in plants after flea beetle predation.
Phenolics are known to play an antioxidant role in plant defense systems as a backup to the primary
ascorbate-dependent detoxification system. In our study, the results showed a significant increase of
ascorbic acid content after the flea beetles attack, while cabbage butterfly larvae herbivory showed
only a weak response (Table 1). Few studies directly quantifying ascorbic acid content after damage of
both chewing and sap feeding herbivores showed oxidation and loss of ascorbate in host plants [28,29].
In addition, enzyme activities and the transcript abundance of ascorbate peroxidase or oxidase, enzymes
catalyzing generation of monodehydroascorbate and dehydroascorbate, were differentially modulated.
Oviposition of P. brassicae downregulated a transcript encoding dehydroascorbate reductase [13],
whereas larval feeding by a closely-related species, P. rapae, upregulated this transcript [30]. Surprisingly,
the elevation of ascorbate content in plants by supplying them with its precursor enhanced the expansion
rates of aphid colonies. One possible interpretation is that the excess ascorbate was utilized by aphids to
enhance their metabolism. An alternative explanation is that an increased leaf ascorbate concentration
decreased the lifetime of ROS signals in the plants and thus altered the balance of redox signaling
pathways [31].

Oviposition and subsequent larval feeding represent a serious threat to crop plants.
Thus, host plants have evolved direct defenses against egg laying (necrotic zones at the oviposition site)
and indirect defenses such as the emission of volatiles to attract egg parasitoids or the synthesis of
toxic or antifeeding compounds [32]. Geiselhardt et al. 2013 [8] showed that prior egg deposition
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of P. brassicae on Arabidopsis plants negatively influenced the feeding, growth, and survival of larvae
but the concentrations of the major antiherbivory glucosinolates were not significantly increased
by oviposition.

Table 1. The content of ascorbic acid (mg·g−1 FW) in extracts from white cabbage after predation by
cabbage butterfly larvae or flea beetles.

Control WBA WBC FB50 FB100

0.034 ± 0.003 a 0.052 ± 0.004 a 0.054 ± 0.013 a 0.116 ± 0.006 b 0.155 ± 0.033 b

WBA, exposure to adult cabbage butterflies (egg laying and hatching larvae), WBC 2nd instar larvae, FB50 fifty flea beetles per
box, and FB100, one hundred flea beetles per box. Data are means of three repeats± SE. Different letters between the values of
each sample show significant difference at p< 0.05 by Fisher’s protected least significant test (LSD).

Treatment with the phenolic acids, p-coumaric, ferulic, salicylic, and protocatechuic, stimulated
oviposition of P. brassicae, with the highest egg number after p-coumaric acid treatment. Here, the highest
weight of feeding caterpillars was observed [33]. An antagonistic effect of other phenolic acids (syringic,
coumaric, cinnamic, and vanillic acid) was found in castor plants. Their content rose after infestation
with the castor semilooper, Achaea janata, or the tobacco cutworm, Spodoptera litura, and subsequent
treatment of plants with these acids resulted in altered larval feeding preferences, where vanillic
and cinnamic acids acted as repellents, and syringic and coumaric acids as attractants. The same
preferences were also found for oviposition [34]. In our study, we determined only the changes in
phenolic acid content. The oviposition of P. brassicae and subsequent larval hatching (WBA—exposure to
adult cabbage butterflies laying eggs and larval hatching) led to a decrease of almost all monitored
acids, significantly in the case of cinnamic and benzoic acid. A considerable increase in salicylic acid
was monitored in extracts of cabbage plants subjected to oviposition and larval predation (Figure 4g).
Its elevated level may point to a major role of salicylate in egg-induced plant responses. Oviposition
as well as applications of extracts of P. brassicae eggs led to a strong accumulation of salicylic acid in
Arabidopsis leaves [35]. The expression of several salicylic acid-responsive genes (PR1) was enhanced in
leaf tissue beneath and close to P. brassicae eggs [13]. However, salicylic acid can be metabolized in A.
thaliana to methyl salicylate. This volatile compound was not analyzed in this study and it could explain
the difference between the production of benzoic acid metabolites and salicylates. Methyl salicylate acts
as an attractant for the wasp, Cotesia rubecula, that parasitizes Pieris rapa caterpillars and its concentration
was increased in the presence of herbivores [36]. The authors also stated that transcription of PAL was
higher and they connected this fact with the induction of methyl salicylate biosynthesis. A similar
mechanism could be involved in white cabbage, but this must be proven by further research.

3. Materials and Methods

3.1. Cultivation

Cabbage (Brassica oleracea var. capitata f. alba) seeds were sown in propagators using a mixture of
multipurpose compost, garden soil, and perlite in a ratio of 2:2:1. Two weeks later, the seedlings were
repotted into pots measuring 5 × 5 × 5 cm and left to grow for 25 days. Each 8-cell tray was placed in
a 29 L transparent plastic box with a lid, and a thin layer of perlite was sprinkled on the box bottom.
All boxes were equipped with two lateral ventilation windows measuring 10 × 15 cm, covered by metal
nets, and a watering hose. During the whole experiment, the plants were cultivated in a Phytotron
growth room (Weiss Technik) under the following conditions: 15-h photoperiod, temperature 22 ◦C
(day)/17 ◦C (night), and humidity 60% (day)/70% (night). The plants were watered with an equal
mixture of tap water and demineralized water.

Flea beetles (Phyllotreta nemorum) and large white cabbage butterflies (Pieris brassicae) (both
adults and caterpillars) were captured on a cabbage field near Bolehost (50.2131900N, 16.0778428E,
Czech Republic, 260 m a.s.l.), using aspirators for collecting the beetles, and entomological net bags for
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butterflies. On the same day, the insects were added into the cultivation boxes in the following way
(treatments are bold):

• C—control (untreated plants)
• WBA—boxes with adult butterflies (five butterflies per box) to determine the influence of

oviposition and feeding by hatched caterpillars
• WBC—boxes with caterpillars (six caterpillars per box) in 2nd instar
• FB50—boxes with 50 flea beetles per box
• FB100—boxes with 100 flea beetles per box.

The experiments were conducted as follows: The controls and the plants exposed to 2nd instar
caterpillars and beetles were analyzed after four days; the plants exposed to adult butterflies were
analyzed after eight days, after the females had laid eggs and new caterpillars had hatched. Plants were
withdrawn from the boxes, leaves were gently cleansed with a brush and used for analysis.

3.2. Quantification of Stress-Related Compounds and Ascorbic Acid

Fresh leaves (0.1 g) were homogenized with 50 mM potassium phosphate buffer (pH 7.0)
and centrifuged for 15 min at 14,000 rpm and 4 ◦C. The content of superoxide radical was
determined by measuring nitrite formation from hydroxylamine (530 nm) [37]. A volume of 30 μL
of supernatant and bovine serum albumin as the standard (595 nm) were used for determination of
total soluble proteins [38]. All measurements were done with a Cintra spectrophotometer (Cintra 101,
Dandenong, Australia).

The ascorbic acid assay was carried out as previously described by [39]. The leaves were kept
at −18 ◦C between the harvest and the analysis. For each sample, 0.5 g of frozen leaves were
homogenized with K2HPO4-PBS buffer (pH 2.5). The suspension was heated in a water bath to 75 ◦C
for 45 min, cooled, and centrifuged (3000× g). The analysis was performed using an HPLC system
(Agilent 1260 Series; Santa Clara, California, United States) with Kinetex C18 column (150 × 4.6 mm,
5 μm). The mobile phase was composed of a mixture of 97% 0.01 M K2HPO4-PBS (pH 2.5) and 3%
methanol and was at isocratic elution with a flow rate of 1.0 mL min−1. The detection was at 210 nm
and the concentration was calculated by comparison with a standard calibration curve.

3.3. Quantification of Phenols, Flavonoids, and Phenolic Acids

Extracts were prepared from fresh leaves using 80% methanol (w/v 0.2 g 2 mL−1). Total soluble
phenols were estimated using the Folin–Ciocalteu method with gallic acid as a standard (750 nm).
Total flavonoids (AlCl3-reacted flavonols) were quantified using AlCl3 as a reagent and quercetin
was used as a standard (420 nm) [37]. All measurements were done with a Cintra spectrophotometer
(Cintra 101, Dandenong, Australia). The content of phenolic acids and selected flavonoids was
determined by UHPLC on a 2.1 × 50 mm, 1.8 μm Zorbax RRHD Eclipse plus C18 column (Agilent)
with a 6470 Series Triple Quadrupole mass spectrometer (Agilent) (electrospray ionization—negative
ion mode) as detector. Eluents: (A) 0.05% formic acid in water and (B) 0.05% formic acid in acetonitrile
were used in the following gradient program: 0–1 min (5% B), 2.0–4.0 min (20% B), 8.0–9.5 min (70% B),
10.0–11.0 min (5% B). The MS source conditions were as follows: Gas temperature 350 ◦C, gas flow
9 L min−1, nebulizer 35 psi, sheath gas temperature 380 ◦C, sheath gas flow 12 L min−1, capillary 2500 V,
and nozzle voltage 0 V. Selected MRM transitions were followed for each compound: 4-hydroxybenzoic
acid (137.0 => 108.0, 92.0), benzoic acid (121.0 => 77.1), caffeic acid (179.0 => 135.0, 107.0), chlorogenic
acid (353.1 => 191.0, 127.0), t-cinnamic acid (147.1 => 103.0, 77.0), ferulic acid (193.1 => 134.1, 178.0),
kaempferol (185.1 => 1185.0, 239.0), luteolin (285.1 => 133.0, 151.0), p-coumaric acid (163.1 => 119.0,
104.9), quercetin (301.0 => 151.0, 179.0), salicylic acid (137.0 => 93.0, 65.0).
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3.4. Quantification of Amino Acids

0.1 g of powdered dry leaves (80 ◦C for 24 h) was mixed with 1.5 mL of 70% ethanol containing
10 mM norvaline (as an internal standard). The suspension was blended for 15 min using a MultiReax
shaker (Heidolph, Schwabach, Germany) and subsequently heated to 120 ◦C for 10 min. After cooling
and centrifugation for 5 min at 4000 rpm, the supernatants were stored in Eppendorf tubes. The pellet
was resuspended with 70% ethanol and shaken for another 15 min and again centrifuged. This process
was repeated twice. The collected supernatants were centrifuged at 13,000 rpm for 3 min and heated to
60 ◦C under a N2 atmosphere (NDK 200-2, Hangzhou MIU Instruments Co., Ltd., Hangzhou, China)
until they evaporated. Prior to analysis, the dry extract was dissolved in a mixture of mobile
phases, 98% A and 2% B. The analysis was performed using an HPLC system (Agilent 1260 Series;
Santa Clara, California, USA) with ZORBAX Eclipse Plus RRHT C18 column (50 × 4.6 mm, 1.8 μm)
heated to 40 ◦C. Derivatization reagents (borate buffer 5061-3339, OPA Reagent 5061-3337) and amino
acid standards 1 nmol μL−1 (5061–3330) were purchased from Agilent. Mobile phases, A (mixture of
10 mM Na2HPO4 and 10 mM Na2B4O7, pH 8.2) and B (acetonitrile/methanol/water 45/45/10) were
run at a flowrate of 2.0 mL min−1 under the following gradient program: 0 min 2% B; 0.2 min 2% B;
7.67 min 57% B; 7.77 min 100% B; 8.3 min 100% B; 8.4 min 2% B; 9.0 min 2% B. The DAD (UV) detection
was set at 338 and 390 nm for 0–6.1 min; 262 and 324 for 6.1–9 min and FLD detection was set at Ex
340 nm/Em 455 nm [40].

3.5. Data Processing

The values for the concentrations of the various compounds in control samples that were taken
as 100% (Figures 1, 3 and 4) are given in Tables S1–S3 in the Supplementary Materials section.
The concentrations of the experimental samples were related to the 100% values. Each tested group
was only compared with the compound content in the corresponding subculture. A mixed-model
procedure, with a repeated statement for each parameter, was used to analyze the data set. Data from
each measurement was tested separately. Fisher’s LSD test (p < 0.05) was used to determine
significant differences. All statistical tests presented in this study were performed using a Statistica 13
(StatSoft Inc., Tulsa, OK, USA) software package. Principal component analysis (PCA); for establishing
the effects of treatments on amounts of metabolite compounds was analyzed by the CANOCO 5 [41]
software package.

4. Conclusions

In this paper, we showed that infestation of white cabbage by white cabbage butterflies or flea
beetles caused changes in metabolism of stress compounds for both insect species. The results showed
that these species had different effects on superoxide levels in predated leaves. The exposure to
oviposition by butterflies and subsequent feeding by newly hatched caterpillars did not manifest in
higher total phenolic content in comparison to predation by flea beetles. Despite the increased total
flavonoid content in the case of the lower number of flea beetles, there was no clear prediction of which
species could affect these secondary metabolites in principal component analysis (PCA) (Figure 5).
The primary and secondary compounds like phenolic acids and flavonoids may play an important
role in the defense against biotic stressors. Further detailed analysis of changes in individual phenolic
metabolites are needed to explain their role in the defense response.
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Figure 5. The principal component analysis (PCA) includes Figure 1 compounds and the Euclidean
distances between particular samples. The total variation was 10.6. The explained variation on first
two axes was 86.15%.

Supplementary Materials: The following are available online, Table S1: The content of observed stress compounds,
primary and secondary metabolites in control samples of white cabbage extract. Table S2: The content of observed
phenolic acids in control samples of white cabbage extract. Table S3: The content of observed flavonoids in control
samples of white cabbage extract.
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Abstract: Phenolic profiling of ten plant samples of Mentha rotundifolia (L.) Huds. collected from different
bioclimatic areas of Tunisia, was for the first time carried out by using a fast ultra-high-performance
liquid chromatography (UHPLC)-high resolution tandem mass spectrometry (HRMS/MS) method
on a Q Exactive platform equipped with an electrospray ionization (ESI) source. An intraspecific,
interpopulation variability was evidenced and a total of 17 polyphenolic metabolites were identified
and quantified by using the UHPLC-HRESIMS/MS method, here validated for specificity, linearity,
limit of detection, limit of quantitation, accuracy and precision. The quantitative method resulted
sensitive at the nM level and reliable for rapid polyphenol quantification in vegetal matrices.
The metabolomic study allowed us to identify a new compound, named salvianolic acid W, which was
isolated and characterized mainly by NMR and MS analysis. A statistical correlation of the phenolic
composition with antioxidant and anti-acetylcholinesterase activities was provided.

Keywords: Mentha rotundifolia; Lamiaceae; UHPLC-MS; polyphenolics; salvianolic acid W; antioxidant
activity; anti-acetylcholinesterase activity

1. Introduction

The genus Mentha, encompassing about 40 among species and recognized hybrids distributed
worldwide is one of the most important genera of the Lamiaceae family [1]. Mentha species are a
well-known source of terpene-rich essential oils used in traditional medicine as well as in flavoring,
beverage, culinary and for cosmetic applications [2,3]. Furthermore, like other members of the Lamiaceae
family, mint extracts contain a wealth of compounds, collectively named polyphenols, which include
phenolic acids, flavones and flavanols, in a free form or as glycoconjugates, mainly responsible of
the antioxidant properties of the plant. The interest towards natural polyphenolic compounds is
increasing during the past years also in view of a possible technological use in the food industry
as a safer alternative to synthetic molecules such as butylated hydroxyanisole (BHA) and butylated
hydroxytoluene (BHT) [4]. The antioxidant potential of plant extracts and pure compounds is still the
major factor in characterizing plants and, in general, nutritional health food by virtue of their bioactive
components [5]. However, along with antioxidant properties, polyphenols exhibit other diverse
biological activities, such as anti-inflammatory [6], anticancer [7,8], anti-atherosclerotic [9] as well as
they contribute to maintaining the balance of gut microbiota [10,11]. Interestingly, Mentha extracts
showed anti-acetylcholinesterase activity and the reversible inhibition of AChE activity has been

Molecules 2019, 24, 2351; doi:10.3390/molecules24132351 www.mdpi.com/journal/molecules29
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proposed for the treatment of various diseases, including gastrointestinal disorders and Alzheimer’s
disease [12,13]. In Tunisia, mint is represented by few species and namely Mentha rotundifolia L.,
M. longifolia (L.) Huds., M. spicata (M. viridis) L., M. aquatica L. and M. pulegium L. M. rotundifolia
(L.) Huds. is a hybrid between M. longifolia (L.) and M. suaveolens Ehrh and has been considered
as a synonym of M. suaveolens Ehrh [14]. Chemical studies on this species are scarce and mainly
directed toward essential oils composition and bioactivity [15]. Furthermore, previous studies have
demonstrated that medicinal plants growing wild in diverse environments may show differences in
chemical constituents [16].

As far as we know there are no previous studies on the intraspecific, interpopulation chemical
variability of Tunisian M. rotundifolia methanolic extracts, so the aim of the present study was to:

(i) Identify by both mass-spectrometric and NMR approaches polyphenolics from ten plant
populations of Tunisian M. rotundifolia (L.) Huds growing wild in two bioclimatic zones;

(ii) Quantify metanolic extracts by a validated analytical strategy;
(iii) Evaluate the antioxidant and anti-acetylcholinesterase activities of extracts towards their

chemical composition.

2. Results and Discussion

Despite that the genus Mentha has been largely studied for both essential oil and phenolic content,
chemical characterization of polyphenols from M. rotundifolia has been documented in very few reports
but never from Tunisian populations [17,18]. In view of exploring the chemistry and the bioactivity
potential of M. rotundifolia from Tunisia, we carried out a collection of plant samples from different
sites. The list of the Mentha populations labeled as MROT-1 to 10 used for the present study is reported
in Supporting Material (Table S1). Extraction yields (mg extract/g dried material) ranged from 8.12%
(MROT-3) to 22.54% (MROT-9; Table 1). The amount of total phenolic content (TPC) of plant extracts
varied significantly (p < 0.05) from 5.70 (MROT-3) to 57.11 mg GAE /g DM (MROT-1). Total flavonoids
(TFC) ranged from 5.12 mg ER/g DM to 24.11 mg ER/g DM (Table 1). On average, these results are in
line with those reported for the same species from Algeria [19,20]. Prompted by these results showing
differences in phenolic amounts among extracts, we decided to investigate their phenolic composition
to get deeper insight into specific components of the polyphenolic mixture.
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A small aliquot of the raw extract prepared from each population was used for a preliminary
untargeted LC–MS screening. A novel ultra-high-performance liquid chromatography (UHPLC)- high
resolution electrospray ionization tandem mass spectrometry (HRESIMS/MS) method was developed
for the determination of the phenolic composition of the plant material. The chromatographic separation
relies on a column based on Core-Shell technology (Kinetex) packed with C18-phase particles of 2.6 μm,
assuring high performance, comparable to sub-2 μm particles of an UHPLC column, with significantly
lower back pressure. The resolution among the various compounds detected in the extracts was
optimized by using a H2O 0.1% FA/ACN 0.1% FA gradient. The total run time of 13 min (including
3 min for re-equilibration) was far shorter than common HPLC methods adopted in the literature for
polyphenol analysis, and assured a complete elution of less polar components to avoid interference
in the successive runs. The LC method was improved by the coupling with a high resolution hybrid
Quadrupole-Orbitrap (Q Exactive) mass spectrometer. The mass spectrometry (MS) method workflow
comprised a full MS scan followed by a set of data dependent scans with a fragmentation energy
applied to gather untargeted tandem mass data along with accurate mass measurements in a single
analytical run. ESI source was operating in negative ion mode and an acquisition range of 100–800 m/z
was selected. A careful inspection of LC–MS data for each extract revealed distinct fingerprints.
Furthermore, differences were evident in the relative amount of polyphenols, some of which were
detectable as isomeric species (Figure 1).

Figure 1. Extracted ion chromatograms (XICs) from UHPLC-HRESI-MS traces of polyphenols identified
in the different populations of M. rotundifolia.

Merging literature and experimental data, a few phenolic metabolites were tentatively listed and a
pool of standard reference compounds was subsequently run to confirm molecular species identification
by matching experimental data. This initial screening allowed to detect the regular presence of
rosmarinic acid (peak 10), which indeed is considered as a biomarker for this genus; other polyphenolic
metabolites included caffeic acid (peak 1), luteolin-7-rutinoside (peak 2), luteolin-7-glucoside (peak 3),
hesperidin (peak 6), apigenin-7-glucoside (peak 7) diosmin (peak 9) and luteolin (peak 16). Isomeric
species were detected in all populations analyzed, and specifically two isomers of luteolin-glucuronide
at [M − H]− m/z 461.07200, three isomers of salvianolic acid B at [M − H]− m/z 717.14555, and two
isomeric compounds at [M − H]− m/z 537.10385 (Figure 1). By co-processing with commercially
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available standards, luteolin-7-glucuronide (peak 4) was identified as the peak eluting at tR =1.67 min
whereas its isomer, exhibiting the same fragment at m/z 285 and eluting at 2.25 min in our LC–MS
condition, was purified by subsequent chromatographic steps (LH-20 and RP18 HPLC) and easily
identified as luteolin-3′-glucuronide (peak 11) by NMR data interpretation (Figures S1–S5, Supporting
Information). Three species, i.e., peaks 8, 12 and 14 eluting at tR = 2.00, 2.30 and 2.52 min, respectively,
exhibited [M − H]− at m/z 717.14716 (Figure 1). Peak 8 eluting at tR = 2.00 min was isolated by HPLC
and identified as salvianolic acid L by interpretation of both NMR data (Figures S6–S10, Supporting
Information) and MS/MS spectra (Figure 2a). The isomer eluting at tR = 2.30 min (peak 12) was a minor
component of the extracts, not isolated during this work and here generally indicated as isosalvianolic
acid B (Figure 2b). The peak 14 eluting later (Figure 2c) was identified by both retention time and
MS/MS analysis as salvianolic acid B by comparison with commercial standard (Figure 2d).

Figure 2. ESI-MS/MS spectra of isomeric compounds at m/z 717. (a) Peak 8, at tR = 2.00 min; (b) peak 12
at tR = 2.30 min; (c) peak 14 at tR = 2.52 min in comparison with (d) salvianolic acid B pure standard
eluting at tR = 2.52 min.

A compound with molecular ion at m/z 493.11462 eluting at tR = 3.17 min (Figure 3a, peak 17)
did not correspond to the reference compound salvianolic acid A (Figure 3b), which indeed eluted
at tR = 2.86 min. Therefore, it was labeled as isosalvianolic acid A. Furthermore, a metabolite at m/z
579.17224 originally identified in our analysis as naringin resulted to be its structural isomer, exhibiting
different retention time but identical fragmentation when compared to naringin standard and therefore
was indicated as isonaringin (peak 5, tR = 1.77 min).
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Figure 3. ESI-MS/MS spectra of compound at m/z 493. (a) Peak 17 at tR = 3.17 min compared with (b)
salvianolic acid A pure standard eluting at tR = 2.86 min.

Finally, two peaks eluted at tR = 2.44 (peak 13) and 2.95 min (peak 15) exhibiting the same molecular
ion at m/z 537.10352 and fragmentation pattern (Figure 4). The compound eluting at tR = 2.95 min
(Figure 4a) was isolated by HPLC and fully characterized by a combination of spectroscopic and
spectrometric methods, resulting in a new diastereoisomer of salvianolic acid J, here named salvianolic
acid W (15, Figure 5) and chemically described below. The isomeric compound 13 degraded during
HPLC isolation; therefore it remains uncharacterized and is here indicated as isosalvianolic acid W.

Figure 4. ESI-MS/MS spectra of compound at m/z 537 exhibiting the same fragmentation pattern.
(a) Peak 15 at tR = 2.95 min and (b) peak 13 at tR = 2.44 min.
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Figure 5. Structure of novel salvianolic acid W (15) detected in all Tunisian M. rotundifolia
populations analyzed.

Compound 15 (Figure 5) was isolated as an optically active yellowish amorphous solid with
[α]D 10.0 (c = 0.1, MeOH), displaying UV absorption at 209, 219, 289 and 324 nm. Its molecular ion
[M −H]− measured at m/z 537.1038 by HR-ESIMS indicated the molecular formula C27H22O12, and
was accompanied even in mild ionization conditions by an in-source fragment ion at m/z 493.1152 due
to the loss of CO2, suggesting the presence of a COOH group in the structure. 1H and 1H,1H-COSY
NMR data (600 MHz, CD3OD; Table 2) revealed three sets of ABX coupled systems, i.e., δ 6.88 (1H,
d, 1.8, H-2), 6.75 (1H, d, 8.1, H-5) and 6.79 (1H, dd overlapped, H-6); 7.16 (1H, d, 1.8, H-2’), 6.96 (1H,
d, 8.4, H-5’) and 7.12 (1H, dd, 8.4, 1.8, H-6’); 6.80 (1H, d, overlapped, H-2”), 6.70 (1H, d, 8.1, H-5”)
and 6.66 (1H, dd, 8.1, 1.8, H-6”), which were attributed by combining HSQC and HMBC data to three
catechol residues. In the olefinic region was present a trans coupling proton system at δ 7.57 (1H, d,
16.0, H-7’) and 6.38 (1H, d, 16.0, H-8’) conjugated to a carboxyl functionality at 168.8 ppm (C-9’), which
indicated the occurrence of a caffeoyl-unit. On the other hand, an oxygenated α-carboxyl methine
proton appeared at δ 5.11 (dd, 10.0, 3.2, H-8”) coupled to the methylene protons at δ 2.95 (dd, 10.0, 14.3,
H-7”a) and 3.12 (dd, 3.2, 14.3, H-7”b). HMBC correlations with a carboxyl group at 176.9 ppm (C-9”)
and the aromatic carbons at 131.3 (C-1”), 117.1 (C-2”) and 121.7 (C-6”) ppm, supported the presence
of a (3,4-dihydroxyphenyl)-lactic moiety. Completed the proton resonances an isolated spin system
constituted by two oxymethine at δ 5.16 (1H, d, 5.5, H-7) and 4.52 (1H, d, 5.5, H-8) attributed to a
7,8-disubstituted benzodioxane subunit. Diagnostic HMBC correlations between H-7 and the aromatic
carbons 129.9 (C-1), 115.6 (C-2) and 120.2 ppm (C-6) and between H-8 and the quaternary carbons
at 174.5 (C-9) and 146.8 ppm (C-3’) allowed to place the phenyl ring and the carboxyl function on
carbons C-7 and C-8, respectively. The planar structure resembled the one described for salvianolic
acid J [21]. In particular, the junction of the benzene and the dioxane rings was secured by diagnostic
hetero-correlations observed for H-7 and H-6’ with C-4’ (145.8 ppm) thus excluding the other possible
junctional-isomer reported as salvianolic acid P [22]. However, the coupling constant of 5.5 Hz between
H-7 and H-8 suggested a trans-orientation instead of cis as in salvianolic acid J for these two protons on
the dioxane cycle [23,24].

The pattern of fragmentation of molecular ion observed in ESIMS/MS spectra (Figure 4a) was in
agreement with the structure depicted. In fact, diagnostic fragments at m/z 359.0775 and 357.0612 were
compatible with the breakage of the dioxane ring and of the ester bond, generating the (dehydro)-caffeoyl
acid fragments at m/z 177.0184 and 179.0340, respectively. Absolute stereochemistry of carbon C-8” was
assumed as R in accordance with rosmarinic acid stereochemistry reported so far. Hence, compound
15 resulted in a novel diastereoisomer of salvianolic acid J, here named salvianolic acid W (Figure 5).

On the whole, 17 polyphenolics were identified (Figure 6) and among these eight were recurrent
in all the examined extracts, i.e., the phenolic acids caffeic acid (1), salvianolic acid L (8) rosmarinic
acid (10), isosalvianolic acid A (17) and novel salvianolic acid W (15) together with flavonoids
represented by luteolin-7-glucuronide (4), luteolin-3’-glucuronide (11) and luteolin (16). Furthermore,
luteolin-7-rutinoside (2), luteolin-7-glucoside (3), isonaringin (5), hesperidin (6), apigenin-7-glucoside
(7) and salvianolic acid B (14) were for the first time reported in M. rotundifolia.
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Table 2. NMR data of salvianolic acid W (15; 600 MHz).

C 1H, δ, m, J (Hz) a 13C, ppm a 1H, δ, m, J (Hz) b 13C, ppm b

1 C - 129.9 - 129.5
2 CH 6.88, d, 1.8 115.6 6.98, d, 1.1 115.2
3 C - 146.2 - 144.0 g

4 C - 146.8 e - 145.4
5 CH 6.75, d, 8.1 116.2 6.85 d 116.7
6 CH 6.79 c 120.2 6.84 d 120.1
7 CH 5.16, d, 5.5 78.2 5.28, d. 4.9 77.0
8 CH 4.52, d, 5.5 81.1 4.69, d, 4.9 79.2
9 C - 174.5 - 174.5
1′ C - 129.3 - 128.6
2′ CH 7.16, d, 1.8 117.5 7.20, d, 1.7 117.3
3′ C - 146.8e - 146.0 h

4′ C - 145.8f - 144.1
5′ CH 6.96, d, 8.4 118.4 7.0, d, 8.8 117.8
6′ CH 7.12, dd, 8.4, 1.8 123.1 7.19, dd, 8.8, 1.7 123.6
7′ CH 7.57, d, 16.0 146.3 7.57, d, 16.0 146.0 h

8′ CH 6.38, d, 16.0 117.2 6.39, d, 16.0 116.0
9′ C - 168.8 - 169.2
1” C - 131.3 - 131.0
2” CH 6.80c 117.1 6.85d 119.6
3” C - 145.8 f - 144.9
4” C - 145.1 - 144.0 g

5” CH 6.70, d, 8.1 116.3 6.80, d, 8.1 116.4
6” CH 6.66, dd, 8.1, 1.8 121.7 6.74, dd, 8.1, 1.8 121.7

7” CH2
2.95, dd, 14.3, 10.0 38.9 2.96, dd, 14.3, 10.0 37.9
3.12, dd, 14.3, 3.2 3.13, dd, 14.3, 3.4

8” CH 5.11, dd, 10.0, 3.2 77.9 5.04, dd, 10.0, 3.4 77.3
9” C - 176.9 - 177.5

a CD3OD, b CD3OD:D2O 1:1, c–h overlapped signal.

 

Figure 6. Structures of known compounds identified in M. rotundifolia.
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To quantify the polyphenols, we set up a quantitative method by using a pool of commercially
available reference standards. Sinapic acid, which resulted absent in all natural samples analyzed in
the untargeted qualitative pre-screening, was chosen as internal standard (IS). The LC–MS method
was validated according to ICH Q2 (R1) guidelines. It is suitable for quantitative measurement
of polyphenolic compounds in Mentha and in other similar matrices. Validation parameters were
reported in Table 3. The linearity of the method was evaluated by analyzing for each standard seven
calibration points in triplicate over the nominal range. All standard curves showed good linearity
with R2 values within 0.9966–0.9995. Limit of detection (LOD) and limit of quantitation (LOQ) varied
greatly among the different molecular species, ranging from 4.7/14.4 ng/mL, respectively, for diosmin
to 75.5/229.0 ng/mL, respectively, for salvianolic acid B. Recovery was established on sinapic acid and
was 62.4% ± 20.2%. The precision, expressed as the relative standard deviation (RSD; %), met the
acceptance criteria, being always below 15% for all calibration points in both intra- and inter-assay
measurements. Accuracy values were all within 100% ± 15% range. Quantitative measurement of
polyphenolic levels was achieved by internal standard approach and results are reported in Table 4.
Differences in occurrence and concentration (mg/g extract) of the identified compounds among the ten
populations were observed. However, polyphenolic acids represented by caffeic acid (1), rosmarinic
acid (10), salvianolic acid L (8), salvianolic acid W (15), isosalvianolic acid A (17) and flavonoids
represented by luteolin-7-glucuronide (4), luteolin-3’-glucuronide (11) and luteolin (16), were always
detected in all samples. Therefore, these components could be considered as polyphenolic biomarkers
for this Tunisian species. Other polyphenolics occurred at different concentrations in various samples,
some of them are almost ubiquitous (e.g., luteolin-7-rutinoside (2) and luteolin-7-glucoside (3)) others
are scattered (e.g., salvianolic acid B (14), hesperidin (6), isonaringin (5) and diosmin (9)).

The population MROT-1 and -2 from the two localities Tamra and Oued maaden exhibited the
highest contents of polyphenols, with major compounds represented by rosmarinic acid (10), salvianolic
acid L (8), luteolin-7-glucuronide (4) and luteolin-3’-glucuronide (11). Isosalvianolic acid B (12) and
isosalvianolic acid W (13) were also abundant and at the highest concentration in MROT-1 compared
to the other populations. MROT-7 exhibited the highest amount of caffeic acid (1) per g of dry extract
(1.38 mg/g) and MROT-3 exhibited the uppermost content in luteolin (16; 4.91 mg/g) and diosmin
(9; 3.95 mg/g). The highest amount of hesperidin (6; 10.0 mg/g) was detected in MROT-4.

The extraction yield and chemical variability evidenced in the polyphenolic composition of
populations of M. rotundifolia may be traced back to the influence of various climatic and edaphic
conditions on the biosynthetic pathways responsible for the production of compounds related to
the adaptive strategy of plants against environmental constraints [25]. Changes in environmental
conditions may occur also over short distances thus supporting the differences we observed among
populations even from the same bioclimatic zone (lower humid or upper semi-arid).

Phenolic acids and flavonoids are associated with potent antioxidant activity as well as with a
plethora of beneficial effects on the human health. We evaluated the antioxidant activity of Tunisian mint
extracts in vitro by three different tests, namely free radical scavenging assay (DPPH assay), β-carotene
bleaching inhibition and ferric ion reducing antioxidant power (FRAP). Results of antioxidant assays
are reported in Table 1. Antiradical (DPPH) activity expressed as IC50 (μg/mL) varied significantly
among the populations tested, from 15.16 (MROT-1) to 96.66 μg/mL (MROT-8). Three populations
showed antioxidant potential (MROT-1, 4 and -7) of 15.16, 21.40 and 40.66 μg/mL, respectively, which
resulted significantly in comparison with the standard (Trolox = 3.77 μg/mL). Previous studies on
the same species reported similar DPPH potential [17,19,26]. As for the β-carotene bleaching assay,
again MROT-1 along with MROT-2 and -6 showed the highest inhibition with an IC50 of 106.66,
115.08 and 110.93 μg/mL, respectively. Literature data on M. rotundifolia extracts in this test are quite
discordant, varying from very low to extremely high activity [17,27]. However, data on M. rotundifolia
are often difficult to compare due to differences in adopted methodologies [28]. The FRAP values also
ranged remarkably from 62.02 μmol Fe2+/g in MROT-3 to 574.03 μmol Fe2+/g in MROT-1. This latter
population definitely resulted the most promising for antioxidant potential.
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Polyphenols have also emerged as possible candidates for the treatment of gastrointestinal and
neurodegenerative disease by virtue of their reversible inhibitory effects on AChE [29,30]. Few Mentha
species have been tested for the inhibition of AChE activity, i.e., M. spicata, M. pulegium and M. piperita
showing an IC50 in the range 0.72–1.93 mg/mL [12]. This activity has been associated to rosmarinic
acid or other phenolic acids [12,31,32] or to flavonoids, which exhibited similar or even more potent
activity [18,30,33]. The ten M. rotundifolia extracts exhibited moderate anticholinesterase activities
in comparison with the positive control (Donepezil: 18.0 ± 0.1 μg/mL) (Table 1). The highest values
attributed to MROT-2, -3, -4 and -5 were around 0.2 mg/mL, which were higher than those reported in
the literature for other Mentha species.

The correlation analysis (Table 5) showed that phenolic acids represented by caffeic acid (r = –0.48,
p < 0.05), rosmarinic acid (r = –0.47, p < 0.05), isosalvianolic acid B (r = –0.41, p < 0.05), salvianolic
acid L (r = –0.56, p < 0.01), salvianolic acid W (r = –0.58, p < 0.01), isosalvianolic acid A (r = –0.61,
p < 0.01) and isosalvianolic acid W (r = –0.51; p < 0.01) and flavonoid pool constituted by luteolin
(r = –0.37, p < 0.05), luteolin-7-glucoside (r = –0.45, p < 0.01), luteolin-7-glucuronide (r = –0.51, p < 0.01),
luteolin-3’-glucuronide (r = –0.45, p < 0.01), apigenin-7-glucoside (r = –0.40, p < 0.05) and isonaringin
(r = –0.65, p < 0.01) were negatively correlated to DPPH.

Table 5. Correlation coefficients between identified compounds and biological activities.

DPPH β-carotene FRAP AChE

Polyphenols −0.70 ** −0.36 * 0.45 * −0.21 ns

Flavonoids −0.73 ** 0.14 ns 0.34 * −0.43 *

Phenolic acids

Caffeic acid −0.48 * −0.32 * 0.14 ns −0.22 ns

Salvianolic acid L −0.56 ** −0.49 * 0.30 * −0.15 ns

Rosmarinic acid −0.47 * −0.49 * 0.07 ns −0.16 ns

Isosalvianolic acid B −0.41 * −0.51 ** 0.31 * 0.06 ns

Isosalvianolic acid W −0.51 ** −0.30 * 0,41 * −0.03 ns

Salvianolic acid B −0.12 ns −0.03 ns −0.30 * −0.49 **
Salvianolic acid W −0.58 ** −0.31 * 0.34 * −0.16 ns

Isosalvianolic acid A −0.61 ** −0.21 ns 0.41 * −0.19 ns

Flavonoids

Luteolin −0.37 * 0.29 ns −0.12 ns −0.65 **
Luteolin-7-rutinoside −0.25 ns −0.26 ns 0.002 ns −0.07 ns

Luteolin-7-glucoside −0.45 * −0.39 * 0.07 ns −0.23 ns

Luteolin-7-glucuronide −0.51 ** −0.61 ** 0.05 ns −0.24 ns

Luteolin-3’-glucuronide −0.45 * −0.65 ** −0.02 ns −0.20 ns

Apigenin-7-glucoside −0.40 * −0.58 ** 0.03 ns −0.23 ns

Diosmin 0.26 ns 0.11 ns −0.54 ** −0.36 *
Isonaringin −0.65 ** 0.30 * 0.53 ** −0.09 ns

Hesperidin −0.25 ns 0.56 ** −0.004 ns −0.48 *

*, ** = significant at p < 0.05 and p < 0.01, respectively; ns = not significant.

A positive correlation was found between isosalvianolic acid B (r = 0.31, p < 0.05), salvianolic
acid L (r = 0.30, p < 0.01), salvianolic acid W (r = 0.34, p < 0.01), isosalvianolic acid A (r = 0.41,
p < 0.05), isosalvianolic acid W (r = 0.41, p < 0.05) and FRAP. Rosmarinic acid (r = −0.49, p < 0.05),
isosalvianolic acid B (r = −0.51, p < 0.01), salvianolic acid L (r = −0.49, p < 0.05), salvianolic acid
W (r = −0.31, p < 0.05), isosalvianolic acid W (r = −0.30, p < 0.05), luteolin-7-glucoside (r = −0.39,
p < 0.05), luteolin-7-glucuronide (r = −0.61, p < 0.01), luteolin-3’-glucuronide (r = −0.65, p < 0.01) and
apigenin-7-glucoside (r = −0.58, p < 0.05) were also found to be negatively correlated to the β-carotene
bleaching activity. The population MROT-1, exhibiting the highest amounts in phenolic acids and
in the majority of flavonoids, showed the best antiradical, β-carotene bleaching and ferric reducing
capacities. Based on the above statistical analysis, this higher antioxidant activity seems to be related
to its richness in phenolic compounds and not to a specific composition.
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Differently from antioxidant activity, anti-cholinesterase activity appeared associated to specific
compounds. Salvianolic acid B (r = −0.30, p < 0.05), hesperidin (r = −0.48, p < 0.05), luteolin (r = −0.65,
p < 0.01) and diosmin (r = −0.54, p < 0.1) were negatively correlated to the anticholinesterase activity
(Table 5). The populations MROT-2, -3, -4 and MROT-5 exhibiting the highest anti-AChE activities,
were the richest in at least one of these compounds. Katalinic et al. reported that a high AChE inhibition
potency is attributed to luteolin [34]. Hesperidin was previously found to exhibit cholinesterase
inhibition [35] while pure diosmin was proposed as agent for memory restoration, in treatment of
dementia [36]. A correlation was also specifically observed with salvianolic acid B, whose role in
AChE inhibition and possible development in drugs against neurological diseases has been recently
documented [32].

The compounds putatively responsible of the anti-acetylcholinesterase activity observed in the
extracts are not the most abundant in these populations. This result, in agreement with the general
finding that flavonoids are AChE inhibitors, highlights that specific components, although minor,
could be responsible of the observed bioactivity.

3. Material and Methods

3.1. General

Optical rotations were measured on a Jasco P2000 digital polarimeter. UV spectra were acquired
on a Jasco V-650 Spectrophotometer, CD spectra were registered on a Jasco J-815 polarimeter. NMR
spectra were recorded on a Bruker Avance DRX 600 operating at 600 MHz for proton, equipped
with an inverse TCI CryoProbe fitted with a gradient along the Z-axis or on an Avance III HD
operating at 400 MHz for proton, equipped with a CryoProbe Prodigy. Chemical shifts values are
reported in ppm (δ) and referenced to internal signals of residual protons (for CD3OD 1H δ 3.34, 13C
49.0 ppm). HPLC separations were performed on a Shimadzu high-performance liquid chromatography
system using a Shimadzu liquid chromatograph (Shimadzu, Kyoto, Japan) LC-20ADXR equipped
with a Diode Array Detector SPDM-20A and a Kromasil RP-18 column 250 mm × 10 mm, 5 μm
(Phenomenex, Castel Maggiore (BO), Italy). Polyphenolic standards (purity > 98%), formic acid
(LC–MS grade) Folin-Ciocalteu reagent, sodium carbonate (Na2CO3), aluminum chloride (AlCl3),
2,2-diphenyl-1-picrylhydrazyl, 2,4,6-tris-(2-pyridyl)-S-triazine (TPTZ), lyophilized acetylcholinesterase
(AChE, electric eel, type VI-S) and acetylthiocholine iodide (ATCI) were purchased from Sigma Aldrich.
ACN LC–MS grade was purchased from Merck. β-carotene was obtained from Fluka. 5,5’-dithio-bis-
[2-nitrobenzoic acid] (DTNB) was purchased from MP Biomedicals. Water for LC–MS was obtained by
a MilliQ apparatus (Millipore, Milan, Italy).

3.2. Plant Collection and Extraction

Aerial parts of plants taxonomically identified as M. rotundifolia (L.) Huds. were collected in
February 2014 from diverse geographical regions of Tunisia (Table S1). The samples were collected
from rivers, lands and temporarily flooded areas. Ten individuals per population were harvested.
Ten populations (MROT-1 to MROT-10) were considered. Voucher specimens (M.r.N◦1-10, INSAT14)
were deposited at the Herbarium of the Laboratory of National Institute of Applied Sciences (Tunis,
Tunisia). The plants were dried at room temperature for two weeks. Methanolic extracts for chemical
measurements and biological assays were prepared using 1 g of dry leaves. After maceration in 10 mL
of methanol for 24 h at room temperature, the samples were filtered, dried under vacuum and the
extracts stored at −20 ◦C until analysis.

3.3. Total Phenolic Content (TPC) and Total Flavonoid Content (TFC).

The total phenols for each individual were determined using a spectrophotometric method [37].
An aliquot of each diluted sample extract (0.5 mL) was mixed with 2 mL Folin-Ciocalteu reagent.
After 5 min, 2.5 mL of sodium carbonate solution (7.5%) was added. After incubation (90 min) in dark,
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the absorbance of samples versus that of the blank was read at 760 nm. Total phenols were expressed
as gallic acid equivalents (mg GAE/g DW).

The total flavonoid content was determined according to Chetoui et al. [38]. One mL of the sample
was mixed with 1 mL of 2% AlCl3. After incubation for 15 min, the absorbance was measured at
430 nm. The percentage content of flavonoids was expressed as mg rutin equivalent/g DW (mg ER/g
DW), using the calibration curve of rutin (0–400 μg/mL range).

