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Pobiega and Małgorzata Gniewosz et al.
The Impact of the Fermentation Method on the Pigment Content in Pickled Beetroot and Red
Bell Pepper Juices and Freeze-Dried Powders
Reprinted from: Appl. Sci. 2022, 12, 5766, doi:10.3390/app12125766 . . . . . . . . . . . . . . . . . 141

Mohamed H. Alegiry, Abdelfatteh El Omri, Ahmed Atef Bayoumi, Mohammed Y. Alomar,
Irfan A. Rather and Jamal S. M. Sabir
Antidepressant-Like Effect of Traditional Medicinal Plant Carthamus Tinctorius in Mice Model
through Neuro-Behavioral Tests and Transcriptomic Approach
Reprinted from: Appl. Sci. 2022, 12, 5594, doi:10.3390/app12115594 . . . . . . . . . . . . . . . . . 157

Pattharaparn Siripun, Chaiyavat Chaiyasut, Narissara Lailerd, Netnapa Makhamrueang,
Ekkachai Kaewarsar and Sasithorn Sirilun
A Pilot Study of whether or Not Vegetable and Fruit Juice Containing Lactobacillus paracasei
Lowers Blood Lipid Levels and Oxidative Stress Markers in Thai Patients with Dyslipidemia:
A Randomized Controlled Clinical Trial
Reprinted from: Appl. Sci. 2022, 12, 4913, doi:10.3390/app12104913 . . . . . . . . . . . . . . . . . 171

Hildegard Witbooi, Callistus Bvenura, Anna-Mari Reid, Namrita Lall, Oluwafemi Omoniyi
Oguntibeju and Learnmore Kambizi
The Potential Effect of Elevated Root Zone Temperature on the Concentration of Chlorogenic,
Caffeic, and Ferulic acids and the Biological Activity of Some Pigmented Solanum tuberosum L.
Cultivar Extracts
Reprinted from: Appl. Sci. 2021, 11, 6971, doi:10.3390/app11156971 . . . . . . . . . . . . . . . . . 184

vi



Citation: Mazzoni, L.; Capocasa, F.;

Ariza Fernández, M.T. Potential

Health Benefits of Fruits and

Vegetables II. Appl. Sci. 2023, 13, 8524.

https://doi.org/10.3390/app13148524

Received: 10 July 2023

Accepted: 18 July 2023

Published: 24 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Editorial

Potential Health Benefits of Fruits and Vegetables II
Luca Mazzoni 1,* , Franco Capocasa 1,* and Maria Teresa Ariza Fernández 2,*

1 Department of Agricultural, Food and Environmental Sciences, Università Politecnica delle Marche,
Via Brecce Bianche 10, 60131 Ancona, Italy

2 Breeding and Biotechnology, Instituto Andaluz de Investigación y Formación Agraria y Pesquera (IFAPA),
IFAPA-Centro de Churriana, Cortijo de la Cruz, s/n, 29140 Málaga, Spain

* Correspondence: l.mazzoni@staff.univpm.it (L.M.); f.capocasa@staff.univpm.it (F.C.);
mariat.ariza@juntadeandalucia.es (M.T.A.F.)

Consumer awareness regarding the significance of a well-balanced diet in preventing
chronic diseases has increased significantly in recent years. Particularly, the consumption
of plant-based foods, including vegetables and fruits, has been proven to play a crucial role
in preventing various chronic diseases due to their abundance of bioactive compounds.
Numerous researchers and scientists from diverse fields have dedicated substantial efforts
to the study and characterization of the phytochemical profiles of numerous fruits and vegeta-
bles. They have also elucidated multiple mechanisms and metabolic pathways through which
these plant-based foods exhibit their health-enhancing and disease-preventing properties.

The objective of this Special Issue was to gather the latest research on the phytochemi-
cal composition of fruits and vegetables, as well as on their health-promoting effects and
mechanisms of action. This research encompassed various models, such as in vitro cellular
models, animal trials, and human trials, to provide a comprehensive understanding of the
applications and benefits of fruits and vegetables in promoting health.

In this Special Issue, 13 original contributions were received, comprising of 11 Research
Articles (RA) and 2 Reviews (RV). The first level of research is usually the investigation
of the antioxidant potential and the pattern of bioactive compounds in fruit and vegeta-
bles, which is achieved by analyzing their composition in different conditions (genotypes,
environment, cultivation system, and post-harvest management). In this regard, most of
the RAs received (5 out of 11) deal with the phytochemical composition of fruits (1) and
vegetables (4). The only study reporting research on fruit was from Qaderi et al. (2023),
which focused on strawberries, a perishable fruit rich in vitamins and phenolic compounds.
The researchers examined the effects of different cold-storage temperatures (−20 ◦C and
−80 ◦C) on three strawberry cultivars (‘Arianna’, ‘Francesca’, and ‘Silvia’), and their var-
ious treatments (whole and dried fruits), over seven months. The goal was to evaluate
how storage conditions and duration influenced the stability of nutritional compounds
such as vitamin C, phenolic acids, anthocyanins, and folate in strawberries. The results
showed that storage temperature significantly affected the fruit’s nutritional quality, with
−80 ◦C storage preserving more nutritional compounds compared to −20 ◦C. However,
the storage time did not substantially impact the nutritional composition. Notably, oven
drying had a detrimental effect on the vitamin C content, while folate levels increased
during storage. The findings underscore the importance of considering storage conditions
and duration for maintaining optimal nutritional quality in strawberries, thus informing
future fruit storage strategies [1].

As mentioned above, this Special Issue attracted more RAs on vegetables, with five
original contributions published. The study from Di Mola et al. (2023) aimed to assess the
effects of two natural biostimulants on Diplotaxis tenuifolia L. plants grown under different
salinity levels and harvested over six consecutive cropping cycles. The availability of qual-
ity irrigation water is declining due to soil salinization and aquifer deterioration, while at
the same time, climate change requires intensified cropping systems for global food security.
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The combination of factors had variable effects on the tested parameters, highlighting the
significance of considering growing conditions and cropping periods when using biostim-
ulants under salinity stress in D. tenuifolia plants. Salinity, biostimulant application, and
harvesting time affected the antioxidant activity, bioactive compounds (e.g., total phenols,
carotenoids, and total ascorbic acid), and mineral profile in different ways. Increasing the
salinity led to a decrease in nitrate content, whereas biostimulant application resulted in
higher nitrate accumulation compared to untreated plants. Although biostimulant appli-
cation showed potential in mitigating salinity stress, the response of D. tenuifolia plants
to saline conditions and biostimulant application also depended on growing conditions
and successive crop cycles [2]. The study from Biel et al. (2023) aimed to evaluate the
proximate composition, total polyphenolic compound content, and antioxidant activity of
27 plant materials collected in West Pomeranian, Poland. The samples were analyzed using
established methods for chemical composition and antioxidant activity assessment. The dry
matter content varied among the plant materials, with black chokeberry having the lowest
concentrations and milk thistle and black cumin having the highest concentrations. The to-
tal polyphenolic compound content ranged from 291.832 to 7565.426 mg of chlorogenic acid
equivalent per 100 g of dry matter. The antioxidant activity was measured using different
methods and exhibited a wide range of values across the plant materials. Milk thistle fruit
extract showed the lowest antioxidant activity and total polyphenolic compound content,
whereas extracts from garlic, stinging nettle, and cleavers had the highest. The study
suggests that certain plant parts with high antioxidant potential could be valuable sources
of bioactive compounds, but further research is needed to identify any potentially harmful
compounds [3]. On the topic of vegetables, the study by Mezzetti et al. (2022) examined
the antioxidant compounds in two Italian broccoli cultivars (‘Roya’ and ‘Santee’) and black
cabbage. Different plant portions and developmental stages were analyzed. Black cabbage
seeds showed higher levels of antioxidants, phenols, and anthocyanins than the leaves.
Similarly, broccoli heads had higher levels than the stems. The harvest date influenced
the antioxidant capacity, with the second harvest of ‘Roya’ broccoli showing better results.
These vegetables provide valuable antioxidants and potential health benefits [4]. Another
study by Janiszewska-Turak et al. (2022) focused on beetroot and red bell pepper as rich
sources of active compounds and their potential health benefits. To extend their shelf
life and create a new product with coloring and probiotic potential, lactic fermentation
was employed as a preservation method. The impact of fermentation on the content of
active compounds in pickled juices and freeze-dried powders was evaluated. Levilacto-
bacillus brevis and Limosilactobacillus fermentum were used for fermentation. The research
showed no differences in the pigment content in fermented juices, but color coefficients
varied in raw juices. Freeze-drying reduced the pigment content while simultaneously
increasing dry matter and providing good storage conditions. Fermentation combined
with marinade yielded higher pigments and lactic acid bacteria content. All powders were
stable and can be used as a colorant source, while higher bacteria levels are required for
probiotic properties [5].

Besides the compositional analyses, the second step in evaluating the positive effects
of the bioactive compounds present in fruits and vegetables is to extend the analysis to
other bioactive characteristics, such as antimicrobial, bactericidal, and anticancer effects.
Regarding the collection of RAs, three of them deal with these issues. Witbooi et al. (2021)
investigated potatoes, an important cultivation for global food security, and it has been
reported that pigmented potato cultivars provide health benefits. However, there is limited
information on their antioxidant, anticancer, and antimycobacterial activities. This study fo-
cused on the ‘Salad Blue’ (SB) pigmented cultivar and non-pigmented control (BP1) extracts.
Chlorogenic acid was the prominent phenolic acid in both cultivars. The extracts showed no
significant activity against Mycobacterium smegmatis. The antiproliferative activity against
HepG2 liver cells varied, and the study provides valuable information for future oncology
and nutritional research to enhance the health benefits of these cultivars [6]. Also, fruits of
the Bromelia genus have compounds with health benefits and biotechnological applications.
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Bromelia karatas fruits, for example, contain antioxidants and proteins with bactericidal
activity. However, further studies are needed to explore the activity and potential bene-
fits of these metabolites. In this study, the bactericidal activity of the methanolic extract
and its fractions from ripe B. karatas fruit was evaluated against several bacterial strains.
The methanolic extract showed minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC) values against the tested bacteria. Gas chromatography
mass spectrometry identified 131 compounds in the extract, some of which have known
biological activities such as bactericidal, fungicide, anticancer, anti-inflammatory, enzyme
inhibiting, and anti-allergic properties. The most abundant compounds in the extract
were maleic anhydride, 5-hydroxymethylfurfural, and itaconic anhydride. This study
highlights the potential health benefits of the metabolites found in B. karatas fruits [7].
Then, Phong et al. (2022) isolated eight known secondary metabolites, including two iso-
coumarins and six coumarins, from the stems and branches of Acer mono Maxim. Their
structures were confirmed using nuclear magnetic resonance spectroscopy and comparing
the results to published reports. For the first time, the inhibitory effects of these compounds
on Escherichia coli β-glucuronidase were evaluated using in vitro assays. Compound 1
(3-(3,4-dihydroxyphenyl)-8-hydroxyisocoumarin) displayed significant inhibitory effects
against β-glucuronidase (IC50 = 58.83 ± 1.36 µM). Kinetic studies indicated that compound
1 acts as a non-competitive inhibitor. Molecular docking studies revealed that compound
1 binds to the allosteric binding site of β-glucuronidase, which was consistent with the
results of kinetic studies. Additionally, molecular dynamics simulations provided insights
into the dynamic properties of the protein–ligand complex formed by compound 1. These
findings suggest that compound 1 could serve as a lead metabolite for developing new
β-glucuronidase inhibitors [8].

The last step in the evaluation of the potential health benefits of fruit and vegetables is
to test them with in vivo models, which can comprise animal trials and human trials. In
this collection, we published two RAs with in vivo studies in mice, and one RA conducted
in vivo in humans. The study by Azevedo et al. (2022) aimed to explore the effects of an
elderberry extract (EE) on mice over a period of 29 days and evaluate its safety as a natural
colorant. Twenty-four female mice were divided into four groups: control, EE12 (12 mg/mL
EE), EE24 (24 mg/mL EE), and EE48 (48 mg/mL EE). The main anthocyanins detected
in the extract were cyanidin-3-O-sambubioside and cyanidin-3-O-glucoside. Food and
drink intake was similar among the groups, except for EE48, which consumed significantly
less. Histological analysis of the liver indicated no pathological significance. The EE,
particularly at doses of 24 and 48 mg/mL, significantly reduced oxidative DNA damage
compared to the non-supplemented group. The elderberry extract exhibited a favorable
toxicological profile, suggesting its potential use in the food industry [9]. Alegiry et al. (2022)
concentrate their research on MDD, a prevalent and serious health condition that remains
a global challenge, despite numerous studies and available antidepressants. Carthamus
tinctorius (safflower) is traditionally used in food and medicine. This study aimed to
investigate the chemical composition of safflower and its antidepressant-like effects using
a hot water extract in male mice. The mechanism of action was explored through the
transcriptomic analysis of the hippocampus. GC-MS analysis revealed that the hot water
extract contained a significant amount of oleamide, which is known for its activity. Neuro-
behavioral tests showed that safflower treatment significantly reduced immobility time
in the TST and FST, and improved performance in the YMSAT compared to the control
group. RNA-seq analysis identified differential gene expression in several genes related
to MDD regulation. Overall, this study demonstrated the antidepressant-like effects of
safflower hot water extract, attributed to its bioactive ingredient oleamide, as evidenced
by behavioral changes and gene expression patterns [10]. The human in vivo trial was
conducted by Siripun et al. (2022) and investigated dyslipidemia, which is a risk factor
for cardiovascular disease and a leading cause of global mortality. Lipid-lowering drugs
can have side effects; therefore, consuming vegetables and fruits with probiotics is a
potential alternative to positively influence plasma lipid profiles. This study aimed to
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investigate the effects of consuming vegetable and fruit juice (VFJ) with and without
probiotic Lactobacillus paracasei on various parameters in dyslipidemic patients over 30 days.
The probiotic group showed significantly lower levels of total cholesterol, low-density
lipoprotein cholesterol, triglycerides, and the TG/high-density lipoprotein cholesterol ratio
compared to the placebo group. Additionally, the probiotic group had higher levels of
high-density lipoprotein cholesterol. The probiotic group also demonstrated reduced levels
of malondialdehyde (a marker of lipid peroxidation), increased levels of oxidative stress
enzymes (catalase and glutathione peroxidase) in plasma, and increased bile acid levels
in feces. These findings suggest that VFJ enriched with probiotic L. paracasei may serve as
an alternative approach for preventing dyslipidemia in patients who have not yet started
other medication, providing a primary intervention method [11].

The last two contributions to this collection are RVs, which provide a detailed overview
of two different central topics for the evaluation of the potential health benefits of fruits and
vegetables: the role of different vegetal-derived bioactive compounds in the modulation
of colorectal cancer, and the main characteristics and health effects of berry fruit volatiles.
According to Di Mola et al. (2023), colorectal cancer is a significant cause of illness and
death, and drug resistance poses a major challenge in its treatment. Bioactive compounds
derived from vegetables are being investigated as a potential strategy to enhance antitumor
therapies by targeting key pathways involved in carcinogenesis and multidrug resistance.
In both laboratory and animal studies, these compounds have shown the ability to reduce
drug resistance and enhance therapeutic effectiveness when combined with cytotoxic
drugs. This review aims to summarize the existing scientific literature on the antitumor
and chemo-sensitizing properties of vegetable-derived biomolecules such as polyphenols,
flavonoids, and terpenes. These compounds have the potential to offer promising prospects
for improving the treatment of colorectal cancer [12]. In the second RV, Gu et al. (2022) state
that volatile compounds give fruits their aroma, and berries are rich in these compounds,
including esters, alcohols, terpenoids, and more. This review focuses on the volatile
compounds in strawberries, blueberries, raspberries, blackberries, and cranberries. These
compounds have various health benefits, such as anti-inflammatory, anti-cancer, anti-
obesity, and anti-diabetic effects. Monoterpenes, like linalool, limonene, and geraniol, are
particularly important in berry aromas and offer several health benefits. Further research is
needed to explore the bioavailability and confirm the bioactivities of the volatile compounds
from berries [13].

To summarize, this collection evidences an important step forward in the consolidation
and verification of the potential health benefits of fruits and vegetables, starting from
a compositional point of view and moving into in vivo studies, as well as reviewing
crucial aspects of their effects. This work is in continuity with the previous Special Issue
“Potential Health Benefits of Fruits and Vegetables I”, to be followed by a similar collection
(Potential Health Benefits of Fruits and Vegetables III), which will continue to underline
the importance of fruit and vegetable consumption for human health.
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Abstract: Colorectal cancer is one of the leading causes of morbidity and mortality today. Knowledge
of its pathogenesis has made it possible to advance the development of different therapeutic strate-
gies. However, the appearance of drug resistance constitutes one of the main causes of treatment
failure. Bioactive compounds of vegetable origin are being studied as a new strategy to improve
antitumor treatment, due to their ability to regulate the pathways involved in the development of
carcinogenesis or processes that are decisive in its evolution, including multidrug resistance. In vitro
and in vivo studies of these substances in combination with cytotoxic drugs have shown that they
reduce resistance and increase therapeutic efficacy. The objective of this review is to summarize
the knowledge that is described in the scientific literature on the antitumor and chemo-sensitizing
capacity of vegetable-derived biomolecules such as polyphenols, flavonoids, and terpenes. These
compounds may hold a promising future in improving the treatment of colorectal cancer.
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1. Introduction

Colorectal cancer (CRC) accounted for 9.39% of deaths by cancers in 2020 and is the
third most commonly diagnosed cancer in the word. CRC incidence could double by 2035
due to an increase in the number of cases and their early diagnosis [1]. Current treatment is
based on resection combined with chemotherapy and adjuvant radiotherapy in the early
stages and larger resections that are associated with chemotherapy (oxaliplatin, irinotecan,
5-fluorouracil (5-FU) and capecitabine, among others) in metastatic stages [2]. However,
despite the use of different therapeutic options, the average survival in metastatic patients is
low (3 years) although the 5-year survival rates of patients that are diagnosed with localized
tumors or with regional dissemination are 90% and 69%, respectively [3,4]. Acquired or
intrinsic drug resistance in CRC is one the main causes of treatment failure. A clinical
assay that was performed with patients from 13 European countries, Israel, and South
Africa showed that more than 50% of CRC patients had resistance to the drug 5-FU [5,6]. In
addition, the mechanisms that generate resistance to one drug produce resistance to others
(multidrug resistance or MDR). The mechanism that is mediated by the ATP-dependent
transporter family (ATP-binding cassette family, ABC) is prominent in CRC, including
the p-glycoprotein (p-GP; ABCB1), a drug efflux pump which prevents cellular uptake of
many structurally and functionally cytotoxic compounds [7,8]. Understanding resistance
phenomena is essential for improving CRC patient prognosis.

In this context, it has been shown that some plant-derived natural products or their
association with the classic cytotoxic drugs used in cancer treatment were capable of
overcoming multidrug resistance and/or reducing the effective antitumor drug dose [9].
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Despite the low proportion of plant species that have been explored for their antitumor
activity [10], plant-derived natural products have played an important role in the treatment
and prevention of cancer. Most of the compounds from vegetables and fruits with signif-
icant antitumor activity also showed clear advantages in relation to modern drugs that
are used in chemotherapy [11]. Furthermore, this therapeutic strategy based on the use of
natural compounds showed minimal side effects and lower cost than synthesized antitu-
mor drugs [12]. However, biodistribution, biotransformation, and transport limitations of
natural products may hinder their application in cancer patients. Furthermore, their effect
on the immune system is not fully analyzed [13–15]. Concretely in CRC, the therapeutic
potential of some natural compounds has been clearly demonstrated [16]. In addition,
their combination with other conventional chemotherapeutic drugs has demonstrated a
significant synergistic effect [17]. In fact, curcumin, resveratrol, and (-)-Epigallocatechin
Gallate (EGCG) and terpenoids, secondary plant metabolites that are composed of isoprene
units, enhanced the effect of cytotoxic drugs [18–20]. The antitumor effect exerted by
these compounds is carried out through several pathways including cell cycle arrest and
cell death by apoptosis [21]. On the other hand, polyphenols from plants also prevent
multidrug resistance in several types of solid tumors, including CRC. In addition, these
compounds inhibit cell proliferation, angiogenesis, and metastasis, as well as regulating
the proinflammatory response [22]. Finally, quercetin, a flavonoid, not only modulates the
drug resistance phenomena but is capable of increasing sensitivity to doxorubicin in CRC
through the inhibition of a glutamine transporter (SLC1A5) [23,24].

The objective of this review is to study the different families of plant-derived com-
pounds that modulate drug resistance in CRC, observing their ability to be used as a future
therapy against this type of cancer.

2. Colorectal Cancer: Resistant Mechanisms

Despite the discovery of new drugs against CRC, the emergence of resistance to these
agents is inevitable. Drug resistance can be innate (dysregulations of tumor cells before
treatment) or acquired (resistance after treatment cycles) [25,26]. Drug efflux mediated by
transmembrane transporters, specifically those of the ATP binding cassette superfamily
(ABC), is one of most relevant mechanisms in CRC. These proteins are capable of expelling
toxic substances from the inside of cells including different anticancer agents [27]. Specif-
ically, p-GP, encoded by the ABCB1 gene, was overexpressed in different CRC cell lines,
conferring resistance to treatment. In addition, resistant CRC cells overexpressed CD133, a
protein that regulates p-GP expression through the AKT/NF-κB/MDR1 axis [28,29]. Other
members of the ABC family, such as MRP1 and BCRP, are also overexpressed in some CRC
cell lines, leading to multiple resistance to chemotherapeutic drugs as 5-FU, doxorubicin,
irinotecan, vincristine, among others [30,31], while MRP2-mediated resistance to oxaliplatin
and vincristine in CRC, being Nrf2, signaling is critical for its expression (Figure 1) [32].
Drug resistance in CRC can also arise when there are alterations in antitumor drug targets,
such as mutations or changes in expression due to epigenetic variations [33]. Finally, an
increase in the expression of repair protein-DNA, such as MGMT, was detected in some
5-FU-resistant CRC lines [34].

Apoptosis evasion promotes carcinogenesis and tumor progression, leading to the
appearance of pharmacological resistance, especially to drugs that induce this pathway
such as doxorubicin and cisplatin. Several apoptosis-resistant tumors were associated with
the increased or decreased expression of antiapoptotic (BCL-2, MCL-1, and BCL-XL) and
proapoptotic (p53, BAX, and BIM) genes, respectively [35]. In addition, modulation of DNA
methylation, histones and chromatin remodeling can alter the expression of genes that are
involved in the metabolism and activity of chemotherapeutic drugs, inducing resistance [33].
Moreover, tumor heterogeneity also plays a role in this phenomenon, as it makes treatment
more difficult because of the presence of cancer stem cells which are more resistant to drugs.
These cells have a self-healing and differentiation capacity and are associated with greater
tumorigenicity. These cells are also capable of acquiring mesenchymal characteristics,
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which is related to the cell migration process and metastasis and a worse prognosis in
patients [36,37]. On the other hand, it is known that the most resistant cells within the tumor
sinus can transfer small miRNAs to their environment, inducing resistance in neighboring
cells [38]. Finally, another important factor to highlight is the tumor microenvironment,
including the extracellular matrix, blood vessels, fibroblast, and immune system cells. This
microenvironment will be an additional layer of protection against drugs, making the entry
of chemotherapeutics into the tumor sinus more limited [39].
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Figure 1. Representative image of modulation of the MDR mechanism of resistance by natural
bioactive compounds. (A) Main membrane transporters that are involved in chemoresistance by
expelling them into the extracellular medium. (B) Action of natural bioactive compounds in the
regulation of MDR by (1) MRP-2 downregulation through the inhibition of the Nrf2/MRP2 path-
way, (2) P-glycoprotein and MRP-1 blocking by natural bioactive compounds, and (3) inhibition of
glutamine cell intake producing an MRP-1 disfunction.

3. Natural Products: A New Source of Molecules with Antitumor Activity

Many plant compounds are substances with known bioactive activity that can be used
as chemotherapeutic agents in cancer. One of the best known, taxol, is a potent diterpene
with antitumor activity that is derived from the bark of the yew tree (Taxus brevifolia). These
compounds show advantages over traditional drugs, such as greater bioavailability, accessi-
bility, cost-effectiveness, and lower systemic toxicity [40]. This last point is highly relevant
since conventional drugs show many side effects [20]. In addition, these compounds show
a synergy with conventional therapies and a benefit for the treatment of CRC by avoiding
drug resistance [41–43]. Therefore, plant-derived natural compounds allow us to have more
cancer treatment options. Polyphenols, flavonoids, and terpenes have been described as the
main molecules that are able to modulate chemoresistance phenomena in CRC (Figure 2).
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Figure 2. Sensitizing effect on chemotherapeutic drugs that are frequently used in CRC exerted
by natural compounds of the following families (A) polyphenols, (B) flavonoids, and (C) terpenes,
analyzed in this review. DOXO (doxorubicin); 5-FU (5-fluorouracil); OXA (oxaliplatin).

3.1. Polyphenols

Polyphenols (Figure 2A) comprise a heterogeneous group of phytochemicals that
contain one or more phenolic rings in their chemical structure. They are divided into
different groups, including stilbenes, phenolic acids, lignans, xanthones, tannins, and
flavonoids [44]. These compounds are synthesized by different plants to carry out different
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functions, including protection against UV radiation and infection by microorganisms, as
well as regulation of cell growth [45,46]. The three most studied polyphenols in CRC are
resveratrol, curcumin, and kaempferol.

3.1.1. Resveratrol

Resveratrol is a polyphenol belonging to the stilbenes group. It is found in grapes,
blueberries, and peanuts, intervening in the response to infection by microorganisms [47].
From its study it has been determined that it has antioxidant, anti-inflammatory, antitumor,
cardioprotective, and neuroprotective properties. These effects are mainly based on its
ability to suppress inflammation, regulate various enzymatic processes that are involved in
the metabolism of numerous substances, eliminate reactive oxygen species, and inhibit cell
proliferation through its action as a phytoestrogen. The therapeutic action of resveratrol
comprises different mechanisms such as the induction of cell death through apoptosis and
autophagy, the capacity to suppress tumor proliferation, or the inhibition of angiogenesis
and metastasis [48]. The preventive and therapeutic effect has also been observed for CRC.
In vitro studies that were carried out in different colon cancer cell lines have demonstrated
the ability of this compound to inhibit cell growth and proliferation, promoting cell cycle
stop and derived apoptosis activating apoptotic markers such as caspases 3 and 8. In the
CRC line HT-29, this compound had an IC50 of 10 mg/mL after 72 h of treatment [49].
Particularly, in HCT116 and CaCo-2 cell lines, it has been observed that resveratrol inhibits
cell cycle initiation by the downregulation of the CCND1/CDK4 complex. In addition,
resveratrol treatment decreases the synthesis of proangiogenic factors such as VEGF in
CRC [50]. Furthermore, it has been observed that it is able to reverse the Warburg effect
in tumor cells through modulation of the pyruvate dehydrogenase complex, influencing
the process of glycolysis [51]. Its in vivo antitumor capacity has also been shown. Thus, in
murine models of rats and mice that had the KRAS proto-oncogene overexpressed, dietary
administration of 150 or 300 ppm resveratrol for 4 weeks was shown to prevent tumor
growth through the deregulation of KRAS via miR-96 [52]. On the other hand, a model of
colonic tumorigenesis in situ showed that resveratrol prevented the formation of precursor
lesions (dysplasia or adenomas), in addition to reducing the volume of tumors if they had
been generated. The downregulation of the pro-apoptotic gene BAX was observed in the
treated tumor mucosa, as well as a reduction of COX-2 and NF-κB [47,53]. Human clinical
trials showed that resveratrol intake was safe and well tolerated systemically, with side
effects such as diarrhea, abdominal pain, and nausea being observed in patients that were
treated with more than 1 g per day. Despite this, the bioavailability of resveratrol in the
body is limited with 71–98% recovery of the compound or its derivatives in urine and feces
after oral administration [47,54,55].

Another possibility that was studied was the combination of resveratrol together
with traditional chemotherapy drugs, showing the sensitization of tumor cells to conven-
tional drugs and the reduction of existing resistance to these drugs. Thus, its combination
with 5-FU produced a decrease in cell proliferation and an increase in apoptosis in vitro,
accompanied by a reduction in tumor volume and vascular density in vivo [56–58]. Syn-
ergistic effects have also been shown with oxaliplatin, observing that their combination
produces a greater inhibition of cell proliferation compared to the chemotherapy alone.
The effect of resveratrol is found to be exerted through increased expression of miR-34c,
which silences the PI3K/AKT pathway and triggers reduced expression of the resistance
gene MDR1 [59]. The death that is produced by this combination is through necrotic and
apoptotic pathways [60].

Due to the low bioavailability of resveratrol, formulations have been designed to allow
improved transport into the cell. Khayat et al. designed zein nanoformulations that had a
high encapsulation of the plant compound and were more effective in inducing apoptosis
and oxidative stress in cells compared to the free drug in HCT116, Caco-2, and HT-29 cell
lines [61]. Another study designed gels that were capable of encapsulating resveratrol
with high efficacy for efficient oral administration. These formulations were tested in
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HCT116 cells, obtaining greater efficacy in cytotoxicity assays and significantly increasing
the expression of pro-apoptotic genes such as Bcl-2 compared to free resveratrol [62]. Feng
et al. synthesized lipid nanocapsules encapsulating resveratrol and showed 70% drug
release at 48 h, increasing the cytotoxic effect of the free drug and significantly increasing
the induced apoptosis in the HT-29 cell line [63]. Finally, other formulations encapsulating
resveratrol in mesoporous silica nanoparticles and liposomes were developed. The former
showed high drug loading capacity and improved efficacy against free drug in HT-29
and LS147T lines [64]. Meanwhile, liposomes showed a high drug release after 24 h and
increased the cytotoxic effect of the free drug in the HT-29 line, increasing the delivery of
this hydrophobic agent [65].

3.1.2. Curcumin

On the other hand, curcumin is one of the most studied bioactive compounds as an
adjuvant in CRC. This phytochemical is derived from turmeric (Curcuma longa) and is used
as a dietary supplement or food flavoring [66]. The mechanisms by which it influences
CRC have been extensively studied. It is known to regulate the microbiome, protect
the intestinal barrier and promote anti-inflammatory activity in the intestine through
inactivation of the proinflammatory factor NF-κB and by increasing the expansion of CD4+
FOXP3+ regulatory T lymphocytes in the mucosa. In addition, it modulates tumor cell
death via the autophagy mechanism by suppressing the PI3K/AKT/mTOR signaling
pathway and it is able to trigger epigenetic modifications that increase its chemosensitizing
power together with other drugs [67]. Pharmacokinetic and toxicity studies showed that its
administration in humans is safe, although its absorption is low and it is a compound that
is rapidly eliminated by the body, problems that currently prevent it from being tested as a
therapeutic agent [68].

The chemopreventive action of curcumin in CRC has been demonstrated in numerous
in vitro studies. In the HT116 cell line, it inhibits proliferation by blocking the WNT/β-
catenin pathway that is mediated by c-MYC, producing cell cycle arrest in G2/M phase,
and inducing apoptosis. In the HT-29 cell line, curcumin is also able to stop the cycle in the
G1 phase and induce apoptosis by acting on the pAKT-AMPK-COX-2 signaling pathway
at a dose of 20 µM [69]. In addition, curcumin has been shown to inhibit the migration
and invasion of HT116 and LoVo cell lines [70]. In vivo studies that were conducted in
murine models have shown that a dose of 300 mg/kg prevents progression to cancer from
precancerous lesions, reducing the number of adenomas and tumor size [71,72]. Clinical
studies that were conducted in humans observed that oral consumption of curcumin in
CRC patients reduced serum TNF-α levels and increased apoptosis in the tumor tissue
tested [73].

Curcumin has also been studied as an adjuvant and chemosensitizer in combination
with drugs that were traditionally used in the treatment of CRC. Several in vitro and
in vivo studies have demonstrated the ability of curcumin to decrease tumor cell resistance
to drugs such as 5-FU and oxaliplatin. Particularly, in vitro studies indicate that this
compound decreases the expression of several genes (IGF-1, AKT, COX-2, and cyclin
D1) that are involved in resistance to these two drugs [73]. It has also been shown, in
oxaliplatin-resistant HCT116 cell lines that were cultured with this chemotherapeutic and
curcumin, that resistance is reversed through inhibition of the TGF-β/SMAD2/SMAD3
pathway. In mice that were transplanted with oxaliplatin-resistant HCT116 cells, the
administration of curcumin together with oxaliplatin has also been observed to significantly
reduce tumor volume and weight [74]. The combination of a slightly cytotoxic dose of
curcumin (10 µM) with 5-FU (5 µM) produced a synergistic antitumor response, reducing
cell growth, and inducing apoptosis as observed in in vitro and in vivo studies. This
chemo-sensitizing effect is carried out by inhibiting STAT1 activation, which reduces PD-
L1 expression [75]. Furthermore, this synergism could also lead to a decrease in CRC
progression and metastasis, thanks to the ability of curcumin to decrease the expression of
IGF-1 and the myc oncogene [76].
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As curcumin is one of the most studied natural compounds, studies have attempted
to encapsulate it to increase its bioavailability and absorption. Han et al. designed a
nanoformulation based on fusion proteins that were capable of being efficiently introduced
into cells with high expression of epidermal growth factor receptor (EGFR), being more
effective in the HCT116 line (EGFR-positive) versus SW620 (EGFR-negative) [77]. Wang
et al. encapsulated the compound in micelles and increased its bioavailability and cyto-
toxic activity in CRC cell lines. Moreover, after simulated in vitro digestions, 40% of the
formulation was still effective against tumor cell lines, thus possessing potential for the
prevention and treatment of this type of cancer [78]. Although this drug was encapsulated
in other types of nanoformulations such as PLGA (poly lactic co-glycolic acid)-coated
nanoparticles [79] or in β- cyclodextrins [80] showing efficacy, an interesting study that
was carried out by Gupta et al. used poly(allylamine)/eudragit nanoparticles that were
capable of encapsulating doxorubicin and curcumin with high efficiency. The combination
of both drugs in the nanoformulation showed high cytotoxicity in CRC HCT116 cells and
in Balb/C murine models, with retention of these nanoformulations in the colon region
24 h after treatment [81].

Therefore, the findings that were observed in the multiple studies employing the use of
curcumin and resveratrol in CRC demonstrate their great capacity as chemopreventive and
sensitizing agents in combination with other cytotoxic drugs. However, it is still essential
to continue studying these compounds to be able to introduce them into clinical practice in
the future.