3.4. Identification and Quantification of Phenolic Compounds

3.4.1. Identification of Phenolic Compounds

For isolation and identification of metabolites, air-dried aerial parts (18 g) of M. rotundifolia
from Tamra (MROT-1) were powdered and exhaustively extracted at room temperature with a
hydro-alcoholic solution (MeOH/H2O, 80:20, 200 mL × six times). The extracts obtained were combined
and concentrated under vacuum to afford an aqueous solution (100 mL), which was sequentially
partitioned with n-hexane (100 mL × six times), ethyl acetate (EtOAc; 100 mL × five times) and
n-butanol (n-BuOH; 60 mL × four times). The corresponding three crude extracts from n-hexane
(0.32 g), EtOAc (0.28 g) and n-BuOH (0.50 g) were obtained. The butanolic extract was loaded onto a
LH-20 Sephadex column (150 cm length, 3 cm diameter) packed and eluted isocratically with MeOH.
Homogeneous fractions were combined to give 12 sub-fractions (A-N). Isolation of pure metabolites
was carried out by HPLC on a reversed phase Kromasil RP-18 column (250 mm × 10 mm) using a
gradient elution of A (water/ACN 75:25, 0.25% FA) and B (ACN, 0.25% FA) as follows: 0–3 min, 100%
A; 3–11 min, 65% A: 35% B; 11–18 min 65% A: 35% B; 18–22 min 100% B; 22–28 min, 100% B. Flow 2
mL/min. PDA detection 190–800 nm, extracted wavelength at 280 nm. Salvianolic acid W (15, 1.0 mg,
tR = 14.6 min) was purified from LH-20 fraction M (25 mg); luteolin-3’-glucuronide (11, 1.1 mg, tR =

12.2 min) and salvianolic acid L (8, 2.5 mg, tR = 11.8 min) were obtained from LH-20 fraction N (10 mg).
Salvianolic acid W (15). NMR data: see Table 2. HR-ESIMS [M −H]− 537.10386 m/z, C27H22O12

(calc. 537.10385); [α]D 10.0 (c = 0.1, MeOH); UV (MeOH) λmax (ε): 219 (8740), 289 (5795), 324 (5560) nm;
CD (c = 0.125 mg/mL) MeOH λmax (θ): 222 (11400), 240 (−1562), 255 (285), 276 (−1591), 296 (5492), 330
(−898) and 351 (516) nm.

Identity of compounds in raw extracts was based on comparison of retention time, high resolution
m/z measurements and fragmentation pattern with pure standards, when available. Identification of
isomeric compounds was performed on the basis of HR-ESIMS and fragmentation data. Identification of
salvianolic acid L, luteolin-3′-glucuronide and the new salvianolic acid W, were based on spectroscopic
and spectrometric data of pure compounds obtained by HPLC.

3.4.2. Quantification of Phenolic Compounds

For the quantification of polyphenols, Mentha samples (0.05 g dried leaves) spiked with 125 μg of
IS were extracted with methanol (3 mL × 1 mL). The extracts were dried under vacuum, resuspended
in 1 mL of MeOH and diluted 1:25 for LCMS analysis to obtain a final IS concentration of 5 μg/mL.
MS recovery was established on IS by comparing the response of a defined amount (5 μg/mL) in
Mentha samples spiked before and after extraction. Structural isomers were quantified by using the
calibration curve of the corresponding known standard compounds. UHPLC analysis was performed
on Infinity 1290 UHPLC System (Agilent, Milan, Italy). Chromatographic separation was achieved on
a Kinetex Core-Shell C18 column (75 mm × 2.1 mm, 100 A, 2.6 μm) (Phenomenex, Castel Maggiore
(BO), Italy). Elution solvents: (A) water 0.1% FA, (B) ACN 0.1% FA. Gradient: 0–1 min, 10% to 20% B;
1–8 min to 50% B; 8–8.5 min to 100% B; 8.5–10 min 100% B; then in 1 min return to initial condition
and equilibration for 2 min. Flow 0.6 mL/min. The injection volume was 5μL. The UHPLC system
was coupled to Q Exactive Mass Spectrometer (Thermo Scientific, San Jose, CA, USA) equipped with
a HESI source operating in negative ion mode. Spectra were acquired over the range 100–800 m/z.
Optimum values were as follow: Spray voltage 3 kV; Capillary temperature 320 ◦C; S-lens RF level 60;
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Aux gas heater temp 320 ◦C; Sheath gas flow rate 50; Aux gas flow rate 30. Resolution in Full Scan
70000, MS/MS experiments was performed with NCE at 20, 30 and 40. Resolution in MS/MS mode was
set at 17500. MS data were processed by Xcalibur Software (vers. 3.0.63, Thermo Scientific, San Jose,
CA, USA).

Validation of the UHPLC-MS Quantitative Method

The validation of the analytical procedure was performed in accordance with ICH guidelines
considering as validation characteristics: Linearity, range, detection limit (LOD), quantitation limit
(LOQ), precision and accuracy. Seven calibration solutions in the range 0.125–10 μg/mL containing a
pool of polyphenolic standards with a spiked amount of 5 μg/mL of IS (sinapic acid), were prepared
by serial dilution of a stock solution of 2 mg/mL in MeOH. Each analysis was performed in triplicate.
Results were plotted considering as response the area ratio of each polyphenol standard/IS. Peak area
was measured on the extracted ion chromatogram (XIC) of molecular ion [M −H]−. A least-square
linear regression weighting by the reciprocal of the concentration was used to best fit the linearity
curve. LOD and LOQ were calculated by considering the standard deviation of the response (σ) and
the slope (S) of the calibration curve: LOD was expressed as 3.3 σ/S and LOQ as 10 σ/S. Recovery was
calculated as percent ± SD on sinapic acid, spiked in the organic matrix before and after methanol
extraction, in duplicate for each sample. QC samples were prepared at three different concentrations
for each phenolic standard (low, middle and high) of the working range and used for repeatability and
intermediate precision and accuracy. Each solution was injected six times on the same day for intra-assay
precision and three times for three consecutive days for intermediate precision. The instrumental
precision was expressed as percentage of relative standard deviation (% RSD). Accuracy was evaluated
with the above QC samples within day and inter-day as percentage of the ratio between measured
mean concentration and nominal concentration.

3.5. Antioxidant Activity

The antioxidant activity was assessed by 1,1-diphenyl-2-picrylhydrazyl (DPPH), β-carotene
bleaching method systems and ferric reducing ability (FRAP).

3.5.1. Free Radical-Scavenging Assay

The free radical-scavenging activity of methanolic extracts was evaluated with the DPPH assay [39].
Three mL of 4.10−5 M DPPH were added to 1 mL of the extract at different concentration. The mixture
was shaken and allowed to stand at room temperature for 30 min. The decrease in absorbance at 517 nm
was measured against a blank. The radical-scavenging activity of samples, expressed as percentage
inhibition of DPPH, was calculated according to the formula:

% inhibition = [(AB − AA)/AB] × 100 (1)

where AB and AA are the absorbance values of the control and of the test sample, respectively.

3.5.2. β-Carotene Bleaching Assay

The β-carotene method was carried out according to Mata et al. [12]. Two mL of β-carotene
solution (0.2 mg/mL in chloroform) were pipetted into around bottomed flask containing 20 μL linoleic
acid and 200 μL Tween 20. The mixture was then evaporated at 40 ◦C for 10 min to remove the solvent,
the addition of distilled water (100 mL) followed immediately. After agitating the mixture, 1.5 mL
aliquot of the resulting emulsion was transferred into test tubes containing 150 μL of extract and
the absorbance was measured at 470 nm against a blank. The tubes were placed in a water bath at
50 ◦C and the oxidation of the emulsion was monitored by measuring absorbance at 470 nm over a
60 min. The same procedure was repeated with the synthetic antioxidant, butylhydroxytoluene (BHT)
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as positive control. The antioxidant activity (%) was evaluated in terms of bleaching of β-carotene
using the following formula:

% Inhibition = [(AAt120 − ABt120)/(BBt0 − ABt120)] × 100 (2)

where AA and AB are the absorbance values measured for the test sample and control, respectively,
after incubation for 120 min (t120), and BB is the absorbance value for the control measured at time
zero (t0). A concentration of extract providing 50% inhibition (IC50) was obtained plotting inhibition
percentage versus extract solution concentrations.

3.5.3. Ferric Reducing Power Activity (FRAP Assay)

The ferric reducing ability was assessed following the method described by Benzie and Strain [40].
FRAP reagent containing 2.5 mL of 10 mM of 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ) solution in
40 mM HCl plus 2.5 mL of 20 mM FeCl3 and 25 mL of 0.3 M acetate buffer (pH 3.6) was warmed prior
to the analysis. FRAP Reagent (900 μL) was mixed with 90 μL distilled water and 30 μL of diluted
extracts (1:10 v/v) and then was warmed to 37 ◦C in a water bath for 30 min, and the absorbance
was read at 593 nm. A standard curve was prepared using different concentrations of FeSO4–7H2O
(200–2000 μmol/L). Results were corrected for dilution and expressed in mmol Fe2+/g of plant extract.

3.6. Acetylcholinesterase Inhibition Assay

The anti-acetylcholinesterase activity was measured using an adaptation of the methods described
by Eldeen et al. [41] and Ferreira et al. [42]. Briefly, 355 μL of Tris-HCl buffer (50 mM, pH 8; containing
0.1% bovine serum albumine), 20 μL of methanolic extract (at different concentrations) and 25 μL of
the enzyme solution (AChE, 0.28 U/mL) were incubated during 15 min. Subsequently, 100 μL of AChI
solution (0.15 mM) and 500 μL of DTNB (0.3 mM) were added. The final mixture was incubated for
another 30 min at 37 ◦C. Absorbance of the mixture was measured at 405 nm. A control mixture was
performed without addition of the extract. The anti-acetylcholinesterase activity was calculated using
the following formula:

AChE inhibition (%) = [(Ac − As)/Ac] × 100 (3)

where, Ac and As are the absorbance of the control and the sample, respectively. All tests were
performed in triplicate and results were expressed as IC50 (concentration providing 50% AChE
inhibition) obtained by plotting the methanolic extract concentration versus inhibition percentage.
Donepezil was used as positive control.

3.7. Statistical Analyses

Correlation analysis (CA) with PROC CORR procedure 9.3.1 (SAS, Cary, NC, USA) was used. All
determinations were performed in triplicates and results were expressed as mean ± standard deviation.

4. Conclusions

The present study reports for the first time a comprehensive analysis of the phenolic composition
in ten different Tunisian native populations of M. rotundifolia (L.) Huds. (MROT-1 to 10). The raw
extracts, profiled and quantified by a novel and here validated UHPLC-HRESIMS analysis based on
a Q Exactive platform, showed significant qualitative and quantitative phenolic variability among
the analyzed populations. Few polyphenolic acids were recurrent in all the examined extracts,
i.e., rosmarinic acid, caffeic acid, salvianolic acid L, isosalvianolic acid A and the novel salvianolic acid
W. Common flavonoids were represented by luteolin and its glucuronides. Furthermore, for the first
time salvianolic acid B, luteolin glicosides, apigenin-7-glucoside, hesperidin and isonaringin were
reported from M. rotundifolia. This different chemical composition was correlated to the antioxidant
and anticholinesterase potential of the extracts. The population MROT-1 from Tamra (Beja) displaying
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the highest contents in all investigated polyphenolic classes, exhibited the highest antioxidant activity
of the polyphenolic extracts evaluated by the DPPH, β-carotene and FRAP tests. This population
could be selected as starting material for crop improvement program exploiting antioxidant potential
of mint extracts. On the other hand, the highest anticholinesterase inhibition activity observed for
populations MROT-2, -3, -4 and -5 was correlated to the presence of salvianolic acid B, luteolin,
hesperidin and/or diosmin.

The wide range and heterogeneity of the ecological factors characterizing the sites surveyed seem
to influence the content of the compounds. The ongoing studies on the genetic diversity based on
molecular markers of populations cultivated in the same ecological conditions should help in clarifying
chemical variability, in selecting interesting genotypes and optimizing their use for human health.

Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/13/2351/s1,
Table S1. Geographical distribution of the investigated populations of M. rotundifolia. Figure S1. 1H NMR spectrum
(600 MHz, CD3OD) of luteolin-3′-glucuronide. Figure S2. 1H,1H- COSY NMR spectrum (600 MHz, CD3OD) of
luteolin-3′-glucuronide. Figure S3. 1H,1H TOCSY- NMR spectrum (600 MHz, CD3OD) of luteolin-3′-glucuronide.
Figure S4. HSQC-edited NMR spectrum (600 MHz, CD3OD) of luteolin-3′-glucuronide. Figure S5. HMBC NMR
spectrum (600 MHz, CD3OD) of luteolin-3′-glucuronide. Figure S6. 1H NMR spectrum (400 MHz, CD3OD) of
salvianolic acid L. Figure S7. 1H,1H- COSY NMR spectrum (400 MHz, CD3OD) of salvianolic acid L. Figure S8.
HSQC-edited NMR spectrum (400 MHz, CD3OD) of salvianolic acid L. Figure S9. HMBC NMR spectrum
(400 MHz, CD3OD) of salvianolic acid L. Figure S10. 1H NMR spectrum (400 MHz, CD3OD/D2O) of salvianolic
acid L. Figure S11. 1H NMR spectrum (600 MHz, CD3OD) of salvianolic acid W. Figure S12. 1H,1H- COSY NMR
spectrum (400 MHz, CD3OD) of salvianolic acid W. Figure S13. HSQC-edited NMR spectrum (600 MHz, CD3OD)
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NMR spectrum (100 MHz, CD3OD) of salvianolic acid W. Figure S16. 1H NMR spectrum (400 MHz, CD3OD/D2O)
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Figure S18. HSQC-edited NMR spectrum (600 MHz, CD3OD/D2O) of salvianolic acid W. Figure S19. HMBC
NMR spectrum (600 MHz, CD3OD/D2O) of salvianolic acid W. Figure S20. CD spectrum of salvianolic acid W.
Figure S21. Calibration curve for Total Phenolic Content (TPC) analysis. Figure S22. Calibration curve for Total
Flavonoid Content (TFC) analysis.

Author Contributions: I.B.H.Y. performed plant extraction and biological assays; Y.Z. performed statistical
analysis; A.C. carried out LCMS analysis, compound purification and structural characterization; M.L.C. helped in
chromatographic purification; R.J. collected plant material and M.B. did taxonomic classification. A.L. contributed
analytical standards; I.B.H.Y. and A.C. analyzed data and wrote the paper. All authors read and approved the
final version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: Servizio NMR at ICB is gratefully acknowledged for recording spectra. IBHY was recipient
of a grant from the Tunisian Ministry of Higher Education and Scientific Research.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Attiya, J.; Bin, G.; Bilal, H.A.; Zabta, K.S.; Tariq, M. Phylogenetics of selected Mentha species on the basis of
rps8, rps11 and rps14 chloroplast genes. J. Med. Plants Res. 2012, 6, 30–36.

2. Pereira, R.O.; Cardoso, M.S. Overview on Mentha and Thymus polyphenols. Curr. Anal. Chem. 2013, 9,
382–396. [CrossRef]

3. De Sousa Barros, A.; de Morais, S.M.; Ferreira, P.A.T.; Vieira, Í.G.P.; Craveiro, A.A.; dos Santos Fontenelle, R.O.;
Silva Alencar de Menezes, J.E.; Ferreira da Silva, F.W.; de Sousa, H.A. Chemical composition and functional
properties of essential oils from Mentha species. Ind. Crops Prod. 2015, 76, 557–564. [CrossRef]

4. Kanatt, S.R.; Chander, R.; Sharma, A. Antioxidant potential of mint (Mentha spicata L.) in radiation-processed
lamb meat. Food Chem. 2007, 100, 451–458. [CrossRef]

5. Oroian, M.; Escriche, I. Antioxidants: characterization, natural sources, extraction and analysis. Food Res. Int.
2015, 74, 10–36. [CrossRef] [PubMed]

6. Joseph, S.V.; Edirisinghe, I.; Burton-Freeman, B.M. Fruit polyphenols: A review of anti-inflammatory effects
in humans. Crit. Rev. Food Sci. Nutr. 2016, 56, 419–444. [CrossRef] [PubMed]

45



Molecules 2019, 24, 2351

7. Boffetta, P.; Couto, E.; Wichmann, J.; Ferrari, P.; Trichopoulos, D.; Bueno-de-Mesquita, H.B. Fruit and
vegetable intake and overall cancer risk in the European prospective investigation into cancer and nutrition
(EPIC). J. Nat. Canc. Inst. 2010, 102, 529–537. [CrossRef]

8. Brahmi, F.; Hauchard, D.; Guendouze, N.; Madani, K.; Kiendrebeogo, M.; Kamagaju, L.; Duez, P. Phenolic
composition, in vitro antioxidant effects and tyrosinase inhibitory activity of three Algerian Mentha species:
M. spicata (L.), M. pulegium (L.) and M. rotundifolia (L.) Huds (Lamiaceae). Ind. Crops Prod. 2015, 74, 722–730.

9. Thilakarathna, S.H.; Rupasinghe, H.P.V. Anti-atherosclerotic effects of fruit bioactive compounds: A review
of current scientific evidence. Can. J. Plant Sci. 2012, 92, 407–419. [CrossRef]

10. Cardona, F.; Andrés-Lacueva, C.; Tulipani, S.; Tinahones, F.J.; Queipo-Ortuño, M.I. Benefits of polyphenols
on gut microbiota and implications in human health. J. Nutr. Biochem. 2013, 24, 1415–1422. [CrossRef]

11. Espín, J.C.; González-sarrías, A.; Tomás-barberán, F.A. The gut microbiota: a key factor in the therapeutic
effects of (poly) phenols. Biochem. Pharm. 2017, 139, 82–93. [CrossRef]

12. Mata, A.T.; Proença, C.; Ferreira, A.R.; Serralheiro, M.L.M.; Nogueira, J.M.F.; Araújo, M.E.M. Antioxidant
and antiacetylcholinesterase activities of five plants used as Portuguese food spices. Food Chem. 2007, 103,
778–786. [CrossRef]

13. Silva, L.; Rodrigues, A.M.; Ciriani, M.; Falé, P.L.V.; Teixeira, V.; Madeira, P.; Machuqueiro, M.; Pacheco, R.;
Florencio, M.H.; Ascencao, L.; et al. Antiacetylcholinesterase activity and docking studies with chlorogenic
acid, cynarin and arzanol from Helichrysum stoechas (Lamiaceae). Med. Chem. Res. 2017, 26, 2942–2950.
[CrossRef]

14. Sutour, S.; Bradesi, P.; Casanova, J.; Tomi, F. Composition and chemical variability of Mentha suaveolens ssp.
suaveolens and M. suaveolens ssp. insularis from Corsica’. Chem. Biodiv. 2010, 7, 1002–1008.

15. Riahi, L.; Elferchichi, M.; Ghazghazi, H.; Jebali, J.; Ziadi, S.; Aouadhi, C.; Chograni, H.; Zaouali, Y.;
Zoghlami, N.; Mliki, A. Phytochemistry, antioxidant and antimicrobial activities of the essential oils of
Mentha rotundifolia L. in Tunisia. Ind. Crops Prod. 2013, 49, 883–889. [CrossRef]

16. Liu, W.; Yin, D.; Li, N.; Hou, X.; Wang, D.; Li, D.; Liu, J. Influence of environmental factors on the active
substance production and antioxidant activity in Potentilla fruticosa L. and its quality assessment. Sci. Rep.
2016, 6, 1–18.

17. Brahmi, F.; Hadj-Ahmed, S.; Zarrouk, A.; Bezine, M.; Nury, T.; Madani, K.; Lizard, G. Evidence of biological
activity of Mentha species extracts on apoptotic and autophagic targets on murine RAW264.7 and human
U937 monocytic cells. Pharm. Biol. 2017, 55, 286–293. [CrossRef]

18. Pares, M.E. A pharmacognostic study on Mentha rotundifolia (L.) Hudson. Circle Farm. 1983, 41, 133–152.
19. Benabdallah, A.; Rahmoune, C.; Boumendjel, M.; Aissi, O.; Messaoud, C. Total phenolic content and

antioxidant activity of six wild Mentha species (Lamiaceae) from northeast of Algeria. Asian Pac. J. Trop.
Biomed. 2016, 6, 760–766. [CrossRef]

20. Boussouf, L.; Boutennoune, H.; Kebieche, M.; Adjeroud, N.; Al-Qaoud, K.; Madani, K. Anti-inflammatory,
analgesic and antioxidant effects of phenolic compound from Algerian Mentha rotundifolia L. leaves on
experimental animals. South Afr. J. Bot. 2017, 113, 77–83. [CrossRef]

21. Ai, C.B.; Deng, Q.H.; Song, W.Z.; Li, L.N. Salvianolic acid J, a depside from Salvia flava. Phytochemistry 1994,
37, 907–908. [CrossRef]

22. Chatzopoulou, A.; Karioti, A.; Gousiadou, C.; Lax Vivancos, V.; Kyriazopoulos, P.; Golegou, S.; Skaltsa, H.
Depsides and other polar constituents from Origanum dictamnus L. and their in vitro antimicrobial activity in
clinical strains. J. Agric. Food Chem. 2010, 58, 6064–6068. [CrossRef]

23. Matsumoto, K.; Takahashi, H.; Miyake, Y.; Fukuyama, Y. Convenient syntheses of neurotrophic americanol
A and isoamericanol A by HRP catalyzed oxidative coupling of caffeic acid. Tetrahedron Lett. 1999, 40,
3185–3186. [CrossRef]

24. Lin, Y.-L.; Wang, C.-N.; Shiao, Y.-J.; Liu, T.-Y.; Wang, W.-Y. Benzolignanoid and polyphenols from Origanum
vulgare. J. Chin. Chem. Soc. 2003, 50, 1079–1083. [CrossRef]

25. Di Ferdinando, M.; Brunetti, C.; Agati, G.; Tattini, M. Multiple functions of polyphenols in plants inhabiting
unfavorable Mediterranean areas. Environ. Exp. Bot. 2014, 103, 107–116. [CrossRef]

26. Moldovan, R.I.; Oprean, R.; Benedec, D.; Hanganu, D.; Duma, M.; Oniga, I.; Vlase, L. LC-MS analysis,
antioxidant and antimicrobial activities for five species of Mentha cultivated in Romania. Digest J. Nanomater.
Biostr. 2014, 9, 559–566.

46



Molecules 2019, 24, 2351

27. Seladji, M.; Bekhechi, C.; Bendimerad, N. Antioxidant and antimicrobial activity of aqueous and methanolic
extracts of Mentha rotundifolia L. from Algeria. Int. J. Pharm. Sci. Rev. Res. 2014, 26, 228–234.

28. Khaled-Khodja, N.; Boulekbache-Makhlouf, L.; Madani, K. Phytochemical screening of antioxidant and
antibacterial activities of methanolic extracts of some Lamiaceae. Ind. Crops Prod. 2014, 61, 41–48. [CrossRef]

29. Dinis, P.C.; Falé, P.L.; Madeira, P.J.A.; Florêncio, M.H.; Serralheiro, M.L. Acetylcholinesterase inhibitory
activity after in vitro gastrointestinal digestion of infusions of Mentha species. Eur. J. Med. Plants 2013, 3,
381–393. [CrossRef]

30. Uriarte-Pueyo, I.; Calvo, M.I. Flavonoids as acetylcholinesterase inhibitors. Curr. Med. Chem. 2011, 18,
5289–5302. [CrossRef]

31. Vladimir-Knezevic, S.; Blazekovic, B.; Kindl, M.; Vladic, J.; Lower-Nedza, A.D.; Brantner, A.H.
Acetylcholinesterase inhibitory, antioxidant and phytochemical properties of selected medicinal plants of the
Lamiaceae family. Molecules 2014, 19, 767–782. [CrossRef]

32. Habtemariam, S. Molecular pharmacology of rosmarinic and salvianolic acids: potential seeds for
Alzeihmeir’s and vascular dementia drugs. Int. J. Mol. Sci. 2018, 19, 458. [CrossRef]

33. Roseiro, L.B.; Rauter, A.P.; Serralheiro, M.L.M. Polyphenols as acetylcholinesterase inhibitors: Structural
specificity and impact on human disease. Nutr. Aging 2012, 1, 99–111.

34. Katalinic, M.; Rusak, G.; Barovic, J.D.; Sinko, G.; Jelic, D.; Antolovic, R.; Kovarik, Z. Structural aspects of
flavonoids as inhibitors of human butyrylcholinesterase. Eur. J. Med. Chem. 2010, 45, 186–192. [CrossRef]

35. Sezer Senol, F.; Ankli, A.; Reich, R.; Erdogan Orhan, I. HPTLC fingerprinting and cholinesterase inhibitory
and metal-chelating capacity of various Citrus cultivars and Olea europaea. Food Technol. Biotechnol. 2016, 54,
275–281.

36. Shabani, S.; Mirshekar, M.A. Diosmin is neuroprotective in a rat model of scopolamine-induced cognitive
impairment. Biomed Pharm. 2018, 108, 1376–1383. [CrossRef]

37. Singleton, V.L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of total phenols and other oxidation substrates
and antioxidants by means of Folin-Ciocalteu reagent. Methods Enzym. 1999, 299, 152–178.

38. Chetoui, I.; Messaoud, C.; Boussaid, M.; Zaouali, Y. Antioxidant activity, total phenolic and flavonoid content
variation among Tunisian natural populations of Rhus tripartita (Ucria) Grande and Rhus pentaphylla Desf.
Ind. Crops Prod. 2013, 51, 171–177.

39. Gulluce, M.; Sahin, F.; Sokmen, M.; Ozer, H.; Daferera, D.; Sokmen, A.; Polissiou, M.; Adiguzel, A.; Ozkan, H.
Antimicrobial and antioxidant properties of the essential oils and methanol extract from Mentha longifolia L.
ssp. longifolia. Food Chem. 2007, 103, 1449–1456. [CrossRef]

40. Benzie, F.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “Antioxidant Power”:
The FRAP Assay. Anal. Biochem. 1996, 239, 70–76. [CrossRef]

41. Eldeen, I.M.S.; Elgorashi, E.E.; Van Staden, J. Antibacterial, anti-inflammatory, anti-cholinesterase and
mutagenic effects of extracts obtained from some trees used in South African traditional medicine.
J. Ethnopharm. 2005, 102, 457–464. [CrossRef] [PubMed]

42. Ferreira, A.; Proenca, C.; Serralheiro, M.L.M.; Araujo, M.E.M. The in vitro screening for acetylcholinesterase
inhibition and antioxidant activity of medicinal plants from Portugal. J. Ethnopharm. 2006, 108, 31–37.
[CrossRef] [PubMed]

Sample Availability: Sample of novel pure compound salvianolic acid W is available from AC.

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

47





molecules

Article

Discerning between Two Tuscany (Italy) Ancient
Apple cultivars, ‘Rotella’ and ‘Casciana’, through
Polyphenolic Fingerprint and Molecular Markers

Ermes Lo Piccolo 1, Ambra Viviani 1, Lucia Guidi 1,2, Damiano Remorini 1,2,*, Rossano Massai 1,2,

Rodolfo Bernardi 1,2 and Marco Landi 1

1 Department of Agriculture, Food & Environment, University of Pisa, Via del Borghetto, 80–56124 Pisa, Italy;
ermes.lopiccolo@gmail.com (E.L.P.); vivianiambra@outlook.it (A.V.); lucia.guidi@unipi.it (L.G.);
rossano.massai@unipi.it (R.M.); rodolfo.bernardi@unipi.it (R.B.); marco.landi@agr.unipi.it (M.L.)

2 Interdepartmental Research Center Nutrafood “Nutraceuticals and Food for Health”, University of Pisa,
Via del Borghetto, 80–56124 Pisa, Italy

* Correspondence: damiano.remorini@unipi.it; Tel.: +050-2216155

Academic Editor: Maurizio Battino
Received: 16 April 2019; Accepted: 5 May 2019; Published: 7 May 2019

��������	
�������

Abstract: Ancient apple cultivars usually have higher nutraceutical value than commercial ones, but
in most cases their variability in pomological traits does not allow us to discriminate among them.
Fruit of two Tuscany ancient apple cultivars, ‘Casciana’ and ‘Rotella’, picked from eight different
orchards (four for each cultivar) were analyzed for their pomological traits, organoleptic qualities,
polyphenolic profile and antiradical activity. The effectiveness of a polyphenol-based cluster analysis
was compared to molecular markers (internal transcribed spacers, ITS1 and ITS2) to unequivocally
discern the two apples. ‘Casciana’ and ‘Rotella’ fruit had a higher nutraceutical value than some
commercial cultivars, in terms of phenolic abundance, profile and total antiradical activity. Although
pedo-climatic conditions of different orchards influenced the phenolic profile of both apples, the
polyphenolic discriminant analysis clearly separated the two cultivars, principally due to higher
amounts of procyanidin B2, procyanidin B3 and p-coumaroylquinic acid in ‘Casciana’ than in ‘Rotella’
fruit. These three polyphenols can be used proficiently as biochemical markers for distinguishing the
two apples when pomological traits cannot. Conversely, ITS1 and ITS2 polymorphism did not allow
us to distinguish ‘Casciana’ from ‘Rotella’ fruit. Overall, the use of polyphenolic fingerprint might
represent a valid tool to ensure the traceability of products with a high economic value.

Keywords: ancient cultivars; antiradical activity; apple; cluster analysis; molecular marker;
organoleptic quality; pomology

1. Introduction

In Italy, the landscape complexity from ancient times has influenced the selection of numerous
local apple cultivars. As long as the communities were isolated and the exchanges were limited, these
cultivars had a strictly local value, but with the opening of the communities and the intensification
of the exchanges, these local cultivars began to spread, mix and sometimes get confused. ‘Rotella’
and ‘Casciana’ are two ancient apple varieties typically found in Tuscany and both are listed in the
germplasm bank of the Tuscany region (Regional Law N. 64, 16 November 2004; Figure 1). ‘Rotella’ is
cultivated in Lunigiana and is characterized by medium-small fruits, with a slightly flattened round
shape at the ends; the ‘Rotella’ apple is very tender, with a white pulp of a sweet-sour taste. The
‘Casciana’ apple is an ancient cultivar largely cultivated in Garfagnana, which is similar to the ‘Rotella’,
but generally characterized by a larger and less flattened size [1]. The color of both cultivars varies
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with streaks from a light green to yellow, to bright red when the tree is most exposed to the sun. Even
though the two varieties in most cases can be distinguished by a trained eye, in some other cases
the pedo-climatic conditions influence their pomological features and/or the skin color making the
visual recognition impossible, which, in turn, creates risks for local producers and paves the way for
possible fraudulence.

Figure 1. Apple fruits: from ‘Rotella’ (A) and ‘Casciana’ (B).

It has been clearly demonstrated that ancient apple fruits have higher polyphenolic content
if compared to some commercial cultivars, such as Golden Delicious, Fuji and Jonagold [2,3].
In addition, ancient apples are excellent sources of polyphenols, such flavonols (i.e., quercetin
glycosides), flavanols (i.e., procyanidins, epicatechin and catechin), dihydrochalcones (i.e., phloridzin
and phloretin 2’-O-xylosyl-glucoside) and phenolic acids (i.e., chlorogenic acid, p-coumaroylquinic
acid, caffeic acid) [4–6]. It has been well established that foods rich in polyphenols have powerful
cardioprotective properties and show anti-cancer activities [7,8]. In apples, these benefits are mostly
related to a high flavonoid content, more specifically catechin and epicatechin in skin and pulp [7,8].

Besides the excellent nutritional value of ancient apples, the safeguard of ancient genetic material
also contributes to the preservation of crop biodiversity [9,10] which is of extreme importance for
fruit breeders, given that ecological systems with high biodiversity maintain a high resilience to
abiotic and biotic stressors [11,12]. In a world where climate change is affecting food production,
autochthonous genetic heritage can be a source of specific resistance genes in order to improve the
resilience of commercial varieties to both biotic and abiotic stressors [13]. Conversely, a dramatic loss of
biodiversity in apple cultivation has occurred in the last century due to the selection of a few high-yield
and profitable cultivars, such Gala, Golden Delicious, Fuji, Red Delicious and Stayman [9]. In Italy,
more than 70% of apples produced belong to Golden groups [14], although interest in the preservation
of the autochthonous genetic heritage of fruit species is continuously growing and some neglected
apple cultivars have been successfully safeguarded, rediscovered and valorized [5,6,15].

Molecular markers are an efficient way to estimate genetic diversity and determine the genetic
relationships among the germplasm accessions [16–19]. Several studies using different molecular
markers such as Restriction Fragment Length Polymorphisms (RFLPs) that is based on the variations
in the length of DNA fragments produced by a digestion of genomic DNAs and hybridization, have
been extensively used for genome comparisons [20]. Nevertheless, these types of molecular markers
are highly expensive and require a high yield of DNA [21] with respect to molecular markers based on
the polymerase chain reaction (PCR), including Internal Transcribed Spacers (ITSs).

Therefore, in this paper the ‘Casciana’ and ‘Rotella’ fruits were characterized in terms of
pomological and organoleptic features, polyphenolic profile and total antiradical activity. In addition,
we utilized polyphenol-based discriminant analyses as well as the polymorphism of ITS1 and ITS2 in
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the attempt to discriminate the two cultivars and to establish biochemical and/or molecular markers to
unequivocally ensure the origin and traceability of both apples. ITS1 and ITS2 polymorphic sequences,
which have been commonly used in phylogenetic studies [16–24], were also utilized to establish ITS1-
and ITS2-based phylogenetic relations of ‘Casciana’ and ‘Rotella’ with other species belonging to the
genus Malus.

2. Results and Discussion

2.1. Pomological and Organoleptic Characteristics

Apple fruit properties (weight, width max and min, solid soluble content (SSC) and titratable
acidity) are listed in Table 1. Regarding pomological parameters, ‘Rotella’ fruits were generally higher
in size than ‘Casciana’ ones, with larger values for width max, width min and weight. However, RBE
fruits had the smallest size and the lowest values of width max and min among all accessions of both
apples (46.0 g) and CPE and CBR fruits had values of width max similar to some ‘Rotella’ accession’s
fruits (namely RFM and RFR). The aforementioned results indicate the impossibility of discerning the
two apple cultivars by pomological features.

Table 1. Pomological and organoleptic characteristics of fruit of ‘Casciana’ and ‘Rotella’ apple cultivars.
The first letter of the code of each sample is indicative of the cultivar, namely ‘Casciana’ (C) or ‘Rotella’
(R). Each value is the mean of eight (for weight and width) or three (for SSC and TA) replicates ±
standard deviation. For each parameter, means flanked by the same letter are not significantly different
after a one-way ANOVA test with accession as source of variability following an LSD test (P = 0.05).

Parameter
Apple Code

RKI RBE RFM RFR CMA CBR CGR CPE

Weight
(g) 132.81 ± 15.79 a 46.00 ± 3.42 f 110.64 ± 6.54 c 124.43 ± 6.04 b 69.05 ± 10.58 e 94.73 ± 5.16 d 69.33 ± 5.24 e 89.36 ± 5.26 d

Width min
(mm) 70.02 ± 3.48 a 47.48 ± 3.14 d 66.07 ± 2.14 ab 66.67 ± 2.10 ab 53.80 ± 2.47 c 60.86 ± 2.95 b 57.66 ± 3.16 bc 60.01 ± 4.12 b

Width max
(mm) 74.93 ± 5.11 a 55.08 ± 3.33 c 71.26 ± 8.50 a 71.11 ± 3.31 a 57.50 ± 1.34 c 64.46 ± 2.85 b 55.31 ± 2.29 c 68.22 ± 2.82 ab

SSC
(◦Brix) 15.60 ± 0.68 17.20 ± 1.40 15.40 ± 0.58 17.70 ± 0.98 16.80 ± 1.56 16.60 ± 1.10 14.80 ± 0.67 17.70 ± 1.90

Titratable
acidity

(mg malic
acid g−1 FW)

4.28 ± 0.27 c 2.71 ± 0.32 d 3.83 ±0.82 c 4.50 ± 0.23 c 6.86 ± 0.29 a 5.79 ± 0.59 b 3.85 ± 0.39 c 3.92 ± 0.39 c

In terms of SSC, no significant differences between cultivars were observed. Notably, both these
ancient apples are characterized by values of SSC similar to some highly appreciated commercial
apples, such as ‘Fuji’, ‘Golden Delicious’ and ‘Jonagored’ [25]. Samples of CMA and CBR had higher
values of TA (6.86 and 5.79 mg malic acid g−1, respectively), while RBE showed the lowest (2.71 mg
malic acid g−1) among all the accessions. However, two ‘Casciana’ accession, CPR and CBE, had
similar values of TA to two ‘Rotella’ types, namely RKI and RFM, highlighting that this parameter
also cannot be used to distinguish ‘Casciana’ from ‘Rotella’ fruits. Titratable acidity is an important
attribute to evaluate apples and it is remarkable that two ‘Casciana’ apples reach values of TA similar
to those measured in ‘Granny Smith’ fruits [26–28].

In view of above, nor pomological or organoleptic features can be considered as affordable
parameters to discriminate unequivocally between fruits belonging to the two cultivars.

2.2. Polyphenolic Profile, Total Antiradical Activity and Nutraceutical Attributes

In the last decades, “nutrafood” has received increasing demand from final consumers because of
the strong connection between the intake of phytochemicals and the increase of human health [29].
Polyphenols are the most widely abundant secondary metabolites in the Planta kingdom and, at the
same time, they represent a key source of antioxidant power for human health [7,30]. Polyphenol
analysis of ancient ‘Casciana’ and ‘Rotella’ fruit showed 22 phenolic compounds belonging to four
main groups (flavonols, flavanols, dihydrochalcones and phenolic acids) (Table 2). In both the cultivars,
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flavonols consisted of five quercetin glycosides (Q-galactoside, Q-glucoside, Q-arabinopyranoside,
Q-arabinofuranoside and Q-rhamnoside). In particular, RFR and CGR had the highest content of
Q-glucoside (0.44 and 0.43 μg g−1, respectively), whereas RBE had the highest total flavonol content
(2.85 μg g−1 FW). Quercetin is an important dietary bioactive compound for human nutrition as it
might prevent some type of cancers as well as cardiovascular diseases (CVD) [31,32]. However, its
bioavailability strongly depends to the glycoside which is linked to the quercetin molecule [33]. A study
conducted on rats demonstrated that Q-glucoside is rapidly absorbed by the small intestine, whereas
Q-galactoside and Q-arabinopyranoside are conversely poorly absorbed [34].

Flavanols, also called flavan-3-ols, are derivates of flavans constituted by
2-phenyl-3,4-dihydro-2H-chromen-3-ol skeleton [34]. In ‘Casciana’ and ‘Rotella’ apples, they
were represented by catechin, epicatechin and procyanidin B1–B4 (Table 2). Procyanidins in apple
fruits belong to the B-type and are mostly constituted by epicatechin and catechin [35]. Regarding
their bioavailability, only 8%–17% is absorbed by the small intestine, while the rest is metabolized by
intestinal flora (especially procyanidins) of the large intestine, generating several simple phenolic
compounds [34,36]. In the present work, epicatechin was the most representative compound amongst
flavanols (Table 2). Epicatechin is principally absorbed by the colon (about 82%) [7], probably due to
the association of epicatechin-associated fibers that can only be metabolized by the large intestinal
microflora [7]. For flavanols, there is a strong inverse association between their intake, especially of
catechin and epicatechin, and CVD incidence [7,8]. As these chemical compounds are relevant for
human health, it is important to emphasize that ‘Casciana’ apples, independently of their accession,
have higher flavanol contents than ‘Rotella’ ones, except for RBE fruit (Table 2).

The dihydrochalcones group included phlor-xyl-glucose and phloridzin that are thought to
be unique in apples [37]. Evidence suggests that a large part of phloridzin and phlor-xyl-glucose
are absorbed by the small intestine [37], whereas phloridzin is known to be a potent inhibitor of
sodium glucose transport and, therefore, is able to modulate the postprandial blood glucose levels [38].
‘Casciana’ and ‘Rotella accessions did not show a significant statistical differences in phlor-xyl-glucose
content, whereas all accessions have similar values of phloridzin (average 17.99 μg g−1 FW), except for
RKI which shows the lowest value (7.35 μg g−1 FW), therefore making both the cultivars promising
sources of these compounds.

Phenolic acids represent another major group of polyphenols in apples; in the accessions of the
two cultivars tested in the present experiment, 9 phenolic acids were detected: chlorogenic acid,
neochlorogenic acid, cryptochlorogenic acid, p-coumaroyl glucose, p-coumaroylquinic acid, gallic
acid, caffeoyl glucoside, protocatechuic acid and feruloyl glucose (Table 2). Overall, chlorogenic acid
and p-coumaroylquinic acid are the two most representative phenolic acids, though with remarkable
differences in their content in the eight apple groups. ‘Casciana’ fruit always had higher concentrations
of p-coumaroylquinic than ‘Rotella’, independently of the orchard of origin. Chlorogenic acid is
a powerful antioxidant, even though its physiological action strongly depends on its availability
due to intestinal microflora that hydrolyses the molecule, giving origin to caffeic acid [39]. The
hydroxycinnamic acid p-coumaroylquinic, in its free unconjugated form, is rapidly absorbed by the
small intestine, whereas the unconjugated form is transformed by the gut microbiota in the colon [7,40].
Clinical tests conducted on p-coumaric acid and its conjugated forms showed antimicrobial and
antiviral activities connected to its high antioxidant potential [40].

Total phenol analysis shows that two ‘Casciana’ groups, CMA and CBR, had the highest values
(1120.54 and 1091.01 μg g−1 FW, respectively), whereas one ‘Rotella’ accession, RKI, reached the lowest
value (597.71 μg g−1 FW). RKI was also the accession with the lowest value of phloridzin, suggesting
the low nutraceutical value of fruit belonging to this accession. In any case, it should be noted that
cultivars belonging to both cultivars (excluded RKI) are very rich in flavonoids and phenolic acids
(flavonols and flavanols) if compared to commercial cultivars, such as Golden Delicious, Fuji and
Jonagold [2,3].
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A high total polyphenolic content is often associated with a high antiradical activity. Values
of Total Antiradical activity (TAA), measured by the DPPH radical scavenge ability (Figure 2), are
found to be higher in flesh of both the ancient cultivars when compared to commercial apples [2],
and RBE had the highest value (790.6 mM TE eq 100 g−1 FW). Furthermore, Table 3 summarizes
the data obtained from the correlation analysis between the content of singular phenols versus the
values of TAA. Table 3 only reports the phenols for which a significant correlation was found with
TAA. According to the correlation analysis, a strong positive correlation between Q-arabinofuranoside,
feruloyl glucose, caffeoyl glucoside, chlorogenic acid, Q-rhamnoside and epicatechin content and TAA
was found (Table 3).
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Figure 2. Antiradical activity determined by DPPH assay in the flesh of eight groups belonging to
‘Casciana’ and ‘Rotella’ ancient apple cultivars. Each value is the mean of three replicates ± standard
deviation. The first letter of the code of each sample is indicative of the cultivar, namely ’Casciana‘ (C)
or ’Rotella‘ (R). Bars with the same letter are not significantly different after a one-way ANOVA test
with accession as source of variability following an LSD test (P = 0.05). TE: Trolox equivalent.

Table 3. Correlation coefficients (r) between selected phenols and total antiradical activity of fruit
of ‘Casciana’ and ‘Rotella’ apple accessions. Table only reports the phenols for which a significant
correlation was found with the total antiradical activity (*: P < 0.05, **: P < 0.01; ***: P < 0.001).

Phenol Correlation

Caffeoyl glucoside 0.61 **
Chlorogenic acid 0.58 **

Epicatechin 0.51 *
Feruloyl glucose 0.66 ***

Q-arabinofuranoside 0.68 ***
Q-rhamnoside 0.58 **

The obtained results are in agreement with other previous works which investigated the antioxidant
properties of several apple cultivars [5,41,42]. To note, Tsao et al. [42] reported that flavan-3-ols, and
especially procyanidins and epicatechin were the major contributors to the TAA. Although a good
correlation between TAA and epicatechin was found, in our work the coefficient of correlation between
procyanidins and TAA was not significant (data not showed). It seems therefore conceivable that values
of TAA of a fruit are dependent on the whole polyphenol profile rather than on a single or a few
compounds [43,44].