3.1.3. Kaempferol

Kaempferol is a flavanol that is present in vegetables and plants such as broccoli,
grapes, apples, brussels sprouts, or black tea. This bioactive compound possesses cardio-
protective, neuroprotective, anti-inflammatory, antidiabetic, antioxidant, and antitumor
properties [82]. The mechanisms of action underlying the anticancer effect of kaempferol
are based on inhibition of the cell cycle in the G2/M phase to prevent tumor growth and pro-
liferation, as well as induction of apoptosis by acting on different cell signaling pathways.
Several in vitro studies have also observed its anti-angiogenic effect and anti-metastatic,
inhibiting VEGF production and decreasing the expression of markers that are involved
in epithelial-mesenchymal transition (EMT) at a dose of 0.1 µM in MDA cell lines [83,84].
Pharmacokinetic studies that were performed in rats determined that the bioavailable frac-
tion of this compound after oral doses was 2% of the total administered [85]. To overcome
this obstacle, the combination with quercetin has been tested, resulting in an increase in its
bioavailability, in addition to improving efficacy [82]. In this way, this bioactive compound
would act selectively on tumor cells, without affecting healthy ones. This compound ex-
hibits cytotoxic effects on various CRC cell lines, such as HCT116, HT-29, HCT-15, LS174-R,
and SW480, both when used alone and in combination with other chemotherapeutic agents.
In HT-29 cell lines, the ability of this compound to inhibit the cell cycle has been studied,
resulting in cell cycle arrest in G1 and G2/M phases through inhibition of CDK2, CDK4,
and Cdc2 activity [86].

In vitro studies in the 5-FU-resistant LS174-R cell line and in other CRC lines such as
HCT116 and HT-29 have shown that the antiproliferative activity that is exerted by the
combination of kaempferol with this chemotherapeutic agent is through cell cycle arrest
and induction of apoptosis, acting on signaling pathways such as JAK/STAT3, PI3K/AKT,
MAPK, or NF-κB [87,88]. Other studies that were carried out in oxaliplatin-resistant
HCT116, and HT-29 cell lines have shown that the combination of kaempferol with this
drug generates a greater cytotoxic response, decreasing cell proliferation. The chemo-
sensitization of these cells is mediated by the suppression of c-FOS protein expression [89].

Although not many nanoformulations have been synthesized to improve the bioavail-
ability of kaemferol in the treatment of CRC, Meena et al. designed PEGylated gold
nanoparticles that efficiently co-encapsulated DOX and the natural compound, improving
the cytotoxic effect of both drugs separately and inducing apoptosis in the HT-29 line,
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without having high toxicity in the HTB-38 non-tumorous colorectal line. Finally, an in vivo
experiment that was performed on mice showed a significant reduction in tumor volume
without observing side effects [90].

Data on the use of kaempferol in vivo are still scarce, so it is imperative to continue its
research to better understand its anticancer potential.

3.2. Flavonoids

Flavonoids represent a broad group of bioactive compounds from vegetables and
plants. Although they have been catalogued as a subtype of polyphenols, as they are made
up of a great variety of compounds, they are studied separately. The chemical structure of
these substances is made up of a carbon skeleton with two aromatic rings joined by three
carbons, with different modifications depending on the compound [43]. The subgroups that
make up this family are chalcones, flavanols, flavones, flavanones, flavanols, isoflavones,
and anthocyanins. Plants synthesize these extracts to provide color and aroma, for their
protective properties against radiation or microbial infections, and their high detoxifying
power [66]. There are numerous benefits of these compounds against various diseases,
acting as antioxidants, anti-inflammatory, antibacterial, or antiviral agents, improving cogni-
tive functions or preventing the onset of cancer and cardiovascular diseases [91]. Quercetin
and EGCG (epigallocatechin gallate) are some of the most representative molecules of this
group of compounds (Figure 2B).

3.2.1. Quercetin

Quercetin is the most representative bioactive compound of the flavanols group, and
the one with the greatest presence in foods consumed daily. It can be found in onions,
apples, grapes, broccoli, or tea [66]. This compound has been shown to be an excellent
antioxidant and anti-inflammatory in vitro, also presenting an antitumor and antimicrobial
effect [92]. Numerous in vivo and in vitro studies have analyzed the mechanisms of action
by which quercetin exerts its antitumor effect. It mainly acts by regulating the cell cycle,
inhibiting cell proliferation and growth through the modulation of different molecular
pathways such as PI3K/AKT/mTOR and MAPK/ERK1/2. The cytotoxic effect of this
compound has been shown in CRC lines HCT-15 and RKO at doses up to 300 µM [93] and
with IC50 of 50, 100, and 50 µM in CRC lines CT26, MC38, and HT29 after 24 h of treatment,
respectively [94]. The combination of quercetin with other bioactive compounds, such as
curcumin, has also been shown to enhance the antiproliferative effect in different types
of cancer by modulating the Wnt/β-catenin signaling pathway as observed in in vitro
studies [95]. This compound also induces cell death through autophagy and apoptosis
of tumor cells by increasing the expression of pro-apoptotic proteins and reducing the
expression of anti-apoptotic proteins. In addition, it possesses anti-angiogenic and anti-
metastatic activity, inhibiting VEGF protein expression and the EMT process increasing
E-cadherin and decreasing mesenchymal markers such as N-cadherin, vimentin, and Snail.
Lastly, in CRC quercetin inhibits tumor invasion and migration by regulating the expression
of matrix metalloproteinases (MMPs) [92]. In in vivo studies, it is involved in reducing
tumor size, reducing the number of precancerous lesions, suppressing metastasis, and
reducing resistance to chemotherapy drugs [96].

This compound has also been shown to synergize with doxorubicin. Thus, a study
that was carried out in the SW620 cell line observed that quercetin improves the cytotoxic
activity of doxorubicin acting at the p-GP level [24]. On the other hand, encapsulation of
the compound and its use together with doxorubicin increases cell growth inhibition in the
CT26 cell line, reducing cardiac toxicity in murine models [97].

Although quercetin has not been generally encased in formulations, Wen et al. encap-
sulated this compound in a film containing chitosan nanoparticles and showed it to be an
effective delivery system in CRC. It produced an effective cytotoxic effect on the Caco-2 line,
exerting its effect through cell cycle arrest in G0/G1 phase and inducing apoptosis [98].
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3.2.2. Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) belongs to the flavanol group and is the most studied
compound of this group in CRC. It is found mainly in green tea but is also found in other
foods such as pistachios, strawberries, kiwis, hazelnuts, blackberries, and cherries. This
compound is characterized by its antitumoral properties, acting as a chemopreventive agent
through the inhibition of carcinogenesis in numerous types of cancer. The mechanisms that
are used by this catechin to carry out its antitumor effect are based on the regulation of
various signaling pathways that are involved in proliferation, apoptosis, angiogenesis, and
metastasis. Among them, EGCG inhibits colonic tumor cell proliferation and migration
inducing apoptosis through the activation of caspase-3 and PARP, in addition to produce
the downregulation of STAT3. This compound was tested on CRC lines SW480, SW620,
and LS411N and IC50 values of 74.6, 99.4, and 112.1 µg/mL were obtained after 24 h of
treatment, respectively [99,100].

Its chemo-sensitizing activity has been studied in CRC cells that are resistant to
chemotherapeutics. The combination of EGCG with 5-FU increases the efficacy of the latter,
as well as its cytotoxic action, acting on tumor target cells. This effect has been observed
in HCT116 and SW480 cell lines [101,102]. One of the mechanisms that is used by EGCG
to enhance sensitivity to 5-FU is the inhibition of the GRP78/NF-κB/miR-155-5p/MDR1
pathway, having been demonstrated in in vitro and in vivo studies [103]. Furthermore,
in vivo experiments demonstrated that administration of 30 mg/kg EGCG for two weeks
decreased the number of hepatic metastatic lesions, reduced tumor growth, and increased
apoptosis in tissues. In addition, less vascularization was found in treated tumors versus
controls [104].

EGCG also has synergistic effects in combination with irinotecan in HCT116 cell
lines. It has been observed that this drug produces S- and G2-phase arrest, inducing
genotoxicity, an effect that was not observed in cells that were treated with EGCG alone [18].
Cisplatin and oxaliplatin are two chemotherapeutics that are used in the treatment of
CRC. The combination of EGCG with these two agents in DLD-1 and HT-29 cell lines
has shown an increased cytotoxic effect, causing cell proliferation inhibition and inducing
autophagy [105]. These studies suggest that the combination of EGCG with different
chemotherapeutics in CRC produce a synergism that increases antitumor activity.

To improve the bioavailability of this compound, Wang et al. synthesized gelatin and
chitosan nanoparticles encapsulating 5-FU and ECGC, the latter compound inhibited tumor
growth through its anti-angiogenic action and its ability to induce apoptosis. Encapsulation
in this formulation allowed both compounds to increase blood circulation time in in vivo
experiments, making them effective formulations against CRC [106].

A clinical trial was carried out with green tea extract, whose main bioactive compound
was EGCG, trying to show whether the administration of 150 mg twice a day was able to
reduce the risk of CRC, with no significant differences between the treatment group and
the placebo [107]. Moreover, the chemo-sensitizing effect of EGCG is a breakthrough in
overcoming tumor resistance. However, more evidence is needed to translate these results
to clinical assays.

3.2.3. Other Flavonoids of Interest

In addition to the flavonoids that were analyzed above, which are the most studied
as phytochemicals in CRC, there are other compounds that are derived from citrus fruits
that show interest as active compounds against cancer. Among them, narangenin is a
compound that is extracted from thyme (Thymus vulgaris L.), a shrub that grows in regions
all over the world, especially in Mediterranean regions. Efficacy of this compound has
been shown in CRC lines such as SW1116 and SW837, showing IC50 at 24 h of 1 and
1.55 mM, respectively, while in the non-tumor line CRL1554 it did not reach an IC50 dose
at the 4 mM dose [108]. Another study showed that naringenin exerted its anti-tumor
effect by deregulating cyclin D1 expression, leading to cell cycle arrest in HCT116 and
SW480 lines [109]. This compound also showed an in vivo chemopreventive effect against
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the induction of precancerous lesions, reducing processes such as lipid peroxidation, ROS
formation, and the activation of proinflammatory pathways in Wistar rat models [110].
Despite its interesting effects, this compound has low water solubility, cell permeability, and
bioavailability. Therefore, Shabad et al. developed nanogels that were capable of increasing
its dissolution capacity, obtaining a higher toxicity in in vitro models [111]. Another studied
flavonoid is aromadendrin, derived from mandarin molasses. A study in the LoVo cell
line and a DOX-resistant derivative (LoVo/Dx) showed that its effect is very limited in
this type of cancer, producing a low cytotoxic effect [112]. Finally, another citrus-derived
compound (tangeretin, present in the peel of several citrus fruits) showed synergistic
activity with the chemotherapeutic drug 5-FU through early induction of oxidative stress
and apoptosis in the HCT116 cell line. Bai et al. demonstrated that this synergistic effect
occurs due to the natural compound that is able to decrease the expression of miR-21, whose
expression increases after treatment with 5-FU, rescuing PTEN expression and inducing
cellular autophagy [113].

3.3. Terpenes

Terpenes (Figure 2C) are another large group of bioactive compounds, many of which
have CRC effects. These substances are part of the leaves, fruits, flowers, or roots of many
plants, giving them a characteristic odor. When these compounds are oxidized, they become
terpenoids, some of them being limonene, vitamin A, or β-carotene [42]. The study of these
compounds as resistance modulators in CRC is not so recent or extensive, however, some
evidence of the potential antitumor effect has been found in some of them.

3.3.1. Geraniol

Geraniol is a monoterpene that is found mainly in essential oils of aromatic plants
and used in perfumes. It has been used as an active ingredient in many drugs since it
exhibits analgesic and anti-inflammatory activity [114]. This compound presents preventive
and therapeutic activity in many types of cancer, carrying out its effects by acting on the
regulation of different signaling pathways such as PI3K/AKT/mTOR, MAPK/ERK1/2,
or NF-κB, and modulating the expression of different molecules such as cyclins, CDKs,
interleukins, and different growth factors [115].

In the Caco-2 cell line, it has been observed that this compound triggers the inhibition
of cell proliferation by inducing an S-phase cycle arrest (IC30 = 200 µM after 7 days). In
addition, it was shown that it is able to induce apoptosis in in vivo models, showing a
decrease in the expression of the anti-apoptotic protein BCL-2 in tumor tissue after treating
mice with a dose of 250 mg/kg for 4 weeks. Its oral administration in in vivo models
prevents the development of CRC, reducing the number and size of precursor lesions [116].

Furthermore, its chemosensitizing effect was observed in Caco-2 and SW620 cell
lines, and in murine models originated with 5-FU-resistant TC-118 tumor cells, having
shown that co-treatment sensitizes tumor cells to 5-FU [117,118]. However, these stud-
ies are scarce, which requires further analysis to understand the effects of geraniol on
resistance phenomena.

3.3.2. Ginsenosides

Ginsenosides are a subgroup of bioactive chemical compounds that are found in the
root of ginseng, an Asian plant. These substances are used in teas, in the preparation of
creams, or capsules. Of all the compounds that make up this subgroup, panaxadiol is
one of the most notable for its antitumor action in many types of cancer. In the CRC cell
line HCT116, this terpene inhibits cell proliferation (IC50 lower than 10 µM after 72 h of
treatment) by suppressing PD-L1 expression; modulating different cellular pathways such
as mTOR, MAPK/ERK, or JAK-STAT; and molecules such as HIF-1α. It has also been
observed to decrease VEGF levels to exert antiangiogenic action. This has also been shown
in studies that were performed on murine models treating mice at a dose of 30 mg/kg
every 2 days for 3 weeks [119,120].
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Another of the best known ginsenosides is Rg3. A study demonstrated that Rg3 was
able to inhibit cell proliferation (IC50 between 100–200 µM after 48 h of treatment) and
promote apoptosis in the HT-29 tumor line, decreasing its pluripotency and decreasing
its angiogenesis through deregulation of the AMPK molecular pathway [121]. Analysis
of its in vivo activity showed that its treatment with 25 mg/kg of Rg3 for 12 consecutive
days reduced tumor vascularization and increased the toxicity that was produced by the
chemotherapeutics 5-FU and oxaliplatin, allowing evasion of chemoresistance to both
drugs [122].

The study of panaxadiol in the HCT116 cell line resistant to 5-FU has demonstrated
the ability to inhibit proliferation producing synergy in combination with this chemother-
apeutic compound, stopping the cell cycle and inducing apoptosis. Its sensitizing effect
has also been analyzed in mouse models combining 30 mg/kg of 5-FU and 15/30 mg/kg
of panaxadiol, confirming the results that were obtained in vitro, where a significant re-
duction in tumor size has been observed [123]. Another in vitro study demonstrated that
panaxadiol was synergistic with irinotecan in HCT116 and SW480 tumor lines [124]. On the
other hand, Rg3 showed synergy with 5-FU both in vitro and in vivo in SW620 and LOVO
lines, having shown suppression of proliferation and tumor development and metastasis
generation through PI3K/Akt activation [125].

Among all the terpenes that were studied, Rg3 has been the most encapsulated in
formulations to increase its biological availability. Qiu et al. synthesized nanoformulations
of Rg3 encapsulated in pH-sensitive poly (ethylene glycol) that increased the blood cir-
culation of the compound showing rapid release and enhanced cytotoxicity against free
drug in SW480, SW620, and CL40 tumor cells. Meanwhile, these formulations did not
possess toxicity in the non-tumor line CCD-18Co at the concentrations that were tested.
Meanwhile, in vivo experiments showed a greater reduction of tumor volume versus the
free compound, increasing apoptosis in the tumor sinus [126]. Finally, Sun et al. syn-
thesized folato-targeted polyethylene glycol nanoparticles based on cyclodextrins that
co-encapsulated Rg3 and quercetin. The microtumor environment modulating effect that
was demonstrated by Rg3 together with the oxidative stress inducing ability of quercetin
exhibited a high cytotoxic effect on CRC lines CT26 and HCT116. The in vitro effect was re-
flected in in vivo experiments, where increased survival of mice was shown in combination
with an anti-PD-L1 drug [127].

Rg3 was tested in clinical trials as a possible hepatocellular carcinoma treatment
(NCT02724358 and NCT01717066), although it was not tested for CRC therapy as there is
no sufficient knowledge of this compound in this type of carcinoma.

4. Discussion

Chemotherapeutic treatment of colon cancer has been compromised mainly by the
appearance of resistance, which reduces therapeutic efficacy and leads to a lower cure
rate and worse prognosis. These can be produced by the existence of previous mutations
in genes that are involved in resistance, by the activation of cellular pathways that are
involved in cellular detoxification, and the existence of transmembrane transporters that
expel the drugs to the exterior (such as p-glycoprotein) [128]. In addition to this protein,
other members of the transmembrane protein family such as MRP1 and BCRP are also
overexpressed in CRC, and a relationship has been observed between their expression and
resistance phenomena against drugs that are frequently used in this type of tumor, such as
5-FU and doxorubicin [30,31]. It has long been shown that plant compounds can be used
as a therapy for different types of cancer. Thus, a plant-derived compound such as taxol
has been used for years as a chemotherapeutic agent and is currently used as a therapy in
non-small cell lung cancer (NSCLC), breast, pancreatic, and cervical cancer [129]. These
types of compounds can exert their actions at the molecular level through processes such
as the regulation of oxidative stress or epigenetic modification in cells [130] (Figure 3).
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Figure 3. Main signaling pathways that were altered after treatment with several of the natural
compounds that were analyzed in this review. Most pathways are linked to multidrug resistance
processes and their inhibition leads to cell death processes that are induced by apoptosis, necrosis,
autophagy, or mediated by genotoxicity.

It has been shown that the most studied compounds of plant origin in CRC are
polyphenols, specifically resveratrol and curcumin (Table 1). Resveratrol belongs to the
stilbenes group and has been shown to possess high antioxidant and antitumor activity,
causing cell death through the induction of apoptosis and autophagy. Similar to resveratrol,
the other polyphenols that were studied induce death through these pathways [48,67,73,83].

Polyphenols have been classified as chemopreventives and chemotherapeutics, al-
though their sensitizing effect has also been observed in in vitro and in vivo models. These
compounds can modulate drug resistance by increasing drug internalization into the cell,
decreasing enzymes that are responsible for drug degradation (such as glutathione-S-
transferases and cytochromes) and reducing the expression of transmembrane detoxifying
proteins in the cell. In addition, they can induce apoptosis, oxidative stress damage, and
inhibit metastasis-triggering processes such as EMT [131]. The alteration of all these re-
sistance mechanisms implies that these polyphenols have been shown to be effective in
combination with traditional drugs such as 5-FU or oxaliplatin [56,73,75,87–89]. This effect
is also observed in foods with high polyphenol contents such as the strawberry tree honey,
that chemosensitizes the drug 5-FU in colon cancer lines such as HCT116 and LoVo [132].
In addition to this, it has been observed that curcumin and resveratrol had the capacity
to inhibit tumor proliferation in in vivo models and prevented the formation of tumor
precursor lesions, with an increase in apoptosis of induced tumor tissues [47,53,76]. Phar-
macokinetic studies have been carried out in humans, where low bioavailability has been
observed [47,52,54,71,75]. Given the low bioavailability of these compounds, the use of
nanotechnology for their encapsulation could help stabilize the compound and prevent its
degradation in blood. In addition, the use of nanotechnology allows specific targeting of
tumor cells through their functionalization with antibodies or peptides [14,15].
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Table 1. Summary of the in vitro and in vivo effects that were exerted by the bioactive natural
compounds that were analyzed.

Fam. Comp. Sinergy In Vitro In Vivo Clinical Trials Refs.

Po
ly

ph
en

ol
s

R
es

ve
ra

tr
ol

5-
FU

,O
X

A Apoptosis and decreased
AC (VEGF inhibition).
IC50 of 10 mg/mL in

HT-29 (72 h).

150 or 300 ppm doses
prevented cancerous
lesions and induced
apoptosis via BAX

Safe intake up to a
1g/day dose. Limited

BAV (2–29%).

[20,47,49,50,52,
54,55,57,58]

C
ur

cu
m

in

D
O

X
,5

-F
U

,O
X

A

G1-CCA and apoptosis
at 20 µM. Reduced cell

migration and invasion.

300 mg/kg dose
prevented precancerous

lesions and decreased
tumor size.

Low absorption and BAV.
Increased

tumor apoptosis.
[69–76,81]

K
ae

m
pf

er
ol

D
O

X
,5

-F
U

,O
X

A

G1 and G2/M-CCA and
apoptosis induction.

Decreased AC at 0.1 µM
in MDA cell line.

Decreased AC and MC. Low toxicity and
BAV (2%). [82–90]

Fl
av

on
oi

ds

Q
ue

rc
et

in

D
O

X

CCA, apoptosis and
decreased AC and MC.
CYT in up to 300 µM

doses in HCT-15, RKO,
CT26, MC38, and

HT29 cells

10 and 50 mg/kg
reduced precancerous
lesions and tumor size.

Decreased MC and CHR.

Not performed. [24,92–97]

EG
C

G

5-
FU

,I
R

I,
C

PT
,O

X
A

S and G2-CCA,
apoptosis, CYT IC50

between 74.6 and 112.1
in CRC cell lines SW480,

SW620, and LS411N.
Decreased MC.

30 mg/kg for 2 weeks
decreased MC, tumor

growth and
induced apoptosis

150 mg twice a day of
green tea extract did not
show any effect in CRC

development risk

[18,99–107]

Te
rp

en
es

G
er

an
io

l

5-
FU

S-CCA. CYT IC30 of
200 µM for 7 days

treatment in
Caco-2 cell line.

250 mg/kg for 4 weeks
prevented CRC

precancerous lesions.
Reduced tumor growth

and apoptosis induction.

Not performed. [116–118]

Pa
na

xa
di

ol

5-
FU

,I
R

I CYT IC50 lower than
10 µM in HCT116 cell

line (72 h). Decreased AC
(VEGF inhibition)

30 mg/kg for 3 weeks
reduced tumor growth

and AC.
Not performed. [119,123–125]

R
g3

5-
FU

CYT IC50 100–200 µM in
HT-29 cell line (48 h).

Induction of apoptosis
and AC via

AMPK dysregulation.

25 mg/kg for 12 days
reduced tumor

vascularization and
decreased CHR to 5-FU

and OXA.

Not performed. [121,122,125]

AC (antiangiogenic capacity); BAV (bioavailability); CCA (cell cycle arrest), Comp. (Compound); CPT (cisplatin);
CHR (chemoresistance); CRC (colorectal cancer); CYT (cytotoxicity); DOX (doxorubicin); EGCG (epigallocatechin
gallate); EMT (epithelial-mesenchymal transition); Fam. (Family); 5-FU (5-fluorouracil); IRI (irinotecan); MC
(metastatic capacity); OXA (oxaliplatin); Refs. (references); VEGF (vascular endothelial growth factor).

On the other hand, it has been observed that flavonoid compounds also have anti-
carcinogenic potential. Among them, the most investigated in CRC have been quercetin
and EGCG. These compounds exerted their cytotoxic effect by producing cycle arrest,
inhibiting key pathways in tumor development such as PI3K/AKT/mTOR and the MAPK
pathway, and inhibiting processes that are linked to tumor progression such as cell migra-
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tion [93,99,100]. In addition, they showed a great chemosensitizing capacity in combination
with traditional drugs such as doxorubicin, irinotecan, 5-FU, cisplatin, and oxaliplatin
under in vitro and in vivo conditions. A study that was conducted by Hassanein et al. [133]
showed the chemopreventive effect of EGCG administration together with sulindac, a non-
steroidal anti-inflammatory drug, showing that it was able to decrease the production of
neoplastic lesions in in vivo models of CRC. As polyphenols, these compounds have a low
bioavailability, which is a limitation for their use in humans [18,24,87–89,97,101–103,105].
In this context, the synthesis of gold NPs encapsulating EGCG has been shown to be an
effective therapy against tumor cells while it has been shown that the co-encapsulation
of EGCG and 5-FU in NPs allows an increase in the effect of both compounds separately,
producing an anti-angiogenic and pro-apoptotic effect [106,134]. The encapsulation of this
compound in nanoformulations would increase the half-life of the compound in serum,
increasing its bioavailability and increasing its antitumor effect [135].

The bibliographic analysis showed that terpenes are the least studied bioactive com-
pounds as chemosensitizers in this type of cancer. Among this family, geraniol and ginseno-
sides have been the most studied compounds with sensitizing properties in CRC [114,117,118].
Due to the small number of studies that have been conducted on these compounds, it is
complicated for these results to be transferred to clinical studies at present. These com-
pounds exert their antiproliferative activity by producing cell cycle arrest and inducing
apoptotic pathways. In addition, it has been observed that they suppress pathways essen-
tial for tumor development such as PI3K/AKT/mTOR [115,119,120]. Results in in vivo
models showed that geraniol sensitized tumors that were induced in mice from a 5-FU-
resistant CRC line to the drug, while the major ginsenoside (Rg3) showed synergy with
5-FU in tumors that were generated from the SW620 and LoVo cell lines. However, it has
been shown that these compounds have clear preventive and therapeutic properties in
CRC [115,116,123].

Therefore, after reviewing the existing literature, it is necessary to continue investigat-
ing the antitumor properties and possible chemosensitizing actions of these compounds,
trying to transfer these results to future clinical trials in humans. In addition, it is important
to study their bioavailability, trying to limit their elimination in blood using these natural
compounds encapsulated in nanoformulations.

5. Conclusions

The bioactive compounds of plant origin that were described in this review have been
shown to have therapeutic and chemosensitizing action in vitro and in vivo. However, their
low bioavailability in the human body presents a serious limitation for their application
in therapy. Future larger studies including clinical trials and the development of future
effective nanoformulations to increase their bioavailability will be necessary to determine
its real utility in improving the treatment of CRC.

Author Contributions: Conceptualization, J.P. and C.M (Consolación Melguizo).; methodology,
F.Q., C.M. (Cristina Mesas) and M.P; software, L.C.; validation, L.C. and G.P.; formal analysis, F.Q.;
investigation, F.Q., C.M. (Cristina Mesas) and M.P.; data curation, G.P.; writing—original draft
preparation, F.Q., C.M. (Cristina Mesas) and M.P.; writing—review and editing, L.C., G.P. and R.O.;
visualization, C.M. (Consolación Melguizo) and R.O; supervision, C.M (Consolación Melguizo), R.O.
and J.P.; funding acquisition, J.P. and C.M (Consolación Melguizo). All authors have read and agreed
to the published version of the manuscript.

Funding: This work was partially supported by the Project P20_00540 (Proyectos I+D+i Junta de
Andalucía 2020), PYC20 RE 035 and P18-TP-1420 (Junta de Andalucía), PI19/01478 (Instituto de
Salud Carlos III, Innbio INB-009 (Granada University and ibs. GRANADA) and RTC2019-006870-1
(Spanish Minsistry of Science, Innovation and Universities). FQ and MP acknowledges the FPU (2019
and 2020) grant from Ministerio de Educación, Ciencia y Deporte y Competitividad (Spain).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

19



Appl. Sci. 2023, 13, 2667

Data Availability Statement: Not applicable.

Acknowledgments: We thank Instrumentation Scientific Center (CIC) from University of Granada
for technical assistance.

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

References
1. Hossain, M.S.; Karuniawati, H.; Jairoun, A.A.; Urbi, Z.; Ooi, D.J.; John, A.; Lim, Y.C.; Kaderi Kibria, K.M.; Mohiuddin, A.K.M.;

Ming, L.C.; et al. Colorectal Cancer: A Review of Carcinogenesis, Global Epidemiology, Current Challenges, Risk Factors,
Preventive and Treatment Strategies. Cancers 2022, 14, 1732. [CrossRef]

2. Cervantes, A.; Adam, R.; Roselló, S.; Arnold, D.; Normanno, N.; Taïeb, J.; Seligmann, J.; de Baere, T.; Osterlund, P.; Yoshino,
T.; et al. Metastatic Colorectal Cancer: ESMO Clinical Practice Guideline for Diagnosis, Treatment and Follow-Up. Ann. Oncol.
2023, 34, 10–32. [CrossRef] [PubMed]

3. Wu, C. Systemic Therapy for Colon Cancer. Surg. Oncol. Clin. N. Am. 2018, 27, 235–242. [CrossRef] [PubMed]
4. Dekker, E.; Tanis, P.J.; Vleugels, J.L.A.; Kasi, P.M.; Wallace, M.B. Colorectal Cancer. Lancet 2019, 394, 1467–1480. [CrossRef]

[PubMed]
5. Van der Jeught, K.; Xu, H.C.; Li, Y.J.; Lu, X.B.; Ji, G. Drug Resistance and New Therapies in Colorectal Cancer. World J. Gastroenterol.

2018, 24, 3834–3848. [CrossRef]
6. Douillard, J.Y.; Cunningham, D.; Roth, A.D.; Navarro, M.; James, R.D.; Karasek, P.; Jandik, P.; Iveson, T.; Carmichael, J.; Alakl,

M.; et al. Irinotecan Combined with Fluorouracil Compared with Fluorouracil Alone. as First-Line Treatment for Metastatic
Colorectal Cancer: A Multicentre Randomised Trial. Lancet 2000, 355, 1041–1047. [CrossRef]

7. Karthika, C.; Sureshkumar, R.; Zehravi, M.; Akter, R.; Ali, F.; Ramproshad, S.; Mondal, B.; Kundu, M.K.; Dey, A.; Rahman,
M.H.; et al. Multidrug Resistance in Cancer Cells: Focus on a Possible Strategy Plan to Address Colon Carcinoma Cells. Life 2022,
12, 811. [CrossRef]

8. Elfadadny, A.; El-Husseiny, H.M.; Abugomaa, A.; Ragab, R.F.; Mady, E.A.; Aboubakr, M.; Samir, H.; Mandour, A.S.; El-Mleeh,
A.; El-Far, A.H.; et al. Role of Multidrug Resistance-Associated Proteins in Cancer Therapeutics: Past, Present, and Future
Perspectives. Environ. Sci. Pollut. Res. 2021, 28, 49447–49466. [CrossRef]

9. Ng, C.X.; Affendi, M.M.; Chong, P.P.; Lee, S.H. The Potential of Plant-Derived Extracts and Compounds to Augment Anticancer
Effects of Chemotherapeutic Drugs. Nutr. Cancer 2022, 74, 3058–3076. [CrossRef]

10. Veeresham, C. Natural Products Derived from Plants as a Source of Drugs. J. Adv. Pharm. Technol. Res. 2012, 3, 200–201. [CrossRef]
11. Najmi, A.; Javed, S.A.; al Bratty, M.; Alhazmi, H.A. Modern Approaches in the Discovery and Development of Plant-Based

Natural Products and Their Analogues as Potential Therapeutic Agents. Molecules 2022, 27, 349. [CrossRef] [PubMed]
12. Islam, B.U.; Suhail, M.; Khan, M.K.; Zughaibi, T.A.; Alserihi, R.F.; Zaidi, S.K.; Tabrez, S. Polyphenols as Anticancer Agents:

Toxicological Concern to Healthy Cells. Phytother. Res. 2021, 35, 6063–6079. [CrossRef] [PubMed]
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Featured Application: The results of the present work provide useful insights into the response
of Diplotaxis tenuifolia L. plants to salinity stress and biostimulant application under successive
crop cycles. Considering the complex effects of biostimulants on vegetable crops, providing new
information regarding the positive effects of this agronomic practice under salinity stress and
variable growing conditions will be useful for farmers and crop production stakeholders in their
efforts to address the increasing soil salinization and degradation of the quality of irrigation water.

Abstract: The availability of irrigation water of good quality is decreasing due to soil salinization and
the deterioration of aquifers. Moreover, ongoing climate change severely affects crop production and
necessitates the intensification of cropping systems in order to ensure food security at a global scale.
For this purpose, the aim of the present study was to evaluate the mitigating effects of two natural
biostimulants on Diplotaxis tenuifolia L. plants cultivated at different salinity levels (EC of 0 dS m−1,
2 dS m−1, 4 dS m−1, and 6 dS m−1) and harvested at six consecutive cropping cycles. The tested factors
showed a varied combinatorial effect on the tested parameters. These findings indicate the importance
of considering growing conditions and cropping periods when applying biostimulants in D. tenuifolia
plants under salinity stress. Antioxidant activity and bioactive compounds, such as total phenols,
carotenoids, and total ascorbic acid, were variably affected by salinity, biostimulant application,
and harvesting time, while mineral profile was also affected by the tested factors depending on the
combination of factors. Finally, nitrate content showed decreasing trends with increasing salinity,
while biostimulant application resulted in the higher accumulation of nitrates compared to the
untreated plants. Although biostimulant application seems to alleviate the negative effects of salinity
stress, the effect of growing conditions, as indicated by successive crop cycles, is also important for
the response of D. tenuifolia plants to saline conditions and biostimulant application.

Keywords: antioxidant activity; chlorophylls; carotenoids; tropical plants extracts; protein
hydrolysates; total phenols

1. Introduction

Modern crop production has to cope with increasing soil degradation and the low
availability of irrigation water due to salinization, with major consequences on total and
marketable crop yield as well as on the quality of the final products [1–3]. Moreover,
approximately 20% of available agricultural land is affected by salinity [3], while it is
expected that the current soil salinization trends will result in 50% of arable land being

26



Appl. Sci. 2023, 13, 1569

salt-affected by 2050 [4], mainly due to poor agricultural practices and the impact of
climate change [5]. In this context, vegetable crops are highly affected by the changing
conditions, especially the leafy species that are considered to be more prone to salinity
than other crops [4,5]. Therefore, cropping systems and agronomic practices have to be
reconsidered in order to address the current scenario and ensure food security in the
mid- and long-term, especially in the arid and semi-arid regions of the world that are
most affected by salinization and irrigation water shortages [6–8]. Moreover, halophyte
species, which include important bioactive compounds with health-beneficial properties,
could be integrated into farming systems and contribute to food security as well as land
reclamation [9–11]. Among the several cropping strategies for mitigating the adverse effects
of salinity, biostimulant application is proposed as an innovative and ecofriendly tool that
allows cultivation under unfavorable conditions due to abiotic and biotic stressors [12–15].