2.3. Discriminatory Analysis polyphenolic fingerprint

Hierarchical cluster analysis (based on flavanol, dihydrochalcone and phenolic acid data matrix)
and a polyphenol heatmap are shown in Figure 3. For cluster analyses, the samples (reported with all
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the three replicates) were separated into two homogenous groups by choosing a relatively and large safe
cutting value at the linkage distance of 15. The obtained two major cluster groups fully corresponded
to ‘Casciana’ and ‘Rotella’ cultivars. Through the heatmap, ‘Casciana’ and ‘Rotella’ cultivars are
visually distinct. All the ‘Casciana’ accessions show higher levels of procyanidin B2, procyanidin
B3 and p-coumaroylquinic acid than ‘Rotella’, which might be related to a constitutive preference
of ‘Casciana’ apples to produce these compounds. Polyphenolic profile in apple is influenced by a
plethora of environmental factors such as light, pedo-climatic conditions, agronomical practices and
biotic stresses especially in the skin given that it represents the first fruit defense line [45,46]. However,
the fruit responses to these external factors are strictly dependent on the interaction between the
genetic background and environment and these interactions are yet to be explored in depth. Different
polyphenol compositions are related to distinct apple genotypes and also the tissue-specificity of
polyphenol fingerprint (i.e., in skin and flesh) is under genetic control [47]. Indeed, some authors found
that apple flesh phenols and antiradical activity were linked to the different apple genotype [48,49]. Volz
& McGhie [47] also showed that the variation in apple genotypes depends on polyphenol groups, in
particular, chlorogenic acid, flavan-3-ols, procyanidins, dihydrochalcones and anthocyanins, whereas
flavonol variation was more independent from the genotype. In our experiment, although the eight
apple accessions (four for each cultivars) come from different orchards, and therefore plants were
grown under different pedo-climatic and agronomical conditions, the polyphenol matrix allow us to
clearly discern the two cultivars. Therefore, procyanidin B2, procyanidin B3 and p-coumaroylquinic
seem not to be strictly influenced by environmental or agronomical conditions, and can be utilized as
valid biochemical markers for a cheap and rapid methodology to discriminate and trace ‘Casciana’
and ‘Rotella’ fruits.

 

Figure 3. Heatmap visualization of the twenty-two phenolic compounds detected in the flesh of
eight groups belonging to ‘Casciana’ and ‘Rotella’ ancient apple cultivars. The first letter of the code
of each sample is indicative of the cultivar, namely ’Casciana‘ (C) or ’Rotella‘ (R). The intensity of
different colors represents the phenol content (cyan = low content, red = high content). On the top
side of the figure the hierarchical cluster is reported according to the phenolic profile of each group, by
excluding flavonols.
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2.4. Polymorfism of ITS1 and ITS2

The DNA extracted from leaves of apple trees was amplified using as primers M15/M17. The
amplification products after sequencing were not readable. Therefore, the PCR products were cloned
into pGEM-T Easy Vector, then 12 clones were pick up from each cloning and, after PCR colony
screening, the clones that showed different molecular weights, of about 900 bp, (Figure 4) were
sequenced. The sequences obtained have shown the reason for the impossibility of directly sequencing
the PCR product, since the primers also amplified agents used in biological control and fungi presents
in the biological materials used (data not shown). The sequences were deposited in GenBank with the
accession numbers MH633843–MH633854.

 

Figure 4. Electrophoresis of PCR colony screening of 10 colonies obtained after cloning the RFM
amplified. In the right line the Marker ΦX174 DNA-HaeIII digest (Thermo Fisher Scientific, Waltham,
MA, USA).

2.5. Phylogenetic Analysis Based on ITS1 and ITS2 Polymorfisms

The alignment of our sequences with sequences of Malus found in GeneBank allowed the
construction of a phylogenetic tree using the MEGA7 program (Figure 5); as an outgroup we used the
sequence of Platanus acerifolia found in GeneBank. The evolutionary relationships among the accessions
were estimated by the statistical model Neighbor-Joining and the bootstrap was estimated with 1000
replications. The dendrogram shows that single accession of both ‘Casciana’ and ‘Rotella’ had multiple
forms, such as two forms for CPE and CMA (‘Casciana’) and three forms in RFR (‘Rotella’). In addition,
different forms belonging to the same accession did not form a distinct cluster but are interspersed
among other accessions and also among other Malus species and some forms of ‘Casciana’ and ‘Rotella’
cluster together with higher level of confidence than different forms belonging to the same accession.
The evolutionary relationships evaluated with these molecular markers did not enable us to distinguish
‘Casciana’ from ‘Rotella’ fruits.
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Figure 5. Molecular phylogenetic relationship between sequences of ‘Rotella’ and ‘Casciana’ nuclear
ribosomal ITS1-5.8S-ITS2 and other sequences belonging to the genus Malus. The first letter of the code
of each sample is indicative of the cultivar, namely ’Casciana’ (C) or ’Rotella’ (R). The taxa highlighted
in bold are cultivar of Malus domestica. The evolutionary relationships were estimated by the statistical
model Neighbor-Joining and the bootstrap was estimated with 1000 replications with the MEGA7
program. The sequence of Platanus acerifolia was used as outgroup. Asterisks represent a bootstrap of
more than 70%.

3. Materials and Methods

3.1. Chemicals

Ultrapure standards used for determination of polyphenol profiles, as
well as 2,2-diphenyl-1-picrydazil (DPPH), ethylenediaminetetraacetic acid (EDTA),
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), cetyltrimethylammonium bromide
(CTAB), 2-mercaptoetanol, NaCl, were purchased from Sigma-Aldrich (Milan, Italy). Methanol,
formic acid and acetronile were purchased from Carlo Erba Reagents (Cornaredo, Milan, Italy). The
pGEM-T Easy Vector System were purchased by Promega (Madison, WI, USA) whereas DreamTaq
and DreamTaq buffer were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
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3.2. Plant Material, Pomological and Organoleptic Properties

Fruit of ‘Casciana’ and ‘Rotella’ accessions were picked from different orchards (four for each
cultivar) localized in eight different geographical places in Garfagnana and Lunigiana, (Tuscany,
Italy) for ‘Casciana’ and ‘Rotella’, respectively. These were identified by a sitee code: KI (44◦10′51”),
BE (44◦15′22”), FM (44◦17′17”), FR (44◦14′07”), MA (44◦09′30”), BR (44◦09′56”), GR (44◦08′02”), PE
(44◦06′36”). Before the site code, every accession code was completed with the letters ‘C’ and ‘R’,
which represent ‘Casciana’ and ‘Rotella’, respectively. Therefore, every code contains the apple cultivar
followed by the accession name.

About 3 kg of fruits were randomly selected from different plants in each orchard at commercial
maturity. Then apples were stored, one month before the analysis, in a cold chamber (4 ◦C and 95% of
relative humidity). Three different fruits per accession were peeled and sliced with a sharping knife
by removing the core portion. Little slices were cut in small portions (about 1 cm × 1 cm × 0.5 cm),
mixed together and randomized in falcon tubes, frozen in liquid nitrogen and stored at −80 ◦C until
biochemical analysis. This represented a sample replicate. Three replicates were produced and stored
for biochemical analyses. Fresh weight (FW) (g) and width (mm) were calculated on eight randomly
selected fruits. Solid soluble content (SSC, Brix) was analyzed on flesh juice of three randomly selected
samples using a digital refractometer (refractometer Mod. 53 011, Turoni, Forli’, Italy). Titratable
acidity (TA) was measured following the method reported in Landi et al. [50] on three randomly
selected fruits. Fruit juice samples were diluted with deionized water (1:10) and microtritated to pH
8.0 with 0.1 NaOH and expressed as mg acid malic g−1.

3.3. Polyphenol Extraction

Flesh apple samples (about 1 g FW per sample obtained as described in Section 3.2) were
homogenized with 10 mL of 70% aqueous methanol (v/v; 99.5% HPLC grade) by sonication for 30 min,
keeping the temperature from 0 to 4 ◦C. After centrifugation (6000 g for 10 min at 4 ◦C), the supernatant
was collected and filtered with PTFE filters (0.20 μm pore size; Sarstedt, Verona, Italy). Extracts were
stored at −80 ◦C until analysis.

3.4. UPLC–MS Analysis

Phenolic profile was determined according to Assumpção et al. [51] method with few modifications.
The UPLC–MS analysis was performed using an Agilent 1290 Infinity II LC system (Agilent Technologies
Italia S.p.A., Cernusco sul Naviglio, Italy) consisting of a degasser, a binary pump, an autosampler, a
column oven and equipped with an Agilent 6495A triple quadrupole. A C18 column, 2.1 × 50 mm,
1.8 μm (Agilent Zorbax Eclipse Plus, Santa Clara, CA, USA) was used for separation of phenolic
compounds. Solvent A consisted of 0.2% formic acid in water, whereas solvent B was 0.2% formic
acid in acetonitrile. The elution gradient was: 6% B (3 min), from 6 to 30% B in 11 min, from 30 to
100% B in 2 min, 100% B (2 min). The column temperature was 35 ◦C, the flow rate was 0.3 mL min−1,
and the injection volume was 2 × 10−6 L. MS parameters employed were as follows in ESI(+): gas
temp: 150 ◦C; gas flow: 13 L min−1; nebulizer: 50 psi; sheath gas heater: 350 ◦C; sheath gas flow:
12 L min−1; capillary: 3500 V, HPRF funnel: 120; LPRF funnel: 40; in ESI(−): gas temp: 150 ◦C; gas
flow: 13 L min−1; nebulizer: 50 psi; sheath gas heater: 350 ◦C; sheath gas flow: 12 L min−1; capillary:
1500 V; HPRF funnel: 120; LPRF funnel: 80. For quantification, an external standard method was used.
A calibration curve in at least five different concentrations from 1 to 500 μg L−1 was constructed for
each compound analyzed and utilized to quantify each compound. Data are expressed as μg g−1 FW.

3.5. Total Antiradical Activity

Total antiradical activity (TAA), was measured using the method of Brand-Williams, Cuvelier
and Berset [52]. Briefly, 10 μL of phenolic extract were added to 990 μL of a solution containing
3.12 × 10−5 M DPPH in methanol. The decrease in absorbance at 515 nm was measured against a blank
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(without extract) after reaction time of 30 min (that was preliminary optimized to observe the highest
antiradical effect of the extract) using a spectrophotometer (Ultrospec 2100 pro, GE Healthcare Ltd.,
Chalfont St. Giles, Buckinghamshire, UK). Results (n=3) were expressed as percentage of reduction of
the initial DPPH absorption by the extracts and expressed as mM Trolox Equivalents (TE) 100 g−1 FW.

3.6. DNA Extraction

DNA was extracted from leave of apple trees using a modified CTAB extraction method of Gawel
& Jarret [53]. One hundred milligrams of leaf tissue were finely crushed using mortar and pestle and
homogenized with 1 mL of CTAB extraction buffer [NaCl 1.4 M, EDTA 20 mM, Tris-HCl 100 mM,
(pH 8.0), CTAB 3% (w/v) and 2-Mercaptoetanol 0.2% (v/v) in a 6:1 ratio (v/w)]. The mixture was recovered
and transferred to 14 mL tubes and incubated for 20 min at 60 ◦C then extracted twice with isoamyl
alcohol chloroform. After adding isopropyl alcohol to the upper phase, the DNA was precipitated
at 4 ◦C for 1 h. The pellet obtained after centrifugation was washed with ethanol at 70% (v/v) and
dissolved in DNase free water. The concentration of each DNA sample was measured using a WPA
biowave DNA spectrophotometer (Biochrom Ltd.,Cambridge, UK), and their integrity was evaluated
by agarose gel electrophoresis. The DNA was stored at −20 ◦C until further analysis.

3.7. PCR Amplification

The nuclear rDNA region, comprising the first internal transcribed spacer (ITS1), the 5.8S
rRNA gene and the second internal transcribed spacer (ITS2), was amplified by the polymerase
chain reaction (PCR) by using two primers, respectively complementary to the 18S and 25S
rDNA near the ITS1 and ITS2 borders, M15 (5’-AAGTCGTAACAAGGTTTCCGTAGG-3’) and M17
(5’-CTTTTCCTCCGCTTATTGATATG-3’) [27].

Amplification was carried out with conventional PCR in 20 μL reactions containing 1× 10X
DreamTaq Buffer and 0.5 μM of each primer, 1U of DreamTaq and 20 ng of template DNA. PCR was
run in a PCR system 2700 (Applied Biosystem, Waltham, MA, USA): Thermocycling consisted of an
initial denaturation step at 95 ◦C (5 min), which was followed of cycles for: M15/M17 (95 ◦C for 45 s,
60 ◦C for 45 s and 72 ◦C for 80 s), with final extension step at 72 ◦C (10 min).

All reactions were checked for amplification by gel electrophoresis. Amplified DNA sequences
were directly cloned in pGEM-T Easy Vector System (Promega, Madison, WI, USA). Colony PCR
screening was performed on individual white colonies using as primers M13 Forward and M13 Reverse.
The clones that shown inserts with different weight were sequenced by automated sequencing (MWG
Biotech, Ebersberg, Germany). The sequences were analyzed using BLASTN, for their identification
in GeneBank.

3.8. Phylogenetic Analyses

The sequences are multi-aligned using CLUSTALW program [54]. The multi-alignment of the
sequences of ‘Rotella’ and ‘Casciana’ accessions with the sequences of the different Malus species already
present in the database allowed us to construct a phylogenetic tree using the MEGA7 program [55]. The
evolutionary relationships were estimated by the statistical model Neighbor-Joining and the bootstrap
was estimated with 1000 replications with the MEGA7 program. The sequence of Platanus acerifolia
was used as outgroup. Asterisks represent a bootstrap higher than 70%.

3.9. Statistical Analysis

Data are expressed as mean ± standard deviation and are subjected to one-way ANOVA test
and statistical differences among the eight groups of two apple cultivars were calculated by least
significant difference (LSD) test at 95% confidence with GraphPad Software (GraphPad, La Jolla, CA,
USA). Linear correlation between phenolic compounds and total antiradical activity was carried out
with the same software. Hierarchical clusters were carried out using Ward’s method on normalized
data matrix (using all biological replicates), in order to see similarities between cultivars by using their

59



Molecules 2019, 24, 1758

phenolic content. Cluster analysis (CA) was conducted using IBM SPSS Statistics 24 (IBM, New York,
NY, USA). Heatmap was elaborated using GraphPad Software on the normalized polyphenol data
matrix (showing all the biological replicates).

4. Conclusions

The current study reports new information about the nutraceutical properties of two ancient apple
cultivars, ‘Rotella’ and ‘Casciana’. The polyphenolic content and the total antiradical activity found in
these two ancient apple cultivars were higher than values reported for some commercial cultivars,
drawing attention to the need to rediscover and re-evaluate old varieties in the attempt to find new
“nutrafood” sources. When polyphenolic fingerprint was used for a cluster analyses, it allowed us to
clearly separate the two cultivars and individuated three polyphenols (procyanidin B2, procyanidin B3
and p-coumaroylquinic acid) that were higher in ‘Casciana’ than in ‘Rotella’ accessions, independently
of the orchard of origin and, therefore, of different pedo-climatic and agronomic factors. The three
polyphenols mentioned above can be used proficiently as biochemical markers and their simultaneous
presence can be considered as a sensitive, rapid, cheap and reliable methodology for discrimination
and traceability of ‘Casciana’ and ‘Rotella’ fruit. Conversely, the molecular marker used in the present
experiment, ITS1 and ITS2, did not enable us to distinguish ‘Casciana’ from ‘Rotella’ fruits.

Although the importance of these results might seem to be circumscribed at the local level, the use
of chemometric parameters based on polyphenol fingerprint and the identification of valid biochemical
markers is certainly of broader interest and can allow us to ensure the traceability of products with
high economic value and to contrast the fraudulence phenomena.

Author Contributions: Conceptualization, D.R., L.G., M.L. and R.M.; methodology, A.V., E.L.P., M.L. and R.B.;
inspiration and discussions, A.V., D.R., E.L.P., L.G., M.L., R.B., R.M.; writing—original draft preparation, E.L.P.
and M.L.; writing—review and editing, A.V., D.R., L.G., R.B. and R.M.

Funding: This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

Acknowledgments: The authors are thankful to Gaetano Bernardi, Enrico Bersanelli, Michele Bruzzi, Francesca
Chinca, Salvatore Farnese, Guido Grisanti, Raffaello Grisanti, Fernando Pedreschi, Michele Pieretti and Ivo Poli
for providing the apple samples.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bartolini, S.; Viti, R.; Ducci, E. Local fruit varieties for sustainable cultivations: Pomological, nutraceutical
and sensory characterization. Agrochimica 2015, 59, 281–284. [CrossRef]

2. Wojdylo, A.; Oszmianski, J.; Laskowski, P. Polyphenolic compounds and antioxidant activity of new and old
apple varieties. J. Agric. Food Chem. 2008, 56, 6520–6530. [CrossRef] [PubMed]

3. Masi, E.; Taiti, C.; Vignolini, P.; Petrucci, A.W.; Giordani, E.; Heimler, D.; Romani, A.; Mancuso, S. Polyphenols
and aromatic volatile compounds in biodynamic and conventional “Golden Delicious” apples (Malus
domestica Bork.). Eur. Food Res. Technol. 2017, 243, 1519–1531. [CrossRef]

4. Escarpa, A.; González, M.C. High-performance liquid chromatography with diode-array detection for the
determination of phenolic compounds in peel and pulp from different apple varieties. J. Chromatogr. A 1998,
823, 331–337. [CrossRef]

5. Iacopini, P.; Camangi, F.; Stefani, A.; Sebastiani, L. Antiradical potential of ancient Italian apple varieties of
Malus×domestica Borkh. in a peroxynitrite-induced oxidative process. J. Food Compos. Anal. 2010, 23, 518–524.
[CrossRef]

6. Jakobek, L.; Barron, A.R. Ancient apple varieties from Croatia as a source of bioactive polyphenolic
compounds. J. Food Compos. Anal. 2016, 45, 9–15. [CrossRef]

7. Hyson, D.A. A Comprehensive Review of Apples and Apple Components and Their Relationship to Human
Health. Adv. Nutr. 2012, 2, 408–420. [CrossRef] [PubMed]

8. Bondonno, N.P.; Bondonno, C.P.; Ward, N.C.; Hogdson, J.M.; Croft, K.D. The cardiovascular health benefits
of apples: Whole fruit vs. isolated compounds. Trends Food Sci. Technol. 2017, 69, 243–256. [CrossRef]

60



Molecules 2019, 24, 1758

9. Alcázar, E.J. Protecting crop genetic diversity for food security: Political, ethical and technical challenges.
Nat. Rev. Genet. 2005, 6, 946–953. [CrossRef]

10. Horrigan, L.; Lawrence, R.S.; Walker, P. How sustainable agriculture can address the environmental and
human health harms of industrial agriculture. Environ. Health Perspect. 2002, 110, 445–456. [CrossRef]
[PubMed]

11. Fischer, J.; Lindenmayer, D.B.; Manning, A.D. Biodiversity, ecosystem function, and resilience: Ten guiding
principles for commodity production landscapes. Front. Ecol. Environ. 2006, 4, 80–86. [CrossRef]

12. Di Falco, S.; Chavas, J.P. Rainfall shocks, resilience, and the effects of crop biodiversity on agroecosystem
productivity. Land Econ. 2008, 84, 83–96. [CrossRef]

13. Tartarini, S.; Gennari, F.; Pratesi, D.; Palazzetti, C.; Sansavini, S.; Parisi, L.; Fouillet, A.; Durel, C.E.
Characterisation and genetic mapping of a major scab resistance gene from the old Italian apple cultivar
“Durello di Forlì”. Acta Hortic. 2004, 663, 129–134. [CrossRef]

14. Donno, D.; Beccaro, G.L.; Mellano, M.G.; Torello Marinoni, D.; Cerutti, A.K.; Canterino, S.; Bounous, G.
Application of sensory, nutraceutical and genetic techniques to create a quality profile of ancient apple
cultivars. J. Food Qual. 2012, 35, 169–181. [CrossRef]

15. Maragò, E.; Michelozzi, M.; Calamai, L.; Camangi, F.; Sebastiani, L. Antioxidant properties, sensory
characteristics and volatile compounds profile of apple juices from ancient Tuscany (Italy) apple varieties.
Eur. J. Hortic. Sci. 2016, 81, 255–263. [CrossRef]

16. Tuna, M.; Khadka, D.K.; Shrestha, M.K.; Arumuganathan, K.; Golan-Goldhirsh, A. Characterization of
natural orchardgrass (Dactylis glomerata L.) populations of Thrace region of Turkey base on ploidy and DNA
polymorphisms. Euphytica 2004, 135, 39–46. [CrossRef]

17. Meudt, H.M.; Clarke, A.C. Almost forgotten or latest practice? AFLP applications, analyses and advances.
Trends Plant Sci. 2007, 12, 106–117. [CrossRef]

18. Mondini, L.; Noorani, A.; Pagnotta, M.A. Assessing plant genetic diversity by molecular tools. Diversity
2009, 1, 19–35. [CrossRef]

19. Poczai, P.; Hyvönen, J. Nuclear ribosomal spacer regions in plant phylogenetics: Problems and prospects.
Mol. Biol. Rep. 2010, 37, 1897–1912. [CrossRef]

20. Thormann, C.E.; Fereira, M.E.; Camargo, L.E.A.; Tivang, J.G.; Osborn, T.C. Comparison of RFLP and RAPD
markers to estimating genetic relationships within and among cruciferous species. Theor. Appl. Genet. 1994,
88, 973–980. [CrossRef]

21. Collard, B.C.Y.; Jahufer, M.Z.Z.; Brouwer, J.B.; Pang, E.C.K. An introduction to markers, quantitative trait
loci (QTL) mapping and marker-assisted selection for crop improvement: The basic concepts. Euphytica
2005, 142, 169–196. [CrossRef]

22. Ahmad Haji, R.F.; Tiwari, S.; Gandhi, S.G.; Kumar, A.; Brindavanam, N.B.; Verma, V. Genetic diversity
analysis among accessions of Desmodium gangeticum (L) DL with Simple Sequence Repeat (SSR) and Internal
Transcribed Spacer (ITS) Regions for species conservation. J. Biodivers., Bioprospect. Dev. 2016, 3, 2–5.

23. Le Cam, B.; Devaux, M.; Parisi, L. Specific polymerase chain reaction identification of Venturia nashicola using
internally transcribed spacer region in the ribosomal DNA. Phytopathology 2001, 91, 900–904. [CrossRef]

24. Bernardi, R.; Manzo, M.; Durante, M.; Petrucelli, R.; Bartolini, G. Molecular markers for cultivar
characterisation in olea Olea europaea L. Acta Hortic. 2002, 586, 97–100. [CrossRef]

25. Drogoudi, P.D.; Michailidis, Z.; Pantelidis, G. Peel and flesh antioxidant content and harvest quality
characteristics of seven apple cultivars. Sci. Hortic. 2008, 115, 149–153. [CrossRef]

26. Aguilar-Rosas, S.F.; Ballinas-Casarrubias, M.L.; Nevarez-Moorillon, G.V.; Martin-Belloso, O.; Ortega-Rivas, E.
Thermal and pulsed electric fields pasteurization of apple juice: Effects on physicochemical properties and
flavour compounds. J. Food Eng. 2007, 83, 41–46. [CrossRef]

27. Vangdal, E. Quality criteria for fresh consumption. Acta Agric. Scand. 1985, 35, 41–47. [CrossRef]
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Abstract: Catechins and rutin are among the main metabolites found in apple fruit. Sixty apple
genotypes, harvested in 2016 and 2017, were analyzed for their phenolic content and antioxidant
activity. The HPLC analysis showed that the catechin concentration ranged from 109.98 to
5290.47 μg/g, and the rutin concentration ranged from 12.136 to 483.89 μg/g of apple fruit. The level
of DPPH activity ranged from 9.04% to 77.57%, and almost half of the 15 genotypes showed below
30–40% DPPH activity. The apple genotypes ‘Lal Ambri’, ‘Green Sleeves’, and ‘Mallus floribunda’
showed the highest DPPH activity of between 70% and 80%, while ‘Schlomit’, ‘Luxtons Fortune’,
‘Mayaan’, ‘Ananas Retrine’, and ‘Chaubatia ambrose’ showed the lowest ferric reducing antioxidant
power (FRAP) activity (0.02–0.09%). Statistical analysis showed a correlation between DPPH
activity and catechin content (r = 0.7348) and rutin content (r = 0.1442). Regarding antioxidant
activity, fractionated samples of apple genotypes revealed significant activity comparable to that of
ascorbic acid. There was also a consistent trend for FRAP activity among all apple genotypes and
a significant positive correlation between FRAP activity and rutin content (r = 0.244). Thus, this study
reveals a significant variation in antioxidant potential among apple genotypes. This data could be
useful for the development of new apple varieties with added phytochemicals by conventional and
modern breeders.

Keywords: apple; DPPH; FRAP; polyphenolics; catechins; rutin

1. Introduction

Apples are cultivated in temperate countries and are one of the most important fruits [1].
Worldwide, apples are consumed throughout the year because of their organoleptic qualities as
well as due to technological advancements in the area of conservation [2]. Significant concentrations
of phenolic compounds are present in apples and their products, and these play critical roles
in maintaining human health due to their preventive effect against various diseases, such as
cardiovascular diseases, neuropathies and diabetes [3]. The main phenolic acids found in apples
are chlorogenic acid and p-coumaroylquinic acid, and the major flavonoids are epicatechins, catechins,
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procyanidins (B1 and B2), quercetin glycosides, anthocyanins, and phloridzin [4]. In recent years,
there has been a rising inclination towards the use of bio-active compounds and in this context,
extraction of such compounds from tissues rich in their content is desired [5,6]. Different plant materials
have different extraction conditions, as they are affected by several parameters, such as the chemical
nature of the sample, the type of solvent used, agitation, the time of extraction, the solute/solvent ratio
and the presence of an optimum temperature [7,8]. Furthermore, validation of the extraction method
for phenolic compounds is needed to avoid enzymatic oxidation during the process, as this leads to
loss of phenol function and antioxidant potential [9]. Accordingly, in order to counteract oxidation,
frozen or lyophilised samples are taken to prevent enzymatic oxidation [10].

Polyphenolic compounds are responsible for the aroma and organoleptic properties of apples.
Phenolic acids in apples are subdivided into benzoic acids and hydroxycinnamic acids [11,12].
Flavonoids possess a nucleus comprising two phenolic rings and oxygenated heterocycle compounds,
and they can be categorized into different types, e.g., anthocyanins, flavonols, flavanols (e.g., catechins),
flavones, and chalcones [13]. Catechins and rutin are the predominant phytochemicals in apples;
they not only confer color but also aroma to different genotypes. These compounds vary greatly in
diverse apple genotypes depending on the place, season, light, and altitude [14,15]. The rationale
of this study was to determine the variation in the concentrations of catechins and rutin in apple
genotypes cultivated in the same location but harvested in two different years. Thus, the variation in
catechin and rutin content and the antioxidant activity of apples were determined. The contribution of
single phenolic compounds to the antioxidant capacity was estimated with special respect to standards.
We intended to compare the antioxidant properties of catechins with those of other pure standards
and synthetic antioxidants in all apple genotypes thriving in the same location under similar climatic
and geographical conditions. The antioxidant activities were determined by commonly used methods
of radical scavenging: DPPH (2,2-diphenyl-2-picrylhydrazyl) and ferric reducing antioxidant power
(FRAP) assays.

2. Results

2.1. Phytochemical Determinations

Total Phenols, Total Flavanols, and Flavonoids

The total phenolic content of apples in this study ranged from 31.5 to 980.8 GAE/g, which is
comparatively higher than the concentration in grape extract, a beverage known for its polyphenolic
content. The flavanol content varied from 0.004 to 0.185 QEA (mg/g), while that of flavonoids ranged
from 0.36 to 0.3584 QEA (mg/g). The maximum phenolic content, 980.8 GAE/g, was observed in
the wild apple genotype Mallus floribunda, followed by 722.0 GAE/g in Tydemans Early Worcestor,
and the minimum phenolic content of 31.5 mg L−1 was observed in Starking Delicious. The rest of
the genotypes had moderate ranges. The maximum flavonoid content of 0.3884 QEA (mg/g) was
observed in the wild apple genotype Mallus floribunda followed by Ambri (0.367 QEA (mg/g), and the
minimum flavonoid content of 0.024 QEA (mg/g) was observed in Star Summer Gold, followed by
0.027 QEA (mg/g) in wealthy apple. The rest of the genotypes had moderate concentrations. Similarly,
the maximum (0.351 QEA (mg/g)) and minimum (0.002 QEA (mg/g)) flavanol contents were observed
in Orange Val and Red Fuji, respectively (Table 1).

Table 1. Variability in rutin and catchin concentrations in different apple genotypes. The data is
represented in mean ± SD (n = 10) and letter in the superscript symbolize the letters of significance
with respect to each other using Tukey’ test.

S.NO. VARIETIES RUTIN (μg/g) CATECHINS (μg/g)

1 VISTA BELLA 57.727 UT ± 5.87 1228.61 KLM ± 15.26
2 TYDEMANS EARLY WORCESTOR 87.023 R ± 5.34 665.10 XY ± 11.15
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Table 1. Cont.

S.NO. VARIETIES RUTIN (μg/g) CATECHINS (μg/g)

3 BENONI 28.70 ABC ± 2.34 1745.92 ED ± 18.79
4 MICHAL 140.17 J± 9.87 1805.47 D ± 19.04
5 SUMMER RED 131.29 LJK ± 7.87 109.98 C ± 4.56
6 LEMON GUARD 46.86 VWX ± 4.32 1157.21 MNOP ± 11.26
7 LAXTONS FURTUNE 136.13 JK ± 7.65 832.52 TU ± 10.86
8 MAYAAN 20.31C D ± 1.23 1438.02 HI ±12.34
9 JUNE EATING 12.136 D ±2.32 851.43 ST ± 11.08

10 MOLLIES DELICIOUS 88.603 R ±7.32 1250.30 KLM ±16.04
11 PRIMA 53.251 UV ± 4.87 1498.37 GH ± 12.45
12 STAR SUMMER GOLD 63.08 T ±6.12 824.47 TU ± 9.32
13 BLACK BEN DAVIS 28.459 ABC ±2.45 1940.44 C ± 20.12
14 GALA MAST 65.598 ST ±6.78 1199.00 LMNO ± 12.04
15 AKBER 72.423 S ± 7.02 1309.31 JK ± 14.05
16 RED BARON 100.588 P ±8.12 373.43 A ± 10.45
17 FANNY 40.529 XY ± 3.45 1209.10 LMN ± 14.98
18 MALLUS BACCATA 212.087 E ± 9.12 1771.83 ED ± 18.98
19 FUJI 30.211 ABZ ± 3.12 357.43 A ± 11.08
20 VANCE DELICIOUS 124.454 LM ± 6.89 1409.72 I ± 12.01
21 COE RED FUJI 24.453 BC ± 2.13 982.03 Q ± 10.20
22 COOPER IV 59.31 UT ± 5.01 1253.16 KL ± 15.89
23 GRANNY SMITH 245.318 D ± 9.89 1608.65 F ± 17.78
24 AMBRI 332.405 B ± 10.98 2028.94 B ± 22.34
25 LAL AMBRI 483.888 A ± 11.23 1717.66 E ± 17.89
26 RED DELICIOUS 115.691 MN ± 7.08 1810.28 D ± 18.09
27 MALLUS FLORIBUNDA 85.961 R ± 7.23 5290.47 A ± 34.43
28 AMARTARAPRIDE 148.792 I ± 8.07 975.51 Q ± 12.03
29 ANANAS RETRINE 113.684 N ± 8.98 940.90 QR ± 11.87
30 ANTINOVIKA 36.763 AYZ ± 3.45 1180.84 LMNO ± 21.08
31 BELLE DE BESCOPE 101.316 OP ± 9.06 1239.24 KLM ± 15.78
32 BISSBEE SPUR 160.584 H ± 9.87 1117.38 OP ± 10.98
33 CHAUBATIA AMBROSE 124.388 LM ± 6.98 381.21 A ± 11.56
34 CHECK AMBRI 29.883 ABZ ± 3.01 1499.82 GH ± 12.01
35 FIRDOUS 200.225 F ± 8.98 366.60 A ± 9.89
36 GREEN SLEEVES 43.533 WXY ± 3.89 1085.48 P ± 11.05
37 HARDIMAN 119.226 MN ± 7.19 723.42 WXY ± 7.98
38 JONICA 50.889 UVW ± 4.56 1533.91 FG ± 15.32
39 MAHARAJI 240.65 D ± 9.06 863.66 RST ± 10.09
40 NEEMA DELICIOUS 86.995 R ± 8.12 238.57 B ± 10.04
41 ORANGE VAL 166.55 H ± 9.89 691.49 XY ± 6.78
42 OREGON SPUR 94.541 PQR ± 8.98 675.30 XY ± 5.98
43 PRINCE NOBLE 58.415 UT ± 5.10 416.41 A ± 12.09
44 RED CHIEF 112.096 N ± 8.08 640.32 Y± 5.23
45 RED FUJI 330.08 B ± 10.09 1169.94 LMNOP ± 20.98
46 RED GOLD 47.608 WXV ± 4.56 328.76 A ± 10.09
47 RED SPUR 65.101 ST ± 6.28 1088.67 P ± 10.98
48 ROME BEAUTY 96.025 PQR ± 9.03 730.73 VWX ± 8.12
49 ROYAL DELICIOUS 87.085 R ± 7.79 547.12 Z ± 10.98
50 SCHLOMIT 98.579 PQ ± 8.76 1252.15 KL ± 17.86
51 SHIREEN 87.69 R ± 6.98 1371.73 IJ ± 18.78
52 SILVER SPUR 129.172 LK ± 7.46 1000.94 Q ± 18.78
53 SPARTAN 90.711 QR ± 8.90 782.16 TUVW ± 8.09
54 STARKRIMSON 38.951 XYZ ± 3.02 921.98 QRS ± 10.57
55 STARK EARLIEST 302.247 C ± 8.98 967.42 Q ± 10.45
56 STARKING DELICIOUS 109.75 NO ± 9.05 745.32 UVWX ± 7.16
57 TOP RED 167.432 H ± 9.14 361.08 A ± 9.08
58 TROPICAL BEAUTY 58.411 TU ± 4.78 1130.16 NOP ± 15.98
59 WEALTHY APPLE 179.283 G ± 6.98 1210.38 LMN ± 14.23
60 WELL SPUR 309.153 C ± 9.12 816.61 TUV ± 9.76
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2.2. Phytochemical Determinations

Quantification of Catechins and Rutin in Apple Genotypes by Reverse Phase-High Performance
Liquid Chromatography (RP-HPLC)

Three types of polyphenol were detected in apple samples representing sixty apple genotypes
(Table 2). Catechins and rutin were the predominant bioactive compounds in all apple genotypes.
The maximum catechin content (5290.47 (μg/g)) was observed in the apple genotype Malus floribunda
followed by Ambri (2028.94), and the minimum catechin content (238.57 (μg/g)) was observed in
Neema Delicious, while the maximum (483.89 (μg/g)) and minimum (12.13 (μg/g)) rutin contents
were found in Lal Ambri and June Eating, respectively.

Table 2. Variability in antioxidant efficacy of diverse apple genotypes. The data is represented in mean
± SD (n = 10) and letter in the superscript symbolize the letters of significance with respect to each
other using Tukey’ test.

S.No. VARIETIES DPPH (%)
FRAP (μmol
Fe+2 g−1 FW)

FLAVONOIDS
(QEA)

FLAVANOLS
QEA (mg/g)

PHENOLS
GAE

1 VISTA BELLA 30.47 ± 7.23 1.48 ± 0.17 0.178 ± 0.09 0.185 ± 0.06 545 ± 14.56
2 TYDEMANS EARLY WORCESTOR 29.14 ± 3.28 0.504 ± 0.16 0.163 ± 0.04 0.122 ± 0.03 722 ± 23.89
3 BENONI 19.08 ± 1.86 0.062 ± 0.006 0.147 ± 0.07 0.141 ± 0.06 523 ± 14.68
4 MICHAL 36.12 ± 8.34 1.75 ± 0.15 0.063 ± 0.005 0.021 ± 0.003 174.8 ± 9.89
5 SUMMER RED 50.2 ± 9.32 1.005 ± 0.90 0.201 ± 0.10 0.114 ± 0.04 395.1 ± 10.98
6 LEMON GUARD 24.35 ± 3.78 0.039 ± 0.002 0.078 ± 0.0021 0.064 ± 0.01 356.1 ± 9.87
7 LAXTONS FURTUNE 34.46 ± 8.20 0.03 ± 0.002 0.0627 ± 0.0018 0.032 ± 0.006 272.7 ± 7.67
8 MAYAAN 29.54 ± 3.19 0.049 ± 0.005 0.105 ± 0.09 0.108 ± 0.02 618.9 ± 20.90
9 JUNE EATING 36.63 ± 3.56 0.297 ± 0.080 0.112 ± 0.07 0.13 ± 0.01 583.9 ± 15.10
10 MOLLIES DELICIOUS 47.87 ± 8.10 0.437 ± 0.097 0.045 ± 0.009 0.012 ± 0.04 311.2 ± 9.12
11 PRIMA 38.83 ± 3.78 1.348 ± 0.13 0.057 ± 0.007 0.039 ± 0.007 160.8 ± 7.89
12 STAR SUMMER GOLD 39.1 ± 9.01 0.485 ± 0.078 0.024 ± 0.0014 0.006 ± 0.0005 85.7 ± 5.16
13 BLACK BEN DAVIS 49.94 ± 8.98 0.398 ± 0.056 0.03 ± 0.0011 0.009 ± 0.0011 106.6 ± 4.56
14 GALA MAST 40.85 ± 8.08 0.311 ± 0.049 0.164 ± 0.0012 0.008 ± 0.00013 201 ± 8.08
15 AKBER 32.75 ± 2.98 1.41 ± 0.12 0.1364 ± 0.005 0.151 ± 0.00012 150.3 ± 7.67
16 RED BARON 17.72 ± 1.17 0.494 ± 0.054 0.087 ± 0.006 0.054 ± 0.0065 335.7 ± 9.09
17 FANNY 66.21 ± 8.76 1.082 ± 0.70 0.1225 ± 0.0010 0.075 ± 0.0045 115.4 ± 5.46
18 MALLUS BACCATA 37.05 ± 3.15 1.551 ± 0.18 0.3584 ± 0.0054 0.13 ± 0.0052 108.4 ± 6.12
19 FUJI 51.06 ± 6.45 1.563 ± 0.16 0.108 ± 0.0045 0.092 ± 0.0034 174.8 ± 8.10
20 VANCE DELICIOUS 44.66 ± 7.67 2.132 ± 0.18 0.0836 ± 0.0054 0.068 ± 0.0059 562.9 ± 14.34
21 COE RED FUJI 9.04 ± 1.23 0.462 ± 0.013 0.147 ± 0.009 0.057 ± 0.0008 281.5 ± 6.78
22 COOPER IV 35.69 ± 2.17 2.995 ± 0.034 0.196 ± 0.007 0.078 ± 0.0004 169.6 ± 5.78
23 GRANNY SMITH 18.34 ± 1.09 0.51 ± 0.010 0.0455 ± 0.0078 0.021 ± 0.00015 648.6 ± 19.87
24 AMBRI 75.73 ± 9.04 2.241 ± 0.134 0.360 ± 0.030 0.114 ± 0.0005 244.8 ± 5.76
25 LAL AMBRI 77.57 ± 9.87 2.639 ± 0.167 0.192 ± 0.0076 0.171 ± 0.0009 232.5 ± 5.10
26 RED DELICIOUS 14.69 ± 1.02 0.498 ± 0.010 0.0195 ± 0.006 0.005 ± 0.00012 75.2 ± 8.98
27 MALLUS FLORIBUNDA 70.32 ± 6.78 1.377 ± 0.13 0.387 ± 0.045 0.144 ± 0.0020 980.8 ± 24.56
28 AMARTARAPRIDE 38.65 ± 3.10 2.313 ± 0.178 0.201 ± 0.098 0.131 ± 0.007 212.6 ± 7.65
29 ANANAS RETRINE 10.52 ± 2.05 0.081 ± 0.009 0.159 ± 0.005 0.162 ± 0.0065 455.2 ± 13.20
30 ANTINOVIKA 40.78 ± 3.19 1.434 ± 0.19 0.049 ± 0.0012 0.018 ± 0.0015 383.6 ± 8.79
31 BELLE DE BESCOPE 49.43 ± 4.14 1.185 ± 0.16 0.1505 ± 0.004 0.121 ± 0.006 248.3 ± 5.87
32 BISSBEE SPUR 63.83 ± 6.76 2.433 ± 0.198 0.1188 ± 0.007 0.096 ± 0.0006 166.1 ± 4.98
33 CHAUBATIA AMBROSE 35.92 ± 2.98 0.092 ± 0.187 0.1406 ± 0.006 0.127 ± 0.0004 493.7 ± 14.1
34 CHECK AMBRI 49.29 ± 4.09 1.617 ± 0.20 0.1938 ± 0.009 0.103 ± 0.0006 577.6 ± 15.78
35 FIRDOUS 46.51 ± 7.89 2.186 ± 0.12 0.1792 ± 0.007 0.138 ± 0.0005 209.8 ± 6.78
36 GREEN SLEEVES 40.27 ± 3.10 0.793 ± 0.070 0.0899 ± 0.006 0.027 ± 0.0008 418.5 ± 10.89
37 HARDIMAN 30.83 ± 2.56 2.232 ± 1.23 0.078 ± 0.0009 0.036 ± 0.0007 541.6 ± 14.23
38 JONICA 13.07 ± 3.04 2.331 ± 1.40 0.0875 ± 0.0008 0.048 ± 0.0008 199.3 ± 6.89
39 MAHARAJI 19.5 ± 3.98 1.142 ± 0.25 0.135 ± 0.009 0.06 ± 0.0009 653.8 ± 20.78
40 NEEMA DELICIOUS 14.16 ± 2.98 0.446 ± 0.065 0.07 ± 0.006 0.045 ± 0.0007 618.9 ± 18.89
41 ORANGE VAL 30.63 ± 2.98 0.102 ± 0.004 0.178 ± 0.0069 0.351 ± 0.054 171.7 ± 5.23
42 OREGON SPUR 47.27 ± 8.05 3.750 ± 0.198 0.213 ± 0.099 0.129 ± 0.006 342.7 ± 6.78
43 PRINCE NOBLE 28.68 ± 3.98 0.535 ± 0.078 0.036 ± 0.0078 0.021 ± 0.0008 103.1 ± 7.12
44 RED CHIEF 40.02 ± 2.98 2.022 ± 0.098 0.12 ± 0.007 0.087 ± 0.0007 218.5 ± 4.98
45 RED FUJI 24.63 ± 3.43 1.096 ± 0.007 0.099 ± 0.0006 0.002 ± 0.0001 540.6 ± 13.98
46 RED GOLD 38.64 ± 2.99 1.163 ± 0.19 0.0924 ± 0.0006 0.092 ± 0.0003 225.9 ± 8.10
47 RED SPUR 38.07 ± 3.19 1.396 ± 0.17 0.117 ± 0.0004 0.072 ± 0.0002 141.6 ± 3.52
48 ROME BEAUTY 30.02 ± 1.98 1.384 ± 0.14 0.06 ± 0.0004 0.024 ± 0.0001 290.2 ± 5.23
49 ROYAL DELICIOUS 10.45 ± 2.34 1.610 ± 0.20 0.101 ± 0.0005 0.061 ± 0.0005 342.5 ± 6.89
50 SCHLOMIT 14.06 ± 3.78 0.028 ± 0.056 0.084 ± 0.0005 0.315 ± 0.0064 356.8 ± 7.23
51 SHIREEN 35.27 ± 2.54 0.511 ± 0.070 0.1845 ± 0.0009 0.126 ± 0.006 664.0 ± 21.09
52 SILVER SPUR 22.22 ± 3.19 0.469 ± 0.067 0.0952 ± 0.00067 0.063 ± 0.00056 536.7 ± 12.87
53 SPARTAN 37.98 ± 2.98 0.318 ± 0.045 0.174 ± 0.0006 0.122 ± 0.004 218.5 ± 7.23
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Table 2. Cont.