Several studies have reported the beneficial effects of biostimulants on various crops
grown under saline conditions. For example, El-Nakhel et al. [16] recently suggested that the
application of legume-derived protein hydrolysates significantly ameliorated the negative
impacts of high salinity (EC levels up to 6 dS m−1) in pot-grown spinach plants. Moreover,
Lucini et al. [17] reported similar beneficial effects on the crop performance and metabolite
profile of pot-grown lettuce plants subjected to high salinity. Rouphael et al. [18,19] also
suggested that the biostimulants obtained from seaweeds or vegetal proteins may increase
tolerance to high salinity in lettuce plants through alterations in metabolic processes that
induce the biosynthesis of stress-related compounds. Van Oosten et al. [20] suggested that
the key mechanisms of action that are related to the beneficial effects of protein hydrolysates
and plant extracts rich in amino acids as well as peptides on crops are due to osmoprotection
and the scavenging of radicals at the shoot level, in addition to metal chelation and improved
nutrient availability at the rhizosphere level.

Irrigation with saline water may induce metabolic changes that affect the chemical
composition of vegetable products, while it may also affect the visual appearance and
marketability of leafy products [21]. Apart from negative effects, moderate salinity levels
may improve the quality of vegetable products through the enhancement of nutraceutical
compound content (e.g., phenolic compounds, carotenoids, tocopherols, vitamins, and
other antioxidant compounds) or by contributing to the taste and aroma attributes [22].
Therefore, the combinatory effects of salinity and biostimulant application have to be
extensively studied in order to identify those salinity thresholds and biostimulant products
that allow the production of high-quality end-products without compromising marketable
yield. Moreover, a thorough evaluation of germplasm variability has to be considered,
since a differential response to salinity is expected depending on the genotype [23].

Successive harvesting is a common practice in various leafy greens and, according
to the literature, may significantly increase the overall yield when compared to single
harvesting practices [24]. Moreover, aside from increased yields this technique is cost-
as well as labor-efficient and may allow for more growth cycles throughout the growing
period [25]. The number of harvests is dependent on the genotype and the growing
conditions, since not all of the cultivars and growing periods are suitable for this technique
due to susceptibility to inflorescence formation under specific temperature and photoperiod
conditions [26]. Considering that successive harvesting may occur under variable growing
conditions, this practice may also affect the chemical composition and quality of leafy
vegetables, such as rocket [27].

Rocket (Eruca sativa Miller) and wild rocket (Diplotaxis tenuifolia L.) are two leafy
vegetables of the Brassicaceae family with increasing commercial interest during recent
years due to their special characteristics in terms of nutritional value, aroma, and taste [28];
however, in addition to the high nutritional value of its edible leaves there is great concern
regarding the tendency of nitrate accumulation, which is considered to be an anti-nutritional
factor and may pose significant threats to human health [29–31]. Therefore, special attention
should be given to those agronomic practices that may contribute to the reduction in leaves’
nitrate content, such as the cropping season and time of harvesting, nitrogen fertilization
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rates, or nitrogen form, among others [29,32–34]. In this context, the use of biostimulants
has been associated with an increased content of nitrate in leafy vegetables, although
contrasting results have been reported in the literature [35–37]. These findings indicate that
biostimulant application should be carefully considered in order to avoid any undesirable
effects on the quality of the final product, since it seems that the impact on nitrate content
depends on the species, the biostimulant product, and the cropping system [30].

In this work, a pot experiment was conducted in order to evaluate the effect of two
biostimulatory products on the mineral contents and chemical profiles of Diplotaxis tenuifolia
plants grown under saline conditions. Moreover, the agronomic practice of successive
harvesting was implemented, aiming to determine any effects of growth stage on plants’
responses to salinity and biostimulant application.

2. Materials and Methods
2.1. Experimental Settings and Design, Crop Management, and Soil Sampling

The experiment was carried out at the experimental field of the Department of Agricultural
Science in Portici (Naples, 40◦ 48.870′ N; 14◦ 20.821′ E; 70 m a.s.l.) under a plastic greenhouse
(2020–2021). The species chosen for the test was wild rocket (Diplotaxis tenuifolia L.) cv. “Reset”,
marketed by Maraldi Sementi Srl (Cesena—FC, Italy), with the following characteristics: green
leaves with medium-sized lobes, high potential yield, and a noticeable flexibility in terms of
growing conditions that makes it useful for cultivation in any season.

For the test, pots with a 0.38 m2 surface and a 0.70 m height were used; they were
filled with a sandy soil, whose physical and chemical properties are reported in Table 1.

Table 1. Physical and chemical properties of the test soil.

Parameters Unit Mean Value

Sand % 91.0
Silt % 4.5

Clay % 4.5
N—total (Kjeldahl method) % 0.101

P2O5 (Olsen method) mg kg−1 253.0
K2O (tetraphenylborate method) mg kg−1 490.0

Organic matter % 2.5
Electrical conductivity dS m−1

pH 7.4

Three seedling groups per pot (about 15–20 seedlings each) were transplanted on
8 October 2020, and harvested 6 consecutive times from 25 November 2020 until 20 May 2021,
hereafter referred to as I, II, III, IV, V, and VI. Regarding fertilization, only nitrogen in
the form of ammonium nitrate (26%) was applied, provided at a rate corresponding to
18 kg ha−1 per each cycle. For the first cycle, it was added 18 days after transplant (DAT),
while in the successive cycles this was carried out at approximately 4 days after harvest
(DAH) of the previous growing cycle, ranging between 2 and 9 DAH depending on the
conditions. No pesticide treatments were carried out.

The experimental design was a split-plot design, with saline irrigation as the main
experimental factor and biostimulant application as the subfactor. The saline irrigation
treatments included the following: EC0: irrigation with tap water; EC2: irrigation with
water that had an EC of 2.0 dS m−1; EC4: irrigation with water that had an EC of 4.0 dS m−1;
and EC6: irrigation with water that had an EC of 6.0 dS m−1. There were three biostimulant
application treatments: 1. untreated—control; 2. treated with Auxym®, a tropical plant
extract hereafter referred to BA; and 3. treated with Trainer®, a protein hydrolysate derived
from legumes, hereafter referred to BT. Both biostimulants are marketed by Hello-Nature
Italia Srl (Rivoli Veronese, Italy), and they were applied as a foliar spray three times per each
cycle (except for the last cycle, which was shorter; therefore, only two applications were
performed) at doses of 2 mL L−1 and 3 mL L−1 for Auxym®and Trainer®, respectively.
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Starting with harvest II, the formation of new leaves was taken into account to decide when
to perform the first biostimulant application. All of the treatments were replicated 3 times
for a total of 36 pots.

The water losses were calculated by the Hargreaves method [38], and were fully
restored by 26 irrigations over the six cycles. The desired EC for saline treatments was
obtained by adding NaCl to tap water, as reported by Di Mola et al. [39]. A total of
28.5 L per pot was applied with 34.6, 69.1, and 103.7 g of NaCl per pot in the EC2, EC4, and
EC6 treatments, respectively. At the first cycle, the first three irrigations were made with
tap water for all of the treatments in order to promote the rooting and establishment of
seedlings. To monitor the trend in the soil electrical conductivity, at each harvest the soil
was sampled at a 0–20 cm depth and the soil water solution extraction method (1:5 dilution)
was used to measure soil EC (EC1:5; Basic 30 CRISON electrical conductivity meter; Crison
Hach, Barcelona, Spain).

The air temperature under the plastic greenhouse was monitored by a Vantage Pro2
(Davis Instruments, Hayward, CA, USA) weather station on an hourly basis. Data are
reported as the daily minimum and maximum temperatures (Supplementary Figure S1).

2.2. ABTS and Hydrophilic Antioxidant Activity, Total Phenols, and Total Ascorbic Acid Analysis

At each harvest, fresh leaves for each treatment and replicate were collected and stored
in a freezer at −80 ◦C, after which they were lyophilized for the determination of ABTS
and hydrophilic antioxidant activity (ABTS AA and HAA, respectively), total phenols, and
total ascorbic acid (TAA).

The ABTS AA was determined on 200 mg of freeze-dried sample extracted with
methanol. The measurement of the absorbance was assessed spectrophotometrically (Hach
DR 2000, Hach Co., Loveland, CO, USA) at 734 nm according to the methods of Re et al. [40].
The ABTS AA was expressed as mmol of Trolox per 100 g of dry weight (dw).

The HAA was assessed, after extraction with distilled water, by the N, N-dimethyl-
p-phenylenediamine (DMPD) method [41]. It was measured spectrophotometrically
at 505 nm, and the values were expressed as mmol of ascorbic acid per 100 g of dry
weight (dw).

The TAA was also spectrophotometrically measured at 525 nm according to the
procedure of Kampfenkel et al. [42].

The total phenolic content was determined spectrophotometrically at 765 nm according
to the Singleton et al. method [43] and expressed as mg of gallic acid per 100 g−1 of dw.

2.3. Chlorophylls and Carotenoids Analysis

Chlorophylls (chlorophylls a and b) and carotenoids were assessed spectrophotomet-
rically on 1 g of fresh leaves, after extraction with ammoniacal acetone, according to the
method described by Wellburn [44] at 662 and 647 nm for chlorophylls a and b, respectively,
as well as at 470 nm for carotenoids. They were expressed as mg g−1 fresh weight (fw).

2.4. Mineral Content Analysis

The determination of nitrate, Na, K, Ca, Mg, Cl, S, and P was carried out on 250 mg
of dried and finely ground leaf tissues, suspended in 50 ml of ultrapure water (Milli-Q,
Merck Millipore, Darmstadt, Germany), followed by a shaking water bath (ShakeTemp
SW22, Julabo, Seelbach, Germany) at 80 ◦C for 10 min. The supernatant was filtered and
processed on an ion chromatograph (ICS3000, Thermo Scientific™ Dionex™, Sunnyvale,
CA, USA) as described previously by Rouphael et al. [45]. Mineral concentrations were
expressed as mg g−1 dw, while nitrate concentration was converted into mg kg−1 fw.

2.5. Statistical Analysis

All of the results were subjected to a three-way analysis of variance (ANOVA), consid-
ering salinity levels (S), biostimulant application (B), and harvesting time (H) as factors.
The analysis was performed with the SPSS software package (version 22, Chicago, IL, USA).
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When significant effects were detected, the means were separated using Tukey′s honestly
significant difference (HSD) test at p < 0.05.

3. Results and Discussion
3.1. Soil Electrical Conductivity

The soil electrical conductivity linearly increased in all of the saline treatments, but
with different trends; at the last harvest the increase over the first harvest was more than
double in EC2, and about three times in EC4 as well as EC6 (Figure 1). Moreover, the
EC values were significantly higher in EC6 compared to the rest of the salinity levels,
while the EC0 treatment presented the lowest overall values in all of the harvestings,
being significantly lower than the rest of the treatments at the last four harvestings (II–IV).
Finally, all of the salinity treatments differed among each other in the last three harvestings.
Similarly to our findings, Mori et al. [46] also suggested an increase in soil EC values
with the increasing salinity of the nutrient solution, which is attributed to the gradual
buildup of Na and Cl in soil solutions due to inhibited water uptake from plants. Moreover,
Schiattone et al. [47] also suggested a gradual increase in soil EC with increasing salinity
and multiple harvestings in wild rocket plants, although the increase was less profound
between different harvesting times of the same salinity level compared to the increase
between the different salinity levels. According to Feng et al. [48], the application of saline
irrigation water resulted in an increase in EC levels in soil solutions which evolved with
the progression of the growing cycle, while similar findings were recorded for the use of
brackish water in cotton plant irrigation [49].
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bars above each mean indicate standard deviation (SD; n = 3).

3.2. Antioxidant Activity and Compounds

The analysis of variance of the data about antioxidant activity (hydrophilic antiox-
idant activity (HAA) and ABTS assay), total phenol content, total ascorbic acid content
(TAA), chlorophylls (a, b, and total chlorophyll), and total carotenoids is presented in the
Supplementary Material (Table S1). The analysis did not show any significant interaction of
the three tested factors, namely salinity (S), biostimulants (B), and harvesting time (H). On
the other hand, significant interactions were recorded between B × H, S × H, and S × B for
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specific parameters, e.g., total phenols for the B × H interaction; HAA, ABTS, and TAA for
the S × H interaction; and HAA, ABTS, total phenols, and TAA for the S × B interaction.

Supplementary Table S3 presents the effect of biostimulant application and harvesting
time on HAA, the ABTS assay, total phenols, and TAA content in Diplotaxis tenuifolia leaves,
regardless of salinity level. As indicated in Supplementary Table S1, the only significant
interaction was recorded in the case of total phenol content. The highest total phenol
content (Figure 2) was recorded in D. tenuifolia leaves collected from plants treated with
the Auxym®biostimulant and harvested at the fourth harvesting time, without being
significantly different from the untreated plants harvested at the same harvesting time.
On the other hand, the lowest overall value was recorded for the Auxym®biostimulant
and the third harvesting time, without being significantly different from untreated plants
of the first harvesting time. Moreover, for each biostimulant an increasing trend in total
phenols was recorded until the fourth harvest, followed by a significant decline for the last
two harvestings, especially in plants treated with biostimulants. In contrast to our study,
Schiattone et al. [50] did not report a significant effect of biostimulants on total phenol
content, while they suggested a significant effect of two biostimulants (azoxystrobin and
extracts of yeast as well as brown algae) in wild rocket plants grown under nitrogen depri-
vation conditions. Moreover, Candido et al. [51] suggested a differential response of wild
rocket plants to azoxystrobin and nitrogen deprivation depending on the cropping cycle,
thus indicating that growing conditions are pivotal for plants’ responses to abiotic stressors
and/or biostimulant application. Similarly, Giordano et al. [52] did not record a significant
difference in two successive harvests in terms of the total phenol content of perennial wall
rocket plants treated with two biostimulants, whereas TAA content significantly increased
for both biostimulants over the control treatment. Moreover, Carillo et al. [53] reported a
decrease in total phenols in lettuce plants where two successive harvests were implemented,
while TAA content showed the opposite trend. On the other hand, Corrado et al. [54] did
not observe any significant differences in the total phenol content of basil plants in two
successive harvests, while Caruso et al. [35] indicated an increase in total phenol content
in lettuce plants grown in two different seasons (winter and winter–spring) and subjected
to two biostimulants (tropical plant extracts and legume-derived protein hydrolysates).
The contrasting results in literature reports could be associated with differences in the
genotypes tested, since, according to Ciriello et al. [55], a significant difference in the total
phenol content of different basil genotypes was recorded in two successive harvestings.

Table 2 presents the effect of biostimulant application and salinity level on HAA,
the ABTS assay, total phenols, and TAA content in D. tenuifolia leaves, regardless of the
harvesting time. A varied response was recorded depending on the antioxidant activity
assay. In particular, the non-salinized untreated plants (EC0 × BC treatment) recorded
the highest and lowest values for HAA and ABTS AA assays, respectively, whereas an
opposite trend was observed for plants that were grown under mid- to high-salinity levels
and did not receive any biostimulant application (EC4 × BC). This result is in agreement
with the findings of Di Mola et al. [56], who also suggested that non-salinized lettuce plants
had the highest HAA, while El-Nakhel et al. [16] also reported a contrasting response of
spinach plants to salinity stress and biostimulant application in regard to HAA and ABTS
AA assays. Regarding total phenols and TAA content, no specific trends were recorded
since no significant differences were recorded between most of the treatments, although the
lowest overall content was recorded for the highest salinity level and the plants treated with
the Trainer®biostimulant; however, El-Nakhel et al. [16] suggested a significant decrease in
total phenols and TAA content for spinach plants treated with a legume-derived protein
hydrolysate, whereas increasing salinity resulted in an increase in total phenol content and
had no effect on TAA content. On the other hand, Rouphael et al. [36] noted a beneficial
effect of biostimulant application on the total phenol content of spinach plants. According
to Carillo et al. [53], no significant effects of salinity on the total phenol content, as well as
the lipophilic and hydrophilic antioxidant activity, of lettuce plants grown under salinity
stress were noted, while the same authors suggested fluctuating trends for TAA content.
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Figure 2. Effect of biostimulant and harvesting time on total phenol content in Diplotaxis tenuifolia
leaves, regardless of salinity level. Different letters indicate significant differences according to
Tukey’s honestly significant difference (HSD) test at p = 0.05; Roman numbers (I–VI) indicate the
successive harvests; BC: no biostimulants added; BA: plants treated with Auxym®; and BT: plants
treated with Trainer®. All data are expressed as mean ± SE (standard error), n = 3.

Table 2. Effect of salinity and biostimulant on hydrophylic antioxidant activity (HAA), ABTS an-
tioxidant activity, total phenols, and total ascorbic acid (TAA) content in Diplotaxis tenuifolia leaves,
regardless of harvesting time.

Treatment
HAA

mmol Ascorbic Acid
equ. 100 g−1 dw

ABTS AA
mmol Trolox

equ. 100 g−1 dw

Total Phenols mg
Aallic Acid g−1 dw

TAA
Total Ascorbic Acid

mg 100 g−1 fw

EC0 BC 10.17 ± 0.44 a 10.09 ± 0.62 d 2.29 ± 0.08 ab 32.88 ± 7.05 a
BA 9.75 ± 0.30 a–c 11.49 ± 0.35 b–d 2.19 ± 0.08 a–c 30.27 ± 8.00 ab
BT 9.70 ± 0.45 a–c 12.34 ± 0.57 a–c 2.37 ± 0.09 a 27.29 ± 5.42 a–c

EC2 BC 8.52 ± 0.32 d–f 11.61 ± 0.70 b–d 2.31 ± 0.12 a 26.31 ± 5.40 a–c
BA 9.89 ± 0.32 ab 10.86 ± 0.56 cd 2.32 ± 0.09 a 31.88 ± 5.75 a
BT 9.11 ± 0.25 b–d 12.32 ± 0.51 a–c 2.40 ± 0.07 a 32.37 ± 8.23 a

EC4 BC 7.95 ± 0.40 f 13.88 ± 0.66 a 2.41 ± 0.11 a 22.85 ± 4.75 bc
BA 8.93 ± 0.31 c–e 12.69 ± 0.36 ab 2.07 ± 0.11 bc 26.74 ± 4.53 a–c
BT 8.59 ± 0.28 d–f 12.14 ± 0.41 a–c 2.27 ± 0.10 ab 30.63 ± 4.60 ab

EC6 BC 8.10 ± 0.36 ef 11.73 ± 0.67 b–d 2.28 ± 0.05 ab 23.52 ± 2.52 bc
BA 8.62 ± 0.38 d–f 13.19 ± 0.77 ab 2.21 ± 0.12 a–c 22.57 ± 4.47 bc
BT 8.21 ± 0.35 ef 12.55 ± 0.43 a–c 2.03 ± 0.08 c 19.75 ± 2.82 c

Different letters within each column indicate significant differences according to Tukey’s honestly significant
difference (HSD) test at p = 0.05. EC0: tap water (0 ds m−1); EC2: 2.0 dS m−1; EC4: 4.0 dS m−1; EC6: 6.0 dS m−1;
BC: no biostimulants added; BA: plants treated with Auxym®; and BT: plants treated with Trainer®. All data are
expressed as mean ± SE (standard error), n = 3.

Table 3 presents the effect of salinity level and harvesting time on HAA, the ABTS
assay, and total ascorbic acid content in D. tenuifolia leaves, regardless of biostimulant
application. HAA varied depending on the salinity level and the harvesting time, with the
highest overall value being recorded for the non-salinized plants and the fourth harvesting
time, whereas the highest salinity level and late harvesting (EC6 × VI) resulted in the
lowest values for this particular assay. On the other hand, the EC6 × II and EC0 × VI
treatments resulted in the highest and lowest values for the ABTS assay. Total phenol
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content was not affected by salinity levels and harvesting time, while for TAA content
a decreasing trend with harvesting time was recorded, with the highest values being
measured at the first harvesting time for all of the tested salinity levels. The lack of effect
of harvesting time on the total phenol content (data not shown) of perennial wall rocket
plants has been previously suggested by Giordano et al. [52], while Carillo et al. [53] did not
record a significant effect of salinity on the antioxidant activity and total phenol content of
lettuce plants.

Table 3. Effect of salinity and biostimulant on hydrophylic antioxidant activity (HAA), ABTS an-
tioxidant activity, and total ascorbic acid (TAA) content in Diplotaxis tenuifolia leaves, regardless of
biostimulant application.

Treatment
HAA

mmol Ascorbic Acid
equ. 100 g−1 dw

ABTS AA
mmol Trolox

equ. 100 g−1 dw

TAA
Total Ascorbic Acid

mg 100 g−1 fw

EC0 I 8.00 ± 0.34 ik 13.33 ± 0.56 a–c 86.76 ± 7.68 a
II 9.54 ± 0.37 d–f 12.78 ± 0.95 b–e 33.41 ± 2.24 d
III 9.90 ± 0.22 c–e 11.38 ± 0.58 e–h 19.64 ± 1.44 e
IV 12.61 ± 0.57 a 11.00 ± 0.58 g–i 18.83 ± 4.01 e–g
V 9.74 ± 0.17 c–e 9.93 ± 0.64 ij 11.37 ± 1.95 hi
VI 9.44 ± 0.17 ef 9.43 ± 0.64 j 10.87 ± 1.93 i

EC2 I 9.26 ± 0.40 e–g 9.83 ± 1.24 ij 85.80 ± 6.49 a
II 10.78 ± 0.39 b 12.30 ± 0.66 b–g 30.89 ± 3.01 d
III 8.97 ± 0.42 f–h 12.94 ± 0.40 a–c 18.76 ± 1.85 e–g
IV 8.51 ± 0.40 h–j 12.85 ± 0.69 b–d 17.00 ± 3.00 e–i
V 8.93 ± 0.38 f–h 11.09 ± 0.75 f–i 14.58 ± 1.82 e–i
VI 8.63 ± 0.38 g–i 10.59 ± 0.75 h–j 14.08 ± 1.84 e–i

EC4 I 8.02 ± 0.22 i–k 12.31 ± 0.62 b–g 60.86 ± 6.95 b
II 10.18 ± 0.18 b–d 13.01 ± 0.82 a–c 26.93 ± 2.76 d
III 8.09 ± 0.37 i–k 13.65 ± 1.02 ab 18.12 ± 1.08 e–g
IV 8.51 ± 0.64 h–j 13.08 ± 0.64 a–c 17.65 ± 4.00 e–h
V 8.22 ± 0.47 ij 12.94 ± 0.65 a–c 18.69 ± 3.56 e–g
VI 7.92 ± 0.47 jk 12.44 ± 0.65 b–f 18.19 ± 3.58 e–g

EC6 I 8.13 ± 0.55 i–k 12.18 ± 0.79 c–g 45.37 ± 5.32 c
II 10.30 ± 0.31 bc 14.28 ± 1.16 a 27.01 ± 1.68 d
III 8.53 ± 0.42 h–j 12.53 ± 0.98 b–e 19.63 ± 2.49 ef
IV 8.30 ± 0.55 h–j 12.47 ± 0.49 b–f 12.90 ± 1.73 g–i
V 7.45 ± 0.17 kl 12.00 ± 0.94 c–g 13.65 ± 1.79 e–i
VI 7.15 ± 0.17 l 11.50 ± 0.94 d–h 13.15 ± 1.77 f–i

Different letters within each column indicate significant differences according to Tukey’s honestly significant
difference (HSD) test at p = 0.05. EC0: tap water (0 ds m−1); EC2: 2.0 dS m−1; EC4: 4.0 dS m−1; and EC6: 6.0 dS m−1.
Roman numbers (I–VI) indicate the successive harvests. All data are expressed as mean ± SE (standard error),
n = 3.

These contradictory results indicate that growing conditions are pivotal for the re-
sponses of D. tenuifolia plants to salinity stress and biostimulant application. This could be
due to the fact that there is a combinatory effect on the plant protective mechanisms that
induces the biosynthesis of antioxidant compounds as well as their activity. As reported
in the literature and suggested by the results of the present study, when several factors
are tested at the same time (e.g., biostimulant applications, harvesting time, salinity stress)
the response of plants to studied parameters may vary depending on the experimental
conditions. This response may also differ compared to the response to single factors. For
example, in our study total phenol content was affected by salinity and harvesting time or
salinity and biostimulant application, but no effect was recorded when salinity and harvest-
ing time were considered. In the study by Bulgari et al. [57], a significant increase in total
phenol content was observed for rocket plants grown in a floating system and subjected to
EC levels of 3.5 dS m−1. Hamilton and Fonseca [58] reported a variable effect of salinity
levels (up to 9.6 dS m−1) on rocket plants (Eruca sativa and Diplotaxis tenuifolia) depending
on the growing period (March to April and May to June). Similarly, El-Nakhel et al. [16]
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recorded an increase in total phenols in spinach plants with increasing salinity. The same
authors suggested a negative effect of a legume-derived protein hydrolysate compared to
the control plants [16]. On the other hand, Corrado et al. [59] did not record a significant
effect of salinity on total phenol content in two lettuce varieties, while they suggested a
significant effect of harvesting time and genotype. According to Franzoni et al. [60], the
benefits from biostimulant application on plants under stress could be associated with an
increase in the expression of transcription factors involved in plant responses to stress,
such as the induction of cuticular waxes, phospholipid and brassinosteroid biosynthesis,
the regulation of sugar metabolism, and intracellular transport. Therefore, it seems that
plant responses to external factors related to stress (e.g., salinity) or growth promotion
(e.g., biostimulant) are highly affected by environmental and growing conditions. For this
reason, further research is needed in order to define those conditions (e.g., the combina-
tions of harvesting time, salinity level, and biostimulant product) that are favorable to the
induction of secondary metabolism, allowing plants to better cope with salinity stress.

3.3. Chlorophyll and Carotenoid Content

Table 4 presents the result of chlorophyll and carotenoid content in relation to salinity
level, biostimulant application, and harvesting time. Considering that no significant
interactions between the tested factors were detected, only the main effects of each factor
are presented. Chlorophylls a and b as well as total chlorophyll content was significantly
affected by biostimulant application, with Trainer®showing the highest content compared
to the rest of the treatments. On the other hand, salinity level affected chlorophyll b and total
chlorophyll content, with increasing salinity resulting in a significant decrease, especially
at the highest salinity level tested. The effect of harvesting time on chlorophyll content
did not show specific trends except for chlorophyll b, where a decrease was recorded with
increasing salinity, whereas chlorophyll a and total chlorophyll content fluctuated over
the growing period. Moreover, total carotenoid content showed a significant increase at
low salinity (EC2), followed by a reduction with increasing salinity to levels similar to
the control treatment. Finally, harvesting time seems to have a varied effect, with a slight
increase at the second harvest followed by a decrease at subsequent harvesting, especially
the late ones (harvests V and VI), where the lowest values were recorded.

The findings of our study are in agreement with reports in the literature, where it
is suggested that salinity stress induces the disruption of the photosynthetic apparatus
through the damage of chloroplasts and the decrease in chlorophyll content, especially
in older leaves, which tend to accumulate more ions than younger ones [3]. Moreover,
the application of biostimulants may mitigate the negative effects of abiotic stressors on
chlorophyll content in leafy vegetables such as lettuce [61]. In harmony, El-Nakhel et al. [16]
indicated a negative effect of increasing salinity on the chlorophyll content of spinach plants,
while suggesting a positive effect from the application of a biostimulant that contained
protein hydrolysates. The same authors recorded an increase in total carotenoids with
increasing salinity, whereas biostimulant application had no significant effect on this pa-
rameter. Lucini et al. [17] noted a significant decrease in SPAD index values and chlorophyll
fluorescence in lettuce plants grown under saline conditions, while biostimulant application
(of plant-derived protein hydrolysates) only mitigated the negative effects on chlorophyll
fluorescence and not those on the SPAD index. A similar finding with our study was re-
ported by Caruso et al. [27], who indicated a positive effect of biostimulants on chlorophyll
b content and no effects on carotenoid content, while they also mentioned that cropping
season did not affect the abovementioned parameters. The single effect of biostimulant
application (borage leaf or flower extracts) did not affect chlorophyll and carotenoid content
in wild rocket plants, indicating the lack of effect in unstressed plants [62]. This argument
was confirmed by Franzoni et al. [60], who suggested that borage extracts mitigated the
negative effects of salinity on chlorophyll a fluorescence but had no effect on unstressed
plants. It seems that growing conditions may affect the responses of plants to salinity and
biostimulant application, since, according to Giordano et al. [52], a variable effect of protein
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hydrolysates and plant extracts on the chlorophyll content of perennial wall rocket leaves
was recorded, depending on harvesting time.

Table 4. Effect of salinity, biostimulant, and harvest on chlorophyll a, chlorophyll b, total chlorophylls,
and carotenoid averages in Diplotaxis tenuifolia.

Treatment Chlorophyll a
mg g−1 fw

Chlorophyll b
mg g−1 fw

Total Chlorophyll
mg g−1 fw

Carotenoids
mg g−1 fw

EC0 1.03 ± 0.01 0.57 ± 0.02 a 1.61 ± 0.03 a 0.323 ± 0.012 b
EC2 1.01 ± 0.01 0.52 ± 0.01 ab 1.52 ± 0.02 b 0.348 ± 0.006 a
EC4 1.02 ± 0.01 0.53 ± 0.01 ab 1.58 ± 0.04 ab 0.329 ± 0.009 ab
EC6 1.00 ± 0.01 0.49 ± 0.02 b 1.50 ± 0.03 b 0.328 ± 0.005 ab
BC 1.00 ± 0.01 b 0.50 ± 0.01 b 1.52 ± 0.03 b 0.326 ± 0.010
BA 1.01 ± 0.01 b 0.51 ± 0.01 b 1.52 ± 0.02 b 0.340 ± 0.006
BT 1.05 ± 0.01 a 0.57 ± 0.02 a 1.62 ± 0.02 a 0.329 ± 0.005
I 1.04 ± 0.02 a 0.57 ± 0.02 a 1.60 ± 0.03 ab 0.348 ± 0.005 b
II 1.00 ± 0.01 ab 0.57 ± 0.02 a 1.54 ± 0.03 a–c 0.397 ± 0.005 a
III 1.04 ± 0.01 a 0.55 ± 0.02 ab 1.59 ± 0.03 ab 0.342 ± 0.003 b
IV 0.98 ± 0.01 b 0.52 ± 0.02 a–c 1.47 ± 0.03 c 0.334 ± 0.004 b
V 1.03 ± 0.01 ab 0.50 ± 0.01 bc 1.63 ± 0.05 a 0.296 ± 0.010 c
VI 1.02 ± 0.01 ab 0.47 ± 0.01 c 1.49 ± 0.02 bc 0.276 ± 0.010 c

Different letters within each column and for the same factor indicate significant differences according to Tukey’s
honestly significant difference (HSD) test at p = 0.05. EC0: tap water (0 ds m−1); EC2: 2.0 dS m−1; EC4: 4.0 dS m−1;
EC6: 6.0 dS m−1; BC: no biostimulants added; BA: plants treated with Auxym®; and BT: plants treated with
Trainer®. The Roman numbers (I–VI) indicate the successive harvests. All data are expressed as mean ± SE
(standard error), n = 3.

3.4. Leaf Nutrient Composition

The cation (Na, K, Ca, and Mg) concentrations were significantly affected by the
second-degree interactions of salinity × biostimulant and salinity × harvest, except for K,
which was also affected by the interaction of biostimulant × harvest (Supplementary
Material, Table S2). In regard to the anions, Cl content was significantly affected by all three
of the second-degree interactions; S content only by the S × H interaction and P content by
the S × B interaction (Supplementary Material, Table S2). As for the nitrate content, it was
affected by all of the second-degree interactions.

At lower salinity levels (EC0 and EC4) no significant differences were recorded be-
tween the biostimulant treatments, while at EC4 Auxym®application resulted in a signifi-
cant decrease in Na content, which was not the case at the highest salinity level (EC6). At
this salinity level, the highest overall Na content was recorded for this particular biostimu-
lant without being significantly different from the other biostimulant treatment (Table 5).
In regard to K concentration, it reached the highest value in plants that were not treated
with biostimulants and which were irrigated with tap water, not being different from
EC0 × BA, all of the treatments of EC2, and BA × EC4 (Table 5). For Mg concentration,
only in EC2 was the treatment with Trainer®different from BC, while significant differences
were also recorded from EC4 × BA and EC6 (both BC and BT treatments) (Table 5). In
the plants irrigated with tap water or water with low salinity (EC2), BT elicited a higher
value of Ca concentration in the leaves, but in EC2 it was not different from BA; in higher
salinity levels no differences were recorded between plants treated and untreated with
biostimulants (Table 5). Biostimulant application reduced Cl concentration in leaves up
to moderate salinity levels (EC4 treatment), while at the highest salinity tested (EC6) no
significant differences were recorded between BA, BT, and BC (Table 5). Sulfur content
was not affected by the factors tested (data not shown). In regard to P concentration, at
low (EC2) and moderate salinity stress (EC4) the plants treated with Trainer®showed
higher values, contrary to what occurred in EC0 and EC6, where the treatment with BA
elicited higher values, although no significant differences were recorded between the two
biostimulant products (Table 5). In accordance with our study, Lucini et al. [17] reported
that increasing salinity in a nutrient solution resulted in increased Na content in lettuce
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leaves, whereas biostimulant application showed no significant effect. Similarly, K, P, Ca,
and Mg content decreased with increasing salinity, while biostimulant application only
affected P content [17]. Moreover, increased salinity has been associated with the disruption
of nutrient and osmotic balance due to increased ratios of Na/K, Na/Ca, and Na/Mg [63].

Table 5. Effect of salinity and biostimulant application on minerals (Na, K, Ca, Mg, Cl, and P) and
nitrate content in Diplotaxis tenuifolia leaves, regardless of harvesting time.