S.No. VARIETIES DPPH (%)
FRAP (μmol
Fe+2 g−1 FW)

FLAVONOIDS
(QEA)

FLAVANOLS
QEA (mg/g)

PHENOLS
GAE

54 STARKRIMSON 45.95 ± 7.67 0.491 ± 0.07 0.054 ± 0.0004 0.021 ± 0.0015 162.6 ± 4.10
55 STARK EARLIEST 36.56 ± 2.20 2.568 ± 1.87 0.153 ± 0.0007 0.105 ± 0.002 347.9 ± 6.10
56 STARKING DELICIOUS 26.76 ± 4.12 0.931 ± 0.078 0.072 ± 0.0008 0.051 ± 0.0001 31.5 ± 3.04
57 TOP RED 22.78 ± 3.10 2.427 ± 1.87 0.091 ± 0.00067 0.141 ± 0.0006 533.9 ± 14.56
58 TROPICAL BEAUTY 50.06 ± 9.67 2.334 ± 1.23 0.063 ± 0.00023 0.039 ± 0.00013 564.3 ± 16.10
59 WEALTHY APPLE 48.51 ± 8.17 0.331 ± 0.043 0.027 ± 0.0067 0.009 ± 0.0001 181.8 ± 4.13
60 WELL SPUR 38.40 ± 3.19 2.010 ± 0.005 0.165 ± 0.0014 0.096 ± 0.00013 129.4 ± 1.43
CD 0.911 0.053 0.005 0.004 11.915

SE(d) 0.459 0.027 0.002 0.002 6.009
SE(m) 0.325 0.019 0.002 0.001 4.249

CV 1.550 2.752 2.245 2.881 2.162

2.3. Determination of the Antioxidant Potential of Apple Genotypes

With reference to the antioxidant potential of apple samples, the DPPH assay exhibited a minimum
of 10.45% scavenging activity in Royal Delicious and a maximum of 77.57% in Michal, with Star
Summer Gold presenting 39.10% scavenging activity on average (Table 1). Neema Delicious, Maharaji,
and Ananas Retrine exhibited the lowest DPPH activity, while Benoni, Luxtons Fortune, Mayan and
Chaubatia Ambrose exhibited the lowest FRAP activity. The antioxidant potential in terms of DPPH
activity was found to be consistent among the apple genotypes, while the FRAP assay showed large
variation among apple genotypes.

2.4. Correlation between Polyphenol Content and Antioxidant Assay

The antioxidant potential estimated by the DPPH assay, which involves an electron transfer
mechanism from polyphenols, such as catechins and rutin, to DPPH, showed significant relations with
rutin (r = 0.14424) and catechins (r = 0.7348). The FRAP assay, which measures the reducing potential
of apple samples, also showed significant correlations with rutin (r = 0.244) and catechins (r = 0.9067).
The most significant correlation was observed between FRAP and catechins (r = 0.9067) (Table 3).

Table 3. Correlation matrix between total phenolics, diphenyl-2-picrylhydrazyl (DPPH), and the ferric
reducing antioxidant power (FRAP) with catechin and rutin in diverse apple genotypes.

DPPH PHENOLS FLAVANOLS FLAVONOIDS FRAP RUTIN CATECHIN

DPPH 0.3789 0.0782 0.3528 0.3238 0.14424 0.7348
PHENOL 0.3023 0.2616 0.4241 0.8851 0.8614

FLAVANOLS 0.79049 0.3082 0.7655 0.6642
FLAVONOIDS 0.1899 0.802 0.6534

FRAP 0.24479 0.9067

2.5. Principal Component and Hierarchical Cluster Analysis of Bioactive Molecules and Antioxidant Assays

All observations recorded from the sixty apple genotypes were subjected to principal component
analysis (PCA). The first three components explained 72.75% of the total variation (PC1 = 32.05,
PC2 = 21.71%, and PC3 = 19.63%, respectively, Figure 1). The first principal component (PC1) was
mainly contributed to by rutin and catechins, and PC3 was linked with the antioxidant assays
DPPH (40.84%) and FRAP (67.33%). The PCA scatter plot revealed the distribution between 60 apple
genotypes of diverse origins. The results obtained showed a comparatively discrete distribution of
data points, thereby ascertaining that native apple genotypes, e.g., Ambri, Check Ambri, Lal Ambri,
and Maharaji, together with wild ones such as Malus baccata and Malus floribunda, exhibit an extensive
range of total antioxidant potential. The results for the native apple genotypes Ambri, Lal Ambri,
and Red Delicious significantly deviated from those of other genotypes and also displayed the highest
catechin and rutin contents and FRAP activity subsequent to the wild genotypes Malus baccata and
Malus floribunda. The presence of the longest diagonal interception between catechins and rutin
demonstrates that the higher disparity among apple genotypes and phenolic compounds varied
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significantly as a result of the apples’ diverse genetic backgrounds. Catechins and DPPH were closely
associated, whereas rutin, flavanoids, flavanols, phenols, and FRAP were dispersed over the whole
scatter plot, displaying a highly intricate association with regard to genotype.

 
Figure 1. Principal component analysis showing the variability in phenolics and varied antioxidant
assays among different apple varieties.

Hierarchical Cluster analysis (HCA) analysis was carried out to evaluate the similarities between
60 apple genotypes, which were categorized into two main clusters (Figure 2): Cluster 1, which was
characterized by relatively high FRAP activity, and Cluster 2, which was characterized by high levels
of catechins and total phenols and had comparatively high DPPH activity. Cluster 2 was further
divided into two clusters, with the wild genotype Malusbaccata exhibiting a close association with Red
Delicious. Ambri and Lal Ambri shared the same sub-cluster under Cluster 1. Cluster 2 was divided
into a sub-cluster bearing only the wild genotype Malus Floribunda and another sub-cluster comprising
two clusters with genotypes such as Granny Smith, Chaubatia Ambrose, Check Ambri, and hybrid
Shireen, which exhibited high FRAP activity.

Figure 2. Schematic representation of 60 apple genotypes displaying the metabolically rich Cluster 2
(phenol rich/high DPPH), Cluster 5 (flavonoid rich/high FRAP), and Cluster 6 (quercetin rich) with
their respective antioxidant potential values.
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3. Discussion

The association between the prospective health effects of apples and their flavor and aroma still
remains very controversial. It would be exciting if the most flavorsome apple extract offered the most
abundant bioactive metabolites and the highest antioxidant potential [16]. In the present research,
in terms of the general quality of the extracts of diverse botanical origin, Cluster 2 presented the
highest antioxidant potential and highest values for catechins and rutin, as estimated by both HPLC
and UV-Visible spectrophotometry. Rutin is known to increase in some plants as the main strategy to
protect against microclimatic variations [17]. The pronounced accumulation of rutin and catechins in
our indigenous apple genotype, Ambri, puts it among the most desirable apple genotypes. Although
the market demand for Ambri is still low, our data corroborate the possible health effects of extract.
Even though the wild genotypes Malus floribunda and Malusbaccata accumulate catechins and rutin at
maximum levels, due to their unpalatability as a result of high bitterness and astringency, they have
low market acceptability [18]. However, these genotypes can function as parents to transfer desirable
traits to diverse genotypes. Breeding programs with the aim of introgressing such fruits to commercial
genotypes from wild species will play an important role in the development of new genetic material
with higher contents of catechins and rutin. Additionally, the identification of molecular markers
that are tightly linked to traits, such as high catechin and rutin content, could also pave the way for
marker-assisted breeding programs in apples to transfer traits such as high catechin and rutin content.
Hence, in this regard, it can be ascertained that Ambri containing a high content of polyphenols can be
perceived as a nutritionally valuable extract.

To better understand the data obtained and the functionality of the apple samples selected in this
study, PCA and WCA were employed (Figures 1 and 2). Using two-dimensional projections of apple
genotypes procured by PCA, the clustering of extracts from the apples based on chemical composition
and antioxidant power was likely; this projection was able to elucidate up to 75.93% of data variability.
Apple extract exhibited the highest contents of total phenolic compounds, rutin, and catechins as
well as the greatest antioxidant capacity in comparison with other extracts [19,20]. When WCA was
applied to the whole data set and a Euclidean distance of 10.5 was considered, four different clusters
were identified (Figure 2). Cluster 1 exhibited high levels of flavonoids and flavanols and low levels
of phenolics as well as relatively high FRAP activity. Cluster 2 was characterized by high levels of
catechins, total phenols and comparatively high DPPH activity. When variables were used for WCA,
inferences about the associations among all responses could be made. The DPPH seemed to be highly
associated with catechins, and rutin was strongly correlated with FRAP activity.

Although we did not conduct a clinical study on apple extracts, research studies have determined
the medicinal value of apples. The clinical significance of quercetin and catechins has been correlated
with the antioxidant potential and radical scavenging activity of the apple samples. There is a significant
disparity between the composition of phytochemicals such as catechins and quercetin in the different
varieties of apple depending on the maturation and ripening stage of apple fruit [18]. Different research
experiments have determined the relationship between the incidences of various diseases, such as
cancer and coronary mortality, with daily intake of apples. There is a significantly inverse relationship
between flavonoid intake and lung cancer development. The relationship between dietary catechins
and epithelial cancer has been associated with 87% of the total catechin intake while apples contribute
to 8.0% of catechin consumption [21].

Granato et al. [20] evaluated the chemical composition and antioxidant activity of Brazilian red
wines by DPPH and FRAP assays and confirmed that flavonoids are the main phenolic class driving
the antioxidant capacity. Further, HCA was applied to the variables and a quantitative measure of
the degree of association between variables was performed using Pearson correlation coefficients;
the results are presented in Table 3. Principal component analysis (PCA) is used to emphasize the
variation and demonstrate strong patterns in a dataset [21]. PCA, using two antioxidant assays
(DPPH and FRAP) and three antioxidants (catechins and rutin), showed that the first two components
explained 78.31% of the total variation. Principal component (PC1) accounted for 83.04% of the total
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variation and the variables responsible for separation along the PC1 included DPPH (0.31), TP (0.25),
rutin (0.43), and FRAP (0.40), and catechins (0.39).

The hierarchical cluster analysis grouped 60 apple genotypes in clusters based on the antioxidant
activity and anti-oxidative bioactive metabolites (Figure 2). The number of genotypes in the cluster
varied from 2 (Cluster 4) to 24 (Cluster 2). The contribution of individual genotypes to the antioxidant
grouping and the relationships between the clusters were assessed by plotting PC1 and PC2. PC1
and PC2 contributed average catechin values of 104.567 and 107.756, respectively, while PC3 was
found to be rich in catechins, exhibiting a value of 111.859. On the contrary, PC2 was rich in rutin,
displaying a value of 12.08, and PC3 was rich in catechins and antioxidants, 111.859 and 43.213,
respectively. PC2 and PC4 were equal in terms of the average value of rutin accumulation in apple
genotypes. Cluster 2, which was divided into sub-clusters, formed a separate group on the bi-plot
and appeared to be distant from both Clusters 1 and 4. Like hierarchical clustering, accessions from
cluster 4 grouped separately and formed a distant group on the PCA plot. Both PCA and cluster
analysis were found to be equally effective for grouping the apple genotypes based on their antioxidant
contents. The wild genotype Malus floribunda from Cluster 2 should be promoted for apple breeding
programs and consumption because of its high antioxidant activities. Similar groupings of crop plants
according to their antioxidant potential by means of cluster analysis and PCA have been done by other
researchers worldwide [20,22].

4. Materials and Methods

4.1. Materials

A total of 60 apple genotypes, originating from different geographical areas but cultivated
under similar conditions, were obtained from the research farm of the Central Institute of
Temperate Horticulture, Srinagar, India. The reagents used were Folin–Ciocalteau and DPPH
(2,2-diphenyl-2-picrylhydrazyl). Methanol, acetone, and acetic acid were purchased from Hi media
(Phillipsburg, NJ, USA). The aqueous solutions were prepared using ultra-pure water (Milli-Q,
Millipore, São Paulo, SP, Brazil).

4.2. Methods

4.2.1. Preparation of Extracts

Extraction of Phenolic Compounds (Catechin and Rutin)

The fragmentation of apples 10 fruits for each variety was carried out in a mortar and pestle,
and fragments were immediately frozen with liquid nitrogen (1:2, w/v) in order to avoid oxidation of
the phenolic compounds [23]. Homogenization of freeze-dried material without seeds was carried out
by crushing in a mortar. An amount of 10 g of the powdered apple was transferred in Oakridge tubes
and mixed with 10 mL of methanol or acetone in different concentrations, which was followed by
incubation at −10 ◦C for 10 min. The mixture was centrifuged (8160× g, 20 min at 4 ◦C) (Sigma 3–30 K,
Munich, Germany), concentrated by evaporation under vacuum (40 ◦C) in a rotary evaporator
(IKA, HB-10, Germany), and freeze dried. The samples were reconstituted with 2 mL of 2.5% acetic
acid and methanol (3:1, v/v) and filtered through a 0.22 μm (Nylon, Mumbai, India) syringe filter
(Moxcare, Haryana, India) prior to analysis.

4.2.2. HPLC Analysis

The HPLC analysis of samples was carried out in a Shimadzu HPLC (Kyoto, Japan) equipped
with quaternary pumps, a degasser coupled to a photo-diode-array detector, and an injection valve
with a 20 μL loop. An injection volume of 20 μL and a flow rate of 1.0 mL min−1 with 1 h of run
time were used for the separation process. The analysis was carried out in triplicate for each sample.
Chromatographic separations were performed on C18 (250 × 4.6 mm) with a 5 μm column using
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a solvent system in gradient mode followed by isocratic run, as represented in Table 4. The filtration of
the mobile phase was done through a 0.45 μm membrane filter (Millipore, Bedford, MA, USA) and was
subjected to 40 min ultrasonication. Instrument control, data acquisition, and data processing were
done by using Class WP software (version 6.1) from Shimadzu (Columbia, SC, USA). Quantitative
determinations were made by taking into account the respective peak areas of standards at a particular
retention time versus the concentration and are expressed in mg/g of apple fruit.

Table 4. The table represents mobile phase and their gradient mode.

Compound Mobile Phase Gradient λ max

Rutin Catechins Solvent A—2.5% acetic acid
Solvent B—aceto-nitrile

3–9% B (0–5 min)
280
320
350

9–16% B (5–15 min)
16–36.4% B (15–33 min)

100% B (5 min)

4.2.3. Determination of Total Polyphenolic Content (TPC)

The total phenol contents of extracts from different apple genotypes were determined by
the modified Folin-Ciocalteau method [24]. Absorbance was then measured at 765 nm using
a spectrophotometer. The results are expressed as mg of gallic acid equivalents μg/g FW.

4.2.4. Determination of Total Flavonoid and Flavonol Contents

The total flavonoid content in apples (fruit) was determined using the method of Chang, et al. [25].
The absorbance was then measured at 415 nm using a spectrophotometer (Shimadzu, Columbia,
SC, USA). Results are expressed in terms of the quercetin equivalent (mg/g). The same method was
employed for flavonol determination, but the incubation period was 150 min instead of 40 min, and the
absorbance was measured at 440 nm. The total flavonol content was also expressed in terms of the
quercetin equivalent (mg/g).

4.3. Antioxidant Activity

4.3.1. Ferric Reducing Antioxidant Potential (FRAP) Assay

The FRAP assay was done using the Benzie and Strain method with minor modifications [26].
The absorbance was then measured at 593 nm after 40 min. FeSO4 solution (0, 40, 80,160, 320,
640 μmol/L) was used for calibration of the standard curve. The results are expressed as μmol
Fe+2 g−1 FW.

4.3.2. DPPH (2,2-diphenyl-1-picrylhydrazyl) Scavenging Activity

DPPH free radical scavenging assay was measured using the procedure with slight modifications
(Xu et al., 2012). Percentage inhibition was calculated by the formula

(%IP) = [(At=0 − At=15)]/(A t=0) × 100 (1)

where At=15 is the absorbance of the test sample after 15 min, and At=0 is the absorbance of the control
after 15 min.

Furthermore, the scavenging activity percentage (AA%) was determined.

AA% = 100 − [(Abssample − Abscontrol)/Absblank × 100] (2)

where a mixture of methanol and DPPH in the ratio of 1:1 served as a blank, and a mixture of the
standard (ascorbic acid) and DPPH in the ratio of 1:1 was used as the control. Here, the concentration
of the test sample as well as that of the standard used was 15 μg/mL.
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4.4. Statistical Analysis

In this study, the data was subjected to various statistical tests, such as cluster analysis,
and correlations were determined to ascertain the superlative genotypes exhibiting high antioxidant
potential estimated via DPPH and FRAP assays. All experiments were carried out in triplicate.
The results are shown as mean values and standard error of the mean. The existence of significant
differences among the results for total catechin and rutin contents was determined. The results obtained
were subjected to one-way analysis of variance (ANOVA) and Duncan’s test. All statistical tests were
done using SAS Enterprise Guide 4.2, SPSS 13 (SPSS Inc., New Orchard Road, NY, USA) and OP-STAT
software (2.0, IBM, New Orchard Road, NY, USA) at a 5% significance level. Correlation analysis was
carried out using Pearson’s test.

5. Conclusions

Overall, by using correlation analysis and multivariate statistical techniques (WCA and PCA),
we verified that the phenolic compounds catechins and rutin are involved in the antioxidant activity
of the commercial extract under study, although the contribution of other phytochemicals cannot
be excluded. Apple samples from Ambri, Lal Ambri, and Red Delicious genotypes presented the
highest antioxidant activity, as measured by antioxidant assays. On the other hand, apple extracts
from Orange Val, Royal Delicious, and AnanasRetrine had the lowest DPPH and FRAP values. In this
sense, the utilization of unsubstantiated statistical techniques, coupled to the ANOVA procedure,
was demonstrated to be a suitable approach for evaluating the quality of commercial fruit extract
based on various analytical measurements.
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Abstract: Coumarins and essential oils are the major components of the Apiaceae family and the
Zosima genus. The present study reports anticholinesterase and antioxidant activities of extracts and
essential oils from aerial parts, roots, flowers, fruits and coumarins—bergapten (1); imperatorin (2),
pimpinellin (3) and umbelliferone (4)—isolated of the roots from Zosima absinthifolia. The investigation
by light and scanning electron microscopy of the structures of secretory canals found different
chemical compositions in the various types of secretory canals which present in the aerial parts,
fruits and flowers. The canals, present in the aerial parts, are characterized by terpene hydrocarbons,
while the secretory canals of roots, flowers and fruits include esters. Novel data of a comparative
study on essential oils constituents of aerial parts, roots, flowers and fruits of Z. absinthfolia has been
presented. The roots and fruits extract showed a high content of total phenolics and antioxidant
activity. The GC-FID and GC-MS analysis revealed that the main components of the aerial parts,
roots, flowers and fruits extracts were octanol (8.8%), octyl octanoate (7.6%), octyl acetate (7.3%);
trans-pinocarvyl acetate (26.7%), β-pinene (8.9%); octyl acetate (19.9%), trans-p-menth-2-en-1-ol
(4.6%); octyl acetate (81.6%), and (Z)-4-octenyl acetate (5.1%). The dichloromethane fraction of
fruit and flower essential oil was characterized by the highest phenolics level and antioxidant
activity. The dichloromethane fraction of fruit had the best inhibition against butyrylcholinesterase
enzyme (82.27 ± 1.97%) which was higher then acetylcholinesterase inhibition (61.09 ± 4.46%) of
umbelliferone. This study shows that the flowers and fruit of Z. absinthifolia can be a new potential
resource of natural antioxidant and anticholinesterase compounds.

Keywords: Apiaceae; antioxidant; anticholinesterase; essential oil; secretory canals; Zosima absinthifolia
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1. Introduction

Alzheimer’s disease (AD) is a degenerative brain disease and the most widespread reason
for dementia. The characteristical symptoms of dementia are troubles with memory, language,
problem-solution and other cognitive abilities that influence a person’s ability to make daily activities.
These troubles happen because nerve cells in parts of the brain involved in cognitive function have been
ruined. In AD, neurons in other parts of the brain are finally damaged or destroyed as well, including
those that permit a person to perform basic bodily functions such as walking and swallowing. People
in the final stages of the disease are bed-bound and require around-the-clock care. AD is eventually
fatal [1]. Many factors such as age are risk factors in AD. Due to the ageing population, it is expected
that AD will become a serious socio-economic challenge globally in the coming years [2]. With reference
to the World Health Organization data, AD, which affects about 47 million people worldwide, is the
most pervasive form of dementia (60–80% of all cases) [3] with a proximate worldwide cost of
US$818 billion [4]. Oxidative stress, occurring through a damage to neurons or metal accumulation
has been related to the pathogenesis of AD. Drugs endowed with anticholinesterase and antioxidant
capacity could thus be useful for the prevention/treatment of AD [5].

To overcome the limitations of current therapeutics for AD, extensive research is under way
to identify drugs that are both effective and free of undesired side effects. In this context naturally
occurring dietary polyphenolic phytochemicals have received remarkable attention as alternative
options for AD treatment.

In particular, curcumin, resveratrol, and green tea catechins have been identified to have the
potential to prevent AD owing to their anti-amyloidogenic, anti-oxidative, and anti-inflammatory
characteristics. These polyphenolic phytochemicals also activate adaptive cellular stress responses,
called ‘neurohormesis’, and supress illness processes [6]. Antioxidants may trap reactive oxygen
species (ROS) and break inflammatory pathways. The utilization of antioxidants is useful to delay
AD progress [7]. A particular and important preventive action against AD with hop iso-α-acids,
which are reponsible for the bitterness in beer, was discussed lately. Besides, proof has appeared
for anti-carcinogenic action from hops’prenylflavonoids, as well as from phenolic components
extracted from both malt and hops [8]. Numerous investigations were performed on the biological
activities of plants which are utilised traditionally as memory enhancers and acetylcholinesterase
inhibitors [9,10]. Representatives of the family Apiaceae demonstrate acetylcholinesterase inhibitory
activity [10,11]. Natural compounds of phenolic nature have shown a substantial role in the inhibition
of acetylcholinesterase enzyme (AChE) [12,13]. Phenolic compounds of medicinal plants and dietary
plants are present as coumarins, curcuminoids, flavonoids, lignans, phenolic acids, tannins, stilbenes,
quinones, and others. The varied bioactivities of phenolic compounds are responsibe for their AChE
inhibition capacities [12,14].

At the same time, essential oils are verified to provide varied pharmacological effects, like
antiflatulent, antiviral, antispasmodic, anticarcinogenic, and hepatoprotective effects, etc. Essential
oils have been reported to be natural antioxidants and proffered principally as potential substitutes
of synthetic antioxidants used the in food conservation sectors. Further, biologically active natural
compounds can be used in the pharmaceutical industry to check human sicknesses of microbial origin
and treat lipid peroxidative damage, which is observed in certain pathological disorders, such as
AD, carcinogenesis, ischemia-reperfusion injury, coronary atherosclerosis, and ageing processes [14].
Antioxidants comprise most of the active ingredients of the $80 billion anti-ageing product market,
which is growing at >10% yearly growth rate. Olive polyphenols—whose hydroxytyrosol and
verbascoside compounds share the highest grade of antioxidant activity ever reported for any natural
compound—can be effectively utilized in for health, appearance enhancement, and fitness purposes as
well as in the anti-ageing products market [15].

Representatives of the families Apiaceae and Lamiaceae are characterized by high phenolics
content [16] and were demonstrated to have positive effects on the central nervous system [4].
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Z. absinthifolia Link is the only member of the Zosima genus that grows in Turkey, where it is
commonly known as ‘ayı eli’ or ‘peynir otu’. The aerial parts of the plant are used up as a vegetable
and added to a traditional cheese in East Anatolia. In folk medicine, fruits of the plant have digestive
and sedative effects with anti-inflammatory properties. Moreover, the aerial parts cure dyspepsia,
stomach gas, cough and intestinal disorders [17]. Coumarins, such as deltoin and columbianadin,
have also been isolated from Z. absinthifolia [18]. It has been reported that Z. absinthifolia has biological
activities such as cytotoxic, antioxidant, antibacterial, anti-inflammatory [19,20] and antimycobacterial
effects [21]. Previous phytochemical studies have demonstrated that Z. absinthifolia contains alkaloids
and coumarins such as deltoin, imperatorin, zosimine, pimpinellin, bergapten, isobergapten, sphondin
isopimpinellin, and umbelliferone [17].

The presented research studied the cholinesterase inhibitory, antioxidant activity, and phenolics
content of the methanol, hexane, dichloromethane, ethyl acetate, butanol and aqueous extracts and
essential oils of aerial parts, roots, flowers and fruits of Z. absinthifolia. The AChE and BuChE inhibitory
activities of the coumarins bergapten (1), imperatorin (2), pimpinellin (3) and umbelliferone (4) isolated
from the roots of Z. absinthifolia were also assessed through molecular docking studies with parallel
investigation of the structures of the plant’s secretory canals.

2. Results

The CH3OH extracts of aerial parts, roots, flowers and fruits of Zosima absinthifolia were
fractionated with the use of different solvents (n-hexane, dichloromethane, ethyl acetate and butanol),
to give the respective fractions and the individual coumarins bergapten (1), imperatorin (2), pimpinellin
(3) and umbelliferone (4) isolated from roots which were assayed for antioxidant, acetylcholinesterase
and butyrylcholinesterase inhibitory activities. Also, the AChE and BuChE inhibitory activities of the
compounds were determined via molecular docking.

The active dichloromethane fraction of root was subjected to column chromatography over silica
gel and Sephadex LH-20. As the result, four known coumarins namely, bergapten (1) [17], imperatorin
(2) [17], pimpinellin (3) [22] and umbelliferone (4) [17] (Figure 1) were isolated and identified in several
places before it says these were isolated from the roots—explain.

Bergapten (1) Imperatorin (2) Pimpinellin (3) Umbelliferone (4) 

Figure 1. Chemical structures of compounds 1–4.

The extracts, fractions and essential oils of aerial parts, roots, flowers and fruits were studied
regarding their antioxidant capacity potential. The findings of content of total phenolics from the
samples are presented in Figure 2B. The highest level of total phenolics was seen in root and fruit
(59.81 and 52.34 mg GAE g−1 DW, respectively) while the least content of phenolics was seen in the
aerial parts of the plant (34.07 mg GAE g−1 DW). DPPH analysis results showed the presence of
antioxidant activity in the range from 61.92–69.2% with the highest seen in the fruits compared to the
extracts of the aerial parts of the plant (Figure 2A). The antioxidant activity results of extract from
different Z. absinthifolia parts were quite high compared with the standards propyl gallate, chlorogenic
acid, and rutin (Table 1).
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A B 

Figure 2. DPPH radical scavenging activity (A), total phenolic contents (B) of samples.

Table 1. Antioxidant activities of the samples from Zosima absinthifolia in thiobarbituric acid (TBA) test.

Tested Samples
IC50 Values (μg/mL) ± SD *

Aerial Part Root Flower Fruit

MeOH 204.16 ± 2.16 234.21 ± 4.26 199.43 ± 2.46 116.25 ± 3.51
Hexane 266.67 ± 2.97 198.15 ± 1.78 159.54 ± 1.48 500>
CH2Cl2 169.21 ± 4.22 500> 301.53 ± 3.01 48.98 ± 2.45
EtOAc 255.21 ± 3.43 217.99 ± 4.35 478.90 ± 1.78 196.25 ± 2.66
BuOH 500> 367.60 ± 3.21 298.33 ± 3.55 487.45 ± 3.12

Aqueous residue 500> 500> 500> 500>
Essential oils 225.17 ± 3.29 390.36 ± 1.56 97.11 ± 2.25 389.67 ± 2.86

Bergapten 56.99 ± 3.87
Imperatorin 79.23 ± 3.48
Pimpinellin 49.23 ± 2.19

Umbelliferone 79.53 ± 3.98
Chlorogenic acid 12.98 ± 4.89

Propyl gallate 3.44 ± 2.05
Rutin 9.65 ±3.09

* Standard deviation.

Table 1 shows the TBA assay results of the specimens reported as IC50 values (μg mL−1).
The highest antioxidant potential in the TBA assay was seen in the fruit CH2Cl2 fraction and flower
essential oil (IC50 = 48.98 and 97.11 μg/mL, respectively). Among the isolated compounds pimpinellin
and bergapten had strong antioxidant effects, with IC50 values of 49.23 and 56.99 μg/mL. Many
of samples indicated considerable antioxidant activity on liposomes but not comparable to rutin
or chlorogenic acid. The correlation coefficient between antioxidant capacity and content of total
phenolics is remarkable (0.96).

The anticholinesterase activity of the samples was assessed by means of the Ellman colourimetric
method [23], with a few changes and using commercially available donepezil as reference [24].
The in vitro anti-acetylcholinesterase activities of the specimens at 20 μg/mL are presented in Table 2.
The MeOH, hexane, CH2Cl2, EtOAc and BuOH extracts and fractions of essential oils from all plant
parts demonstrated significative inhibitory activities towards butyrylcholinesterase. The fruit CH2Cl2
fraction and flower essential oil indicated considerable inhibition against BuChE (82.27 ± 1.97 and
78.65 ± 2.66%, respectively). The CH2Cl2 fractions of root and fruit also showed considerable inhibition
against AChE (29.15 ± 2.45 and 31.46 ± 2.78%, respectively). Among the isolated compounds
umbelliferone indicated strong inhibition against AChE (61.09 ± 4.46%) and pimpinellin had strong
inhibition against BuChE with a 66.55 ± 2.61% value. On the other hand, none of the aqueous residues
had activity against AChE, while only aerial part essential oil had no activity against this enzyme.
The BuOH fraction of fruit and aqueous residue fraction of aerial parts and flowers displayed no
butyrylcholinesterase inhibition activity. Amongst the essential oils the fruit (83.01%) and root (81.32%)
ones indicated considerable inhibition towards BuChE.
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Table 2. In vitro AChE and BuChE inhibitory activities of samples from Zosima absinthifolia at 20 μg/mL.

Samples Enzymes
Percentile of inhibition ± S.E.M a against AChE and BuChE

Aerial Part Root Flower Fruit

MeOH
AChE 6.45 ± 2.33 9.58 ± 2.55 c b

BuChE 14.44 ± 1.56 38.12 ± 4.05 27.33 ± 2.65 67.35 ± 1.56

Hexane
AChE b 3.25 ± 1.57 c c

BuChE 17.35 ± 3.08 45.09 ± 2.66 24.97 ± 4.09 34.31 ± 2.76

CH2Cl2
AChE b 29.15 ± 2.45 c 31.46 ± 2.78
BuChE 64.66 ± 2.56 71.32 ± 3.09 69.25 ± 4.10 82.27 ± 1.97

EtOAc
AChE 3.34 ± 1.49 4.58 ± 4.66 b 9.03 ± 2.78
BuChE 29.09 ± 2.66 28.05 ± 2.13 36.21 ± 2.35 43.44 ± 3.15

BuOH
AChE 3.55 ± 3.70 c 4.33 ± 1.65 c

BuChE 17.56 ± 2.54 14.54 ± 3.44 28.23 ± 2.54 b

Aqueous residue AChE c b c b

BuChE b 9.42 ± 1.97 b 17.21 ± 2.45

Essential oils
AChE b 16.66 ± 3.21 6.45 ± 2.09 26.11 ± 2.13
BuChE 34.56 ± 2.47 56. 30 ± 3.51 78.65 ± 2.66 72.24 ± 2.44

Bergapten AChE 18.98 ± 2.98
BuChE 31.00 ± 3.02

Imperatorin AChE 20.44 ± 2.24
BuChE 44.23 ± 2.09

Pimpinellin AChE 23.54 ± 1.29
BuChE 66.55 ± 2.61

Umbelliferone
AChE 61.09 ± 4.46
BuChE 40.99 ± 5.61

Donepezil AChE 82.45 ± 2.64
BuChE 90.33 ± 4.16

a Standard error mean, b No activity, c Not detected because of turbidity in the wells of microplates.

The most active compounds (umbelliferone against AChE and pimpinellin against BuChE) were
docked at the binding sites of 1-EVE and 1-P0I. The molecular interactions of the compounds possibly
accounting for the inhibition are shown in Figures 3 and 4. Umbelliferone exhibits a good docking score
for 1-EVE (−7.46 kcal/mol) when compared to the standard donepezil. Umbelliferone has three π-π
stacking interactions (4.25 Å, 3.89 Å and 4.70 Å) with PHE330 and TRP84. In addition, hydrophobic
interactions were formed between the molecule and TRP84, PHE330, PHE331, TYR121, TYR334.
The polar interaction was realized by HIS 440. On the other hand the docking score of pimpinellin was
−5.78 kcal/mol compared to the standard donepezil. Pimpinellin has two π-π stacking interactions
(5.09 Å and 5.10 Å) with the phenyl ring of PHE 329. In addition, hydrophobic interactions were
formed between the molecule and the PHE329, PRO285, LEU286, VAL288, TRP231, PHE398, ALA199
residues. The polar interactions were realized by SER287, GLN119, SER198.

Essential oil % yields of the various parts and the colours of these essential oils are presented in
Table 3. The colours of essential oils from different parts of Z. absinthfolia varied. The flowers and fruits
essential oils of Z. absinthfolia were yellow while the aerial part and roots gave light yellow and white
coloured oils, respectively.

In general, the yield of the root oil was low compared to the aerial part, fruit and flower ones.
The best yield results were obtained for fruit (Table 3). A total of thirty-three compounds totaling 94.7%
of the oil were identified in the essential oil of aerial parts of Z. absinthfolia. Octanol, octyl octanoate
and octyl acetate were the primary components, amounting to 8.8%, 7.6% and 7.3%, respectively.
The analysis of the roots of Z. absinthfolia resulted in the identification of forty-four compounds totaling
81.6% of the oil. trans-Pinocarvyl acetate at 26.7% was the most abundant compound in the essential oil,
followed by β-pinene (8.9%). Eighty-three compounds were characterized in the oil of the flowers of
Z. absinthfolia, accounting for 82.5% of the oil. The primary constituents were identified as octyl acetate
(19.9%), and trans-p-menth-2-en-1-ol (4.6%). The analysis on the fruits of Z. absinthfolia resulted in the
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determination of fifty-two essential compounds totaling 99.2%. Octyl acetate at 81.6% was the most
abundant compound in the essential oil followed by (Z)-4-octenyl acetate (5.1%). The compositions of
essential oils are presented in Table 4.

Figure 3. Schematic representation of main interaction of umbelliferone with AChE (1-EVE). Green
color represents hydrophobic interactions, light blue represents polar interactions, blue represents
positively charged residues, red represents negatively charged residues.

Figure 4. Schematic representation of the main interaction of pimpinellin with BuChE(1-P0I) Green
colour represents hydrophobic interactions, light blue represents polar interactions, blue represents
positively charged residues, red represents negatively charged residues.

Table 3. Zosima absinthifolia Essential oil yields (w/v, %).

Used Parts Crushed (g) Yields Colour Collection Time

Aerial 152 0.329 Light yellow 2017
Root 132 0.008 White 2017

Flower 35 0.057 Yellow 2018
Fruit 80 1.250 Yellow 2017
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Table 4. The composition of the essential oils of Zosima absinthifolia.

RRI Compound
Ap
%

R
%

Fl
%

Fr
%

1032 α-Pinene 4.4 1.3 2.2 0.1
1048 2-Methyl-3-buten-2-ol - - tr tr
1076 Camphene 0.2 - 0.1 tr
1093 Hexanal 0.3 - tr -
1118 β-Pinene 2.0 8.9 0.2 0.1
1132 Sabinene 0.3 0.1 0.1 tr
1151 δ-4-Carene - - 0.1 -
1174 Myrcene 1.0 3.0 1.3 tr
1176 α-Phellandrene 0.2 0.1 - -
1194 Heptanal - 0.4 - -
1203 Limonene 1.8 2.7 1.5 0.1
1218 β-Phellandrene 1.0 0.4 0.7 0.1
1225 (Z)-3-Hexenal - - tr -
1244 2-Pentyl furan - 0.2 0.1 tr
1246 (Z)-β-Ocimene - 0.3 - tr
1255 γ-Terpinene - 0.2 tr -
1266 (E)-β-Ocimene - - 0.4 -
1280 p-Cymene 0.5 2.2 0.1 -
1290 Terpinolene 0.4 1.1 0.1 tr
1296 Octanal 0.3 2.5 tr 0.2
1348 6-Methyl-5-hepten-2-one - - tr -
1360 Hexanol - - tr -
1398 2-Nonanone - 2.6 -
1399 Methyl octanoate - - tr -
1400 Nonanal - 0.3 tr -
1444 Ethyl octanoate - - 0.2 -
1452 α,p-Dimethylstyrene - 0.3 - -
1483 Octyl acetate 7.3 1.0 19.9 81.6
1497 α-Copaene - - 0.1 tr
1506 Decanal - - - 0.1
1516 (Z)-4-Octenyl acetate 0.3 - 0.5 5.1
1535 β-Bourbonene 1.3 - 0.1 0.3
1538 trans-Chrysanthenyl acetate - - 1.6 -
1553 Linalool - - 0.4 0.2
1562 Octanol 8.8 2.8 4.6 3.2
1571 trans-p-Menth-2-en-1-ol - - 1.5 0.1
1586 Pinocarvone - 0.5 - -
1589 β-Ylangene - - - tr
1591 Bornyl acetate 0.9 0.3 1.3 0.2
1597 β-Copaene - - - 0.1
1600 β-Elemene - - - tr
1610 Calarene (=β-gurjunene) - 0.2 - -
1612 β-Caryophyllene 1.8 0.2 1.0 0.2
1614 Carvacrol methyl ether (= methyl carvacrol) - 0.5 - -
1623 Octyl butyrate 0.4 - 0.2 0.2
1634 Octyl 2-methyl butyrate 0.5 - 0.4 0.1
1638 cis-p-Menth-2-en-1-ol - - 0.7 0.1
1648 Myrtenal - 0.4 - -
1655 (E)-2-Decenal - 1.5 - -
1660 (Z)-4-Octenyl butyrate - - 0.2 -
1661 trans-Pinocarvyl acetate - 26.7 - 0.1
1668 Citronellyl acetate - - 1.4 0.1
1670 trans-Pinocarveol - 1.4 - -
1687 Decyl acetate - - - 0.1
1687 α-Humulene - - 0.1 -
1689 trans-Piperitol - - 0.4 -
1690 Cryptone - - 0.2 -
1704 Myrtenyl acetate - 0.9 - -
1706 α-Terpineol - 0.3 - -
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Table 4. Cont.

RRI Compound
Ap
%

R
%

Fl
%

Fr
%

1719 Borneol - - 0.1 -
1726 Germacrene D 2.3 - 2.0 0.5
1733 Neryl acetate - - 0.1 -
1747 trans-Carvyl acetate - 0.2 - -
1755 Bicyclogermacrene 0.7 - 0.7 0.1
1758 cis-Piperitol - - 0.5 -
1758 (E,E)-α-Farnesene - - 0.2 -
1772 Citronellol - - 0.4 0.1
1773 δ-Cadinene - - 0.1 -
1779 (E,Z)-2,4-Decadienal - 0.3 - -
1786 ar-Curcumene 0.2 0.3 0.2 0.1
1689 trans-Piperitol - - - tr
1804 Myrtenol - 0.6 - -
1827 (E,E)-2,4-Decadienal - 0.9 - -
1829 Octyl hexanoate 0.7 - 0.6 0.2
1849 Cuparene - 0.6 0.1 -
1856 (Z)-4-octenyl hexanoate 0.7 - 0.7 -
1857 Geraniol - - 0.2 0.1
1868 (E)-Geranyl acetone - 1.4 0.1 -
1878 2,5-Dimethoxy-p-cymene - 3.6 tr -
1945 1,5-Epoxysalvial(4)14-ene - - tr -
1958 (E)-β-Ionone - - 0.3 -
1981 Heptanoic acid - 0.2 - -
2000 Citronellyl hexanoate - - 0.3 -
2008 Caryophyllene oxide 1.9 0.8 0.4 0.1
2020 Octyl octanoate 7.6 0.8 0.3 0.9
2050 (E)-Nerolidol 0.8 - 0.1 -
2069 Germacrene D-4β-ol - - 0.3 -
2084 Octanoic acid - - - 0.1
2100 Heneicosane - - 0.1 -
2127 10-epi-γ-Eudesmol - - 0.1 -
2131 Hexahydrofarnesyl acetone 0.4 - 0.1 tr
2144 Spathulenol 2.7 - 0.5 0.1
2170 β-Bisabolol - - 0.1 -
2183 γ-Decalactone - - - 0.1
2187 T-Cadinol - - 0.1 -
2192 Nonanoic acid - - - 0.1
2200 Docosane - - 0.1 -
2209 T-Muurolol - - 0.2 -
2214 (2E,6Z)-Farnesal - - 0.1 -
2219 δ-Cadinol (= torreyol) - - 0.1 -
2247 trans-α-Bergamotol - - 0.1 -
2255 α-Cadinol - - 0.6 -
2271 (2E,6E)-Farnesyl acetate - - 2.3 -
2278 (2E,6E)-Farnesal - - 0.4 -
2300 Tricosane - - 0.7 -
2373 Unknown I 12.5 5.0 15.4 1.0
2369 (2E,6E)-Farnesol - - 1.7 -
2450 Unknown II 26.4 2.3 8.9 1.4
2500 Pentacosane - - - 0.1
2503 Dodecanoic acid - - - 0.2
2622 Phytol - - 0.5 -
2670 Tetradecanoic acid - - - 1.0
2700 Heptacosane - - 0.5 -
2900 Nonacosane - - - 0.2
2931 Hexadecanoic acid 4.1 1.3 0.5 0.4

Total Identified 55.8 74.3 58.2 96.8

Total 94.7 81.6 82.5 99.2

RRI: Relative retention indices calculated against n-alkanes; % calculated from FID data; tr Trace (< 0.1 %); Ap:
Aerial part; R: Root; Fl: Flower; Fr: Fruit; Unknown I: EIMS, 70 eV, m/z (rel. .int.): 270[M]+(0.4), 227(41), 159(6),
141(37), 115(97), 98(100), 81(33), 69(23), 57(19), 43(66); Unknown II: EIMS, 70 eV, m/z (rel. .int.): 228[M]+(0.5),
210(0.5), 116(25), 98(100), 87(19), 71(23), 57(18), 41(26).
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The determined compounds were categorized into two main classes on the basis of their chemical
structures: isoprenoids (oxygenated monoterpenes, terpene hydrocarbons) and nonisoprenoids
variously functionalized (alkanes, aldehydes, lactones, ketones, alcohols, furans, fatty acids and
esters). Terpene hydrocarbons, esters, fatty acids-esters, and alcohols were the dominant groups of
compounds in the essential oils (Table 5).

Table 5. Chemical class distribution of the samples.

Compound Class
Ap
%

R
%

Fl
%

Fr
%

Esters 9.4 29.1 27.9 87.5
Alcohols 8.8 5.1 8.8 3.8

Aldehydes 0.6 6.3 0.5 0.3
Ketones 0.4 4.5 0.7 tr

Fatty acids+ esters 13.1 2.3 2.6 2.9
Terpene hydrocarbons 18.1 21.9 11.4 1.7
Oxygenated terpenes 5.4 4.9 4.8 0.2

Furans - 0.2 0.1 tr
Alkanes - - 1.4 0.3
Lactones - - - 0.1

Total Identified 55.8 74.3 58.2 96.8

The micrographs of the peduncles, rays, pedicels, and fruits of Z. absinthifolia were obtained from
alcohol samples utilizing light microcopy (Figures 5–8) and from the dried samples through Scanning
Electron Microscopy (SEM, Jeol JSM 6490LV) (Figure 9a–k). The number of secretory canals in the
centre was less than in the cortex at the peduncle. At the ray and pedicel secretory canals were only
found in the cortex and the number of canals are higher. The secretory canals in fruit were very large
and wide.

Figure 5. Secretory canals at the peduncle of Zosima absinthifolia by light microscopy.

Figure 6. Secretory canals at the ray of Zosima absinthifolia by light microscopy.
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Figure 7. Secretory canals at the pedicel of Zosima absinthifolia by light microscopy.

Figure 8. Secretory canals at the fruit of Zosima absinthifolia by light microscopy.

Figure 9. Cont.
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Figure 9. (a) Capitate trichomes on the leaf by SEM, (b–d) capitate trichomes on the pedicel by SEM,
(e–g) capitate trichomes on the stem by SEM, (h–k) extrafloral nectaries, the secretory ducts and
excretion secretory system on the fruit by SEM.

Secretory structures of stem, leaf, flower and fruit samples of Z. absinthifolia were studied in detail
using light and scanning electron microscopy. The plant has secretory trichomes in the leaf, stem,
pedicel and fruit. There are two types of glandular trichomes; capitate trichomes and sessile peltate
trichomes. The capitate trichomes were identified on the leaf, pedicel and stem, peltate trichomes on
pedicel and fruit. The capitate trichomes are composed of multi basal cells, a long stalk cell with the
unicellular secretory head. Peltate trichomes exhibit a flattened head in the pedicel or a granular head
in fruit formed by several cells arranged in a circle (Figure 9). Extrafloral nectaries are found on the
pedicel. The secretory ducts show a lumen surrounded by a layer of specialized cells in fruit. Excretion
secretory system organs including crystals are observed in the fruit.

3. Discussion

Coumarins are compounds naturally present in a great number of plants. Coumarin and its
derivatives are prevalent in Nature. Coumarins are benzopyrones, which are compounds comprised
of benzene rings linked to a pyrone moiety. Human dietary exposure to benzopyrones is quite
considerable, as these compounds occur in fruits, vegetables, seeds, nuts, and higher plants. It has been
determined that the mean Western diet includes ~1 g/day of mixed benzopyrones [25]. Coumarins
have various biological activities such as anticancer, anticoagulant, anti-inflammatory, antitubercular,
antihyperglycemic, antiadipogenic, antifungal, antibacterial, anticonvulsant, antihypertensive,
antiviral, antioxidant, neuroprotective and antidiabetic effects [26].

In the current research, umbelliferone and pimpinellin were isolated from Zosima absinthfolia, and
indicated activity against AChE and BuChE. We assumed that the inhibitory activity of umbelliferone
was primary due to the hydroxyl group at the C-7 position. Also, we assumed that the inhibitory
activity of pimpinellin was primary due to the methoxy groups at the C-5 and C-6 positions.
Umbelliferone and pimpinellin presented the best activity at 20 μg/mL, while bergapten indicated
weak inhibitory activity.

The roots fractions have been characterized by the significant higher content of total phenolics than
aerial part fractions. Previously, it was observed that methanol fruit extract of Z. absinthfolia showed
high antioxidant activities and a greater content of total phenols in comparison to the hexane and
dichloromethane extracts of the plant [27]. A significant correlation was observed between antioxidant
capacity and the total phenolics content in previous investigations [28,29] as well. The antioxidant

87



Molecules 2019, 24, 722

capacity of Z. absinthfolia plant extracts was studied. It was found that peroxidation inhibition of
MeOH extract of Z. absinthfolia was 143.5 RC50 [27]. However, we found that, fruit CH2Cl2 fraction
showed higher antioxidant activity in comparison with the MeOH extract.

In a previous study, the major components of essential oils from different parts of Z. absinthfolia
were studied and it was shown that the main volatile compounds were lavandulyl acetate (23.9%,
an ester of the irregular monoterpenol), bornyl acetate (12.0%), octyl octanoate (11.7%), lavandulol
(5.0%), octyl hexanoate (4.2%) and lavandulyl octanoate (3.1%) [30]. Another study reported that the
major components of oil from the aerial part of Z. absinthfolia were octyl acetate (32.50%), octanol
(20.60%) and α-pinene (10.90%) [31]. Octyl acetate (87.48%), octyl octanoate (5.03%) and 1-octanol
(2.37%) were found the major components of fruit essential oil [19]. Octyl acetate (38.4%) and octyl
hexanoate (31.9%) were detected as major components of fruit essential oil of Z. absinthfolia [32].
Our study is the first comparative study on essential oils constituents of aerial parts, roots, flowers and
fruits of Z. absinthfolia and their anticholinesterase and antioxidant activities.

So far, no data are available about the presence of phenolic compounds in the essential oil
from Zosima genus, especially such as α-pinene and octyl acetate which in previous studies showed
high antioxidant capacity [33,34]. The high abundance of octyl acetate and possible antioxidative
and anticancer effects were estimated in essential oils from the leaves of species of Pittosporum
(Pittosporaceae) [35] and in essential oils from Ethiopian herbs Boswellia carterii and Commiphora pyracanthoides
Engler [36].

The chemical composition of the different types of secretory canals present in the aerial parts,
fruits and flowers were different. The canals present in the aerial parts are characterized by terpene
hydrocarbons, while the secretory canals of roots, flowers and fruits include esters. Only canals of
fruits contain lactones. Besides, canals of flowers and fruits contain alkanes. We can comment that the
number of secretory channels, their location in the organs and their different shapes (broad, big, little,
oval etc) could be related to the different chemical compositions of aerial part, root, flower and fruits.
The chemical class distribution of the samples is presented in Table 5.

Members of the Apiaceae family are characterized by a specific type of essential oil secretory
structure known as secretory canals. Their shapes and numbers can vary between species, within
species or even in individual plants. They have large amounts of metabolic products in the area
between their secretory canals. Particularly they generate and store essential oils in plants [37,38].

AD is a neurodegenerative disease induced by oxidative stress with a further cholinergic
deprivation in the brain. Expressly, a decrease in the amount of acetylcholine delivered from cholinergic
synapses has been identified as a cause. One cure methodology involves augmenting or protecting
the ratio of acetylcholine via inhibiting acetylcholinesterase [39]. This research indicated that the
CH2Cl2 fraction of fruit from Z. absinthifolia has AChE and BuChE inhibitory activity along with high
antioxidant capacity. The use of antioxidants may be useful to treat AD. To the knowledge of the
authors, this is the first study on the anticholinesterase activity of extracts from Z. absinthifolia.

Essential oil components represent a diverse family of low molecular weight organic compounds
with remarkable biological activity. In accordance with their chemical structure, these active
compounds can be divided into four major groups: terpenoids, phenylpropenes, terpenes, and
“others”. Besides, they might include diversified functional groups in accordance with which they
can be categorised as hydrocarbons (monoterpenes, sesquiterpenes, and aliphatic hydrocarbons);
oxygenated compounds (monoterpene and sesquiterpene alcohols, esters, ketones, aldehydes, and
other oxygenated compounds); and sulfur and/or nitrogen sulfur including compounds (sulfides,
nitriles, thioesters, isothiocyanates, and others). Components that act as cholinesterase inhibitors still
represent the only pharmacological treatment of AD. Many in vitro investigations have demonstrated
that some compounds present in essential oils such as α-pinene, α- and β-asarone, δ-3-carene, carvacrol,
1,8-cineole, thymohydroquinone, anethole, etc have certain cholinesterase inhibitory activity [40].
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4. Materials and Methods

4.1. Plant Specimens

Zosima absinthifolia samples were gathered at the flowering and fruity period from Erzurum in
the Palandöken Mountains in 2017 and 2018, and the verified by Prof. Dr Hayri Duman. Voucher
specimens were stored at the Herbarium of the Atatürk University Faculty of Pharmacy (AUEF 1275
and AUEF 1283).

4.2. Extraction and Isolation

Aerial parts (150 g), roots (150 g), flowers (150 g) and fruits (500 g) were comminuted and
macerated with methanol (3 times × 8 h) in a water-bath not exceeding 40 ◦C (3 × 150 mL) while
mixing at 300 rpm with the use of a mechanical mixer. Conjoined aerial parts, roots, flowers and fruits
extracts were filtered and concentrated up to dryness using a rotating evaporator (Heidolph VV2000,
Schwabach, Germany). After that the residue was dissolved in methanol:water (1:9) and subjected to
three further fractionation steps with 150 mL of n-hexane, dichloromethane, ethyl acetate and n-butanol,
respectively. The weights of the comminuted parts of Zosima absinthifolia and extracts/fractions
obtained are indicated in Table 6.

Table 6. Weights of the crushed plants and obtained extracts and fractions.

Species Extracts/Fractions Aerial Part Root Flower Fruit

Zosima
absinthifolia

MeOH (g) 25.01 29.88 23.92 85.98
Hexane (g) 3.28 4.05 2.98 11.88
CH2Cl2 (g) 9.12 10.10 8.97 26.01
EtOAc (g) 1.66 2.24 1.59 4.81
BuOH (g) 4.92 5.86 4.77 18.57

Aqueous residue (g) 5.02 3.22 4.98 6.96

The extraction, and identification of purified compounds from the CH2Cl2 fruit fraction was
done according to [41]. The effective CH2Cl2 fraction of fruit was first applied to a silica gel column
and eluted with a gradient of hexane:EtOAc (100:0 → 0:100, v/v) and EtOAc:MeOH (100:0 → 0:100,
v/v), and three fractions (Fr. A–C) were acquired. Repetitive silica gel column chromatography with
hexane:EtOAc (85:15 and 80:20) solvent systems on Fr. A gave compound 1. Fr. B was applied to a
silica gel column and eluted with hexane:EtOAc (75:25) and a Sephadex LH-20 column eluting with
ethyl acetate to give compounds 2 and 3. Elution with hexane:EtOAc (70:30) of a silica gel column of
Fr. C gave compound 4. The chemical structures of compounds 1–4 are presented in Figure 1.

4.3. Isolation of the Essential Oil, GC-FID and GC-MS Analyses

Isolation of the essential oils, GC-FID and GC-MS analyses processes were performed according
to [42]. The crushed parts, essential oil % yields of the species and colours of essential oils are presented
in Table 2.

4.4. Determination of Total Phenolics

The total phenolic content of specimens was evaluated utilising the Folin–Ciocalteu assay [43]
with slight modifications [44]. The total phenolics absorbance was determined at 765 nm with the use
of a Jenway UV/Vis 6405 spectrophotometer (Jenway, Chelmsford, UK). The findings are reported as
gallic acid equivalents (GAE/g specimens).

4.5. 1,1-Diphenyl-2-picrylhydrazyl (DPPH) Radical Scavenging Capacity Assay

The previously detailed DPPH assay [45] was applied with slight alterations. Reagent stock
solution (1 × 10−3 M) was prepared by dissolving 22 mg of DPPH in 50 mL of methanol. This solution
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was kept at 20 ◦C until used. Samples (0.02 g) were extracted in two steps: first, to the dry material in
an Eppendorf tube was added 1 mL of distilled water. Specimens were heated at 95 ◦C during 15 min
and further for 5 min centrifuged (12,000 rpm, 25 ◦C). The supernatant was transferred into a fresh
tube. The supernatant with 1 mL of dist. water was diluted and the same heating and centrifugation
procedure was repeated. The study solution (6 × 10−5 M) was prepared by mixing 100 mL of methanol
with 6 mL of the stock solution. Then, 0.1 mL of each experimental solution was mixed in to react with
3.9 mL of the solution of DPPH, followed by vortexing for 30 s and a further reaction time of 30 min.
The optical absorbance was gauged at 515 nm with the Jenway UV/Vis 6405 spectrophotometer.
A sample without DPPH solution was utilized as a blank sample. The scavenging activity of DPPH
was measured according to the formula below:

Scavenging activity of DPPH (%) = [(A control − A sample)/Acontrol] × 100

where A = absorbance at 515 nm.

4.6. Anti-Lipid Peroxidation Activity

The thiobarbituric acid (TBA) assay was utilised to assess the protective activity of samples on
liposomes against lipid peroxidation [46]. Seven different sample concentrations (0.016–1 mg/mL)
were studied in this test. Chlorogenic acid, rutin and propyl gallate were prepared as reference
compounds at seven different concentrations (0.000064–1 mg/mL), and chlorogenic acid and rutin
were utilised in the same concentration interval. Brain extract (0.2 mL), phosphate buffer (0.5 mL),
ferric chloride (0.1 mL), ascorbic acid (0.1 mL) and the samples were mixed and incubated at 37 ◦C
for 20 minutes. Next, 25% HCl (0.5 mL), 1% TBA (0.5 mL) and 2% BHT (0.1 mL) were added into
the mixture, which was shaken and incubated at 85 ◦C for 30 minutes. The mixture was cooled and
n-butanol (2.5 mL) was added. After centrifugation, the absorbance of the samples was recorded at
532 nm using the UV-1800 spectrophotometer. These tests were repeated four times. The IC50 values
were established through linear regression analysis. A low IC50 value means that the antioxidant
activity is high.

4.7. Determination of AChE and BuChE Inhibition Activities

The determination of AChE and BuChE inhibition activities of the samples were performed
according to [41]. This process was repeated three times for each plate. All data were expressed as
mean ± SE of three independent assays.

4.8. Microscopic Analysis

Materials (kept in 70% alcohol) from Zosima absinthifolia were assessed by light microscopy using
Sartur and chloral hydrate reagents. In the light microscopy study, cross-sections of peduncles, rays,
pedicels, and fruits from Z. absinthifolia were prepared manually. Images prepared with Sartur R [47,48]
were recorded with a Zeiss 51425 camera attached to a light microscope (Zeiss 415500-1800-000). In the
scanning electron microscopy (SEM) investigations, leaf, stem, pedicel and fruit parts were attached
to aluminium stubs and covered with gold for 4 min in a sputter-coater. Morphological observations
were done in a Jeol JSM 6490LV scanning electron microscope at the Turkish Petroleum International
Company (TPAO) Research Centre SEM laboratory, Ankara.

4.9. Molecular Docking Studies

Umbelliferone was found to be an active compound against AChE and pimpinellin was found
to be active against BuChE was found. These active compounds were docked at the binding sites of
1-EVE and 1-P0I.
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4.10. Protein Preparation

The three-dimensional complex structures of AChE (PDB ID: 1EVE) and BuChE (PDB ID: 1P0I)
were obtained from the Protein Data Bank [49,50]. The protein structures were prepared using the
Protein Preparation Wizard panel tool of the Scrödinger software suite (Maestro 11.8). Firstly water
molecules (>5Å radius) and other small molecules were removed from the crystal structures, hydrogen
atoms were added and physiological pH was set at 7. Finally, the restrained minimization was
performed with the added hydrogen atoms to OPLS3e.

4.11. Ligand Preparation

The ligands were prepared for docking with using the Ligand Preparation Panel in the programme.
The grid files were created using the Receptor Grids Generation Panel. Finally the Glide Ligand
Docking Panel was used for docking studies.

4.12. Statistical Analysis

All findings are stated as mean ± SE and variations between means were statistically analyzed
through One-way analysis of ANOVA followed via Bonferroni’s complementary analysis, with p < 0.05
considered to demonstrate statistical significancy.

5. Conclusions

The CH2Cl2 fraction of fruit from Zosima absinthifolia and umbelliferone had a remarkable
antioxidant and anticholinesterase activities. The tested extracts and essential oils displayed high
radical scavenging capacity (RSC), which was found to be in correlation to their content of phenolic
compounds. Octyl acetate was the dominant component in the essential oils. Original information
has been presented regarding the total phenolics content and high presence of chlorogenic acid and
flavonoid rutin in the extracts and essential oils of plant Z. absinthifolia. Novel data of a comparative
study on the essential oil constituents of aerial parts, roots, flowers and fruits of Z. absinthfolia has
shown different phenolic compositions which can depend from the function of secretory canals of
the various plant parts. Due to the remarkable presence of compounds with high anticholinesterase
activities in the plant we presume that Z. absinthifolia could be utilised as an herbal alternative to
synthetic drugs in the prophylaxis of AD.
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Abstract: The stem bark of Toxicodendron vernicifluum (TVSB) has been widely used as a traditional
herbal medicine and food ingredients in Korea. However, its application has been restricted due
to its potential to cause allergies. Moreover, there is limited data available on the qualitative and
quantitative changes in the composition of its phytochemicals during fermentation. Although the
Formitella fraxinea-mediated fermentation method has been reported as an effective detoxification
tool, changes to its bioactive components and the antioxidant activity that takes place during its
fermentation process have not yet been fully elucidated. This study aimed to investigate the dynamic
changes of urushiols, bioactive compounds, and antioxidant properties during the fermentation
of TVSB by mushroom F. fraxinea. The contents of urushiols, total polyphenols, and individual
flavonoids (fisetin, fustin, sulfuretin, and butein) and 1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG)
significantly decreased during the first 10 days of fermentation, with only a slight decrease thereafter
until 22 days. Free radical scavenging activities using 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2′-azino-bis(3-ethylbenzothiazoline-6- sulfonic acid) (ABTS), and ferric reducing/antioxidant power
(FRAP) as an antioxidant function also decreased significantly during the first six to nine days
of fermentation followed by a gentle decrease up until 22 days. These findings can be helpful in
optimizing the F. fraxinea–mediated fermentation process of TVSB and developing functional foods
with reduced allergy using fermented TVSB.

Keywords: Toxicodendron vernicifluum; Fomitella fraxinea; fermentation; urushiols; polyphenols;
antioxidant activity

1. Introduction

Toxicodendron vernicifluum (TVSB, Stokes) F. Barkley (formerly known as Rhus verniciflua Stokes)
belongs to the Anacardiaceae family [1], and is widely distributed in China, Japan, and Korea [2]. It is
commonly known as the lacquer tree or vanish tree (also known as sumac). The stem and bark of
T. vernicifluum have traditionally been used as folk medicines for treating blood disorders, hepatic
disorders, gastric disorders, inflammatory diseases, anti-aging, paralysis, hypertension, and various
cancers, as well as materials for lacquered chicken and duck soup recipes in Korea [3–5].
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The xylem and bark of T. vernicifluum have also been reported to possess strong antioxidant [6,7],
antiplatelet [8,9], immune-enhancing [10], neuroprotective [11,12], anti-inflammatory [12,13],
and anti-cancer activities [4,14,15]. These health benefits were found to be attributed to the presence
of flavonoids, gallotannins, and phenolic acids [3,16]. However, urushiol congeners found in the
plant can cause allergic contact dermatitis with irritation, inflammation, and blistering in sensitive
individuals [17,18]. Various methods have been attempted to remove or reduce urushiol congeners
from the xylem and bark of T. vernicifluum, including physicochemical treatments such as solvent
extraction, pyrolysis at high temperature, and enzymatic methods. Although some of these methods
are effective at removing urushiols, they have limitations such as the generation of harmful substances,
high cost, process complexity, and low efficiency [19].

A new biological method has been introduced to remove urushiols through fermentation with
Basidiomycete Formitella fraxinea as an alternative method to solve these problems. This method was
able to efficiently decrease more than 90% of the urushiols in TVSB [19]. Recently, an aqueous extract
of urushiol-free fermented TVSB by F. fraxinea has been approved for use in soy sauce, fermented
vinegar, and some alcoholic beverages by the Korea Food and Drug Administration (KFDA) [20],
and its extracts are currently being marketed as functional health foods in Korea. Many studies on the
biological activities of TVSB fermented by F. fraxinea have been reported, and most of these results were
obtained by fermentation with F. fraxinea for 20–28 days [5,7,11,21,22]. While the fermentation method
using F. fraxinea is being accepted as an effective tool to remove urushiols in TVSB, the dynamic changes
of its bioactive components such as total polyphenols, individual phenolic compounds, gallotannins,
and antioxidant activity during the fermentation process have not yet been fully elucidated. Flavonoids
(fustin, fisetin, sulfuretin, and butein), PGG, and gallic acid as a gallotannin group are considered
the major active constituents that are responsible for the various biological effects of TVSB [9,23–25].
Therefore, the objective of this study was to investigate dynamic changes in the polyphenols, individual
phenolic compounds, gallotannins, and antioxidant activity during the fermentation of TVSB by
mushroom F. fraxinea.

In this study, we demonstrated the optimization of an effective detoxification of urushiol congeners
in TVSB through monitoring fermentation time while simultaneously intending to achieve a minimized
loss of other useful phenolic compounds. The optimal fermentation period to achieve the desired
detoxification effect was found to be 13–16 days. This finding provides valuable information to
reconsider the common practice of fermenting TVSB extracts with F. fraxinea for 20–28 days prior to
their applications in Korea.

2. Results and Discussion

2.1. Changes of Urushiols

Although TVSB has attracted much attention since ancient times in Korea due to its beneficial
properties to human health, its allergenic urushiol congeners have limited its application in the food
and pharmaceutical industries. Moreover, the contents of urushiols in T. verniciflua are higher in the
bark than in its xylem. Therefore, it is necessary to remove its urushiol congeners during food or
pharmaceutical applications. It has been reported that fermentation with F. fraxinea is an effective
way to remove toxic urushiols from TVSB, and that mushroom laccases play an important role in
the detoxification [19]. In this study, changes of urushiol congeners during F. fraxinea-mediated
fermentation were analyzed by HPLC. As shown in Figure 1A, pentadecatrienylcatechol (C15:3) (671.08
± 25.43 μg/g dry weight (DW)) was the most abundant, followed by pentadecenylcatechol (C15:1)
(461.80 ± 4.95 μg/g DW) and pentadecadienylcatechol (C15:2) (95.77 ± 6.43 μg/g DW) in unfermented
TVSB (UTVSB). The content of C15:3 rapidly decreased from 671.08 ± 25.43 μg/g DW in UTVSB to
115.22 ± 11.14 μg/g DW (82.8% decrease) and 48.61 ± 6.51 μg/g DW (92.8% decrease) after 10 and
13 days of fermentation, respectively. Thereafter, it showed only a slow decrease, reaching 30.66 ±
2.70 μg/g DW (95.4% decrease) at the end of the fermentation process (22 days). The C15:2 and C15:1
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contents also decreased in a similar pattern to that of C15:3. The control was incubated for the same time
intervals as the fermented sample. However, HPLC analysis of the controls was carried out only for 0
and 22-day time points, because the thin-layer chromatography (TLC) results (Supplementary Data
Figures S1–S4) showed no difference among all of the matched controls. When the TVSB was treated
under the sample conditions, but without F. fraxinea inoculation as the matched control, no meaningful
changes were observed, even after 22 days compared to zero days (Supplementary Data, Figures
S1−S4). These results suggest that the gradual decreases of urushiols during fermentation are due to
the action of related enzymes secreted from F. fraxinea.

The total content of urushiol congeners decreased from 1228.7 ± 34.6 μg/g DW in UTVSB to
186.02 ± 24.3 μg/g DW (84.9%), 78.77 ± 11.2 μg/g DW (93.6%), and 47.75 ± 9.5 μg/g DW (96.1%
decrease) at the end of 10, 13, and 22 days of fermentations, respectively (Figure 1B). Considering these
results, the optimal fermentation period for the removal or reduction of urushiol congeners from TVSB
by F. fraxinea is suggested to be between 13–16 days of fermentation. Choi et al. [19], who attempted
a similar biological method for the reduction of urushiols, reported that the content of C15:3 decreased
rapidly in the first five days of fermentation, followed by a gradual decrease, reaching the lowest levels
after 15 days of fermentation.

Figure 1. Changes of urushiol congeners during fermentation of Toxicodendron vernicifluum stem bark
(TVSB) by F. fraxinea. Representative HPLC chromatograms (A) and contents (B).

The degradation of urushiols is closely associated with the laccase that is secreted from F.
fraxinea mycelia. Laccase is a type of copper-containing polyphenol oxidase (p-diphenol oxidase
or benzenediol; oxygen oxidoreductase, EC 1.10.3.2). More than 100 fungal laccases have been purified
and characterized from Basidiomycetes and Ascomycetes [26]. Since these enzymes can catalyze the
oxidation of phenolic compounds such as polyphenols, methoxy-substituted phenols, o-diphenols,
p-diphenols, aromatic amines, and syringaldazine, it is somewhat difficult to categorize laccases based
on the type of substrates, because a wide range of substrates can be catabolized [26–28]. However,
laccase can oxidize urushiols and result in the formation of semiquinone radicals under aerobic
conditions. This is a typically unstable product, and it undergoes subsequent changes either through
an attack on the urushiol nucleus, forming biphenyl compounds, or a disproportionation reaction
to give urushiol quinone [29]. It may also undergo polymerization reactions, which results in the
formation of a conjugated insoluble product. All of these mechanisms lead to the reduction of the
active site of urushiols, thereby resulting in its detoxification [29,30].
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2.2. Change of Total Phenol, Total Flavonoid, and Individual Flavonoid

The diverse pharmacological activities of T. vernicifluum are believed to be mainly attributed to
the presence of phenolic compounds such as fustin, fisetin, sulfuretin, quercetin, taxifolin, garbanzol,
butein, gallic acid, dihydroxybenzoic acids, and other phenolic compounds [24,25]. It is known that
fustin, fisetin, sulfuretin, and butein are abundant in the bark and xylem of T. vernicifluum [12,13].
Therefore, it is necessary to minimize the degradation of these valuable bioactive components
during fermentation. Changes to the total phenol and total flavonoid contents in TVSB during F.
fraxinea-mediated fermentation were investigated.

The total phenol content decreased sharply from 2927.6 ± 228.8 mg GAE/100 g DW in UTVSB
to 859.2 ± 156.6 mg GAE/100 g DW after 10 days of fermentation, reaching 599.3 ± 78.1 mg
GAE/100 g DW at the end of the fermentation (Figure 2A). The total flavonoid content decreased
from 1365.4 ± 130.6 mg RE/100 g DW in UTVSB to 598.3 ± 64.5 mg RE/100 g DW and 272.8 ±
39.6 mg RE/100 g DW after 10 and 22 days of fermentation, respectively (Figure 2B). The reduction
of total phenol and total flavonoid during fermentation is closely associated with the polyphenol
oxidases that are secreted from F. fraxinea mycelia. Polyphenol oxidases (EC 1.14.18.1) that are
known as tyrosinase, laccase, catechol oxidase, catecholase, phenolase, cresolase, and urushiol oxidase
based on substrate specificity are known to have considerable overlap in substrate affinities [31,32].
These enzymes are distributed in a wide range of fungi, higher plants, and mammals. They can
catalyze the oxidation of a broad range of phenolic compounds, including phenols, phenolic acids,
flavonoids, tyrosine, L-3,4-dihydroxyphenylalanine (L-DOPA), naphthols, bisphenols, and other
phenolic compounds [28,31,33].

Figure 2. Changes in the contents of total phenol (A) and total flavonoid (B) during the fermentation
of TVSB by F. fraxinea. Error bars are the standard deviations of triplicate measurements.

In this study, changes of individual flavonoids during fermentation were also monitored by
HPLC analysis (Figure 3A). The contents of major flavonoids such as fustin, fisetin, sulfuretin,
and butein showed noticeable decreases at the initial stage (five days) of fermentation, followed
by gradual decreases up until 22 days (Figure 3B). It has been previously reported that basidiomycete
polyphenol oxidases can effectively utilize flavonoids such as quercetin, fisetin, rutin, luteolin,
myricetin, and kaempferol, as well as phenolic acids as substrates [28,31,33,34]. Therefore, the reduction
of flavonoids that was observed during the fermentation of the TVSB extract is suggested to be
mediated by polyphenol oxidases that are secreted from F. fraxinea.
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Figure 3. Changes of individual flavonoid compounds during the fermentation of TVSB by F. fraxinea.
HPLC chromatograms (A), contents of individual flavonoids (B). Error bars are the standard deviations
of triplicate measurements.

2.3. Changes of PGG

Gallotannin appears to have important biological roles including antioxidant,
antibacterial, anti-inflammatory, anti-hypoglycemic, anti-angiogenic, and anti-cancer activities.
1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG), which is a gallotannin, are widely distributed in fruit,
berries, and woody plants. PGG and its hydrolysates are among the main groups of antioxidant
polyphenols in UTVSB. They have attracted attention in recent years due to their beneficial properties
for human health [16,23]. In this study, PGG, gallic acid, and methyl gallate were detected as
gallotannins in UTVSB.

PGG content decreased from 5590.0 ± 324.5 μg/g DW in UTVSB to 1580.0 ± 282.2 μg/g DW
(71.7% decrease) and 1452.9 ± 211.9 μg/g DW (74.0% decrease) after 10 and 13 days of fermentation,
respectively. Only slight changes in PGG content were observed from day 13 to day 22 of fermentation
(Figure 4). Gallic acid and methyl gallate contents also showed noticeable decreases within seven days
from the start of fermentation.

Figure 4. Changes of 1,2,3,4,6-penta-O-galloyl-β-D-glucose (PGG) and its metabolites gallic acid and
methyl gallate during the fermentation of TVSB by F. fraxinea. Error bars are the standard deviations of
triplicate measurements.
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2.4. Characterization of PGG Hydrolysates by HPLC-MS

Gallotannins are important bioactive compounds in medicinal plants. PGG is especially abundant
in the TVSB [25]. This compound showed a consistent decrease during the initial stage of fermentation,
as shown in Figure 4. HPLC analysis (Figure 5B) revealed the formation of new peaks in the
80% methanol extract of fermented TVSB that were not detected in the similar extract of UTVSB
(Figure 5A). These peaks were then tentatively identified by HPLC-MS analysis. Total ion current
(TIC) chromatograms of the 80% methanol extract from 10-day fermented TVSB and the hydrolysate
of PGG by crude enzyme preparation isolated from fermented TVSB are shown in Figure 6. Forty-two
compounds in the fermented TVSB and 40 compounds in PGG hydrolysate were identified tentatively
(Table 1).

 
Figure 5. HPLC profiles (at 310 nm) of 80% methanol extracts of the unfermented Toxicodendron
vernicifluum stem bark (UTVSB) (A) and 10-day fermented TVSB (B).

Figure 6. Total ion current (TIC) chromatograms of 10-day fermented TVSB (A) and PGG hydrolysate
(B) by a crude enzyme preparation isolated from fermented TVSB.
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The peak 1 at 0.714 min was identified as gallic acid based on a quasimolecular ion at m/z 169.0
[M − H]−. Peaks 2 and 4, which were detected in both samples, showed the same quasimolecular ions
at m/z 331.1 [M − H]− in the negative electrospray ionization mass spectrometry (ESI-MS) spectra and
λmax at 276 nm. These compounds possessed one hexosyl moiety (162 amu) more than the fragment
of peak 1 (gallic acid). Thus, these compounds were characterized as monogalloylglucose (MGG)
isomers. Thirteen isomers (peaks 3, 5, 6, 11, 12, 13, 16, 17, and 19–23) detected in fermented TVSB
showed a quasimolecular ion at 483.1 [M − H]− with λmax at 273–276 nm.

Table 1. Compounds detected in fermented TVSB and PGG hydrolysate by crude enzyme preparation
isolated from fermented TVSB.

Peak
No.

tR
(min)

UV
(λmax, nm)

[M − H]−
(m/z)

Other Fragment
(m/z)

Identification
Detection

FTVSB PGGH

1 0.714 272 169.0 331.1 Gallic acid O X
2 1.264 276 331.1 445.1, 271.0 MGG O O
3 1.699 276 483.1 597.0, 224.9 DGG O O
4 1.890 276 331.1 445.1, 270.9 MGG (isomer) O O
5 2.371 276 483.1 597.0 DGG (isomer) O O
6 2.781 273 483.1 181.0, 597.0 DGG (isomer) O O
7 3.141 255.1 123.0 Unidentified X O
8 3.500 301.0 415.0, 197.8 Unidentified O O
9 5.848 276 183.1 375.1 Methyl gallate O O
10 6.464 283.0 396.8 Unidentified O O
11 6.744 276 483.1 241.0, 596.9 DGG (isomer) O O
12 6.950 275 483.1 597.1, 241.1 DGG (isomer) X O
13 7.118 273 483.1 597.0, 241.0 DGG (isomer) O O
14 7.234 276 225.1 483.1, 339.0 Unidentified O O
15 7.449 283.1 397.0, 575.0 Unidentified X O
16 7.692 275 483.1 241.1, 597.0 DGG (isomer) X O
17 7.799 275 483.1 597.0, 241.1 DGG (isomer) O O
18 7.991 283.1 397.1 Unidentified O O
19 8.215 277 483.1 241.0, 597.0 DGG (isomer) O O
20 8.313 277 483.1 597.0, 241.1 DGG (isomer) O O
21 8.658 216, 273 483.1 597.1, 241.0 DGG (isomer) X O
22 8.803 216, 273 483.2 597.0, 295.0 DGG (isomer) X O
23 8.962 275 483.2 597.1, 241.0 DGG (isomer) O O
24 9.097 276 635.1 749.1, 317.1 TGG O O
25 9.111 216, 279 431.2 499.1, 563.1 Unidentified X O
26 9.386 216, 276 635.1 749.1, 317.2 TGG (isomer) O O
27 9.578 217, 276 635.1 317.1 TGG (isomer) O O
28 9.708 216, 276 635.1 749.1, 317.1 TGG (isomer) O O
29 9.979 216, 276 635.1 317.0, 169.0 TGG (isomer) O O
30 10.315 217, 278 635.1 317.1, 169.0 TGG (isomer) O O
31 10.502 217, 278 635.1 317.2 TGG (isomer) O O
32 10.777 217, 278 787.1 635.1, 393.1 TeGG O O
33 11.057 217, 278 635.1 317.1, 749.1 TGG (isomer) O O
34 11.225 218, 277 787.1 393.2, 309.0 TeGG (isomer) O O
35 11.328 217, 278 635.1 317.2, 749.0 TGG (isomer) X O
36 11.688 217, 238 301.0 610.9 Ellagic acid O O
37 11.790 217, 278 787.1 393.2, 301.1 TeGG (isomer) O O
38 12.005 217, 279 787.1 393.2 TeGG (isomer) O O
39 12.280 217, 279 787.1 393.1 TeGG (isomer) O O
40 13.195 217, 279 787.1 393.1 TeGG (isomer) O X
41 13.256 217, 279 939.1 469.1 PGG O O
42 13.503 316, 360 285.1 113.0 Fisetin O X
43 14.344 255.1 432.9 Unidentified O X
44 14.549 401.0 287.2, 723.4 Unidentified O X
45 14.806 209.1 539.1 Unidentified O X
46 15.441 265, 264 301.1 415.1, 603.0 Quercetin O X
47 16.430 423.1 271.1, 536.9 Unidentified O X
48 16.995 261, 379 271.1 551.1, 385.1 Butein O X
49 21.014 417.1 531.0 Unidentified O X
50 23.105 653.0 539.0, 518.7 Unidentified O X

DGG: digalloylglucose; FTVSB, 10-days fermented TVSB; MGG: monogalloylglucose; PGGH, PGG hydrolysate; O,
detected; TeGG: tetragalloylglucose; TGG: trigalloylglucose; X, not detected.
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These compounds possessed one galloyl moiety (152 amu) more than monogalloylglucose.
Accordingly, these compounds were tentatively characterized as digalloylglucose (DGG) isomers.
In a similar manner, nine isomers (peaks 24, 26–31, 33, and 35) showed quasimolecular ions at m/z
635.1 [M − H]− and similar UV profiles. They possessed one galloyl moiety (152 amu) more than
DGG. These compounds were characterized as trigalloylglucose (TGG) isomers. Six isomers at peaks
32, 34, and 37–40 were also suggested as tetragalloylglucose (TeGG) isomers by their quasimolecular
ion at m/z 787.1 [M − H]− and UV profiles (λmax at 273–276 nm). The mass spectra of oligomeric
galloylglucoses that were identified in both samples are presented in Figure 7.

 
Figure 7. LC-MS spectra of PGG and its hydrolysates identified in fermented TVSB.

Some of these PGG hydrolysates have been previously found in Euvcalyptus nitens wood [35],
mango [36], Rhus coriaria [37], Psidium guineense, Syzygium cumini, Pouteria macrophylla [38], and the
degradation products of tannin by Aspergillus niger [39]. These compounds can affect the expression
of biological activities of target plants. In addition, galloylglucose oligomers may have more potent
antioxidant activities than PGG or ascorbic acid [40]. Generally, microbial tannase (E.C.3.1.1.20)
hydrolyses the ester and depside bonds of gallotannins and PGG to produce gallic acid and methyl
gallate as end products [41,42]. However, the PGG-degrading enzyme from F. fraxinea in this study
catalyzed the hydrolysis of the bonds that were present in the molecules of PGG to produce oligomeric
galloylglucoses—mainly DGG, TGG, and TeGG—instead of gallic acid. In addition, peak 36 was
tentatively identified as ellagic acid based on its quasimolecular ion at 301.0 [M − H]− and its UV
profile. Peaks 42, 46, and 48 with quasimolecular ions [M − H]− of m/z 285.1, m/z 301.1, and m/z 271.1
were identified as fisetin, quercetin, and butein, respectively. These compounds have been previously
reported as the major bioactive components of T. vernicifluum [24,25].
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2.5. Changes of Antioxidant Activities

Due to the differences in the theoretical bases of different antioxidant measurements, a single
antioxidant property model can hardly reflect the antioxidant capacity of the samples [43]. For this
reason, three model systems, i.e., 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity,
2,2′-azino-bis(3-ethylbenzothiazoline-6- sulfonic acid) (ABTS) radical scavenging activity, and ferric
reducing/antioxidant power (FRAP) were used to evaluate the antioxidant properties of fermented
TVSB. DPPH and ABTS rely on the reaction of radicals and cation radicals, respectively, and the
FRAP method relies on the reduction by the antioxidant components of complex ferric ion–TPTZ
(2,4,6-tri(2-pyridyl)-s-triazine). A study by Gorinstein et al. [44] observed a high correlation of
antioxidant capacities measured by ABTS, DPPH, and FRAP assays in some fruits, while Pellegrini
et al. [45] reported a weak correlation on antioxidant capacity measured by FRAP and ABTS assays
in some vegetables and beverages. The results of changes in antioxidant capacities are presented in
Figure 8. DPPH radical scavenging activity rapidly decreased from 82.45 ± 1.41% in unfermented
TVSB (day 0) to 21.31 ± 1.35% after nine days and 15.88 ± 0.85% after 12 days of fermentation, while no
significant change was observed thereafter until 22 days. The antioxidant properties of T. vernicifluum
stem and bark can be explained by the higher contents of phenolic compounds such as fustin, fisetin,
sulfuretin, quercetin, gallotannins, and urushiols [6,7].

 
Figure 8. Changes of antioxidant activities during fermentation of TVSB by F. fraxinea. Different
letters indicate values that are significantly different by Duncan’s multiple range test at 5%
level. TEAC, Trolox equivalent antioxidant capacity. DPPH, 2,2-diphenyl-1-picrylhydrazyl; ABTS,
2,2′-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid; FRAP, ferric reducing antioxidant power.
Error bars are the standard deviations of triplicate measurements.

ABTS radical scavenging activity as an inhibition percentage (%) showed a significant decrease
(p < 0.05) from 99.83 ± 1.96% in the unfermented sample to 67.85 ± 9.40% and 53.04 ± 2.11% after nine
and 15 days of fermentation, respectively. No meaningful change was observed thereafter until 22 days.
Trolox equivalent antioxidant capacity (TEAC) is a method that provides information on the overall
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status of antioxidants within a test sample, and has proven to be a useful indicator for determining
the ability of an organism to mitigate the potential damage caused by reactive oxygen species. It has
been widely used for studying the antioxidant capacity of phytochemicals and biological samples [46].
In this study, the TEAC value also decreased from 9.89 ± 0.06 mM TE/g DW in the unfermented
sample to 6.82 ± 0.03 mM TE/g DW (31% decrease) and 6.29 ± 0.03 mM TE/g DW (36.4% decrease)
after nine and 15 days of fermentation, respectively, with no significant change until 22 days. Similarly,
the FRAP value decreased significantly (p < 0.05) during the first 12 days of fermentation. It decreased
by 57.3% (from 18.39 ± 0.10 to 7.85 ± 0.21 mM/g DW), with no significant decrease observed thereafter
until 22 days.

Phenolic compounds can be enzymatically oxidized and polymerized by polyphenol oxidases
such as laccases or tyrosinases. Previous studies have reported that oxidized products, polymers,
and aggregates exhibit stronger antioxidant activities than their corresponding monomeric
flavonoids [34,47–49]. However, it can be clearly observed that fermented TVSB still retained
antioxidant activities, although it was relatively weaker compared to that of UTVSB. Kim et al. [7]
reported that the methanol and ethyl acetate fractions of fermented TVSB by F. fraxinea showed
higher radical scavenging and reducing power activities than those of synthetic antioxidant butylated
hydroxyanisole (BHA) and butylated hydroxytoluene (BHT). Therefore, fermented TVSB might be
more preferable than the above synthetic antioxidant products. Oligomeric galloylglucoses that
originated from PGG such as MGG, DGG, TGG, and TeGG may also have contributed to the antioxidant
activities of fermented TVSB.

3. Materials and Methods

3.1. Plant Material

TVSB was collected from a 10-year-old tree that had been cultivated in Imsil-Gun, Chonbuk
Province, Republic of Korea in October 2015. The plant material was authenticated by one of the
authors (M.K. Kim). A voucher was deposited at the Fermentation Laboratory, Department of Food
Science and Biotechnology, Chonbuk National University, Jeonju 54896, Jeonbuk, Republic of Korea.
The fresh TVSB was air-dried (60 ◦C) for 24 hours and kept at room temperature (20 ◦C) until used for
further experiments within one week.

3.2. Chemicals

Urushiol standards (C15:3, C15:2, C15:1) were purchased from Phytolab GmbH and Co.
(Dutendorfer Straße, Vestenbergsgreuth, Germany). Fustin, fisetin, sulfuretin, and butein
were purchased from Chromadex Co. (Irvine, CA, USA). Gallic acid, methyl gallate,
quercetin, taxifolin, PGG, Folin-Ciocalteu reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
2,2′-azino -bis(3-ethylbenzothiazoline-6-sulfonic acid), diammonium salt (ABTS), 6-hydroxy-2,5,7,8
-tetramethylchromane-2-carboxylic acid (Trolox), 2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), potassium
persulfate, tannic acid, bovine serum albumin (BSA), and sodium dodecyl sulfate (SDS) were purchased
from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade methanol, acetonitrile, and deionized water
were purchased from J.T. Baker Co. (Phillipsburg, NJ, USA). All of the other reagents were of
analytical grade.

3.3. Microorganism and Culture Conditions

The strain of Fomitella fraxinea (Bull.) Imazeki (KACC 42289) was kindly donated by the Korean
Agricultural Culture Collection (KACC) of the Rural Development Administration (RDA), Wanju,
Jeonbuk, Republic of Korea.
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3.4. Fermentation of TVSB by F. fraxinea

The strain was preincubated onto potato dextrose agar (Becton, Dickinson and Company, Sparks,
MD, USA) for six days at 25 ◦C. Sterilization of the culture media was performed at 121 ◦C for
30 min. The preincubated strain was inoculated into germinated-malt medium (11 Brix◦) saccharified
at 65 ◦C with four-fold tap water (v/v) for eight hours, and then cultured for two weeks at 25–26 ◦C
with gentle shaking (120 rpm) using an orbital shaker (model SK-600, Jeiotech Co., LTD. Daejon,
Korea). The air-dried TVSB of crushed coarse powder was placed in an Erlenmeyer flask (500 mL).
The moisture content of each powdered sample (100 g) was then adjusted to approximately 65% with
tap water. Each flask was sterilized at 121 ◦C for 30 min. The day-0 (control) sample was freeze-dried
immediately and stored at −20 ◦C until further analysis. The remaining samples were inoculated
with five mL of F. fraxinea liquid culture except for the unfermented (matched controls) and incubated
at room temperature (25–26 ◦C) with gentle shaking (120 rpm) for each required time frame before
further analysis. All of the fermentations were set up on the same day, and each sample for the specific
time point was retrieved with its matched control at the same time. Each sample was then freeze-dried
at the end of each time frame and stored until use.

3.5. Extraction and HPLC Analysis of Urushiols.

3.5.1. Extraction

A powdered sample (1.0 g) of UTVSB and fermented TVSB was extracted twice with 20 mL
of acetone in an ultrasonic bath (Hwa Shin Instrument Co., Ltd., Seoul, Korea) for 20 min at room
temperature and centrifuged at 5000 rpm for 15 min. Supernatants were combined and concentrated
under vacuum at 45 ◦C, and the residue was dissolved in acetone (five mL).

3.5.2. Thin-Layer Chromatography (TLC) Analysis

TLC was carried out for the extracted samples as follows. The developing solvent was a mixture
of chloroform–methanol–water (65:35:10, lower phase). The spots were detected either under UV
(254 nm) or by spraying a 10% CuSO4 solution in an 8% H2SO4 solution followed by heating at 110 ◦C
for 10 min.