Treatment
Mineral Composition (g kg−1 dw) Nitrate

(mg kg−1 fw)Na K Ca Mg Cl P

EC0 BC 5.14 ± 0.31 e 60.06 ± 2.31 a 22.50 ± 0.98 bc 5.09 ± 0.13 a 25.75 ± 1.57 de 2.66 ± 0.11 ab 3791.5 ± 391.0 de
BA 4.81 ± 0.18 e 57.16 ± 1.50 ab 22.00 ± 0.69 c–e 4.79 ± 0.12 ab 20.47 ± 1.00 ef 2.81 ± 0.08 a 5403.9 ± 320.2 a
BT 4.72 ± 0.23 e 53.66 ± 1.44 bc 24.50 ± 0.96 a 5.12 ± 0.16 a 19.20 ± 0.63 f 2.68 ± 0.09 ab 5799.0 ± 365.8 a

EC2 BC 10.39 ± 0.64 d 55.41 ± 1.58 a–c 22.24 ± 0.70 b–d 4.63 ± 0.10 b 37.57 ± 2.41 c 2.60 ± 0.08 ac 3286.7 ± 279.5 f
BA 8.45 ± 0.55 d 54.35 ± 2.63 a–c 24.07 ± 0.51 ab 4.86 ± 0.12 ab 28.23 ± 1.52 d 2.49 ± 0.07 b–d 4569.8 ± 245.8 bc
BT 9.43 ± 0.54 d 55.62 ± 1.32 a–c 22.90 ± 0.56 a–c 5.09 ± 0.08 a 29.83 ± 1.69 d 2.69 ± 0.09 ab 4810.2 ± 210.0 b

EC4 BC 14.83 ± 1.26 ab 52.00 ± 1.07 bc 21.08 ± 0.99 c–f 4.86 ± 0.09 ab 50.81 ± 3.85 a 2.60 ± 0.07 a–c 2746.0 ± 396.1 g
BA 10.88 ± 0.82 cd 55.46 ± 1.38 a–c 19.91 ± 0.65 f 4.62 ± 0.09 b 37.05 ± 2.03 c 2.69 ± 0.08 ab 4230.9 ± 228.1 cd
BT 14.17 ± 1.11 ab 53.89 ± 2.00 bc 20.53 ± 0.56 d–f 4.85 ± 0.10 ab 44.84 ± 2.33 b 2.81 ± 0.10 a 3962.6 ± 227.6 d

EC6 BC 13.86 ± 1.02 bc 51.22 ± 1.40 bc 19.88 ± 0.86 f 4.66 ± 0.11 b 49.91 ± 2.91 ab 2.19 ± 0.08 d 2422.4 ± 453.5 g
BA 17.06 ± 1.29 a 52.07 ± 1.82 bc 19.99 ± 0.77 f 4.76 ± 0.09 ab 50.34 ± 3.16 ab 2.42 ± 0.08 b–d 3471.0 ± 285.5 ef
BT 15.95 ± 1.27 ab 50.55 ± 1.38 c 20.18 ± 0.78 ef 4.59 ± 0.11 b 49.14 ± 2.98 ab 2.32 ± 0.07 cd 3740.4 ± 254.5 d–f

Different letters within each column indicate significant differences according to Tukey’s honestly significant
difference (HSD) test at p = 0.05. EC0: tap water (0 ds m−1); EC2: 2.0 dS m−1; EC4: 4.0 dS m−1; EC6: 6.0 dS m−1;
BC: no biostimulants added; BA: plants treated with Auxym®; and BT: plants treated with Trainer®. All data are
expressed as mean ± SE (standard error), n = 3.

Nitrate content was significantly increased by biostimulant application for all of the
tested salinity levels compared to the untreated plants (no biostimulants added), while
a decreasing trend with increasing salinity was recorded for all of the biostimulant treat-
ments (with or no biostimulants added) (Table 5). Similar results were recorded by El-
Nakhel et al. [16], who also suggested an increase in nitrate content in spinach plants
treated with a legume-derived protein hydrolysate, while increasing salinity also resulted
in a significant decrease in nitrate. It seems that the high availability of Cl in the nutrient
solution may impair nitrate uptake and decrease its content in plant tissue, while bios-
timulants may serve as nitrogen pools and contribute to the accumulation of nitrate in
leaves without an increased uptake of exogenous nitrogen being observed [64,65]. In con-
trast, Bulgari et al. [62] reported a decrease in nitrate content in wild rocket plants treated
with borage extracts, which indicates that biostimulant composition and the presence of
nitrogenous compounds could be responsible for the increase in nitrate observed in other
studies. Moreover, Bonasia et al. [57] recorded a variable effect of increasing salinity on
nitrate content in wild rocket plants, depending on the cropping system and the genotype
tested. Similarly, Giordano et al. [52] did not observe a significant effect of biostimulant
application on the nitrate content of perennial wall rocket leaves despite the presence of
nitrogen in one of the biostimulant products, which highlights the importance of harvesting
time for the combined responses of plants.

As expected, the concentrations of Na and Cl increased when the salinity levels in
the nutrient solution increased; in fact, the mean values of Na and Cl concentration were
4.89, 9.42, 13.29, and 15.62 g kg−1 as well as 21.81, 31.87, 44.23, and 49.79 g kg−1 for
EC0, EC2, EC4, and EC6, respectively (Table 6). In addition, both elements also increased
over the harvest periods, with values that were about double at harvest VI compared
to I: 12.40 vs. 5.71 for Na and 43.44 vs. 22.40 for Cl, respectively. In contrast, Ca and Mg
decreased with increasing salinity levels from EC0 (23.00 and 5.00 g kg−1, respectively)
to EC6 (20.02 and 4.67 g kg−1, respectively), while both elements showed the highest
value at harvest II (Table 6). In regard to the other two anions, S increased with the in-
crease in salinity stress, but only EC2 was different from EC0; over the harvest periods,
S concentration decreased until harvest IV and then increased, reaching, at harvest VI, a
value that was not significantly different from that of harvest I (Table 6). Instead, P con-
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centration decreased when the salt concentration incremented, but only EC6 was different
from all of the other saline treatments; moreover, its concentration significantly decreased
over the harvest periods (Table 6). Nitrate content recorded fluctuating trends, with a
varied effect being observed at the various salinity levels and harvesting times, although a
decreasing trend at the late harvesting times (harvests IV to VI) was noticed.

Table 6. Effect of salinity and harvesting time on minerals (Na, Ca, Mg, Cl, and S) and nitrate content
in Diplotaxis tenuifolia leaves, regardless of biostimulant application.

Treatment
Mineral Composition (g kg−1 dw) Nitrate

(mg kg−1 fw)Na Ca Mg Cl S

EC0 I 3.65 ± 0.36 m 20.42 ± 0.86 fgh 4.29 ± 0.13 ij 18.61 ± 1.16 h 7.52 ± 0.34 b–e 4386.2 ± 338.4 ef
II 5.23 ± 0.21 lm 28.97 ± 0.67 a 5.73 ± 0.16 a 18.86 ± 1.17 h 7.44 ± 0.42 b–f 5159.8 ± 238.9 d
III 5.44 ± 0.31 lm 23.89 ± 1.23 cd 5.46 ± 0.11 a 22.19 ± 1.78 f–h 5.18 ± 0.55 i 6729.8 ± 487.5 a
IV 4.50 ± 0.20 lm 22.58 ± 0.99 d–f 4.81 ± 0.14 c–h 21.09 ± 1.59 gh 3.73 ± 0.46 j 4780.7 ± 534.5 cd
V 4.87 ± 0.37 lm 21.22 ± 0.47 fg 4.89 ± 0.13 b–g 24.28 ± 1.90 fg 5.14 ± 0.94 i 4738.7 ± 164.4 d
VI 5.63 ± 0.16 l 20.93 ± 0.81 fg 4.80 ± 0.07 c–h 25.82 ± 2.27 f 7.00 ± 0.96 c–f 4139.5 ± 390.1 fg

EC2 I 5.25 ± 0.23 lm 24.89 ± 0.71 bc 4.63 ± 0.15 gh 19.59 ± 1.52 h 7.69 ± 0.31 b–d 5136.5 ± 3510.5 b
II 8.61 ± 0.38 hi 26.14 ± 0.56 b 5.02 ± 0.15 b–d 25.53 ± 1.41 f 6.39 ± 0.45 f–h 4017.4 ± 144.5 gh
III 11.34 ± 0.43 g 21.86 ± 0.74 ef 5.14 ± 0.16 b 36.05 ± 2.38 e 5.32 ± 0.43 hi 5077.9 ± 235.6 bc
IV 10.68 ± 0.36 g 21.85 ± 0.81 ef 4.97 ± 0.14 b–e 36.20 ± 2.27 e 6.83 ± 0.62 d–f 3915.4 ± 313.6 g–i
V 10.17 ± 0.80 gh 21.66 ± 0.59 ef 4.72 ± 0.13 d–h 36.01 ± 2.11 e 7.77 ± 0.70 b–d 3825.5 ± 276.2 h–j
VI 10.49 ± 0.68 gh 22.02 ± 0.52 ef 4.70 ± 0.15 e–h 37.87 ± 2.12 e 9.31 ± 0.26 a 3360.5 ± 149.1 k–m

EC4 I 6.14 ± 0.28 jk 21.92 ± 0.79 ef 4.57 ± 0.14 hi 25.55 ± 1.23 f 8.01 ± 0.24 bc 4526.7 ± 224.6 de
II 11.69 ± 0.41 fg 25.06 ± 0.51 bc 5.04 ± 0.11 bc 37.95 ± 2.04 e 5.62 ± 0.24 g–i 3277.7 ± 214.5 mn
III 13.32 ± 0.46 ef 18.59 ± 0.63 ij 4.83 ± 0.08 b–h 47.24 ± 2.88 d 4.51 ± 0.48 ij 3904.6 ± 334.0 g–i
IV 16.70 ± 1.45 ac 18.81 ± 0.98 hi 4.93 ± 0.20 b–f 50.66 ± 3.46 cd 5.31 ± 0.80 hi 3642.0 ± 296.3 ij
V 16.31 ± 1.35 bc 18.90 ± 0.83 hi 4.69 ± 0.09 e–h 51.23 ± 4.31 cd 6.76 ± 0.69 d–g 3568.3 ± 287.3 j–l
VI 15.59 ± 1.67 cd 19.76 ± 0.69 g–i 4.60 ± 0.10 g–i 52.78 ± 3.58 bc 8.50 ± 0.76 ab 2959.8 ± 346.8 o

EC6 I 7.79 ± 0.23 ij 23.02 ± 0.57 de 4.59 ± 0.11 g–i 25.87 ± 0.91 f 8.08 ± 0.22 bc 4773.5 ± 489.4 cd
II 14.02 ± 0.64 de 24.94 ± 0.68 bc 5.00 ± 0.12 be 47.26 ± 2.26 d 6.47 ± 0.24 e–h 2431.0 ± 103.4 p
III 17.53 ± 1.02 ab 18.10 ± 0.51 ij 4.74 ± 0.11 c–h 54.99 ± 1.45 a–c 5.47 ± 0.39 hi 3098.8 ± 290.7 m–o
IV 18.28 ± 0.97 a 18.37 ± 0.33 ij 4.75 ± 0.07 c–h 56.14 ± 1.17 ab 4.64 ± 0.51 ij 3204.1 ± 355.5 m–o
V 18.21 ± 1.33 ab 18.07 ± 0.58 ij 4.64 ± 0.14 f–h 57.21 ± 2.65 a 6.77 ± 0.71 d–g 3364.1 ± 318.0 mn
VI 17.90 ± 2.15 ab 17.61 ± 0.76 j 4.26 ± 0.21 j 57.30 ± 2.32 a 7.75 ± 0.82 b–d 2396.3 ± 229.9 p

Different letters within each column indicate significant differences according to Tukey’s honestly significant
difference (HSD) test at p = 0.05. Roman numbers (I–VI) indicate the successive harvests. EC0: tap water (0 ds m−1);
EC2: 2.0 dS m−1; EC4: 4.0 dS m−1; and EC6: 6.0 dS m−1. All data are expressed as mean ± SE (standard error),
n = 3.

Similar results to our study have been reported by Malécange et al. [66], who studied
the effect of a biostimulant product rich in free amino acids on lettuce crop performance
and suggested an increase in nitrogen content in treated plants, regardless of the irrigation
regime. On the other hand, considering that salinity stress is associated with the decreased
water availability and increased osmotic potential of the nutrient solution, nitrate accumu-
lation in plants subjected to salinity stress indicates its osmoregulatory activity [64]. This
finding should be associated with protective mechanisms similar to those of halophytes,
which tend to accumulate minerals under saline conditions as part of their defense against
abiotic stressors [67].

On the other hand, K concentration significantly increased from harvest III to V in all of
the biostimulant treatments, while a decrease was recorded for the last harvest (Figure 3A).
Similar trends were suggested for Cl content, which gradually increased with harvesting
time after harvest II (Figure 3B). Moreover, Cl content was higher in the leaves of plants
untreated with biostimulants (41.01 vs. 34.89 g kg−1, mean value of BA and BT). Finally,
contrasting trends were recorded in terms of nitrate content (Supplementary Table S4). In
particular, the progress in harvesting time resulted in a decrease in nitrate content in plants
that were not sprayed with biostimulants. In contrast, plants treated with either Auxym®or
Trainer®recorded a steep decrease at the second harvest, followed by a significant increase
at harvest III and fluctuating trends thereafter until harvest VI.
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Figure 3. Effect of biostimulants and harvesting time on minerals K (A) and Cl (B) in Diplotaxis
tenuifolia leaves, regardless of salinity level. Different letters indicate significant differences according
to Tukey’s honestly significant difference (HSD) test at p = 0.05. Roman numbers (I–VI) indicate the
successive harvests. BC: no biostimulants added; BA: plants treated with Auxym®; and BT: plants
treated with Trainer®. All data are expressed as mean ± SE (standard error), n = 3.

The increase in nitrate content with biostimulant application is already reported in
the literature [16,30]; however, our findings indicate the importance of growing conditions
in plant responses to nitrate accumulation, including soil properties, light intensity, and
nitrogen form, among others [29,68]. Moreover, Bantis et al. [69] also suggested a higher
nitrate content in the first harvest of rocket plants in an experiment where two successive
harvests were implemented, a finding which is in agreement with our results for the
plants that received no biostimulants. Regarding the nutrients profile, Caruso et al. [27]
suggested a variable effect of growing conditions (winter and winter–spring cropping
seasons) on wall rocket plants, while biostimulant application resulted in increased content
for most of the nutrients (except for S, where no effects were recorded). According to the
same authors, biostimulant application is associated with changes in root architecture that
facilitate nutrient uptake, translocation, and assimilation, with the activity of signaling
molecules or the expression of genes involved in macronutrient transportation through cell
membranes [35]. Moreover, Giordano et al. [52], who tested the same biostimulant products
in perennial wall rocket plants, reported that Trainer®and Auxym®contain bioactive
compounds and peptides that may promote root growth as well as nutrient uptake, and
therefore affect the mineral profile of leaves.

4. Conclusions

The results of the present work highlight the importance of biostimulant application
in alleviating the negative effects of salinity stress on the chemical composition and mineral
profile of Diplotaxis tenuifolia plants; however, a varied response in relation to harvesting
time was recorded for most of the studied parameters, which indicates the pivotal effect of
growing conditions in addition to the complexity of plants’ responses to biostimulants and
salinity stress. In conclusion, further research is needed in order to suggest those conditions
that allow the alleviation of the negative effects of salinity stress through biostimulant
application and prescheduled harvesting time. Moreover, special consideration is needed
regarding the nitrate content of leaves, which tend to increase with biostimulant applica-
tion, while moderate salinity and proper harvesting time seem to reduce the health risks
associated with nitrate accumulation in D. tenuifolia leaves.
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salinity level.
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A. Proximate Composition and

Antioxidant Activity of Selected

Morphological Parts of Herbs. Appl.

Sci. 2023, 13, 1413. https://doi.org/

10.3390/app13031413

Academic Editors: Luca Mazzoni,

Maria Teresa Ariza Fernández and

Franco Capocasa

Received: 18 December 2022

Revised: 16 January 2023

Accepted: 18 January 2023

Published: 20 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Proximate Composition and Antioxidant Activity of Selected
Morphological Parts of Herbs
Wioletta Biel 1 , Urszula Pomietło 2, Robert Witkowicz 3 , Ewa Piątkowska 2 and Aneta Kopeć 2,*
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Abstract: The aim of the study was to provide an analytical evaluation of the proximate composition,
the total content of polyphenolic compounds and the antioxidant activity, of 27 selected plant
materials collected in Poland (West Pomeranian). The basic chemical composition was determined in
the ground samples according to the Association of Official Analytical Chemists methods. Antioxidant
activity was tested using free radical methods ABTS•+, DPPH•+ and the FRAP method. The lowest
concentration of dry matter (DM) was measured in black chokeberry (88.82 g/100 g) and the highest
was found in milk thistle (94.65 g/100 g) as well as black cumin (95.09 g/100 g). The content of
total polyphenols, assessed using the Folin–Ciocalteu method, ranged from 291.832–7565.426 mg of
chlorogenic acid equivalent (CGA)/100 g of DM. Antioxidant activity measured sequentially against
the radical ABTS•+, DPPH•+ and using the FRAP method was 26.334–1912.016 µM Trolox/g DM,
9.475–1061.068 µM Trolox/g DM and 26.252–1769.766 µM Trolox/g DM, respectively. The methanolic
extract from milk thistle fruit in most assays was characterized by the lowest antioxidant activity
and the lowest total content of polyphenolic compounds. Methanol extracts prepared from garlic,
stinging nettle and cleavers showed the highest content of total polyphenols and antioxidant activity
among the tested plant materials. The parts of plants with the highest antioxidant potential can
be a source of new bioactive compounds, but further research is required to describe the profile of
compounds harmful to human health.

Keywords: antioxidant activity; botanicals; herbs; polyphenols; principal component analysis (PCA);
proximate composition

1. Introduction

In recent years, the interest in antioxidants derived from herbal raw materials has
increased significantly due to their health-promoting properties. Their preventive effect is
appreciated in the context of chronic non-communicable diseases such as obesity, type II
diabetes, atherosclerosis or neurodegenerative diseases, the common risk factor of which
is oxidative stress [1]. In biological systems, the formation of free radicals is the result of
many metabolic changes, including aerobic respiration and inflammatory reactions. Free
radicals have proven useful in the fight against pathogens. This is due to their bacteriostatic
and bactericidal effects, but they are also capable of removing cancer cells [2]. Free radicals
are responsible for controlling blood flow through blood vessels, removal of xenobiotics
from the body, and they are also responsible for transmitting signals within the cell [3–5].
Under normal conditions, there is a balance between the formation of free radicals and their
removal. However, in conditions of disturbed homeostasis, the amount of free radicals
increases, beyond the possibility of their systematic and efficient removal by enzymatic
and non-enzymatic mechanisms [5]. During aerobic respiration, some of the electrons leave
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the complexes of the respiratory chain, reducing the oxygen molecule by a one-electron
or two-electron redox reaction, which leads to the formation of reactive oxygen species
(ROS) [6,7]. This causes disturbances at the metabolic level due to high reactivity, short
lifetime and extraordinary ease of chemical reactions of free oxygen radicals with cell
components [5,7]. Enzymatic systems located in the mitochondrial matrix and cytoplasm,
i.e., superoxide dismutase (SOD), glutathione reductase (GR), glutathione peroxidase (GPx),
catalase (CAT) are responsible for the removal of these compounds [5,8].