3.5.3. HPLC Analysis

The standard stock solution of urushiols was prepared at a concentration of 1000 μg/mL in
acetone. The stock solution was serially diluted with acetone to obtain a calibration curve at seven
concentration levels (10–500 μg/mL) for C15 and C15:1 and at 5–250 μg/mL for C15:2. HPLC analysis
was performed using an HPLC system (Waters, Milford, MA, USA) equipped with a 2690 separation
module and 996 photodiode array (PDA) detector with a YMC-Pak Pro C18 column (4.6 mm × 250
mm, five μm; YMC Co., LTD, Tokyo, Japan). The mobile phase was 90% MeOH in deionized water at
a flow rate of 1.0 mL/min (isocratic) with an injection volume of 10 μL. The UV detection wavelength
was set at 273 nm. The concentration of each constituent was calculated using the calibration curve
by plotting the peak area of the corresponding substance against the concentration (in μg/mL) of the
standard substance.

3.6. Extraction for Polyphenols and Gallotannins

A powdered sample (1.0 g) of UTVSB and fermented TVSB was extracted twice with 20 mL of
80% aqueous MeOH using an ultrasonic bath for 30 min and centrifuged at 5000 rpm for 15 min.
The supernatants was concentrated at 45 ◦C under reduced pressure, and the residue was dissolved in
80% methanol (five mL) for an analysis of total flavonoids, individual flavonoids, and gallotannins by
HPLC, and for antioxidant activity assay.

105



Molecules 2019, 24, 683

3.7. Total Phenol

The total phenolic content of the samples was determined according to a method described by
Chandra et al. [50] with some modifications. Briefly, an 80% MeOH extract (20 μL) of each sample
was mixed with a 50% Folin–Ciocalteu phenol reagent (20 μL) in 96-well plates. After five minutes,
one N of sodium carbonate (20 μL) was added to the mixture, and distilled water was added to reach
a final volume of 200 μL. After incubation at room temperature in the dark for 30 min, the absorbance
of a test sample against a blank was measured at a wavelength of 725 nm using a VersaMax ELISA
microplate leader (Molecular Devices, LLC, CA, USA). The phenolic content was calculated based on
a calibration curve of gallic acid. The result was expressed as mg of gallic acid equivalent (GAE) per
100 g of the dried sample.

3.8. Total Flavonoid

The total flavonoid content was measured according to a method described by Zhishen et al. [51]
with some modifications. Briefly, an 80% MeOH extract (30 μL) of each sample was mixed with
30 μL of 5% sodium nitrite solution. After five minutes of reaction, 300 μL of 5% aluminum chloride
was added. Then, 200 μL of one N of NaOH was added six minutes later, and the total volume
was adjusted to one mL with distilled water. The absorbance of the test sample against a blank was
measured at a wavelength of 510 nm with a Shimadzu UV-1601 spectrophotometer (Kyoto, Japan).
The flavonoid content was calculated using a calibration curve of rutin. The result was expressed as
mg rutin equivalent (RE) per 100 g of the dried sample.

3.9. HPLC Analysis of Individual Flavonoids

The stock solution was serially diluted with methanol to obtain seven concentration levels
(12.5–750 μg/mL) for each analyte to prepare a calibration curve. HPLC analysis was performed
using an HPLC system (Waters, Milford, MA, USA) equipped with a 2690 separation module and
a 996 photodiode array (PDA) detector with a ZORBAX Eclipse XDB C18 column (4.6 mm × 250 mm,
five μm; Agilent Technologies, Technologies, Inc., Santa Clara, CA, USA). The mobile phase was 0.1%
formic acid in ionized water (A) and 90% acetonitrile in water (B). The ratio of the mobile phase was
A:B mixed at 90:10 (zero to one minute), 20:80 (one to 15 min), and 90:10 (15–25 min) at a flow rate of
1.0 mL/min. The UV detection wavelength was set at 280 nm. The concentration of each constituent
was calculated using a calibration curve by plotting the peak area of the corresponding substance
against the concentration (μg/mL) of the standard substance.

3.10. Hydrolysis of PGG by Tannases

3.10.1. Preparation of PGG

PGG was prepared from tannic acid according to the method of Chen and Hagerman [52] with
slight modification. A sample of 5.0 g of tannic acid was methanolyzed in 100 mL of 70% aqueous
methanol in 0.1 M of sodium acetate (pH 5.00 at 65 ◦C) After methanolysis for 15 h, the pH of the
reaction mixture was adjusted to 6.0, and methanol was removed by evaporation under reduced
pressure below 35 ◦C. Water was added to maintain the volume, replacing evaporated methanol.
The resulting aqueous solution was sequentially extracted with three volumes of diethyl ether and
ethyl acetate. The ethyl acetate fraction was combined and evaporated under reduced pressure,
and then, distilled water was added to the ethyl acetate extract. The resulting milky suspension
was centrifuged for 15 min at 4500 rpm (model VS-550, Vision Scientific Co., LTD, Daejon, Korea).
The precipitate containing PGG was washed twice with 20 mL of ice-cold 2% aqueous methanol.
In the last step, the final material was obtained by freeze-drying. The material obtained was identified
as PGG by LC-MS and NMR spectroscopy (JEOL JNM-ECA 600 FT-NMR, Akishima, Tokyo, Japan)
as follows: UV, λmax 280 nm (methanol); ESI-LC-MS, m/z 939.2 [M − H]− (C41H32O26); 1H−NMR
(600 MHz, methanol-d4), δ 7.01 (2H, s), 6.95 (2H, s), 6.87 (2H, s), 6.84 (2H, s), 6.79 (2H, s), 6.13 (1H, d,
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J = 8.25 Hz), 5.81 (1H, t, J = 9.62 Hz), 5.51 (1H. dd, J = 9.62 Hz), 5.50 (1H, t, J = 9.62 Hz), 4.42 (1H, d,
J = 11.68 Hz), 4.30 (2H, m); 13C−NMR (150 Hz, methanol-d4), δ 168.05, 167.41, 167.14, 167.04, 166.33,
146.66 (x2), 146.58, 146.54, 146.48, 146.39, 140.87, 140.47 (x2) 140.41(x2), 140.24 (x2), 140.12 (x2), 121.15,
120.47, 120.34, 120.31, 119.84, 110.73 (x2), 110.57 (x2), 110.51 (x2), 110.48 (x2), 110.44 (x2), 93.93, 74.53,
74.22, 72.30, 69.91, 63.22.

3.10.2. Preparation of Crude Enzymes from Fermented TVSB

All of the procedures for the preparation of crude enzyme were carried out at 4 ◦C unless
otherwise indicated. TVSB (50 g) that had been fermented for 10 days with F. fraxinea was mixed with
500 mL of 0.1 M of sodium phosphate buffer (pH 5.5) with gentle stirring for four hours, and then
homogenized with an Omni mixer homogenizer (Omni International, Kennesaw, GA, USA) for one
minute. The homogenate was squeezed through a cheese cloth, and the filtrate was centrifuged at
10000 × g for 20 min. The crude enzyme containing tannase was prepared by solid ammonium sulfate
(30–80%) saturation. After centrifugation at 10000 × g for 20 min, the precipitate was dissolved in
10 mM of sodium acetate buffer (pH 5.5). After dialysis for 24 hours, the solution was centrifuged at
10000 × g for 20 min, and the supernatant was lyophilized.

3.10.3. Tannase Assay

Lyophilized crude enzyme preparation (50 mg) was dissolved in 10 mL of 0.1 M of sodium
acetate buffer (pH 5.5). Tannase activity was measured using the method of Mondal et al. [53] with
modifications. Briefly, the solution (150 μL) containing three mM of tannic acid (0.2 M of acetate buffer,
pH 5.5) as a substrate was added to 200 μL of crude enzyme, and the reaction solution was incubated
at 40 ◦C for 30 min. Subsequently, a BSA solution (1 mg/mL) was added to the flask and then kept at
room temperature for 15 min. The reaction solution was centrifuged (5000 rpm, 20 min) to remove the
supernatant, and 1.5 mL of SDS–triethanolamine solution was added to the precipitate. To stabilize the
color, 0.5 mL of 0.16% FeCl2 (0.01 N HCl) was added, and the mixture was allowed to stand at room
temperature for 15 min. Its absorbance was then measured at a wavelength of 530 nm. The calibration
curve was prepared using tannic acid under the same conditions. One unit (U) of tannase was defined
as the amount of enzyme that was required to hydrolyze 1.0 μM of tannic acid per minute under
specified conditions.

3.10.4. Enzymatic Hydrolysis of PGG

The reaction mixture (50 mL) containing 0.5 g of PGG in 2.5 mL of methanol and crude enzyme
preparation (30–80% ammonium sulfate precipitate) isolated from fermented TVSB or Asp. oryzae
tannase containing 30 U of tannase activity in 47.5 mL of 0.1 M sodium acetate buffer (pH 5.5) were
incubated for 12 hours at 45 ◦C with gentle shaking. After the reaction mixture was kept in a boiling
water bath for 10 min, it was subjected to HPLC and LC-MS analysis.

3.11. Analysis of PGG Hydrolysates in Fermented TVSB

3.11.1. HPLC

The standard solution was serially diluted with 80% methanol to obtain seven concentration levels
(12.5–750 μg/mL) for each compound to prepare a calibration curve. HPLC analysis was performed
using an HPLC system equipped with a 2690 separation module and a 996 photodiode array (PDA)
detector with a ZORBAX Eclipse XDB−C18 column. The mobile phase consisted of 0.1% formic acid
in ionized water (A) and 90 % acetonitrile in water (B). The ratio of A:B as the mobile phase was
maintained at 95:5 (zero to two minutes), 45:55 (two to 25 min), 40:60 (25 to 30 min), and 95:5 (30 to
40 min) at a flow rate of 0.8 mL/min. The UV detection wavelength was set at 310 nm.
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3.11.2. HPLC-MS

The powder of fermented TVSB (1.0 g) was extracted with 20 mL of acetone in an ultrasonic bath
(Hwa Shin Instrument Co., Ltd., Seoul, Korea) for 20 min at room temperature and centrifuged at
4500 rpm for 20 min. The residue was extracted one more time using the same solvent. The supernatant
was concentrated under vacuum at 45 ◦C, and the residue was dissolved in five mL of acetone.
A standard stock solution of urushiols was prepared at a concentration of 1000 μg/mL in acetone.
The stock solution was serially diluted with acetone to obtain a calibration curve at seven concentration
levels (10–500 μg/mL) for C15 and C15:1 , and at 5–250 μg/mL for C15:2.

HPLC-MS analysis was performed on an Agilent chromatographic system 1100 series (Agilent
Technologies, Santa Clara, CA, USA) equipped with a G1379A degasser, a G1312A binary pump,
a 1329A autosampler, and a G1316A column thermostat. The LC was coupled with an Agilent ion trap
1100 SL mass detector. Separation was performed using a reverse phase column Kinetex C18 (50 × 2.1
mm i. d., 2.6 μm, Phenomenex, Torrance, CA, USA). The mobile phase consisted of 0.1% formic acid in
water (A) and 0.1% formic acid in 90% acetonitrile with the following gradient program: zero to four
minutes, 90% A; four to 25 min, 90–40% A; 25 to 30 min, 40–90% A; and 30 to 35 min, 90% A. The flow
rate was set at 0.5 mL/min, and the temperature was set at 40 ◦C. The injection volume was two μL.
The MS was equipped with an electrospray ionization (ESI) interface in negative ion mode. The ESI
parameters were set as follows: ion source temperature, 350 ◦C; gas flow rate (nitrogen), 15 L/min;
nebulizer pressure, 40 psi pressure; capillary voltage, 3000 V; fragmentation voltage, 400 V; collision
energy, 0 V; and full-scan data acquisition, 50–1200 m/z.

3.12. Antioxidant Activity

3.12.1. DPPH Free Radical Scavenging Activity

The DPPH radical scavenging activity of the sample was determined according to the method
described by Thaipong et al. [54] with some modifications. Briefly, the extract (20 μL) was added to
an 80-μL DPPH solution (500 μM) and 100-μL Tris-HCl buffer (0.1 M). The mixture was incubated at
room temperature in the dark for 20 min. As a blank, the test was repeated using a buffer instead of
a sample. Absorbance was measured at a wavelength of 517 nm using a microplate leader, and the
scavenging activity of the extract was calculated against a blank as follows.

DPPH radical scavenging activity (%) = (1 − A0/A1) × 100 (1)

where A0 and A1 are the absorbance values of the test sample and control, respectively.

3.12.2. ABTS Free Radical Scavenging Activity

ABTS free radical scavenging activity was determined by the methods described by Thaipong
et al. [54] with some modifications. Briefly, a mixture of ABTS (7.4 mM) solution and potassium
persulfate (2.6 mM) solution in equal volumes was kept for 12 hours at room temperature in a dark
to form an ABTS cation. The solution was diluted by mixing with methanol to obtain an absorbance
of 1.0 ± 0.02 at 734 nm using a UV-Vis spectrophotometer. Then, 100 μL of the extract was added
to 1400 μL of the diluted ABTS solution, and the mixture was incubated at room temperature for
one hour in the dark. After the reaction, its absorbance was measured at a wavelength of 734 nm.
The calibration curve was linear between 25–400 μM Trolox. Results were expressed as μM Trolox
equivalent (TE) g dry weight, and the ABTS radical scavenging activity (%) was also calculated with
the following equation:

ABTS radical scavenging activity (%) = (1 − A0/A1) × 100 (2)

where A0 and A1 are the absorbance values of the test sample and control, respectively.
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3.12.3. Ferric Reducing/Antioxidant Power (FRAP)

Ferric reducing power was determined using FRAP assay [55] with some modification.
The working solution for FRAP assay was prepared by mixing 10 volumes of 300 mM of acetate
buffer, pH 3.6, with one volume of 10 mM of TPTZ in 40 mM of HCl, and with one volume of 20 mM
of ferric chloride. All of the required solutions were freshly prepared before their uses. A sample
extract (80 μL) was added to 1420 μL of FRAP reagent. The reaction mixture was incubated at room
temperature for 30 min in the dark. Then, the absorbance of the samples was measured at 593 nm.
The calibration curve was linear between 25–600 μM Trolox. Results were expressed as μM Trolox
equivalent (TE)/g dry weight.

3.13. Statistical Analysis

All of the experiments were performed in triplicate. All of the values were expressed as mean
± standard deviation (SD). All of the statistical analyses were performed with SPSS (ver. 10.1) for
Windows. One-way analysis of variance (ANOVA) and Duncan’s multiple range test was carried out
to test any significant difference among various treatments. Significant differences were determined at
p < 0.05.

4. Conclusions

Dynamic changes in urushiol congeners, polyphenols, gallotannins, and antioxidant activities
during the fermentation of TVSB by mushroom F. fraxinea to reduce or detoxify urushiols were
investigated. The content of urushiol congeners noticeably decreased within 10 days of fermentation
with a slow decrease thereafter until 22 days. The contents of total phenol, total flavonoid,
and individual flavonoids also decreased in similar patterns as those of the urushiols. PGG was
hydrolyzed during the fermentation process, resulting in the formation of a number of oligomeric
galloylglucoses isomers. These results indicate that PGG was mainly hydrolyzed into oligomeric
galloylglucoses (TeGG, TGG, DGG, and MGG) by tannin-hydrolyzing enzymes secreted from F. fraxinea
mycelia during fermentation. The overall decrease in antioxidant activity during the fermentation of
TVSB may be associated with a decrease in phenolic compounds. Nonetheless, the fermented TVSB
has to some extent retained strong antioxidant activity, although it is relatively weaker than that of
UTVSB. Oligomeric galloylglucoses such as MGG, DGG, TGG, and TeGG, which originated from PGG
may also have contributed to the antioxidant activity of fermented TVSB. Although TVSB extracts are
fermented for 20–28 days using F. fraxinea to be marketed as functional food raw materials in Korea,
the present study suggests that the optimal fermentation period to remove or reduce toxic urushiols
is between 13–16 days, with a minimized reduction of useful constituents such as flavonoids and
gallotannins. The findings in the present work also provide clear evidence for the need of additional
studies on the enzymatic characteristics of PGG-hydrolyzing enzymes secreted from F. fraxinea during
the fermentation of TVSB.
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Abstract: The aim of this study was to analyze the binding interactions between a common
antihypertensive drug (amlodipine besylate—AML) and the widely distributed plant flavonoid
quercetin (Q), in the presence of human serum albumin (HSA). Fluorescence analysis was
implemented to investigate the effect of ligands on albumin intrinsic fluorescence and to define
the binding and quenching properties. Further methods, such as circular dichroism and FT-IR, were
used to obtain more details. The data show that both of these compounds bind to Sudlow’s Site 1
on HSA and that there exists a competitive interaction between them. Q is able to displace AML
from its binding site and the presence of AML makes it easier for Q to bind. AML binds with the
lower affinity and if the binding site is already occupied by Q, it binds to the secondary binding site
inside the same hydrophobic pocket of Sudlow’s Site 1, with exactly the same affinity. Experimental
data were complemented with molecular docking studies. The obtained results provide useful
information about possible pharmacokinetic interactions upon simultaneous co-administration of the
food/dietary supplement and the antihypertensive drug.

Keywords: human serum albumin; amlodipine; quercetin; fluorescence; circular dichroism; FT-IR;
molecular modeling

1. Introduction

Human serum albumin (HSA) is the most prevalent protein in human plasma, constituting ~60%
of the total plasma protein content. Its structure and purpose have been studied in great detail and it
offers a wide variety of applications in research as well as in clinical medicine [1].

HSA and its ability to bind and transport a wide range of molecules (e.g., drugs, metabolites, fatty
acids, etc.) play a key role in drug distribution. The most well-known binding sites are Sudlow’s Site 1
(located at subdomain IIA and containing a tryptophan residue) and Site 2 (located on subdomain
IIIA) [2–4].
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HSA in the presence of multiple ligands creates a complex system, where several molecules may
or may not compete to bind to the same binding site. Since only the free fraction of the total amount of
drug is responsible for the therapeutic effect, these competitive displacement interactions should be
considered when administering multiple drugs [5].

The novel aspect of pharmacokinetic interaction which has arisen in the recent years is the
displacement of drugs from their binding sites by plant metabolites. Phenolic compounds like
flavonoids or tannins naturally occur in all plant materials, whether their use is dietary (the daily
intake of fresh fruit and vegetables) or medicinal (herbal teas and supplements). Several studies have
explored these interactions between selected drugs and various plant polyphenols, such as warfarin
with quercetin [6] and multiple other flavone, flavonol, and flavanone aglycones [7]; nifedipine with
rutin and baicalin [8]; ticagrelor with quercetin; rutin with baicalin [9]; propranolol with quercetin [10];
and gliclazide with quercetin [11]. All of these studies came to a common conclusion that flavonoids
bind with high affinity to HSA and are able to alter the binding of the other molecule.

Amlodipine (AML; Figure 1a) is a long-acting calcium channel blocker belonging to the
dihydropyridine derivatives group. Members of this group selectively inhibit the transmembrane
influx of calcium ions into vascular smooth muscle which causes a peripheral vasodilatation. AML is
widely used for the treatment of hypertension in the form of a besylate salt, often in combination with
other types of antihypertensives [12]. In vitro studies have shown that approximately 93% of circulating
amlodipine is bound to plasma proteins [13]. Other studies extensively proved that AML binds to the
Site 1 on HSA [14–17]. Its (S)-enantiomer binds to a higher extent than the (R)-enantiomer [18].

Quercetin (Q; Figure 1b) is one of the most commonly occurring flavonoids in any plant
material and one of the most abundant dietary flavonoids with an average daily consumption of
25–50 mg [19]. It is known for its strong antioxidant, anti-inflammatory, and venoprotective properties.
After consumption, quercetin undergoes an extensive glucuronide conjugation in liver. Four of the
five hydroxyl groups can be conjugated with glucuronic acid (with the exception of 5-hydroxyl group)
and the most common metabolite is quercetin-3-glucuronide [19,20]. Quercetin and its metabolites
strongly bind to HSA (99.4% for quercetin) and the main binding site is Sudlow’s Site 1 [6,9–11,21,22].

 
Figure 1. Structures of (a) amlodipine and (b) quercetin.

The aim of this study was to investigate a possibility of binding interactions between AML
and Q in the presence of HSA which, to the best of our knowledge, has not yet been studied.
The competitive binding was investigated first by fluorescence spectroscopy. A more detailed view
on conformational alterations of HSA was obtained by implementing circular dichroism and FT-IR
techniques. Molecular docking studies were used to complement the experimental data.

2. Results

2.1. Fluorescence Quenching and Enhancement

Fluorescence spectroscopy is one of the most widely used methods for study of protein–ligand
interactions due to its convenience, high reliability, and sensitivity. Intrinsic fluorescence of proteins is
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caused by aromatic amino acid residues, namely tryptophan (Trp), tyrosine (Tyr), and phenylalanine
(Phe). Trp fluorescence is usually dominant in the protein emission spectrum, with excitation
maximum wavelength at 295 nm and emission maximum wavelength at 350 nm. Tyrosine has
a quantum yield similar to tryptophan, but its emission spectrum is more narrowly distributed
on the wavelength scale, occurs at shorter wavelengths and is generally quenched in the protein
matrix. Fluorescence spectra are highly sensitive to changes on the environment around amino
acid residues: excited-state reactions, molecular rearrangements, changes in solvent polarity, energy
transfer, ground-state complex formation, and collisional quenching. These result in changes of the
fluorescence intensity (quenching or enhancement) and shifts in maximum wavelengths [23].

HSA structure consists of 585 amino acids with 18 Tyr residues and one Trp residue (located
at position 214), which is conveniently placed inside the hydrophobic pocket of the Sudlow’s
Site 1. HSA in solution presented a strong fluorescence emission with a peak maximum at 347 nm
when excitation wavelength was 295 nm. The studied drugs had no intrinsic fluorescence at these
wavelengths. However, increasing concentrations of AML and Q in the HSA solution result in
large-scale quenching of HSA intrinsic fluorescence (Figure 2), which indicates that both drugs bind
into the close proximity of Trp214 in Site 1. There is also a blue shift in the Q + HSA system spectra,
indicating that the polarity around Trp residue decreased. The AML + HSA system does not show any
considerable shift in maximum wavelengths.

Figure 2. The fluorescence emission spectra of (a) amlodipine besylate (AML) + human serum albumin
(HSA) and (b) Q + HSA systems at excitation λ = 295 nm. Conditions: T = 310.15 K, pH = 7.4. The HSA
concentration was 5 μM; AML concentrations were 0, 3.9, 7.8, 15.6, 31.25, 62.5, 125, 250, 333.3, and
500 μM; Q concentrations were 0, 1.95, 3.9, 7.8, 10.4, 15.6, 20.8, 31.25, 41.6, 62.5 and 83.3 μM.

Both studied drugs contain conjugated double bond systems in their structures (Figure 1).
AML shows observable fluorescence emission at λEX = 370 nm and λEM = 450 nm and Q shows weak
fluorescence emission at λEX = 375 nm and λEM = 540 nm. HSA does not show any intrinsic fluorescence
at these wavelengths. Therefore, we were also able to observe changes in ligand fluorescence emission.
Upon addition of HSA increasing concentrations into ligand solutions, we observed significant increase
of the ligand fluorescence for both AML and Q (Figure 3).

Quercetin fluorescence shows an unusual dual behavior, as described by Sengupta &
Sengupta [22]. At λEX = 375 nm we observed an enhancement of intrinsic fluorescence with a
significant blue shift at λEM = 525 nm, and in samples with higher concentrations of HSA, a second
peak with emission maximum at λEM = 450 nm appears, which is characteristic of its parent compound,
3-hydroxyflavone (Figure 3b). If we use a different excitation wavelength, λEX = 450 nm, which is a
selective excitation wavelength for Q + HSA ground-state complex, a single emission band appears
with a maximum at λEM = 525 nm (Figure 3c).

Fluorescence resonance energy transfer (FRET) occurs when the donor (in this case Trp214 of
HSA) and acceptor (in this case AML or Q) exist in a close proximity and the donor emission
spectrum overlaps with the absorption spectrum of the acceptor [23]. Figure 4 shows that both
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studied compounds provide an unusually strong spectral overlap. In Figure 2, both secondary
mixtures (AML + HSA and Q + HSA) show bands at λEM = 450 nm for AML and λEM = 530 nm for Q,
respectively. This behavior further supports that both compounds bind to the close proximity of Trp214.

Figure 3. The fluorescence emission spectra of ligand + HSA systems for (a) AML at λEX = 370 nm,
(b) Q at λEX = 375 nm, and (c) Q at λEX = 450 nm. In all experiments, the ligand concentration was
7.5 μM and HSA concentrations were 0 (line 0), 1.87 (line 1), 3.75 (line 2), 7.5 (line 3), 15 (line 4), 20
(line 5), and 30 (line 6) μM. Conditions: T = 310.15 K, pH = 7.4.

Figure 4. Comparison of absorption spectra of AML (red line), Q (blue line), and fluorescence emission
spectra of HSA (black line).

In order to find out if there was any interaction between the two studied compounds and
the binding site on HSA, we performed an analysis of ternary mixtures, [(Q + HSA) + AML] and
[(AML + HSA) + Q], respectively. The comparison of quenching curves in the binary and ternary
systems provides general information concerning the change of affinity of one drug to serum albumin
in the presence of another drug.

Figure 5 shows the quenching curves comparison of binary and ternary systems. In the case of
the AML binding, there was no discernible difference between the binary and the ternary systems
where HSA was preincubated with Q. This means that the presence or absence of Q did not influence
the ability of AML to bind to HSA. However, Figure 5b shows a case of a cooperative binding.
When AML is bound first, Q causes stronger fluorescence quenching. This could be explained by
allosteric modulation: the presence of AML inside the Sudlow’s Site 1 deforms the protein molecule in
a way that allows for better access and stronger binding of Q.

In order to investigate if any displacement interaction was present, it was necessary to also
observe the behavior of the firstly-added drug in ternary mixtures. Figure 6 shows the behavior of
the fluorescence enhancement bands (characteristic for ligand + HSA) of the firstly added ligand in
ternary mixtures. Upon addition of AML into Q + HSA system, we could see the band for Q + HSA
sample stays almost intact and there was only a slight displacement at the highest AML concentrations.
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On the contrary, upon addition of Q into AML + HSA system, the enhanced fluorescence band of
AML + HSA gradually decreased and that at the highest Q concentrations it was completely replaced
by the characteristic double fluorescence band of Q + HSA system as seen in Figure 3. Therefore we
can assume that Q was able to displace AML from its binding site, but in the case when Q was bound
first it was not displaced and both drugs were binding at the same time to Sudlow’s Site 1.

Figure 5. Quenching curves of HSA with AML (a) and with Q (b), respectively, for binary (black
squares) and ternary (red dots) systems. Conditions: T = 310.15 K, pH = 7.4. The HSA concentration
was 5 μM; AML and Q concentrations increased from 0 to 500 μM and from 0 to 83.3 μM, respectively.

Figure 6. The fluorescence emission spectra of ternary systems (a) (AML + HSA) + Q at λEX = 370 nm
and (b) (Q + HSA) + AML at λEX = 450 nm. Conditions: T = 310.15 K, pH = 7.4. The concentration of
HSA and firstly-added drug was 5 μM; Q and AML concentrations increased from 0 (line 0) to 83.3 μM
(line 10) and from 0 (line 0) to 500 μM (line 9), respectively.

2.2. Stern–Volmer Analysis

Fluorescence quenching can be described by the well-known Stern–Volmer equation:

F0/F = 1 + Kq [Q]

where F0 and F are the fluorescence intensities before and after a quencher addition, Kq is the
Stern–Volmer quenching constant, and [Q] is the quencher’s concentration [23].

It is possible to determine the type of fluorescence quenching by obtaining the Kq value at various
temperatures. For AML the difference between Stern–Volmer plots at different temperatures is almost
nonexistent and the plots display a slight upward curvature, concave towards the y-axis (Figure 7a).
This is characteristic for the combination of static and dynamic quenching and the decrease of Kq

with the increasing temperature is compensated by the increase of KS (an association constant of
static quenching). However, in high molar ratios, such as in this experiment, the upward curvature is

117



Molecules 2019, 24, 487

rather caused by the extreme concentrations of the quencher molecule. As the quencher concentration
increases, the probability increases that a quencher is within the first solvent shell of the fluorophore at
the moment of excitation. These closely spaced fluorophore–quencher pairs are immediately quenched
upon excitation, and thus appear to be dark complexes [23]. Still, from the fact that the Kq value stays
the same for all temperatures, we can conclude the quenching mechanism is a combination of static
and dynamic quenching.

Figure 7b shows that for Q the Kq value significantly decreases with the increasing
temperature, therefore the type of fluorescence quenching present is the static one characteristic by a
fluorophore–ligand complex formation. This is in an agreement with the fluorescence enhancement
experiments where we observed a specific emission band for Q + HSA ground-state complex. Q + HSA
system similarly suffered from an extreme upward curvature at the highest concentrations (data not
shown). Therefore, for the Kq calculations we used the first seven samples from each dataset starting
from the lowest quencher concentration to avoid the distortion caused by extreme concentrations.

From Kq we were able to determine the accessibility of fluorophores for quenching using the
following equation.

Kq = kq × τ0

where kq is the bimolecular quenching constant and τ0 is the average fluorescence lifetime of the
fluorophore without quencher (10−8 s for Trp) [23]. Table 1 is listing the Kq and kq values for all
binary and ternary systems at 310.15 K. The Kq values further support the behavior described by
Figure 5. Values of kq are larger than the maximum scattering collision quenching constant kq

(2.0 × 1010 L mol−1 s−1) for all systems, however the values for AML binding in both secondary
and ternary systems are one order of magnitude lower than those of Q which might support the
combination of static and dynamic quenching.

Figure 7. Stern–Volmer plots for (a) AML + HSA and (b) Q + HSA systems at different temperatures
and λEX = 295 nm. The HSA concentration was 5 μM; AML and Q concentrations increased from 0 to
500 μM and from 0 to 31.25 μM, respectively.

Table 1. The values of Stern–Volmer quenching constants (Kq), bimolecular quenching rate constants
(kq), correlation coefficients of Stern–Volmer curves (R), binding constants (KD), and Gibbs free energy
(ΔG) for the binary and ternary systems at λEX = 295 nm and T = 310.15 K.

System Kq [103 M−1] kq [1011 M−1s−1] R KD [μM] ΔG [kJ mol−1]

AML + HSA 5.35 ± 0.09 5.35 ± 0.09 0.9998 183.77 ± 25.28 −22.181
Q + HSA 15.23 ± 1.89 15.23 ± 1.89 0.9756 6.48 ± 2.01 −30.807

(Q +HSA) +AML 5.07 ± 0.07 5.07 ± 0.07 0.9998 192.81 ± 24.09 −22.057
(AML + HSA) + Q 76.02 ± 1.35 76.02 ± 1.35 0.9989 2.39 ± 0.32 −33.379
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2.3. UV Absorption Measurements

Careful examination of the absorption spectra of the fluorophore is an additional method
to distinguish static and dynamic quenching. Collisional quenching affects the excited states of
the fluorophores only and thus no changes in the absorption spectra are expected. In contrast,
ground-state complex formation will frequently result in perturbation of the absorption spectrum of
the fluorophore [23].

In order to investigate this possibility, we performed UV absorption measurements of the systems
from Figure 3 and focused on ligand absorption. In Figure 8 we see that the AML absorption band
undergoes some minor changes in the intensity and no changes in the band shape. On the contrary, the
UV absorption spectra of Q changes dramatically, with changes in the shape and the band maximum
shifts from 375 nm (pure quercetin) to 407 nm (Q + HSA ground-state complex). These findings further
confirm the results of Stern–Volmer analysis: Q forms a ground-state complex with Trp214 and AML
quenches the HSA fluorescence by combination of static and dynamic quenching.

Figure 8. The UV absorption spectra of ligand + HSA systems for (a) AML and (b) Q. In all experiments,
ligand concentration was 7.5 μM and HSA concentrations were 0 (black line), 1.87 (red line), 3.75
(blue line), 7.5 (pink line), 15 (green line), 20 (dark blue line), and 30 (purple line) μM. Conditions:
T = 310.15 K, pH = 7.4.

2.4. Binding Constant Analysis

Analysis of binding constants and thermodynamic parameters plays an important role in
pharmacokinetic research. According to Klotz [24], widely used linear expression of fluorescence
data (i.e., Scatchard plot) is not suitable for obtaining both the KD value and the number of binding
sites from a single dataset since in order to do that, at least two different measurements have to be
performed. Moreover, all linear transformations of binding data suffer from similar limitations: minor
nonlinearities are very difficult to detect and evaluate, point-spread masks the inaccuracies caused by
titration errors, but most importantly, all linear transformations of binding data invalidate the rules for
applying a linear transformation to a dataset.

Lissi et al. [25] also confirmed that values for n (“number of binding sites”) obtained from the
Scatchard plot were significantly different from values obtained by ultracentrifugation experiments.
Suspiciously, all values of n from several dozens of published research articles are very close to one
and much smaller than values obtained by ultracentrifugation experiments. There is also a common
discrepancy in the actual meaning of n in this equation—where most research articles label it as
“number of binding sites”, it in fact represents the stoichiometry of the binding step.

Therefore we used a more simplistic approach by using the DynaFit software script. Data input
consisted of [Ltotal] (total ligand concentrations) as the variable reactant concentrations, [Ptotal] (total
protein concentration) as the fixed reactant concentration, and F/F0 as the experimentally observed
value. The software creates a semilogarithmic plot of F/F0 vs [Lfree] (free ligand concentration) and
determines the KD value by finding the halfway point in the sigmoid-shaped curve.
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The results are displayed in Table 1. We can see that AML binding is two factors of ten weaker
than that of Q. This result supports the observations that Q forms a ground-state complex and is able to
displace AML from its binding site. From the comparison of KD values for binary and ternary mixtures
we can (in correlation with Figure 5) similarly conclude that the presence of Q does not change the
binding affinity of AML and the presence of AML significantly increased the binding affinity of Q.

From KD values we were also able to calculate the values of ΔG (Gibbs free energy) using the
following equation.

ΔG = −RT ln (cθ/KD)

In which, R is the ideal gas constant, T the temperature, and the standard reference concentration
cθ = 1 mol/L. All ΔG values for all systems were negative. Therefore, it can be inferred that the binding
interaction of HSA with all systems is spontaneous and enthalpy driven.

2.5. Circular Dichroism Measurements

Circular dichroism spectroscopy is a valuable technique for detecting changes in the protein
secondary and tertiary structure. In order to obtain an insight into the HSA structure, the far-UV
(200–260 nm) and the near-UV (250–340 nm) CD spectra were recorded in the presence or absence
of drugs in six molar ratios of ligands to protein (L/P) (0, 0.5, 1, 2, 3, and 4) for both binary and
ternary systems.

The far-UV CD spectrum of HSA showed two negative minima in the UV region at 208 nm and
222 nm, which is characteristic of the α-helical structure of the protein. The spectral profiles of the
binary systems shown in Figure 9 indicate that the binding of Q or AML induced a minor perturbation
in the HSA secondary structure. Table 2 lists the α-helix percentage values for all molar ratios. We can
see that upon binding of AML, the protein reaches the maximum α-helix content at molar ratio 1:1
and then decreases again. The sample with Q, similarly, reaches maximum α-helix content at molar
ratio 1:1 and the value continues to fluctuate around the similar percentage upon adding more Q into
the solution.

The near-UV CD spectrum is a useful tool for observation of the protein tertiary structure.
Figure 10 shows the spectra for all binary and ternary systems. We can see that AML caused minimal
changes in the CD spectrum. On the contrary, we see that upon addition of Q, the spectrum of HSA
shows major perturbations of the tertiary structure, both in Tyr and Trp range (275–287 nm and
285–305 nm, respectively) [26] which is in agreement with the study by Zsila et al. [27]. In ternary
mixtures we can see that upon addition of AML into Q + HSA system there was a small interaction in
the Trp range which supports the claim that in the presence of Q, AML binds to a slightly different
binding site near Trp214. In the vice versa situation, preincubation with AML caused a small decrease
of quercetin’s Trp-range CD band and a small increase of Tyr-range CD band.

Figure 9. Far-UV CD spectra of (a) AML + HSA and (b) Q + HSA systems. Conditions: T = 310.15 K,
pH = 7.4. The HSA concentration was 1 μM; AML or Q concentrations increased from 0 to 4 μM.
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Table 2. The values of α-helix percentages for binary systems AML + HSA and Q + HSA.

System Ratio Protein:Ligand α-Helix Content [%]

AML + HSA

1:0 59.1 ± 1.0
1:0.5 63.6 ± 0.3
1:1 64.7 ± 0.2
1:2 64.1 ± 0.3
1:3 62.5 ± 0.1
1:4 61.5 ± 0.7

Q + HSA

1:0 59.1 ± 1.0
1:0.5 63.0 ± 2.0
1:1 65.4 ± 0.5
1:2 65.2 ± 0.9
1:3 66.2 ± 0.7
1:4 66.3 ± 1.5

Figure 10. Near-UV CD spectra of (a) AML + HSA, (b) Q + HSA, (c) (Q + HSA) + AML, and
(d) (AML + HSA) + Q. Conditions: T = 310.15 K, pH = 7.4. The HSA concentration was 15 μM
while the concentrations of AML or Q were 7.5 μM (red line), 15 μM (blue line), 30 μM (pink line),
45 μM (green line), and 60 μM (dark blue line).

2.6. FT-IR

The secondary structure of HSA and its dynamics can be effectively studied by Fourier transform
infrared spectroscopy. All proteins, including HSA, possess the protein amide I band at 1650–1654 cm−1

(C=O stretching) and amide II band at 1540–1560 cm−1 (C–N stretch coupled with N–H bending mode),
which are related to the protein secondary structure [28]. The changes of the amide I and amide II
bands observed in the FT-IR spectra are related to the interaction of protein with the analyzed drug.
As shown in Figure 11, amide I band maxima for all studied samples are almost identical.
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That means binding AML or Q did not result in any major change in the secondary structure of
HSA. However, amide II bands of most ligand + HSA samples are slightly downshifted. This suggests
slightly different binding site near Trp214 for AML and Q, respectively. This supports our conclusions
based on the CD spectra analysis. Subtle changes in the local environment of both ligands could be
confirmed by deconvoluted band I analysis of all samples (spectra not shown), too. In short, three
main bands (in decreasing intensity of order, after rounding the wavelength values) for free HSA
are at 1651 cm−1 (random coil), 1660 cm−1 (α-helix), and 1667 cm−1 (β-turn); for the binary system
Q + HSA we found bands at 1652 cm−1 (α-helix), 1648 cm−1 (random coil), and 1656 cm−1 (α-helix);
for the binary system AML + HSA bands exist at 1660 cm−1 (α-helix), 1651 cm−1 (random coil), and
1667 cm−1 (β-turn); for the ternary system (Q + HSA) + AML we found bands at 1652 cm−1 (random
coil), 1656 cm−1 (α-helix), and 1661 cm−1 (β-turn); and for the ternary system (AML + HSA) + Q we
found bands at 1652 cm−1 (random coil), 1657 cm−1 (α-helix), and 1661 cm−1 (β-turn), respectively [29].
This confirms slightly different binding locations of quercetin and amlodipine in Site I of HSA as
proposed by our CD spectra analysis and docking results.

 

Figure 11. FT-IR spectra of HSA (red), AML+HSA (violet), Q+HSA (green), (AML + HSA) + Q
(aquamarine), and (Q + HSA) + AML (magenta).

2.7. Molecular Docking Study

Both ligands (Q and AML) were separately docked and the same binding Site I was found.
However, some difference in concrete position was discovered as shown by a superposition of best
docking results (Figure 12a,b). The space occupied by AML is defined by the following amino acids;
Tyr150, Glu153, Ser192, Lys195, Lys199, Trp214, Arg222, Leu238, His242, and Glu292. For Q, amino acids
Tyr150, Ser192, Lys195, Lys199, Trp214, Arg222, Leu238, Leu260, and Ala291 define its placement on HSA.

Different positioning of both ligands in binding Site I is fixed by different hydrogen bonds:
AML interacts through the oxygen (bearing an ethylamino group) with the amino group of Lys199;
the length of this hydrogen bond is 2.97 Å (Figure 13a). For Q, three hydrogen bonds were found
(Figure 13b) between

• - the carbonyl oxygen and the amino group of guanidine part of Arg222 (distance 3.46 Å),
• - the hydroxyl group on the C-3 and the amino group of Lys199 (3.43 Å), and
• - the hydroxyl group on the C-4′ and the hydroxyl group of Ser192 (3.35 Å)

These results support the interpretation of all our spectroscopic measurements.
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Figure 12. Superposition of the best docking placement of quercetin (magenta) and amlodipine (grey)
in site I of HSA (a) and a detailed view (b); always in the proximity of Trp214 (black).

 

Figure 13. Detailed view on hydrogen bonds between (a) AML and Lys199 or (b) Q and Ser192, Lys199

and Arg222, respectively, in HSA.

3. Discussion

Our results demonstrate for the first time, to the best of our knowledge, the binding interactions
between quercetin and amlodipine on human serum albumin. From the results shown above it can be
concluded that both drugs bind to the same primary binding site localized inside the Sudlow’s Site 1
on HSA and there exist a competitive interaction between them. Quercetin is binding with the higher
affinity and is able to displace amlodipine from its binding site. Amlodipine binds with the lower
affinity and if the binding site is already occupied by quercetin, it binds with the same affinity to the
secondary binding site inside the same hydrophobic pocket of Sudlow’s Site 1. The displacement of
amlodipine by quercetin may elevate the concentration of the unbound amlodipine in the serum which
might cause fluctuations in patient’s blood pressure or elevated risk of adverse side effects. However,
more studies, particularly in vivo monitoring of the free plasma levels of drugs, should be performed
to evaluate the magnitude and severity of this interaction.

These results help further the knowledge of binding interactions and are helpful for understanding
the interactions between plant compounds and drugs. In concurrence with other studies mentioned in
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this work, the plant compound–drug interactions are known to cause adverse side effects and therefore
should be treated with similar caution as any other drug–drug interaction.

4. Materials and Methods

4.1. Materials

Human serum albumin (recombinant, expressed in rice), amlodipine besylate (pharmaceutical
secondary standard), quercetin (≥95%, HPLC), and dimethylsulfoxide (DMSO; ≥99.5% (GC) plant
cell culture tested) were purchased from Sigma-Aldrich. Phosphate buffer (50 mM, pH 7.4) was
prepared from Na2HPO4 × 12 H2O and NaH2PO4 × 2 H2O (p.a., Centralchem, Slovakia). The HSA
stock solutions were prepared by dissolving an appropriate amount in phosphate buffer. AML stock
solutions were prepared by mixing an appropriate amount of the substance with phosphate buffer and
then heating the mixture to approx. 60 ◦C until completely dissolved. Quercetin stock solutions were
prepared by dissolving the substance in DMSO and then diluting in phosphate buffer to the required
concentration. DMSO concentration in final mixtures did not exceed 1% (v/v). Milli-Q water was used
for all the measurements.

4.2. Methods

4.2.1. Fluorescence Measurements

Fluorescence spectra were measured in triplicates on a FluoroMax 4 spectrofluorimeter (Horiba
Jobin Yvon Scientific, Edison, NJ, USA), equipped with a 1.0 cm path length quartz cell. The slit widths
for the excitation and emission were 3.0 nm for all measurements. The temperatures used for the
measurements were 298.15 K, 303.15 K, and 310.15 K, respectively. Samples were incubated for 2 min.
Buffer background was subtracted from the raw spectra. Fluorescence intensities were corrected for
the absorption of excitation light and reabsorption of emitted light to decrease the inner filter using the
following relationship [30]:

Fcor = Fobs × 10(Aex+Aem)/2

where Fcor and Fobs are the corrected and observed fluorescence intensities, respectively. Aex and Aem

are the absorbance values at excitation and emission wavelengths, respectively.

4.2.2. Binding Constant Analysis

Fluorescence spectral data after correction were used to calculate the dissociation constant (KD)
and Gibbs free energy (ΔG) for all studied systems. The 10 nm wide section around the fluorescence
maximum was selected and the fluorescence intensity values were added up to minimize the influence
of signal noise.

For evaluation and logarithmic plot fitting we used DynaFit software (DynaFit 4; BioKin, Ltd.:
Watertown, MA, USA, 2015) using a custom-written script.

4.2.3. UV Absorption Measurements

UV absorption spectra were performed on Infinite M200 Tecan (Männedorf, Switzerland) using
Sarstedt TC Plate 96 Well, Standard, F. The temperature was 310.15 K. Plates were incubated for 2 min.
Buffer background was subtracted from the raw spectra.

4.2.4. Circular Dichroism (CD) Measurements

The isothermal wavelength scan studies of HSA in the absence or the presence of Q and/or AML
were carried out in triplicates using a Chirascan CD spectrophotometer equipped with a Peltier type
temperature controller (Applied Photophysics Ltd., Leatherhead, UK). The instrument was flushed
with nitrogen with a flow rate of 5 L per minute, the path length was 1 mm, spectral bandwidth was
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set to 1 nm, the scan time per point to 5 s, and the temperature was set to 310.15 K. Buffer background
was subtracted from the raw spectra.

For the far-ultraviolet (far-UV) CD spectra (200–260 nm) the HSA concentration was 1 μM. For the
near-UV CD (250–340 nm) spectra an HSA concentration of 15 μM was used. Six molar ratios of
ligands to protein (L/P) (0, 0.5, 1, 2, 3, and 4) were investigated for both binary and ternary systems.

The far-UV spectral data were used to calculate the α-helix percentage using the following
equation [31].

α helix % =
−MRE208 nm − MREβ-sheets

−MREα-helix − MREβ-sheets
× 100

where MRE208 nm is the mean residue ellipticity value of the sample at the excitation wavelength of
208 nm, MREα-helix is the standardized value for a protein with 100% content of α-helixes and is equal
to 33,000, and MREβ-sheets is the standardized value for a protein with 100% content of β-sheets and is
equal to 4000.

The near-UV spectral data were evaluated by an empiric method described by Zsila et al. [26,32]
The spectra were brought down to a common baseline by subtracting the spectrum of pure HSA.

4.2.5. FT-IR

For this method, purified lyophilized crystallic samples were prepared. The concentrations of
HSA and ligands for the FT-IR spectra analyses were 10 μM and 80 μM, respectively. The solutions
were mixed and incubated for 15 min, then filtered through 30 kDa ultracentrifugation filters Amicon®

Ultra 0.5 mL using Hettich Universal 320 laboratory centrifuge. The filtrate was freeze-dried and used
as a FT-IR sample.

ATR-FT-IR spectra of all samples were recorded on a Nicolet 6700 FTIR spectrometer. All spectra
were taken on a germanium crystal with a resolution of 4 cm−1 and using 32 scans at 298 K. The number,
position and width of component bands were estimated by performing a Fourier self-deconvolution to
the protein infrared amide I band after subtraction of the free HSA spectrum from the sample ones
using Omnic 9 software (Thermo Fisher Scientific Inc.: Waltham, MA, USA). The featureless original
HSA spectrum between 2200 and 1800 cm−1 was the subtraction criterion.

4.2.6. Docking Study

Human serum albumin structure from the Protein Data Bank (PDB ID: 1E78A) was used for
calculations. Quercetin and amlodipine structures were created in ChemSketch software (ChemSketch,
version 12.01, Advanced Chemistry Development, Inc., Toronto, ON, Canada) and converted from
a *.mol file format to a *.pdb one by OpenBabel 2.3.2 and used without any optimization. To be
in line with conditions in fluorescence and CD experiments (pH = 7.4) a corresponding protonized
amlodipine molecule (based on ACD/ADME Suite version 5, Build 1339 prediction; Advanced
Chemistry Development, Inc.: Toronto, ON, Canada) was used for docking. A PatchDock web server
(http://bioinfo3d.cs.tau.ac.il/PatchDock/index.html) was used to dock (complex type: protein–small
ligand, clustering RMSD = 4.0). Best 10 docking solutions were evaluated for both ligands. Molecular
graphics images were produced using the UCSF Chimera 1.13 package (Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, CA, USA). Hydrogen
bonds were calculated using this package using relax constraints of 0.4 Å and 20.0 degrees, respectively.
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Abstract: The phytohormone salicylic acid (SA) is a secondary metabolite that regulates plant growth,
development and responses to stress. However, the role of SA in the biosynthesis of flavonoids
(a large class of secondary metabolites) in tea (Camellia sinensis L.) remains largely unknown. Here,
we show that exogenous methyl salicylate (MeSA, the methyl ester of SA) increased flavonoid
concentration in tea leaves in a dose-dependent manner. While a moderate concentration of MeSA
(1 mM) resulted in the highest increase in flavonoid concentration, a high concentration of MeSA
(5 mM) decreased flavonoid concentration in tea leaves. A time-course of flavonoid concentration
following 1 mM MeSA application showed that flavonoid concentration peaked at 2 days after
treatment and then gradually declined, reaching a concentration lower than that of control after
6 days. Consistent with the time course of flavonoid concentration, MeSA enhanced the activity of
phenylalanine ammonia-lyase (PAL, a key enzyme for the biosynthesis of flavonoids) as early as 12 h
after the treatment, which peaked after 1 day and then gradually declined upto 6 days. qRT-PCR
analysis of the genes involved in flavonoid biosynthesis revealed that exogenous MeSA upregulated
the expression of genes such as CsPAL, CsC4H, Cs4CL, CsCHS, CsCHI, CsF3H, CsDFR, CsANS and
CsUFGT in tea leaves. These results suggest a role for MeSA in modulating the flavonoid biosynthesis
in green tea leaves, which might have potential implications in manipulating the tea quality and
stress tolerance in tea plants.

Keywords: salicylic acid; flavonoids; phenylpropanoid pathway; phenylalanine ammonia-lyase
(PAL); tea quality

1. Introduction

Tea is the most popular non-alcoholic beverage consumed across the seven continents [1].
However, tea cultivation is mostly confined to Asia and Africa [2]. Green tea, which is produced
from the young shoots of Camellia sinensis (L.) Kuntze has a range of human health benefits, such as
anti-cancer, anti-inflammatory, anti-allergic and anti-obesity effects [3,4]. Flavonoids are the major
antioxidative constituents in tea leaves that function against cancer, cardiovascular disease, diabetes,
obesity and metabolic syndrome [5,6]. Flavan-3-ol type flavonoids, i.e., catechin compounds, impart
the characteristic astringency and bitterness to green tea infusions [7,8]. Catechins act as precursors of
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theaflavins and thearubigins that are developed during black tea processing [2]. Therefore, flavonoids
are considered as an important group of constituents that largely determine the quality of tea.

In plants, flavonoids biosynthesis occurs in the endoplasmic reticulum, from where they are
transported to different cellular compartments for specific functions [9,10]. Flavonoids are a large
and diverse group of secondary metabolites that are synthesized through a specific branch of
phenylpropanoid pathway [11,12]. Phenylalanine is the initial substrate of this pathway, which
is deaminated by the catalysis of phenylalanine ammonia-lyase (PAL), the first and a rate-limiting
enzyme that regulates overall carbon flux into phenylpropanoid metabolism due to its unique metabolic
position [13]. Stress conditions trigger flavonoid biosynthesis, possibly to scavenge overproduced
reactive oxygen species (ROS) [14]. In addition to the ability of flavonoids to scavenge ROS, role of
flavonoids as “signaling molecules” or “developmental regulators” have been revealed in plants [15].
Some flavonoids interact with hormone signaling and regulate plant organ development [16].

Plant hormones are important endogenous signal molecules that regulate a plethora of metabolic
processes and responses to stress [17]. Studies on the effect of plant hormones on flavonoid
concentration in tea revealed a largely hormone-specific response [11]. For example, exogenous
gibberellins (GA3) and abscisic acid (ABA) decrease flavonoid concentration [13,18], whereas
brassnosteroid application enhances endogenous flavonoid levels in tea leaves [7,8]. Salicylic acid (SA)
is an important plant hormone that primarily functions in the immune response [19]. Nonetheless,
roles of SA in plant growth, development and stress tolerance have also been revealed. Like flavonoids,
SA is also synthesized from phenylalanine via cinnamic acid [20]. Since both SA and flavonoids
are phenylpropanoid derivatives and have antioxidant capacity, SA application affects flavonoid
biosynthesis [20]. Nevertheless, the effect of methyl salicylate (MeSA, the methyl ester of SA) on
flavonoid biosynthesis in tea is largely unknown. In the present study, we show that exogenous MeSA
could increase flavonoid concentration in tea leaves, which is associated with the MeSA-induced
enhanced activity of PAL and transcriptional upregulation of genes involved in flavonoid biosynthesis.
Our results suggest that MeSA has a significant stimulatory effect on flavonoid biosynthetic pathway
which could be exploited to manipulate tea quality and stress tolerance.

2. Results

2.1. MeSA Increases Flavonoid Content in a Concentration-Dependent Manner

To assess whether exogenous MeSA could alter flavonoid levels in tea leaves, we analyzed the
flavonoid concentration after application of different concentrations of MeSA. The results showed
that moderate concentrations of MeSA (0.5–1 mM) increased flavonoid concentrations in tea leaves,
reaching the highest value with 1 mM MeSA (27.78% compared to control). However, higher
concentrations of MeSA either had no effect or negatively influenced flavonoid concentration in
tea leaves (Figure 1). A time course of flavonoid concentrations after 1 mM MeSA treatment showed
that flavonoid concentration began to rise after MeSA application, reaching the maximum level at
2 days post-treatment. For instance, flavonoid concentration increased by 30.64% and 29.91% after
1 and 2 days post treatment with MeSA, respectively as compared with that of control. Afterward,
flavonoid concentrations gradually decreased.

After 6 days, the level of flavonoids in MeSA-treated leaves decreased by 29.69% compared
with that of control (Figure 2). We also analyzed the total and individual catechin concentrations
at 2 days post treatment with 1 mM MeSA. The results showed that MeSA treatment significantly
increased the total catechin concentration in tea leaves which was attributed to significant increases
in (−)-epigallocatechin-3-gallate (EGCG), epicatechins gallate (ECG) and (−)-epigallocatechin (EGC).
However, (−)-catechin (C) and epicatechins (EC) concentrations were not altered by MeSA treatment
(Supplementary Figure S1).
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Figure 1. Effect of different concentrations of methyl salicylate (MeSA) on flavonoid concentrations in
tea leaves. Tea bushes were sprayed with different concentrations of MeSA (0, 0.5, 1, 2 and 5 mM) and
samples were harvested after 1 day for the biochemical analysis. The data of flavonoid concentrations
were expressed as the mean values ± SD, n = 6. Mean denoted by the different letters indicate significant
differences between the treatments (p < 0.05).

Figure 2. Time course of flavonoid concentration as influenced by exogenous methyl salicylate (MeSA)
as foliar spray. Leaf samples were harvested at indicated time-points following foliar spray with 1 mM
MeSA. The data of flavonoid concentrations were expressed as the mean values ± SD, n = 6.

2.2. Changes in PAL Activity after MeSA Application

Next, we analyzed the activity of PAL, the first enzyme of the phenylpropanoid pathway.
Consistent with the time-course of flavonoid concentration, the PAL activity increased gradually
after MeSA treatment, which peaked at 1 day after MeSA treatment (Figure 3). More precisely, the PAL
activity increased by 66.58% compared with that of control at 1 day after MeSA treatment. Then the
PAL activity in MeSA-treated leaves declined, but remained 36.70% and 23.90% higher than that of
control at 2 and 4 days post treatment, respectively, before reaching the level close to the control at
6 days post treatment (Figure 3). Although the PAL activity was differentially regulated by exogenous
MeSA at different time points, total soluble protein concentration was not remarkably affected by
MeSA in tea leaves (Supplementary Figure S2).
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Figure 3. Time course of the phenylalanine ammonia-lyase (PAL) activity as influenced by exogenous
methyl salicylate (MeSA). Tea bushes were sprayed with 1 mM MeSA. The data of PAL activity were
expressed as the mean values ± SD, n = 6.

2.3. MeSA Modulates Transcript Levels of Flavonoid Biosynthetic Genes

To clarify whether the MeSA-induced changes in flavonoid concentration were attributed to
concomitant changes in flavonoids biosynthesis, we analyzed the transcript levels of nine key genes
involved in flavonoid biosynthetic pathway (Figure 4a), such as PHENYLALANINE AMMONIA-LYASE
(PAL), CINNAMATE 4-HYDROXYLASE (C4H), p-COUMARATE:COA LIGASE (4CL), CHALCONE
SYNTHASE (CHS), CHALCONE ISOMERASE (CHI), FLAVANONE 3-HYDROXYLASE (F3H),
DIHYDROFLAVONOL 4-REDUCTASE (DFR), ANTHOCYANIDIN SYNTHASE (ANS) and UDP-
GLUCOSE FLAVONOID 3-O-GLUCOSYL TRANSFERASE (UFGT).

Figure 4. Effect of methyl salicylate on flavonoid biosynthetic pathway in tea leaves. (a) Nine key
genes involved in flavonoid biosynthesis are marked in bold letters in italic. Adopted and redrawn
from Li et al. [12]. (b) the expression of flavonoid biosynthetic genes in tea leaves. Transcript levels of
the genes were analyzed by qRT-PCR using gene-specific primer pairs (Supplementary Table S1) and
expressed as fold change relative to the control. Tea bushes were sprayed with 1 mM methyl salicylate
(MeSA) and samples were harvested after 1 day for qRT-PCR assay. The data are mean of 3 biological
replicates. Bars denoted by the different letters indicate significant differences between different
expression levels of flavonoid biosynthetic genes (p < 0.05). PHENYLALANINE AMMONIA-LYASE
(PAL), CINNAMATE 4-HYDROXYLASE (C4H), p-COUMARATE:COA LIGASE (4CL), CHALCONE
SYNTHASE (CHS), CHALCONE ISOMERASE (CHI), FLAVANONE 3-HYDROXYLASE (F3H),
DIHYDROFLAVONOL 4-REDUCTASE (DFR), ANTHOCYANIDIN SYNTHASE (ANS) and UDP-
GLUCOSE FLAVONOID 3-O-GLUCOSYL TRANSFERASE (UFGT).
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qRT-PCR analysis showed that exogenous MeSA caused approximately 3-fold increase in
transcript levels of CsPAL which was more or less consistent with the activity of PAL (Figure 3
or Figure 4b). Similarly, MeSA treatment increased the transcript levels of the rest of the genes, such
as CsC4H (2.4-fold), Cs4CL (1.5-fold), CsCHS (2.1-fold), CsCHI (2.6-fold), CsF3H (1.3-fold), CsDFR
(1.2-fold), CsANS (3.2-fold) and CsUFGT (1.8-fold) compared to that of control. These findings suggest
that exogenous MeSA differentially regulates transcription of different genes in flavonoid biosynthetic
pathway to increase flavonoid concentrations in tea leaves.

3. Discussion

Flavonoids are the key secondary metabolites that contribute to the value of plant products
from agronomic, industrial, and nutritional points of view [11]. Particularly, in case of green tea,
flavonoids impact not only the tea taste (astringency) but also the health benefits and economic
value [21]. Different hormone signaling pathways differentially regulate flavonoid biosynthesis,
which is highly species-specific [8,11,13,18,22]. The role of methyl salycilate (MeSA) in flavonoid
biosynthesis in tea leaves remained largely unknown. Here we found that an optimal dose of MeSA
could increase flavonoid concentration in tea leaves (Figure 1). Time course analysis revealed that
MeSA-induced enhancement in flavonoid concentration peaked after 1–2 days, which was consistent
with the increased activity of PAL in tea leaves (Figures 2 and 3). Gene expression analysis relating to
flavonoid biosynthesis suggested that exogenously applied MeSA stimulated transcriptional machinery
causing differential upregulation in the respective transcripts (Figure 4). Therefore, MeSA application
at 1 day prior to harvesting may potentially increase flavonoid concentrations in green tea.

Flavonoids are low molecular weight antioxidants that serve as major defense compounds against
abiotic and biotic stressors in plants [11,15,20,23]. It is believed that flavonoids play a major role
in scavenging ROS when antioxidant enzymes are depleted under stress [9,23]. In the presence of
light, SA treatment significantly increases flavonoid content in Ginkgo biloba leaves [24], which is in
agreement with the current study (Figure 1). Similarly, MeJA increases flavonoid accumulation in citrus
leaves in the first 12 h after treatment [25], which is slightly different from our observation, possibly
due to the differences in elicitors and plant species. Furthermore, we found that exogenous MeSA
rapidly and transiently increased PAL activity in tea leaves, which was consistent with the concentrations
of flavonoids (Figures 2 and 3). PAL is the key enzyme in the first step of the phenylpropanoid pathway
which regulates biosynthesis of thousands of phenylpropanoids [18]. PAL links the secondary metabolism
to primary metabolism and maintains the metabolic flow of carbon into the phenylpropanoid pathway
in plants [13]. In the present study, exogenous MeSA increased both the activity and transcription of
PAL gene (CsPAL) in tea leaves (Figures 3 and 4). MeSA-induced promotion in PAL activity perhaps
stimulated subsequent reactions in phenylpropanoid pathway, leading to an enhanced production
of phenylpropanoid derivatives including flavonoids (Figures 1–3). Our results are consistent with a
previous report that showed that root application of SA in hydroponics increases PAL activity and
specific flavonoid content in wheat leaves [20].

In the flavonoid biosynthesis pathway, CHS, CHI and F3H are termed as early biosynthetic
genes, whereas downstream genes such as DFR, ANS and UFGT are named late biosynthetic
genes [11,26]. In the current study, exogenous MeSA upregulated the transcript levels of both early
and late biosynthetic genes in tea leaves (Figure 4). Different hormones differentially modulate the
expression of flavonoid biosynthesis genes [8,11,22,26]. For instance, ABA and GA3 down-regulate
CsPAL, CsC4H, CsF3H and CsANR expression, leading to a decreased catechin content in tea
leaves [13,18]. However, exogenous brassinosteroids increase CsPAL expression with concomitant
increase in flavonoid concentration in tea leaves [7,8]. In Vitis vinifera, PAL expression reaches the
peak at 3 h post-elicitation with MeJA, which gradually declines returning to the basal levels at 48 h
post-treatment in the presence of light [26]. Consistent with this, jasmonic acid and brassinosteroids
also enhance transcript levels of late biosynthetic genes and myeloblastosis (MYB) transcription factor
in Arabidopsis seedlings [22]. Notably, at transcriptional levels, flavonoid biosynthesis is regulated by
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the MYB transcription factors [11], in which SA can induce MYBs to regulate specific phenylpropanoid
(capsaicinoid) biosynthesis [27]. Therefore, such regulatory mechanism in response to exogenous MeSA
might also function in tea leaves, however, this interpretation demands further in-depth investigation
in current direction.

To sum up, in the current study, we found that: (1) a moderate dose of exogenous MeSA (1 mM)
increased flavonoid concentration, but a high dose of MeSA (5 mM) showed an opposite effect, (2) 1 mM
MeSA appeared to be the best concentration to simulate endogenous flavonoid accumulation in tea
leaves, (3) MeSA-induced increase in flavonoid concentration was maximized after 1–2 day followed
by gradual decline over time, (4) MeSA-induced increase in flavonoid concentration was associated
with the simultaneous increase in the activity of PAL and transcription of early and late biosynthetic
genes in flavonoid biosynthetic pathway. These results suggest that 1–2 day prior application of
MeSA can be an effective method to manipulate flavonoid concentration in tea leaves. Moreover,
MeSA-induced flavonoid biosynthesis may enhance plant tolerance to biotic and/or abiotic stressors.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

In the current experiment, “Longjing 43” tea (Camellia sinensis L.) cultivar was used as plant
materials and the study was conducted at tea garden of the Tea Research Institute, Chinese Academy
of Agricultural Sciences, Hangzhou, China. Foliar portion of tea bushes was sprayed with a series of
freshly prepared methyl salicylate (MeSA) solutions (0.5, 1, 2 and 5 mM). Each treatment comprises
4 replicates, while each replicate represents an area of 10 m2 consisting of 20 tea bushes.

4.2. Determination of Flavonoid Concentration

For the determination of flavonoid concentration, leaf samples were extracted in 70% ethanol
(v/v) at 100 ◦C, and the concentration of total flavonoids was measured in the aqueous extract
following AlCl3 method as described previously [28]. Absorbance at 510 nm was recorded for the
determination and rutin was used as the standard. Total and individual catechin concentrations in tea
leaves were determined with a Waters 590 HPLC system (Waters Corp., Milford, MA, USA) equipped
with a Thermo ScientificTM HypersilTM ODS-2 C18 column (5 μm particle size, 4.6 mm × 250 mm,
Thermo Fisher Scientific Inc., Waltham, MA, USA) at 280 nm as previously described [12].

4.3. Assay of Phenylalanine Ammonia-Lyase (PAL) Enzyme Activity

A tea sample (0.3 g) was homogenized in 3 mL 50 mM potassium phosphate buffer (pH 8.8,
containing 2 mM EDTA, 2% PVPP, and 0.1% mercaptoethanol). The resulting homogenate was
centrifuged at 15,000 rpm for 20 min at 4 ◦C and the crude enzyme extract was obtained as the
supernatant. L-phenylalanine was used as substrate to assay the PAL activity based on the yield of
cinnamic acid. The change in absorbance at 290 nm was monitored to determine the PAL activity as
described previously [29].

4.4. Total RNA Extraction and Gene Expression Analysis

For gene expression analysis, tea leaf samples were collected at 1 day after MeSA treatment
and immediately frozen into liquid nitrogen and kept at −80 ◦C until RNA isolation. Total RNA
was extracted using an RNA extraction kit (Tiangen Biotech, Beijing, China) and reverse transcribed
using a ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan) following the manufacturer’s instructions.
Gene-specific primers were designed based on their cDNA sequences (Supplementary Table S1).
Quantitative real-time PCR (qRT-PCR) was performed on the ABI 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) using SYBR Green PCR Master Mix (Takara, Shiga,
Japan). The qRT-PCR cycling conditions were as follows: 95 ◦C for 30 s, and 40 cycles of 95 ◦C for 5 s
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and 60 ◦C for 34 s. Relative gene expression was calculated according to previously described method
using CsPTB as the internal reference gene [30].

4.5. Statistical Analysis

The data were statistically analyzed using SAS 8.1 software package (SAS Institute Inc., Cary, NC,
USA). Differences between treatments means were separated by the Tukey’ test at a significance level
of p < 0.05.

Supplementary Materials: The following is available online. Table S1: Primers used for qRT-PCR assays in tea
leaves, Figure S1: Total and individual catechins concentrations in tea leaves as influenced by exogenous methyl
salicylate as foliar spray, Figure S2: Time course of total soluble protein concentrations as influenced by exogenous
methyl salicylate.
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Abstract: Salicylic acid (SA) is a very simple phenolic compound (a C7H6O3 compound composed of
an aromatic ring, one carboxylic and a hydroxyl group) and this simplicity contrasts with its high
versatility and the involvement of SA in several plant processes either in optimal conditions or in
plants facing environmental cues, including heavy metal (HM) stress. Nowadays, a huge body of
evidence has unveiled that SA plays a pivotal role as plant growth regulator and influences intra- and
inter-plant communication attributable to its methyl ester form, methyl salicylate, which is highly
volatile. Under stress, including HM stress, SA interacts with other plant hormones (e.g., auxins,
abscisic acid, gibberellin) and promotes the stimulation of antioxidant compounds and enzymes
thereby alerting HM-treated plants and helping in counteracting HM stress. The present literature
survey reviews recent literature concerning the roles of SA in plants suffering from HM stress with
the aim of providing a comprehensive picture about SA and HM, in order to orientate the direction of
future research on this topic.

Keywords: metal toxicity; ortho-hydroxybenzoic acid; plant hormone; metal pollution; polyphenols;
signaling compound

1. Introduction

Salicylic acid (SA) (from Latin Salix, willow tree), also known as ortho-hydroxybenzoic acid, is a
phenolic derivative widely distributed in the plant kingdom and is known as a regulator of several
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physiological and biochemical processes such as thermogenesis, plant signaling or plant defense,
and response to biotic and abiotic stress [1,2].

From a chemical point of view, SA belongs to a large group of plant phenolics, and SA can be
isolated in plants in both free and conjugated form. In particular, the conjugated form proceeds from
the methylation, hydroxylation, and/or glucosylation of the aromatic ring [3,4].

Salicin, one of the natural SA derivatives, was first isolated from the bark of the willow tree (Salix
sp.) by Johan Büchner in 1828 [5,6]. Successively, it was discovered that almost all the willow trees
including Salix alba, S. purpurea, S. fragilis, and S. daphnoides were particularly rich in this natural
compound, in which the concentration in plants significantly fluctuates during the different seasons
(highest content during spring and summer, lowest content during autumn and winter [7]) reaching
values of 3 mg/g of fresh biomass in plants of S. laponum [8]. The first scientist who was able to identify
this natural compound in species different from Salix sp. was the Italian chemist Raffaele Piria in the
late 1838, who obtained SA in both flower and buds of the European species Spiraea ulmaria successively
renamed as Filipendula ulmaria (L.) Maxim. The discovery that this molecule was not exclusive to
the Salix genus has opened the door to the study of its biosynthesis, as well as its biochemical and
physiological role in plants and in 1899 the Bayer Company formulated a new drug known today as
aspirin [9].

Concerning the biosynthesis of SA, it is known to be produced through the shikimate pathway
by two metabolic routes (Figure 1). In the first discovered route, also known as phenylalanine
route, occuring in the cytoplasm of the cell, the enzyme phenylalanine ammonia lyase (PAL)
converts phenylalanine (Phe) to trans-cinnamic acid (t-CA), which gets oxidized to benzoic acid
(BA). Subsequently, the enzyme benzoic-acid-2-hydroxylase (BA2H) catalyzes the hydroxylation of BA
aromatic ring and leads to SA formation. The enzymatic conversion of BA into SA by BA2H requires
the presence of hydrogen peroxide (H2O2) [10–12].

The first evidences for the first route were given by Ellis and Amrchein [13], who observed that
feeding Gaultheria procumbens plants with labeled 14C-benzoic acid or 14C-cinnamic acid resulted in
the production of labeled SA. Successively, Yalpani et al. [14] and Silverman et al. [15], working on rice
and tobacco, proposed that the side chain of trans-cinnamic acid is decarboxylated to generate BA.
Then, BA is hydroxylated at the C2 position forming SA. Anyway, recent results indicated that benzoyl
glucose, a conjugated form of BA, is more likely to be the direct precursor of SA [12,14].

The second route is called isochorismate (IC) pathway and occurs in the chloroplast [16–18].
In plants, chorismate is transformed to isochorismate and then to SA, a reaction which is catalyzed by
two enzymes isochorismate synthase (ICS) and isochorismate pyruvate lyase (IPL). Recent studies
carried on Arabidopsis thaliana demonstrated that the ~90% of defense-related SA is produced from
isochorismate generated by the plastid-localized isochorismate synthase1, whereas ~10% is derived
from the cytosolic PAL pathway [1,17].

From the physiological point of view, it is known that SA plays a pivotal role in the regulation
of plant growth, development, in defense from biotic and abiotic stress, and in plant immune
responses [4,19–23].

For several years, SA was believed to be just one of the several phenolic compounds synthetized
by plants with relatively low importance [5,16]. In 1974, after more than a hundred of years from
its discovery, it was provided the first evidence that SA could play a role as plant hormone, when
Clealand and Ajami [24] observed that SA was a mobile signaling molecule localized in the phloem
inducing flowering in different plant species.

However, the final evidence that SA was a plant hormone was only provided several years later
by Raskin et al. [25], who described its role during the thermogenesis in Sauromatum guttatum.

From that moment, an exponential increase of manuscripts focused on SA (acting alone or in
concert with other plant hormones) as a plant growth regulator, signaling molecule, as well as plant
elicitor protecting plants from biotic and abiotic stress, was observed [22,23,26–31].
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Recently, it has also been demonstrated that SA could play a pivotal role in protecting plants from
environmental stress, including heavy metals (HM). In fact, several recent manuscripts reported
that SA can alleviate HM toxicity influencing both their uptake and/or accumulation in plant
organs [32–38], as well as scavenging of reactive oxygen species (ROS) and/or decreasing their
accumulation and/or enhancing the antioxidant defense system [39–42], protecting membrane
stability and integrity [43], interacting with plant hormones [44], upregulating heme oxygenase [45],
and improving the performance of the photosynthetic machinery [42,46,47].

Focusing on these aspects, the present review provides a comprehensive assemblage concerning
SA roles in plant defense from HM stress, with the aim to provide a clear view of SA and HM to
orientate the direction of future research on this topic.

Figure 1. Metabolic pathways involved in the biosynthesis of salicylic acid (SA). Plants use two
pathways for SA production, the phenylalanine ammonia-lyase (PAL) (which is divided into two
sub-pathways, benzoic acid, and o-coumaric acid) and the isochorismate. In both routes, shikimate
serves as a precursor.
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2. HM Stress and Its Impacts on Plants

Metals and metalloids with atomic density more than 6 g cm−3 are defined as (HM).
Both, essential elements, micronutrients that are required in low concentration (e.g., Cu, Cr, Co,
and Zn), and nonessential metals such as Pb, Cd, Hg, are incorporated in this group [48,49].
Increased concentration of both essential and nonessential elements is phytotoxic to flora and
fauna [50,51]. Heavy metal contamination has become a serious environmental problem worldwide.
The increased industrialization, injudicious population growth, and urbanization releases HM that
compromise soil and water and pose harms to living biota due to their biomagnification through the
food chain [52]. Natural activities such as eruption of volcano and erosion of rocks have contribute in
increasing the release of toxic elements to the environment; however, increased human activities such
as mining, painting, and refining have enhanced their concentration in the biosphere [53–55].

Soil pollution by HM poses serious concerns to the biotic and abiotic components of the
ecosystem [56]. The increased amount of HM in soil leads to greater uptake by plants that can
reduce plant growth, biomass, photosynthesis, crop yield, and quality in plant [57]. From a biological
point of view, the top soil is the most active zone of soil that accumulates a large amount of toxic metals
that poses serious concern to the environment [49,58,59].

The increased level of HM accumulation in plant organs negatively affects the cell metabolism in
plants [60]. The different physiological activities in plants such as protein metabolism, photosynthesis,
respiration, and morphogenesis are naturally affected by a high concentration of toxic compounds,
such as HM [53,54,61,62]. For instance, Rascio et al. [63] documented a decreased root growth and
altered morphogenesis in rice seedlings upon treatment with Cd. Many plant species such as Brassica
napus, Helianthus annuus, Thalaspi caerulescens, Vigna radiata showed inhibition in photosynthesis in
response to Cd treatment [64–68]. Recently, Tandon and Srivastava [69] investigated the Pb effect on
the morphology and metabolism of Sesamum indicum and found that the increasing concentration
of metal affected the growth of the plant. Further, the plant showed severe symptoms of chlorosis,
necrosis and reduced chlorophyll, and protein content at higher doses of Pb [69].

The major outcome of metal toxicity is the peaked production of ROS due to impairment of
photosynthetic process by HM [70]. ROS such as hydroxyl, superoxide, and hydrogen peroxide are
produced as by-product during electron transport in photosynthesis and respiration pathways [71].
Under physiological conditions, ROS play a multitude of signaling roles in plants, as well as in other
organisms and they take part in a finely-tuned and well-orchestrated regulatory network [72,73].
ROS are indeed integrated into a complex regulatory system in plants which encompasses ROS, plant
hormones (e.g., ethylene (ET) and abscisic acid (ABA)), signaling molecules (e.g., salicylic acid (SA) and
jasmonic acid (JA)), and secondary messengers (e.g., Ca2+) [74,75]. However, when ROS production
exceeds the physiological levels, their accumulation can lead to oxidative stress in the cells, that cause
lipids peroxidation, macromolecular degradation, membrane disruption, DNA breakage, and ion
leakage in plants [70,74,75]. For instance, Kaur et al. [76] explored Pb-induced ultrastructural changes
in roots of wheat and concluded that Pb inhibited root growth, caused ROS generation, and disrupted
mitochondrial and nuclear integrity in the tested plant.

The enhanced generation of ROS in the plant cell is controlled by a complex network of
antioxidant machinery that maintains ROS homeostasis in the cell [77]. Plants have a finely-tuned
and well-orchestrated defense system that includes enzymatic antioxidants such as catalase (CAT),
superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase (GPX) and
glutathione reductase (GR), and nonenzymatic antioxidants such as ascorbic acid, glutathione, alkaloids,
phenol compounds, and α-tocopherol for scavenging excessive ROS [49,61]. Moreover, phytohormones
such as auxins, gibberellins, cytokinins, abscisic acid, ethylene, brassinosteroids, jasmonic acid, and SA
take part in the defensive mechanism of plants against HM stress.
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3. Physiological Roles of SA in Plants Under HM Stress

Concerning the physiological role in plants, SA is known to play a pivotal role in regulating plant
morphology, development, flowering, and stomatal closure [78,79]. SA also affects seedling germination,
cell growth, and nodulation in legumes [80]. Khan et al. [81] reported increased leaf area and dry weight
production in corn and soybean in response to SA. Furthermore, Hussein et al. [82] reported pot studies
that documented improved growth, leaf number, dry biomass, and stem diameter in wheat plants when
leaves were sprayed with SA. The rate of transpiration and stomatal index of plants increased in response
to supplementation of SA [81]. The pigment concentration in wheat seeds significantly enhanced upon
exposure to a low concentration (10−5 M) of SA. However, foliar application of SA reduced transpiration
rate in test plants, Phaseolus vulgaris and Commelina communis which might be due to the SA-evoked
stomatal closure [83–87]. Moreover, SA has been reported to increase the shelf life of cut flowers of rose
and defer senescence by controlling water level in rose plants [86].

Plant growth regulators or phytohormones especially, gibberellins, auxin, cytokinins, ethylene,
brassinosteroids, and also SA play a key role in providing HM tolerance in plants [83]. SA, a phenolic
plant hormone, regulates photosynthesis, respiration, and antioxidant defense mechanism in plants
under different abiotic stress such as high temperature, salinity, and HM [78,88,89]. SA pretreatment
provides protection from various metals such as Pb, Hg, Cd, in different plants [90–92].

Supplementation of SA in combination with plant growth promoting bacteria reduces Cr-induced
oxidative damage in maize by enhancing activities of antioxidant and nonantioxidant enzymes [93,94].
Earlier, Song et al. [95] reported SA mediated enhancement in the activities of CAT and SOD enzymes
in barley leaves under Zn, Cu, and Mn stress. Further, carbohydrate metabolism in Cr-treated maize
plants improved upon exposure to SA [94]. Alleviation of Cd toxicity was reported in mustard plants
in response to exogenous treatment of SA [93]. Recently, SA treatment mitigated Cd stress in Brassica
juncea plants and enhanced growth and photosynthesis in plants. Moreover, supplementation of SA
reduced reactive oxygen species levels by strengthening the antioxidant defense system in plants
and provides stability to the plant membrane [96]. The exogenous application of SA upregulates the
antioxidant system, improves growth and yield, and results in lowering of oxidative damage under Pb
stress in B. campestris [97].

A schematization of the protective role exerted by SA in HM-stressed plants is reported in Figure 2,
whereas a literature survey on the effect of different HM on plant metabolism is reported in Table 1.

Figure 2. Schematization of the protective role exerted by SA in HM-stressed plants. HM: Heavy
metals; ROS: Reactive oxygen species; SA: Salicylic acid.
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3.1. Effect of SA to Photosynthesis in Plants Subjected to HM Stress

The different stressful conditions encountered by plants affect multiple physiological and
biochemical mechanisms in plants. Among these, photosynthesis is usually one of the most
affected mechanisms by HM (see a schematization of the effect of HM on chloroplast in Figure 2).
HM accumulated in various organs of plants and affect the synthesis of photosynthetic pigments,
including carotenoids and chlorophylls [53,54]. HM also alter the chloroplast membrane structure
and affect electron transport, thus impairing light-dependent reactions of photosynthesis [120].
Moreover, it was found that the negative effect of HM on PSI and PSII depends on exposure time
and concentrations [121,122]. Experiments performed by Khan et al. [123] indicated that PSII is more
sensitive to HM stress compared to PSI, however, at high concentrations the activity of PSI resulted
inhibited as well. Photosynthesis inhibition caused by HM is also attributable to the impairment of
stomatal conductance and transpiration rate [124].

Plants are equipped with multiple mechanisms to preserve the photosynthetic machinery from
HM-promoted damages. SA is a major photosynthesis regulator which influences chlorophyll
content, stomatal conductivity, and photosynthesis-related enzyme activities in plants [125].
It enhances photosynthetic efficiency and improves photosynthetic apparatus under HM stress [34].
Exogenous application of SA (500 μM) enhanced chlorophyll concentration, CO2 fixation, and activities
of phosphoenolpyruvate carboxylase and RuBISCO in Triticum aestivum under Cd toxicity [126].
Further, gas exchange parameters and carbonic anhydrase improved in B. juncea under Ni [120] and
Mn [127] stress after the exposure to 10 μM SA. SA treatment enhanced Chla, Chlb, and carotenoid
content in barley plants under Pb stress by increasing antioxidant activity in the plants which might
be due to blockage of Ca channels that help in translocation of Pb in roots [60]. Recently, Guo et
al. [38] studied the role of SA in Cd alleviation and accumulation in tomato plants. The exogenous
exposure of SA also increased pigment content and photosynthetic performance in tomato plants [38].
The consistently observed protective role of SA to the photosynthetic apparatus might be due to
increased detoxification of ROS species exerted by SA or by the activation of antioxidant apparatus
promoted by SA [125].

3.2. Regulation Mechanism of ROS and Enzymatic Antioxidants Promoted by SA Acid under HM Stress

The generation of ROS is one the first response in plants under HM stress. ROS production is either
directly due to Haber-Weiss reaction or it is indirectly because of interference in the antioxidant defense
system or electron transport chain [128]. ROS (H2O2; hydrogen peroxide, OH·; hydroxyl radical,
and O2

−·; superoxide radical) are very harmful to plants since they lead to oxidative degeneration of
cell membranes and large macromolecules [129]. Plants possess a powerful antioxidant apparatus to
counteract oxidative stress, which includes different enzymes (SOD, CAT, APX, GR) and nonenzymatic
antioxidants (e.g., glutathione, ascorbic acid, phenolics, carotenoids) that scavenge and detoxify ROS
over-production in plants [130].

Lipid peroxidation is the first oxidative injury in plants due to HM stress and SA have been shown
to provide stability against HM-induced oxidative damage by increasing antioxidant machinery in
plants [125]. Parashar et al. [127] and Zhang et al. [131] observed the reduction in lipid peroxidation,
electrolyte leakage, and superoxide ion in Mn- and Cd-treated B. juncea and Cucumis melo upon
addition of SA. Few experiments suggest that SA can promote free radical scavenging of HM-promoted
ROS by regulating antioxidant enzymes and expression of some proteins and molecules such as
OsWRKY45 as reported in rice by Chao et al. [132] that lowers H2O2 accumulation in plants. This helps
in maintaining the balance between ROS generation and membrane integrity, thereby preventing
membrane disruption [133]. Recently, Lu et al. [98] and Gu et al. [99] documented activation of
antioxidant enzymes including SOD, APX, and other peroxidases in Lemna minor and Nymphaea
tetragona upon supplementation of SA in plants subjected to Cd stress, which were helpful in conferring
Cd tolerance in plants.
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3.3. Regulation of Osmolytes and Polyphenols by SA under HM Stress

Plants have evolved various mechanisms to counteract HM-triggered ROS production.
Different antioxidant metabolites such as proline, glycine betaine, polyamines, sugars, and polyphenols
are all involved in maintaining the ROS balance in plants under stressful conditions, including excess of
HM. Below, the intimal connections between SA and other antioxidant compounds are described with
the attempt to provide a clear and exhaustive picture about the SA-promoted regulation of antioxidant
molecules in plants exposed to HM.

3.3.1. Proline

Proline acts as a free radical scavenger, osmo-protectant, and stabilizer of cellular
structures [130,134]. The synthesis of proline occurs from glutamate, which is converted to
glutamate-semialdehyde, and then spontaneously to pyrroline-5-carboxylate (P5C) with the help
of P5C synthase enzyme. Later, the enzyme P5C reductase aids in the reduction of P5C to proline.
The stimulation of proline levels under HM stress was observed, for example, in Olea europaea [135]
and Phoenix dactylifera [136]. However, this is not clear whether the accumulation was attributable to
enhanced production of enzymes responsible for proline synthesis, the decrease in enzymes related to
its oxidation or both. SA is involved in enhancing proline level under HM toxicity [96]. Parashar et
al. [127] reported that SA ameliorated the Mn stress through enhanced accumulation of proline
in Brassica juncea which might be due to the increased activity of enzymes responsible for proline
synthesis [137]. Enhanced proline content also maintains water balance in plants to contrast stressful
conditions leading to osmotic stress [138] a condition which can occur when plants reduce the stomatal
conductance in order to reduce HM uptake. Further, Chen and Dickman [139] proposed that proline is
a powerful ROS scavenger and a pivotal component of protein pathway in plants, besides serving as an
osmoprotectant [140]. Zanganeh et al. [141] observed however that SA pre-treatment decreased proline
accumulation in Zea mays under Pb stress that was supported by the findings of Mostafa et al. [142] in
rice plants. Therefore, the pattern of proline (activation/decrement) can be species- or metal-specific
and also dependent on the dose of HM experienced by the plant species.

3.3.2. Glycine Betaine

Glycine betaine (GB) is a quaternary level ammonium compound found in higher plants under
stress conditions and it acts as osmoprotectant or compatible solutes in plants [143], in which it
accumulates at cytosolic level. GB is involved in providing protection against drought, salinity [93],
drought [143], and HM stress, as well [144]. Exogenous application of GB is very effective in providing
tolerance from HM stress [94,145]. The role of SA in regulating the accumulation of GB in plants under
metal stress is still unknown. However, few studies reported that exogenous treatment of GB together
with SA can help in alleviating HM toxicity [145]. Recently, Aldesuquy et al. [146] opined that GB and
SA regulates osmotic pressure and concentration of osmolytes in plants that maintain osmotic balance
and helps in ameliorating the adverse effect of drought stress in wheat, thereby suggesting a possible
cooperation. It was also reported that the SA induced the rise in GB level which helped the growth of
Rauwolfia serpentina plants grown under Na excess [147].

3.3.3. Sugars

The term sugars, collectively used for disaccharides (sucrose, trehalose) and fructans,
are water-soluble carbohydrates involved in plant stress tolerance. Sucrose, an important product
of photosynthesis, is required for growth, development, storage, and signaling in plants [148,149].
Carbohydrates are building blocks of plants that provide energy and act as a signaling molecule
during transcriptional, post-transcriptional processes [150]. Accumulation of soluble sugars has been
observed in plants under stressful conditions which indicate their role as osmoprotectant and in
maintaining cellular balance in plants [151,152]. The exogenous addition of SA enhanced the amount of
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polysaccharides and sugars in plants and helped in improving their growth [153]. El-tayeb et al. [154]
observed that SA provided Cu tolerance in Helianthus annuus. The authors reported an increasing
level of soluble sugars in plants treated with SA that protects the photosynthetic pigments from Cu
toxicity [154]. Similarly, 0.01 M SA enhanced growth and sugar accumulation in tomato plants and
provided stress avoidance and tolerance against Na toxicity [155].

3.3.4. Polyamines

Polyamines (PAs) are water-soluble molecules that play an important role in regulating
morphological, developmental, and stress responses in plants [156]. PA have the potential to scavenge
HM-triggered ROS [157] and regulate plant defense response to HM toxicity [156,158]. Under stressful
conditions, PA operate as signaling compounds and control ion homeostasis and ion transportation in
plants, thus actively participating in stress tolerance [159,160]. Many reports suggest that SA treatment
influence PA content in plants [131,161]. Recently, Tajti et al. [162] studied the role of putrescine and
spermidine on wheat under Cd stress and also reported increased levels of SA in those plants; however,
the exact mechanism involved in SA-mediated HM stress tolerance and the relationship between PA
and SA in plants are still unknown.

3.3.5. Polyphenols

Phenolics are one of the largest groups of secondary metabolites which include a plethora of
compounds with simple aromatic rings to very complex molecules, such as tannins and lignans.
They originate from phenylalanine by the activity of PAL. Many reports have demonstrated
that enhanced production of phenolic compounds under HM stress can protect from oxidative
damage [163,164]. The accumulation of phenolics is principally driven by increased expression
of enzymes responsible for phenylpropanoid biosynthesis such as phenylalanine ammonia-lyase,
chalcone synthase, shikimate dehydrogenase, cinnamyl alcohol dehydrogenase, and polyphenol
oxidase [165,166]. Many studies have documented the role of phytohormones in enhancing the level
of some classes of polyphenols, such as anthocyanins [167,168]. Dong et al. [169] reported increased
concentrations of phenolics, such as caffeic acid due to exogenous treatment by SA. Similarly, peaked
activity of PAL was observed in Matricaria chamomilla plants under Ni and Cd stress with the application
of SA [170].

3.4. Regulation of Cell Signaling by SA under HM Stress

The HM stress tolerance induced by SA is supportive for its role in stress signaling. The mechanism
of tolerance not only depends on the concentration and mode of application of SA but also on the
overall status of plants [171]. Abiotic stress not only affects growth and development of plants,
but also regulates DNA replication machinery. SA application upregulates the topoisomerase gene
and chloroplast elongation factor that help in plant adaptation under stressful conditions [172,173].
Moreover, SA is known to induce expression of TLC1, a long terminal repeated retrotransposon family
in vivo [171]. This family is transcriptionally activated during stressful conditions and its expression
by SA suggests their role in SA-mediated signaling pathways [171]. Another mechanism adopted by
SA in regulating HM stress plant response is the increased activity of enzymes involved in AsA-GSH
pathway [174]. Both AsA and GSH are active redox compounds that maintain cellular redox balance in
plants [175]. SA supplementation also increased SOD and POD level in Cannabis sativa and improved
Cd-tolerance [34] which might be related to increased concentration of Ca2+ (a second messenger) and
H2O2, that eventually promote the activity of antioxidant enzymes which reduce cellular ROS level in
plants [176,177].

3.5. Crosstalk of SA with Other Plant Growth Regulators

SA regulates different plant responses both under optimal and stressful conditions through the
crosstalk with other plant growth regulators or plant hormones [81,178]. The interaction of SA with
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other hormones such as auxin [179], cytokinin [180], gibberellins [181], abscisic acid [182], ethylene [178],
and brassinosteroids [87] has been studied under optimum and stressful environments. The possible
outcome of interaction of SA with hormones can be either synergistic or antagonistic under stressful
conditions. Recently, Tamás et al. [44] studied the SA regulated alleviation of Cd-stress by restriction of
Cd-induced auxin-mediated ROS production in barley roots. The authors suggest that SA treatment
reversed indole-3-acetic acid (IAA)-induced stress responses in plants suggesting a role of SA in IAA
signaling pathway. Similarly, Agtuca et al. [183] reported an opposite role of IAA and SA in roots of
maize. The exogenous application of IAA enhanced lateral growth by depriving primary root growth,
while SA increased total root biomass [183].

Exposure to various environmental stresses, such as HM, can enhance ethylene production
and induce oxidative stress in plants [175]. The increased ethylene production is due to peaked
expression of ethylene-related biosynthetic genes or expression of ethylene-responsive genes [184].
Exogenous SA was reported to mitigate Cd stress in wheat [174] by increasing GSH content that
resulted in metal detoxification and scavenging ROS induced by HM-triggered ethylene production.
SA supplementation promoted increased ABA level in wheat seedlings under Cd stress that was
attributed to a de novo ABA biosynthesis [185]. Further, endogenous ABA controlled SA-mediated
alteration of the concentration of dehydrin proteins under HM stress that demonstrate protective
mechanism of SA in wheat plants [185].

Under abiotic stress conditions, crosstalk between SA and jasmonates play a crucial role in
regulation of plant growth [186]. Generally, SA and jasmonic acid (JA) signaling pathways work in an
antagonistic manner [187]. The Mitogen-activated protein kinase (MAPK) signaling pathway mediates
the antagonistic action between SA and JA cell signaling [188]. However, nonantagonistic interaction
between SA and JA are also reported, but an exact mechanism is still unclear and it needs further
studies [186]. For example, in maize plants Cu stress induced the biosynthesis of SA, which further
induced JA priming and JA induced volatile organic compounds [189,190].

4. Conclusions

Heavy metal stress has been accepted as one of the major threats for plants growing in contaminated
areas. In order to deal with the harmful effects of heavy metals, plants have developed several molecular,
metabolic, and physiological processes which allow them to avoid stressful factors or cope with them.

Several researches highlighted that SA, when used at low doses, plays a pivotal role in both
alleviating and reducing heavy metal stress in plants. An increase in the endogenous level, as well as
exogenous application of this plant hormone has been demonstrated to be helpful for plants either in
optimal or in stress conditions. In fact, this ubiquitous plant hormone is involved in the regulation of
several metabolic processes in plants, regulating the ex novo biosynthesis of secondary metabolites
and osmoprotectants involved in the protection from oxidative stress, thereby increasing the activity of
ROS scavenger enzymes and/or acting as antioxidants. However, at high concentrations SA can also
act as a negative plant growth regulator [171,191,192].

The scientific literature cited in the present review highlights the important role played by SA in
protecting plants from heavy metal stress. However, most of the researches available on this topic
are mainly focused on the role played by this molecule after an exogenous application, while very
few researches, because of the complexity of the cascade effects generated, have unveiled the defense
mechanisms triggered by its endogenous stimulation in response to heavy metals. Therefore, there
are still several questions which need further investigation. For example, it would be extremely
interesting to disentangle the complexity of SA signaling in response to heavy metals, as well as to
unveil if exogenous application of SA might directly or indirectly enhance endogenous SA levels.
In the meantime, more genomic, transcriptomic, proteomic, and metabolomics studies are necessary
to detect SA responsive genes, proteins, and metabolites altered by heavy metal stress. In addition,
it is necessary that a molecular dissection deeply understands the crosstalk between SA with other
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phytohormones and/or metabolites and the feedback processes involved in controlling the endogenous
levels of SA in response to heavy metal stress.
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Abstract: Phenolic compounds are an important class of plant secondary metabolites which
play crucial physiological roles throughout the plant life cycle. Phenolics are produced under
optimal and suboptimal conditions in plants and play key roles in developmental processes like cell
division, hormonal regulation, photosynthetic activity, nutrient mineralization, and reproduction.
Plants exhibit increased synthesis of polyphenols such as phenolic acids and flavonoids under abiotic
stress conditions, which help the plant to cope with environmental constraints. Phenylpropanoid
biosynthetic pathway is activated under abiotic stress conditions (drought, heavy metal, salinity,
high/low temperature, and ultraviolet radiations) resulting in accumulation of various phenolic
compounds which, among other roles, have the potential to scavenge harmful reactive oxygen species.
Deepening the research focuses on the phenolic responses to abiotic stress is of great interest for the
scientific community. In the present article, we discuss the biochemical and molecular mechanisms
related to the activation of phenylpropanoid metabolism and we describe phenolic-mediated stress
tolerance in plants. An attempt has been made to provide updated and brand-new information about
the response of phenolics under a challenging environment.

Keywords: abiotic stress; anthocyanin; antioxidant; flavonoid; phenolic acid; polyphenol

1. Introduction

Plants face a plethora of biotic and abiotic stresses during their entire life which have negative
impact on their growth, development, and productivity [1–3]. Biotic factors include insect pests, fungi,
and weeds whereas abiotic stresses include salinity, drought, heavy metals, pesticides, ultraviolet (UV)
radiation, as well as heat and cold stress [3–18]. The amplitude of these abiotic stresses has increased
severely in recent years principally due to anthropogenic activities [7,19]. Plants, being sessile,
are persistently exposed to these factors and require a set of effective mechanisms which can be
activated under unfavorable circumstances to sustain their life cycle [20]. According to some reports,
the projection of these stresses contributes significantly and affects the growth and productivity
by reducing crop yield and overall crop production by 70% and 50%, respectively [21,22]. Thus,
it is imperative to reduce the crop productivity losses by improving crop performance through
various approaches, including application of plant bio-stimulant products as well as stimulation
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of plant secondary metabolism [11,23,24]. Plants need to endure different abiotic stresses and
polyphenols accumulate in response to these stresses helping plants to acclimatize to unfavorable
environments [25,26]. Hence, the concentration of phenols in plant tissue is a good indicator to predict
the extent of abiotic stress tolerance in plants which varies greatly in different plant species under an
array of external factors.

Phenolic compounds influence the plant growth and development, including seed germination,
biomass accumulation, and improved plant metabolism [27–30]. In this regard, we summarized
different studies showing a broad spectrum of different effects of abiotic stresses and discussed how
endogenous phenol levels can help in mitigating abiotic stress in plants. Moreover, physiological and
molecular mechanisms connected to the phenylpropanoid pathway underlying abiotic stress tolerance
have extensively discussed. At the end, we explained phenol-mediated stress tolerance and suggestions
have been made to further escalate the extent of deep mechanistic studies.

2. Biosynthetic Pathway of Polyphenols in Plants

Phenolics are known to be the largest groups of secondary metabolites in plants varying from
simpler aromatic rings to more complex ones, such as lignins. These compounds originated from
phenylalanine therefore are also called as phenylpropanoids. Polyphenols are characterized by the
presence of large multiples of phenol structural units. The number and characteristics of these phenol
structures underlie the unique physical, chemical, and biological properties of particular members
of each class. Phenols are indeed divided into several groups such as phenolic acids, flavonoids,
stilbenes, and lignans with peculiar properties. Plant phenolics are synthesized biogenetically through a
shikimate/phenylpropanoid pathway, whereas a mevalonate pathway generates terpenoids. Both these
secondary pathways produce a wide array of monomeric and polymeric structures encompassing a
comprehensive array of physiological and biochemical roles in plants. The term “secondary metabolites”
refers to the metabolites or phytochemicals synthesized through secondary metabolism. During the
biosynthesis of phenolic compounds, erythrose 4-phosphate is combined with phosphoenolpyruvate
(PEP) to form phenylalanine. Then phenylalanine ammonia lyase (PAL) catalyzes the conversion
of phenylalanine to trans-cinnamic acid. Several other phenolic compound such as flavonoids,
coumarins, hydrolysable tannins, monolignols, lignans, and lignins are formed through this pathway,
formally known as the phenylpropanoid pathway (see complete details in [26,31–33]).

3. Physiological Roles of Phenolics in Plants

Phenolics are widely distributed and are involved in key metabolic and physiological process
in plants [34,35]. Phenolics influence different physiological processes related to growth and
development in plants including seed germination, cell division, and synthesis of photosynthetic
pigments [36]. Phenolic compounds have been exploited for several application including
bioremediation, allelochemical, promotion of plant growth, and antioxidants as food additives [37].
In plants, phenolic accumulation is usually a consistent feature of plants under stress, which represents a
defensive mechanism to cope with multiple abiotic stresses [31]. Plant phenolics play an important role
in several physiological processes to improve the tolerance and adaptability of plants under suboptimal
conditions [38–40]. In particular, a large number of secondary metabolites having antioxidant properties
belong to this group [41] which can ameliorate plant performance under stress conditions.

Plants interact with their living environment through secondary metabolites. Polyphenols are,
for example, involved in signal transduction from the root to the shoot and also help in nutrient
mobilization. The roots exudates contain phenolic compounds which alter the physiochemical
properties of the rhizosphere. Soil microbes transform phenolics into compounds which help in
N mineralization and humus formation [42]. Furthermore, phenolics improve nutrient uptake
through chelation of metallic ions, enhanced active absorption sites, and soil porosity with accelerated
mobilization of elements like calcium (Ca), magnesium (Mg), potassium (K), zinc (Zn), iron (Fe),
and manganese (Mn) [43]. Recently, Rehman, et al. [44] found that Zn application and plant growth
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promoting rhizobacteria (PGPRs) treatment enhanced the contents of phenolics and organic acids
(pyruvic acid, tartaric acid, citric acid, malonic acid, malic acid, succinic acid, oxaloacetic acid,
oxalic acid, and methyl malonic acid) in root exudates of wheat, which helped in nutrient mobilization
of Zn, N, and Ca and their uptake [44,45]. Phenolic compounds also help in N fixation in legumes.
Legumes release several secondary metabolites from roots, principally flavonoid compounds (flavanols
and iso-flavonoids) which play crucial role in Nod factors synthesis and in the production of infection
tube during nodulation, given that they inhibits auxin transport and facilitate cell division [46].

Plant phenolics, as physiological regulator or chemical messenger, inhibit the IAA catabolism
(dihydroxy B-ring flavonoids) or limit the IAA synthesis (monohydroxy B-ring flavonoids) [47].
Flavonoids play a key role in the development of functional pollen. For instance, addition of a very
small dose of flavonol aglycones kaempferol or quercetin restored the fertility in mature pollen during
pollination [48,49]. Some phenolic compounds (trans-cinnamic acid, coumarin, p-hydroxybenzoic
acid, and benzoic acid) might be potentially phytotoxic if accumulated in high quantity and can
inhibit germination and seedling growth [50] due to the disruption of cellular enzyme functioning and
impairment of cell division. For instance, some phenolic compounds inhibit the prolyl aminopeptidase
and phosphatase enzyme involved in seed germination in legumes [51]. Conversely, high phenolic
acid contents have been reported to exert positive effects in seed germinating. In a recent study,
Chen et al. [52] found a substantial increase in free (1042%), bound (120%), and total phenolic acid content
(741%) in canary grass during germination. The spruce bark extract containing polyphenols stimulated
the germination rate in Lycopersicon esculentum while inhibited root elongation [53]. Phenolics reduced
the thickness and increased the seed tegument porosity which help in water imbibition and boost
the germination rate [54]. Polyphenolic extracts of spruce bark intensified the photosynthetic activity
and biosynthesis of assimilatory pigment (chlorophyll a and b) in maize and sunflower [55,56].
Phenolics reduced the energy required for ion transfer by modifying the structure of thylakoids and
mitochondrial membranes [57]. As antioxidants, phenolic compounds participate in the scavenging
of reactive oxygen species (ROS), catalyzing oxygenation reactions through formation of metallic
complexes, and inhibiting the activities of oxidizing enzymes [58].

In conclusion, polyphenols are produced under optimal and (with higher levels) in suboptimal
conditions in plants and play crucial role in the development encompassing signal transduction,
cell division, hormonal regulation, photosynthetic activity regulation, germination, and reproduction
rate. Plants exhibiting increased synthesis of polyphenols under abiotic stresses usually show a better
adaptability to limiting environments.

4. Abiotic Stresses and Their Toxic Effects on Plants

In recent times, producing more food and preventing crop losses to meet the demands of
ever-increasing human populations has gained unprecedented importance. Nevertheless, a large
proportion of arable land face abiotic stresses (drought, salinity, cold, heat, heavy metal toxicity,
UV radiation, etc.) which are expected to increase due to climate change and the incidence of these
environmental stresses are further fueled by anthropogenic activities. These abiotic stresses cause
alteration in physiological and biochemical processes of plants which results in diminished plant growth
and poor yield [59]. These stresses bring rapid changes in cellular redox homeostasis with excessive
reactive oxygen species (ROS) generation which eventually damage cell organelles and interfere in
ROS-promoted signaling pathways [60]. Contrary to over production of ROS, a physiological redox
state hampers normal cell functions and affects the plant immune system, suggesting that a threshold
level of ROS is necessary for normal plant functioning (Figure 1; Farooq, et al. [61]). Increased ROS
generation under abiotic stresses enhanced itself exponentially the production of ROS [62], which result
in peroxidation and destabilization of cellular membranes. Recently Rehman, et al. [63] observed that
heat stress and Zn deficiency cause reductions in growth (shoot and root biomass, and root length),
and consequently impeded nutrient uptake, enhanced lipid peroxidation and impaired photosynthetic
performance. In plants, ROS is produced from 1–2% of total O2 consumed in high active cell organelles
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like chloroplasts, mitochondria, and peroxisomes (Figure 1; [64]). The most common ROS are singlet
oxygen (1O2), superoxide radicle (O2

•–), hydrogen peroxide (H2O2), and hydroxyl radicle (•OH) [65].
Abiotic stresses disturb the balance between ROS generation and scavenge and accelerate ROS

propagation which damages vital macromolecules (nucleic acids, proteins, carbohydrates, and lipids)
and eventually leads to cell death. ROS-induced protein damage is caused by oxidation of amino acid
residues (e.g., cysteine) for disulphide bond formation, oxidation of arginine, lysine, and threonine
residues resulting in irreversible carbonylation in side chains and oxidation of methionine residue
to form methionine sulphoxide [66]. ROS production also limits CO2 fixation in chloroplasts which
are the main site for ROS generation in green plants [67]. ROS reacts with chlorophyll during
photosynthesis and forms the chlorophyll triplet state which can rapidly generate (1O2), thus causing
damage to photosynthetic complexes (principally PSII) and perturbing the molecular reaction of
the photosynthetic pathway [68]. Apart from the chloroplast, the mitochondria also increase ROS
production under abiotic stress which influences plant cellular processes [24]. In mitochondria, ~1–5%
of O2 consumed leads to H2O2 formation which is subsequently transformed in •OH during the Fenton
reaction [69]. Furthermore, intensive respiratory/photorespiratory metabolism demands high electron
input leading to escalated ROS production which results in protein oxidation [61]. Peroxisomes are also
major sites for ROS production, particularly H2O2, and have two- and 50-fold higher concentration
of H2O2 than chloroplasts and mitochondria, respectively [70]. This H2O2 is involved in stress
induced oxidative damage given that it can freely pass lipid membranes. Under the physiological
level, different antioxidant defense mechanism detoxify ROS. However, over production of ROS can
overwhelm the defense system, resulting in oxidative stress, cell damage, and cell death (Figure 1) [71].

 

Figure 1. Schematization of signal transmission and transduction in plant cells. Abbreviation: ABA,
abscisic acid; APX, ascorbate peroxidase; HSF, redox-sensitive transcription factor; JA, jasmonic acid;
MAPK, mitogen-activated protein kinase; NADP, oxidized nicotinamide adenine dinucleotide;
NADPH, reduced nicotinamide adenine dinucleotide; NPR1, redox-sensitive transcription factor;
OXI1, serine/threonine kinase; PA, phosphatidic acid; PLC/PLD, phospholipases class C and D; POX,
peroxidase; ROS, reactive oxygen species; SA, salicylic acid; SOD, superoxide dismutase.

5. Response and Role of Endogenous Phenolics in Plants against Abiotic Stress

In response to abiotic stresses, biosynthesis of secondary metabolites, including polyphenols,
is usually increased in plants. Phenolics confer indeed higher tolerance to plants against various stress
conditions like heavy metals, salinity, drought, temperature, pesticides, and UV radiations [33,72–77].
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Plants growing under stressful environments have the ability to biosynthesize more phenolic
compounds in comparison to plants growing under normal conditions [78]. These compounds
have antioxidative properties and are capable of scavenging free radicals, resulting in reduction
of cell membrane peroxidation [79], hence protecting plant cells from ill effects of oxidative stress.
Biosynthesis of phenolics under stressful environments is regulated by the altered activities of various
key enzymes of phenolic biosynthetic pathways like PAL and CHS (chalcone synthase). Enhanced
performance of enzymes is also accompanied by the up-regulation of the transcript levels of genes
encoding key biosynthetic enzymes like PAL, C4H (cinnamate 4-hydroxylase), 4CL (4-coumarate:
CoA ligase), CHS, CHI (chalcone isomerase), F3H (flavanone3-hydroxylase), F3′H (flavonoid
3′-hydroxylase), F3′5′H (flavonoid 3′5′-hydroxylase), DFR (dihydroflavonol 4-reductase), FLS (flavonol
synthase), IFS (isoflavone synthase), IFR (isoflavone reductase), and UFGT (UDP flavonoid
glycosyltransferase) [74,80–86]. The responses of phenolic compounds under different abiotic stresses
have been discussed in individual sections mentioned below.

5.1. Heavy Metal

Metal stress causes oxidative stress to plants by triggering the generation of harmful ROSs and
ultimately cause toxicity and retarded growth [11,87,88]. However, enhanced biosynthesis of phenolics
in plants under metal stress helps in protecting plants from oxidative stress [72,89,90]. Flavonoids can
enhance the metal chelation process which helps in reducing the levels of harmful hydroxyl radical in
plant cells [91,92] and this fits well with the observation that the levels of flavonoids in plants have
found to be enhanced by metal excess [90,93]. Under metal toxicity, accumulation of specific flavonoids
which are involved in aiding to the plant’s defense mechanism is also enhanced including anthocyanins
and flavonols [72,94–96]. Accumulation of phenolic compounds is due to the up-regulation of the
biosynthesis of phenylpropanoid enzymes including phenylalanine ammonia-lyase, chalcone synthase,
shikimate dehydrogenase, cinnamyl alcohol dehydrogenase, and polyphenol oxidase [95,97], which in
turn, is dependent on the modulation of transcript levels of genes encoding biosynthetic enzymes
under metal stress [72,85]. Flavonoids are also known for their scavenging capability of H2O2 and are
considered to play a crucial role in the phenolic/ascorbate-peroxidase cycle [98,99].

Shikimate dehydrogenase (SKDH) and glucose-6-phosphate dehydrogenase (G6PDH) are two
important enzymes which catalyze the biological reaction required for the production of important
precursors of phenylpropanoid pathways [100]. Another enzyme cinnamyl alcohol dehydrogenase
(CADH) catalyzes biochemical reactions which produce precursors required for synthesis of lignin [101].
Heavy metals stimulate phenylpropanoid the biosynthetic pathway in plants by up-regulating the
activities of key biosynthetic enzymes like PAL, SKDH, G6PDH, and CADH [101]. Additionally,
polyphenol oxidase (PPO) helps during the process of ROS scavenging, and enhancing a plant’s
resistance to abiotic stress conditions like heavy metals [100–102]. Table 1 summarizes the impact of
metal stress on phenolic composition of plants.

Table 1. Summary table describing the impact of heavy metal stress on the endogenous levels of
various phenolic compounds in plants.

Plant Species
Heavy
Metal

Response of Endogenous Phenolics and Related Parameters Reference

Brassica juncea

Cu
Increase in contents of total phenols, anthocyanins and other
phenolic compounds like catechin, caffeic acid, coumaric acid,

kaempferol.
[103]

Cr
Increase in total contents of phenols, flavonoids and

anthocyanins, accompanied by enhanced expressions of PAL
and CHS.

[72]

Cr Increase in anthocyanins accompanied by up-regulation of
CHS gene. [93]
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Cd Increase in the contents of total flavonoids and anthocyanins. [90]

Cd Increase in total contents of flavonoids and anthocyanins,
accompanied by enhanced expressions of PAL and CHS. [104]

Cd Increase in total contents of phenols, polyphenols, flavonoids
and anthocyanins. [105]

Pb
Increase in total contents of phenols, flavonoids and

anthocyanins, accompanied by enhanced expressions of PAL
and CHS.

[106]

Pb Increase in total contents of phenols, polyphenols, flavonoids
and anthocyanins. [89]

Fagopyrum
esculentum Al Increase in total phenolic, flavonoid and anthocyanin contents.

Increase in the activity of PAL enzyme. [77]

Kandelia obovata Cd and Zn

Enhanced levels of total phenolics accompanied by increased
activities of phenol metabolic enzymes like shikimate
dehydrogenase, cinnamyl alcohol dehydrogenase and

polyphenol oxidase.

[97]

Prosopis farcta Pb

Increase in total contents of phenols accompanied by
enhanced activity of PAL enzyme.

Contents of other phenolic compounds were also increased
including ferulic acid, cinnamic acid, caffeic acid, daidzein,

vitexin, resveratrol, myricetin, quercetin, kaempferol,
naringinine, luteolin and diosmin.

[95]

Vitis vinifera Cu
Enhanced transcript levels of various genes encoding enzymes
involved in biosynthesis of phenolics (PAL, C4H, CHS, F3H,

DFR) and down-regulation of UFGT and ANR.
[85]

Withania
somnifera Cd Increase in total contents of flavonoids and phenolics [101]

Zea mays Cu, Pb, Cd Increase in the contents of total phenols and some
polyphenols like chlorogenic and vanillic acid. [96]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); UFGT (UDP flavonoid
glycosyltransferase); IFS (isoflavone synthase); DFR (dihydroflavonol 4-reductase).

5.2. Drought

Phenolic accumulation is very crucial to counteract the negative impacts of drought stress in
plants [33]. Transcriptomic and metabolomic studies carried out on Arabidopsis plants confirmed that
enhanced flavonoid accumulation under drought stress is very helpful to provide resistance [107].
Biosynthesis and accumulation of flavonols were also stimulated in plants under water deficit conditions
accompanied by enhanced resistance against drought stress [108,109]. Drought stress also regulated
the biosynthetic pathways of phenolic acids and flavonoids, leading to enhanced accumulation of these
compounds [82,110,111] which acted as antioxidants and prevented plants from adverse effects of
water deficit conditions [112]. For example, contents of flavonoids like kaempferol and quercetin were
enhanced in tomato plants accompanied by enhanced drought tolerance [113]. Flavonoid accumulation
in cytoplasm can efficiently detoxify harmful H2O2 molecules generated as a result of drought stress
and, at the end oxidation of flavonoids is followed by ascorbic acid mediated re-conversion of flavonoids
into primary metabolites [114]. The main reason for this drought-induced accumulation of phenolic
compounds is the modulation of phenylpropanoid biosynthetic pathway. Drought regulates many key
genes encoding main enzymes of phenylpropanoid pathway, which results in stimulated biosynthesis
of phenolic compounds. The impact of drought stress on accumulation of phenolics and related
processes has been summarized in Table 2.
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Table 2. Summary table describing the impact of drought stress on the endogenous levels of various
phenolic compounds in plants.

Plant Species Response of Endogenous Phenolics and Related Parameters Reference

Achillea spp.

Increase in the contents of chlorogenic acid, caffeic acid, rutin,
luteolin-7-O-glycoside, 1,3-dicaffeoylquinic acid, luteolin, apigenin and

kaempferol under 21 days exposure of drought.
Enhanced transcript levels of PAL, CHS, CHI, F3H, F3′H, F3′5′H and FLS.

[82]

Increase in contents of total phenols and flavonoids. [115]

Brassica napus
Increase in contents of total phenols, flavonoid and flavonol.

Increase in PAL enzyme activity accompanied by enhanced expression of
PAL.

[110]

Chrysanthemum
morifolium

Increase in contents of total phenolics, anthocyanins, chlorogenic acid,
luteolin, rutin, ferulic acid, apigenin and quercetin.

Enhanced expression of PAL, CHI, and F3H, particularly in cultivar Taraneh.
[116]

Cucumis sativus Up-regulation of phenolic metabolites including vanillic acid and
4-hydroxycinnamic acid. [111]

Fragaria ananassa Enhanced transcript levels of PAL, C4H, 4CL, DFR, ANS, FLS and UFGT. [81]

Lactuca sativa Increase in the contents of phenolic compounds such as caftaric acid and
rutin. [117]

Larrea spp. Increase in the contents of polyphenols including flavonoids,
proanthocyanidins and flavonols. [118]

Lotus japonicus
Increase in the contents of kaempferol and quercetine.

Up-regulation of the expression of PAL, C4H, 4CL, CHS, CHI, DFR, IFS and
IFR

[119]

Nicotiana tabacum Increase in PAL enzyme activity and lignin content. [120]

Ocimum spp. Increase in content of total phenols [121]

Thymus vulgaris Increase in the contents of total flavonoids and polyphenols. [122]

Triticum aestivum

Increase in content of total phenols [123]

Increase in the total contents of phenolics, flavonoids and anthocyanins.
Enhanced expression of genes like CHS, CHI, F3H, FNS, FLS, DFR and ANS. [84]

Vitis vinifera

Increase in the contents of polyphenols including 4-coumaric acid, caffeic
acid, ferulic acid, cis-resveratrol-3-O-glucoside,

trans-resveratrol-3-O-glucoside, catechin, epicatechin, caftaric acid,
epicatechin gallate, kaempferol-3-O-glucoside, cyanidin-3-O-glucoside,

quercetin-3-O-glucoside and quercetin-3-O glucuronide.

[124]

Increase in anthocyanin content accompanied by up-regulation of
associated biosynthetic genes like UFGT, CHS and F3H. [125]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); F3′H (flavonoid 3′-hydroxylase);
F3′5′H (flavonoid 3′5′-hydroxylase); FLS (flavonol synthase); FNS (flavone synthase) UFGT (UDP flavonoid
glycosyltransferase); IFS (isoflavone synthase); IFR (isoflavone reductase); DFR (dihydroflavonol 4-reductase); ANS
(anthocyanidin synthase).

5.3. Salinity

Salt stress results in generation of ROS like superoxide anions, hydrogen peroxide, and hydroxyl
ions [126,127] and require activation of well-orchestrated and finely-tuned plants antioxidant system
to contrast ROS propagation [128,129]. Phenolic compounds have powerful antioxidant properties
and help in scavenging of harmful ROS in plants under salt stress [130–132]. Moreover, in response to
salt stress, phenylpropanoid biosynthetic pathway gets stimulated and results in production of various
phenolic compounds which have strong antioxidative potential [131,133,134].

Some genes like VvbHLH1 are involved in the enhanced production of flavonoids by regulating
the genes of the biosynthetic pathways and confer salt tolerance to plants [135,136]. In tobacco plants,
NtCHS1 plays a crucial role in the biosynthesis of flavonoids under salt stress, where accumulation
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directly favors the scavenging of ROS [130]. Flavone biosynthesis also was enhanced under saline
conditions and in Glycine max, it was observed that salinity up-regulates the expression of flavone
synthase genes, GmFNSII-1 and GmFNSII-2 [137]. Some phenolic acids also accumulate in plants
under saline conditions including caffeic acid, caftaric acid, cinnamylmalic acid, gallic acid, ferulic acid,
and vanillic acid [131,138–140]. Biosynthesis of anthocyanins also was promoted in plants growing
under saline conditions [141,142]. A detailed explanation about the effect of salt stress on phenolic
composition has been provided in Table 3.

Table 3. Summary table describing the impact of salt stress on the endogenous levels of various
phenolic compounds in plants.

Plant Species Response of Endogenous Phenolics and Related Parameters Reference

Amaranthus tricolor

Increase in contents of total phenolics, hydroxybenzoic acids
(gallic acid, vanilic acid, syringic acid, p-hydroxybenzoic acid,
ellagic acid), hydroxycinnamic acids (caffeic acid, chlorogenic
acid, p-coumaric acid, m-coumaric acid, ferulic acid, sinapic

acid, trans-cinnamic acid) and flavonoids (iso-quercetin,
hyperoside, rutin)

[140]

Asparagus aethiopicus Increase in the levels of phenolics like robinin, rutin, apigein,
chlorogenic acid and caffeic acid. [134]

Carthamus tinctorius Increase in contents of total phenols and flavonoids. [136]

Chenopodium quinoa Increase in total polyphenol and flavonoid contents. [143]

Cynara cardunculus

Increase in contents of phenolic compounds like
luteolin-O-glucoside, apigenin 6-c-glucoside 8-c-arabinoside,

gallocatechin, leucocyanidin and quercitrin.
Decrease in contents of compounds like apigenin, chrysin,

genistein, daidzein and ferulic acid

[144]

Fragaria ananassa Enhanced transcript levels of PAL, C4H, F3H, DFR and FLS. [81]

Hordeum vulgare Increase of total phenolic contents. [145]

Mentha piperita Increase of total phenolic contents. [146]

Ocimum basilicum
Increase in the contents of various phenolic compounds like

caffeic acis, caftaric acid, cinnamyl malic acid, feruloyl tartaric
acid, quercetin-rutinoside and rosmarinic acid.

[139]

Olea europaea
Increase in contents of total phenolics, kaempf erol and

quercetin.
Regulation of transcript levels of PAL, C4H, 4CL, CHS and CHI.

[133]

Salvia mirzayanii Increase of total phenolic contents. [132]

Salvia mirzayanii and Salvia
acrosiphon

Increase in total phenolic content and PAL activity
accompanied by enhanced expression of PAL. [147]

Solanum lycopersicon Increase in total caffeoylquinic acid content [129]

Solanum villosum
Increase in total phenolic, caffeic acid, and quercetin

3-β-D-glucoside contents.
Up-regulation of the expression of PAL and FLS

[138]

Thymus spp.

Increase in the contents of various phenolic compounds like
caffeic acid, gallic acid, trans-2-hydroxycinnamic acid,

cinnamic acid, rosmarinic acid, rutin, syringic acid, vanillic
acid, apigenin, quercitrin, naringenin and luteolin.

[131]

Triticum aestivum Increase in contents of total phenols [123]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); FLS (flavonol synthase);
DFR (dihydroflavonol 4-reductase).
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5.4. UV Light

Exposure of UV-B radiations to plants causes damage to their protein structure, causes harmful
mutations to DNA and generates harmful ROS. To counteract the negative effects of UV-B exposure,
endogenous phenolics accumulated in plant cells and protect cell components by making a shield
under epidermal layer. They further reduce DNA damage by preventing dimerization of thymine
along with reducing photo-damage of important enzymes like NAD/NADP [33,148]. Moreover,
flavonoids also act as light screens due to their capability of absorbing both visible (anthocyanins)
and UV radiations (anthocyanins and colorless flavonoids), hence protecting plants from these
harmful radiations [26,149]. This fact was supported by various researchers who observed enhanced
biosynthesis of flavonoids in plants under UV radiations, accompanied by enhanced UV absorption
and plant tolerance to these radiations [98,150] and powerful antioxidant capacity [151]. Moreover, it is
also well known that plants growing at high altitude accumulate more phenolics like flavonoids than
plants of a temperate region. This enhanced flavonoid accumulation under high light/UV exposure
is because of stimulated flavonoid biosynthetic pathways and their corresponding gene transcript
levels [33,83,152,153]. The key genes which are up-regulated in plants upon UV exposure include:
CHS (chalcone synthase); CHI (chalcone isomerase); FLS (flavonol synthase); DFR (dihydroflavonol
4-reductase); FHT (flavanone 3β-hydroxylase), FGT (flavonoid glycosyltransferases); and PAL
(phenylalanine ammonia lyase) [154,155]. It is also believed that UV light also utilizes jasmonate
dependent/independent pathways to stimulate the biosynthesis of phenols in plants [156]. Additionally,
abscisic acid (ABA) is also known to modulate the phenolic biosynthetic pathway in presence of UV
light [157]. Table 4 provides a brief summary about impact of UV exposure on the endogenous phenolic
composition of plants.

Table 4. Summary table describing the impact of UV light exposure on the endogenous levels of various
phenolic compounds in plants.

Plant Species Response of Endogenous Phenolics and Related Parameters Reference

Arbutus unedo Increase in contents of phenolic compounds like theogallin,
avicularin and juglanin. [158]

Brassica oleracea Increase in contents of gallic acid and sinapic acid. [159]

Caryopteris mongolica Increase in contents of flavonoids and anthocyanidins, accompanied
by PAL and CHI activity. [160]

Cuminum cyminum Increase in contents of total phenolics and anthocyanins,
accompanied by enhanced gene expression of DAHP and PAL. [153]

Fragaria x ananassa

Increase in contents of kaempferol, ellagic acid and, glucoside
derivative of cyaniding, pelargonidin and quercetin.

Up-regulation of key genes involved in flavonoid pathway
including CHS, CHI, FHT, DFR, FLS and FGT.

[155]

Kalanchoe pinnata Increase in contents of total flavonoids and quercitrin. [161]

Lactuca sativa

Increase in contents of total phenolics, flavonoids and anthocyanins.
Contents of phenolic acids were also increased including rosmarinic

acid, vanillic acid, p-anisic acid, methoxycinnamic acid and
chlorogenic acid.

[162]

Increase in total anthocyanin and phenolic contents. This is
accompanied by enhanced activity of PAL enzyme and

up-regulation of PAL expression.
[163]

Ribes nigrum Increase in contents of flavonols, anthocyanins, hydroxycinnamic
and hydroxybenzoic acids. [164]

Solanum lycopersicum Increase in total phenolic content [165]
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Triticum aestivum

After 3 days of UV exposure, increase in contents of total phenolics,
ferulic acid, p-coumaric acid and vanillic acid, whereas no change in
the contents of p-hydroxybenzoic acid, syringic acid and sinapic acid.

Alterations in the transcript levels of PAL, C4H, 4CL, and COMT

[83]

Triticum aestivum Increase in contents of free, bound and total phenolics accompanied
by enhanced PAL activity. [166]

Vigna radiata Increase in total flavonoid and phenol content, accompanied by
enhanced activities of PAL and CHI enzymes. [154]

Vitis vinifera Increase in contents of astilbin, quercetin and kaempferol. [167]

Increase in contents of phenolic compounds like cyaniding,
petunidin, peonidin, malvidin, quercetin, myricetin, kaempferol,

procyanidin, gallic acid, protocatechuic acid and vanillic acid.
[157]

CHS (chalcone synthase); CHI (chalcone isomerase); FLS (flavonol synthase); DFR (dihydroflavonol 4-reductase);
FHT (flavanone 3β hydroxylase), FGT (flavonoid glycosyltransferases) PAL (phenylalanine ammonia lyase);
C4H (cinnamate 4-hydroxylase); 4CL (4-coumarate: CoA ligase); cinnamylalcohol dehydrogenase (CAD);
COMT (caffeic acid O-methyltransferase); DAPH (deoxyribonino heptulosinate 7-phosphate synthase).

5.5. Other Abiotic Factors

Other abiotic factors like temperature, nanoparticles, and pesticides also stimulate the endogenous
phenolic biosynthesis in plants and help in providing resistance against phytotoxic effects of these
abiotic stresses [74,80,153,168–171]. Phenolic biosynthetic pathways also get activated in plants
growing under pesticide stress conditions. This leads to more accumulation of phenolic compounds in
plants, which confer resistance to survive against pesticide toxicity [73,170]. This stimulated phenolic
biosynthesis is due to the activation of key biosynthetic enzymes and up-regulation of key genes of
phenylpropanoid branch, including PAL and CHS [74,80]. Increased accumulation of anthocyanins
in plant leaves promote by application of insecticides also helps in recovery of plant photosynthetic
efficiency [172]. Similarly, under temperature stress (both heat and chilling), plants synthesize more
phenolic compounds such as anthocyanins, flavonoids, flavonols, and phenolic acids, which ultimately
protect plant cells [75,129,168,169,173]. In Festuca trachyphylla plants growing under heat stress,
enhancement in the phenolic compounds was noticed including 4-hydroxybenzoic acid, benzoic acid,
caffeic acid, coumaric acid, cinnamic acid, gallic acid, homovanillic acid, ferulic acid, salicylic acid,
and vanillic acid [76]. The increased accumulation of these phenolic compounds is accompanied by
enhanced tolerance of F. trachyphylla plants against high temperature [76]. In carrot, phenolics like
coumaric acid, caffeic acid, and anthocyanins are suggested to prevent heat induced oxidative damage
by enhancing their accumulation [174]. Some phenolics like salicylic acid also act as stimulant for
phenol biosynthesis in plants under high temperature stress. This leads to enhanced accumulation
of phenolic compounds which further help in detoxification of ROS and providing heat resistance
to plants [175]. Under chilling stress, phenolic compounds like suberin or lignin start accumulating
in plant cell walls which helps in enhancing resistance against chilling stress [176]. This enhanced
thickness of cell wall due to phenolic accumulation is beneficial for prevention of chilling injury
and cell collapse under cold stress [33]. Stimulated phenolic biosynthesis under low temperature
stress is due to the enhanced expression of PAL, CAD (cinnamylalcohol dehydrogenase), and HCT
(hydroxycinnamoyl transferase), and increased phenolic levels play crucial role in protection plants
against chilling stress [86]. This fact is further supported by the research carried out on peach under
chilling stress by Gao et al. [177]. These researchers suggested that 24-epibrassinolide stimulated
biosynthesis of phenolics is involved in reduction of heat generated oxidative stress by helping to
scavenge of ROS. Table 5 provides a detailed overview about how different abiotic factors affect
phenolic metabolism in plants.
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Table 5. Summary table describing the impact of various abiotic factors on the endogenous levels of
various phenolic compounds in plants.

Plant Species Abiotic Factor
Response of Endogenous Phenolics and Related

Parameters
Reference

Brassica juncea

Insecticide Increase in total phenol and polyphenol contents. [73]

Insecticide
Increase in total phenol, polyphenol and anthocyanin

contents accompanied by enhanced expression of
PAL and CHS.

[74]

Insecticide Increase in total phenol and anthocyanin contents. [178]

Insecticide
Increase in total phenol and anthocyanin contents
accompanied by enhanced expression of PAL and

CHS.
[80]

Dracocephalum
kotschyi Silicon dioxide NP

Increase in total phenol, total flavonoid, rosmarinic
acid and xantomicrol contents, accompanied by

up-regulation of the gene expression of PAL and RAS.
[179]

Festuca
trachyphylla Heat

Increase in the contents of phenolic compounds like
4-hydroxybenzoic acid, benzoic acid, caffeic acid,

coumaric acid, cinnamic acid, gallic acid,
homovanillic acid, ferulic acid, salicylic acid and

vanillic acid.

[76]

Lens culinaris Heat
Enhanced levels of total phenolics and flavonoids.
Increase in the contents of gallic acid, salicylic acid,

chlorogenic acid, ferulic acid and naringenin,
[168]

Nicotiana
tabacum Chilling

Alteration in the contents of various metabolites of
phenylalanine metabolic pathway.

Enhanced expression of PAL, HCT and CAD.
[86]

Nicotiana
langsdorffii Heat

Increase in the contents of total polyphenols and
individual contents of p-coumaric acid, chlorogenic
acid, cryptochlorogenic acid, neochlorogenic acid

and ferulic acid.

[75]

Oryza sativa Insecticide Increase in the contents of phenylalanine,
p-hydroxybenzoic acid and ferulic acid [170]

Prunus persica Chilling

Increase in the activities of enzymes like PAL, C4H,
4CL and CHI.

Increase in the contents of phenolic compounds like
protocatechuic acid, catechin, cholorogenic acid,

neocholorogenic acid, quercetin-3- rutinoside,
quercetin-3-glucoside, kaempferol-3- rutinoside

[169]

Solanum
lycopersicon

Heat Increase in total flavonol content [129]

Silver NP Increase in total phenolic content. [180]

Solanum
tuberosum Zinc NP Increase in contents of total phenolics and

anthocyanins. [181]

Vigna angularis Heat Increase in the contents of anthocyanins and
flavonoids. [173]

Vitis vinifera Titanium NP Increase in contents of total phenolics, caftaric acid,
quercetin derivatives and kaempferol derivatives. [171]

Withania
somnifera Copper NP Increase in contents of total phenolics and flavonoids. [182]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); cinnamylalcohol dehydrogenase (CAD); HCT (hydroxycinnamoyl
transferase); COMT (caffeic acid O-methyltransferase); DAPH (deoxyribonino heptulosinate 7-phosphate synthase),
RAS (rosmarinic acid synthase); NP (nanoparticles).
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6. Conclusions

Phenylpropanoid pathway is likely the most studied pathway of secondary metabolism in
planta. In plants growing under challenging environments, accumulation of phenolic compounds
usually parallels enhanced plant tolerance as summarized in Figure 2. Abiotic stresses also activate
the cell signaling process, resulting in transcriptional up-regulation of phenylpropanoid pathway.
The increase in plant’s resistance is correlated with the multiple function of polyphenols in plants,
principally consisting in their ROS scavenging ability and/or the capacity of some polyphenol classes
to protect the plant from excessive light such as UV (flavonoids) and visible light (anthocyanins).
In addition, polyphenols might play other key ecological roles under abiotic stress, acting for example
as infochemicals for other plants. Aside from the huge body of papers on the matter, further research is
needed to deepen, for example, the role of specialized polyphenols as a response to certain abiotic stresses
and to describe the intimal mechanisms which shift from primary metabolism to the up-regulation of
phenylpropanoid pathway, which is as a cross response to several environmental stressors.

Figure 2. Diagrammatic explanation for response and role of phenolic compounds in plants
growing under abiotic stress conditions. ROS (reactive oxygen species); PAL (phenylalanine
ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate 4-hydroxylase);
4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); F3′H(flavonoid 3′-hydroxylase);
F3′5′H(flavonoid 3′5′-hydroxylase); FLS (flavonol synthase); FNS (flavone synthase) UFGT
(UDP flavonoid glycosyltransferase); IFS (isoflavone synthase); IFR (isoflavone reductase);
DFR (dihydroflavonol 4-reductase); ANS (anthocyanidin synthase).
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