Apart from enzyme systems, there are also defense systems based on proteins located
in the blood plasma (ceruloplasmin, ferritin, transferrin, or albumin) that remotely bind
copper and iron ions, preventing free radical reactions. These proteins interact with
uric acid, complementing each others antioxidant potential [8]. Non-enzymatic defense
mechanisms against free radicals are some vitamins (C, E, A, including provitamin A–β-
carotene), coenzyme Q10 or polyphenolic compounds found in plants [9]. The excess of free
radicals, including reactive oxygen species, together with the inefficiency in their removal,
leads to lipid peroxidation, damage to cell organelles, proteins, and DNA degradation and
mutation, which results in chronic non-communicable diseases [10].

The main antioxidant compounds present in plant products are polyphenolic com-
pounds, including flavonoids [11]. Antioxidant compounds contained in herbs have
following effects: anti-inflammation, antibacterial, antifungal, antiviral and immunostimu-
lation effects [12]. Their effect cannot be reproduced on the basis of individually isolated
antioxidant compounds, because the health benefiting effect includes many compounds
simultaneously appearing in the plant [13].

Herbal raw materials, long known in traditional folk medicine, are mostly well-tested
in terms of antioxidant properties, but there are still raw materials that have not been widely
distributed in the phytotherapeutic and pharmaceutical industries [14]. Such raw materials
may turn out to be new nutraceuticals, helping pharmacological substances (medicines) in
the fight against common diseases. Adequate dietary intake of a variety of antioxidants,
such as polyphenols, vitamin C, vitamin E, carotenoids and selenium, is associated with a
lower risk of developing chronic non-communicable diseases [14,15].

Increasing amount of research results suggest that antioxidants affecting cells may
also trigger interactions with specific proteins crucial for intracellular signaling cascades,
modulating their expression and activity [15]. These compounds also affect epigenetic
mechanisms and modulate the intestinal microbiota [16].

In the available literature, many studies are devoted to the antioxidant properties of
various plants and their morphological parts (e.g., fruits, seeds, leaves, roots) [17–20]. Usually,
in this type of article, the assessment of antioxidant properties is most often performed
using the methods of determining total polyphenols, ABTS, DPPH and FRAP [12,18,21,22].

It is very important that in the published literature there are studies on the antioxidant
properties of herbs, but most often they concern popular herbs, e.g., sage, oregano and
basil. In our publication, we decided to research less popular plants, which, however, are
often used for their culinary and medicinal properties in many countries around the world.

The aim of the study was the analytical evaluation of the basic chemical composition,
the total content of polyphenolic compounds (TPC) the antioxidant activity, of 27 selected
morphological parts of plant materials collected in Poland.

2. Materials and Methods
2.1. Materials

Plant material was collected in 2019 from the collection of medicinal and useful plants
of the Experimental Station in Lipnik, Poland (53◦20′35′′ N, 14◦58′10′′ E). The collection
was conducted by a team of botanists and agrotechnicians from the West Pomeranian
University of Technology in Szczecin (Poland).

Samples of tested plants weighed and dried at room temperature (18–22 ◦C) for
3–4 days were ground to 0.1 mm by use of a laboratory mill type KNIFETEC 1095 (Foss

44



Appl. Sci. 2023, 13, 1413

Tecator, Höganäs, Sweden) and placed in sterile containers, according to the list presented
in Table 1.

Table 1. Plant material.

Plant Raw Material

Black chokeberry (Aronia melanocarpa L.) fruit
Plantain (Plantago lanceolata L.) fruit
Common cumin (Carum carvi L.) fruit
Fenugreek (Trigonella foenum-graecum L.) fruit
Wild rose (Rosa canina L.) fruit
Marigold (Calendula officinalis L.) flowerheads
Common chamomile (Matricaria chamomilla L.) flowerheads
Birch (Betula L.) leaves
Raspberry (Rubus idaeus L.) leaves
Marsh mallow (Althaea officinalis L.) leaves
Psyllium (Plantago afra L.) seedhusks
Purple coneflower (Echinacea purpurea Moench L.) herb
Yarrow (Achillea millefolium L.) herb
Marjoram (Origanum majorana L.) herb
Lemon balm (Melissa officinalis L.) herb
Mint (Mentha L.) herb
Common dandelion (Taraxacum officinale F.H. Wigg) herb
Knotgrass (Polygonum aviculare L.) herb
Stinging nettle (Urtica dioica L.) herb
Cleavers (Galium aparine L.) herb
Field horsetail (Equisetum arvense L.) herb
Thyme (Thymus vulgaris L.) herb
Mezzanine (Filipendulae ulmariae herba L.) herb
Willow (Salix alba L.) bark
Black cumin (Nigella sativa L.) seeds
Garlic (Allium sativum L.) bulbs

2.2. Methods
2.2.1. Proximate Composition

Before conducting analyses by the weight-dryer method, the dry matter content
was determined and afterwards components in the air-dry mass were analysed. The
proximate composition of the samples was determined according to the Association of
Official Analytical Chemists (AOAC) methods [23]. To determine dry matter, samples were
dried at 105 ◦C to constant weight (method 945.15). Crude fat (as ether extract EE); method
2003.06) was determined using the Soxhlet extraction method with diethyl ether as solvent;
crude ash (CA; method 920.153 by incineration in a muffle furnace at 580 ◦C for 8 h; crude
protein (CP; method 945.18) (N × 6.25) by Kjeldahl method using a Büchi B-324 distillation
unit (Büchi Labortechnik AG, Switzerland). Crude fiber (CF) was determined as the residue
after sequential treatment with 1.25% H2SO4 and with 1.25% NaOH using an ANKOM220
Fibre Analyser (ANKOM Technology, New York, NY, USA). Total carbohydrates were
calculated as: nitrogen free extract (NFE) (%) = 100 − % (moisture + crude protein + crude
fat + crude ash + crude fiber).

2.2.2. Extraction

Methanolic extracts were prepared by weighing a 1.0 g sample of the material and
extracting it for 1.5 h with 40 mL of 70% methanol (analytical grade) in a water bath with a
shaker at 31 ◦C ± 1 ◦C. Then, the cooled extract was filtered using Munktell filter paper
(84 g/m2) and funnels into 50 mL containers. These extracts were used for subsequent
polyphenols content determination and antioxidant analysis. The extracts were stored in a
freezer at −18 ◦C ± 1 ◦C.
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2.2.3. Total Polyphenols Content

The content of polyphenols was determined using the method described by Swain
and Hillis using the Folin–Ciocalteu reagent [24]. The absorbance of the obtained colored
solutions was then measured using a spectrophotometer (Specto 2000 RD, LaboMed, We
Los Angeles, CA, USA) at λ = 760 nm against 70% methanol. Total polyphenol content is
expressed as chlorogenic acid equivalents (mg CGA/100 g DM).

2.2.4. Antioxidant Activity

Antioxidant activity was measured using the method of Re et al. [25] with the ABTS•+

radical (2,2′-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid)). The absorbance of the
colored solution was measured using a spectrophotometer (Specto 2000 RD, LaboMed, Inc.,
Los Angeles, CA, USA) at a wavelength of 734 nm in the presence of 70% methanol used to
prepare the extracts. The result was expressed in µM Trolox/g DM.

Antioxidant activity was determined by the method of Brand-Williams et al. [26]
using the free radical DPPH•+. To a 1.5 mL sample suitably diluted with methanol, 3 mL
of the prepared DPPH•+ solution (diluted to an absorbance between 0.900–1.000) was
added and the contents of the tube were mixed. The samples were left for 10 min of
incubation protected from light and at room temperature. After this time, the absorbance
was measured with a spectrophotometer (Specto 2000 RD, LaboMed, Inc. Los Angeles, CA,
USA) at 515 nm against 99% pure undiluted methanol. The result was expressed in µM
Trolox/g DM.

Antioxidant activity was determined by the FRAP method according to Benzie and
Strain [27]. The absorbance at 593 nm against 70% methanol was measured using a
spectrophotometer (Specto 2000 RD, LaboMed, Inc., Los Angeles, CA, USA). The results
obtained are expressed in µM Trolox/g DM.

2.3. Statistical Analysis

All analyses were carried out in duplicate (proximate composition) and triplicate (total
polyphenols and antioxidant activity). One factorial analysis of variance (ANOVA) and
principal component analysis (PCA) were carried out using the STATISTICA v13.3 software.
The significance of differences between the means was assessed using the Tukey test at
p = 0.05.

3. Results
3.1. Proximate Composition

Seeds of black cumin and milk thistle were characterized by the highest level of dry
matter (respectively, 95.09 g/100 g, 94.65 g/100 g) while the lowest level was found in
black chokeberry fruit (88.82 g/100 g). The highest content of protein was found in fruit
of fenugreek (26.164 g/100 g DM). Herb of stinging nettle was the best source of fiber
(42.661 g/100 g DM), and herb of common dandelion (24.506 g/100 g DM) was the best
source of crude ash (Table 2).

3.2. Total Polyphenols Content

The tested herbs were characterized by a varied content of TPC (Table 3). The three
herbs with the highest total polyphenolic content are marjoram (6956.584 mg CGA/100 g
DM), chamomile (7240.002 mg CGA/100 g DM) and cleavers (7565.426 mg CGA/100 g DM).
It is worth mentioning that birch (6585.825 mg CGA/100 g DM), field horsetail (6545.378 mg
CGA/100 g DM) and garlic (6512.095 mg CGA/100 g DM), contained more than 6000 mg
CGA/100 g DM phenolic compounds. The lowest content of total polyphenols, among
the tested plants, was shown in the milk thistle (291.832 mg CGA/100 g DM) test, and the
difference between the other tested samples was statistically significant at p = 0.05.
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3.3. Antioxidant Activity Measured by the ABTS+• Method

The values of antioxidant activity against the ABTS•+ radical ranged from 26.3–1912.0 µM
Trolox/g DM, as shown in Table 3. The three highest results of antioxidant activity against
the ABTS•+ radical were found in extracts from stinging nettle (1912.016 µM Trolox/g DM),
cleavers (1890.523 µM Trolox/g DM), and garlic bulbs (1751.490 µM Trolox/g DM). In the
tested plant material, the lowest result was obtained in milk thistle (26.334 µM Trolox/g
DM; Table 3).

3.4. Antioxidant Activity Measured by the DPPH+• Method

The values of antioxidant activity in the tested herbs against the DPPH•+ radical
ranged from 9.5–1061.1 µM Trolox/g DM, which is shown in Table 3. The highest antioxi-
dant activity against the DPPH•+ radical was shown by garlic bulbs (933.050 µM Trolox/g
DM), stinging nettle herb (1034.725 µM Trolox/g DM) and cleavers herb (1061.068 µM
Trolox/g DM). The lowest antioxidant activity against the DPPH•+ radical was found in
the extract from psyllium seed husk, (9.475 µM Trolox/g DM); (Table 3).

3.5. Antioxidant Activity Measured by the FRAP Method

The three herbs with the highest antioxidant activity determined using the FRAP
method were stinging nettle herb (1698.517 µM Trolox/g DM), chamomile flower heads
(1699.766 µM Trolox/g DM) and cleavers herb (1769.766 µM Trolox/g DM), as shown in
Table 3. The lowest antioxidant activity determined by the FRAP method was found in
milk thistle extract (26.252 µM Trolox/g DM), which corresponded to the results obtained
earlier in the study among others, total polyphenol content and antioxidant activity against
the ABTS•+ radical (Table 3).

3.6. PCA Analysis

The PCA analysis showed that the first component is essentially related to the an-
tioxidant activity, as the factor describing FRAP, DPPH•+, ABTS•+ and polyphenols. The
second component, with slightly smaller factor loads, describes the variability of the basic
composition of the tested raw materials (Figure 1A).

This analysis also confirmed a very high degree of correlation between the antioxidant
activity (determined by various methods) and the content of polyphenols, and confirmed
the correlation of the dry matter content with the protein content. In turn, the content of
DM and CP was negatively correlated with NFE. A thesis can also be formulated about
the lack of correlation between antioxidant activity, the content of polyphenols and the
proximate composition of the tested raw materials.

The analysis of the factorial coordinates of the cases (Figure 1B) indicates the existence
of four clusters of points (surrounded by ellipses). Raw materials in clusters in the second
and third quadrants of the coordinate system are characterized by the greatest activity of
the antioxidant activity.

Herbs that proved the highest antioxidant activity include: stinging nettle herb, mar-
joram herb, cleavers herb, common chamomile flower heads and garlic bulbs. Other raw
materials are characterized by a smaller antioxidant activity and a significant differenti-
ation of the basic composition. This is evidenced by the indicated extreme groups, i.e.,
two-element groups in the first and fourth quarters. The first one includes seeds of black
cumin and fruits of milk thistle, whose raw materials were characterized by a low content
of NFE, in contrast to the husks of psyllium seeds and black chokeberry fruits, of course,
with significantly lower antioxidant activity.
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Figure 1. Biplot based on first two principal component axes for nutritional value and antioxidant
activity (A) and distribution of 27 herbs on the first two components obtained from principal compo-
nent analysis (B). Abbreviation crude protein (CP), crude fibre (CF), ether extract (EE), crude ash (CA),
nitrogen free extract (NFE), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS•+ radical),
2,2′-Diphenyl-1-picrylhydrazyl (DPPH•+), ferric ion reducing antioxidant parameter (FRAP).
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4. Discussion
4.1. Proximate Composition

The oldest method of herb preservation is drying, which is associated with the loss of
water and inactivation of enzymes when begun immediately after harvest. Properly dried
herbs do not ferment and do not turn moldy. Moreover, the levels of their active substances
do not change over a long time.

The available literature contains little information about the proximate composition of
many of the tested plants presented in this study. What is more, there is little information
concerning proximate composition of morphological parts of herbs and medical plants.

It should be emphasized that some of the plants we analyzed are a rich source of CP
(fenugreek), CF (stinging nettle), EE (black cumin) and NFE (psyllium). However, taking
into account their consumption in the average daily diet, which is small and results from
the use of these plants as an addition to dishes, their nutritional significance is minimal.
Albeit they can be considered for use as raw materials for the production of food for special
nutritional purposes.

Concerning protein content, Sadowska et al. [18] reported that whole plant of dried
thyme contained 6.48 g of protein per DM; these results are lower than ours.

Some authors reported in their researches that black cumin contains about 32–40% of
oil, 16–19.9% of protein, 1.79–3.74% of minerals, 5.5% of fiber [28]. These results are lower
than we presented in our study (about 42% of fat, 21% of protein, almost 4% of ash, and
8% of fiber). On the other hand, Boskabady and Shirmohammadi [29] showed that this
plant contains 26.7% of protein, 28.5% of fat, 8.4% of crude fiber, and 4.8% of total ash.

Sójka et al. [30] examined basic composition of chokeberry pomace fractions achieved
as a result of industrial-scale processing of fruit into juice. They showed that this valuable
raw material is rich in fat (13.9%), and proteins (24%). Chokeberry fruit are good sources of
dietary fiber, i.e., at the level of 5.6% of fresh mass [31]. The lower content was determined
in the present study (6.6%).

Sulieman et al. [32] showed that the contents of fiber, ash, protein, fat in fenugreek
seed were 6.50%, 3.20%, 28.55% and 4%, respectively. Other authors analyzed chemical
composition of different varieties of fenugreek and the ash content was in the range 3–7%,
protein content 23.1–26.8%, fat content 8.8–21.0% and fiber content 5.1–7.1% [33]. These
results are similar to our results, except fat content. In our study, the content of fat is much
lower (4.5%).

Piątkowska et al. [34] determined proximate composition of common dandelion. The
amount of protein was 15.25%, the crude fiber 13.09%, fat 6.81% and ash 9.11%. These
results are similar to ours, except ash content. The content of ash was established as 24.5%.

4.2. Total Polyphenols Content

The tested herbs were characterized by a varied content of total polyphenols. Antioxi-
dants, especially polyphenolic compounds (secondary metabolites), are produced by the
protective systems of various plants in response to the destructive effects of free radicals.
Higher plants produce secondary metabolites that protect them against environmental
stress, pathogens or herbivores [35]. Depending on the number of aromatic rings and the
way they are bound, they are divided into the following classes: flavonoids, phenolic acids,
stilbenes and lignans [35–41]. In this study, selected dried herbs and plant materials were
compared, from which various morphological parts of the plant were collected. These
were plants commonly found in Polish meadows and gardens, easily available and cheap
to obtain. The total content of polyphenolic compounds is presented in Table 3. Herbs
with the highest content of these components in the conducted research turned out to
be marjoram herb, flower heads of chamomile and cleavers herb. It is important to note
that in many studies, the total polyphenol content is expressed as gallic acid, and in our
research we used chlorogenic acid as the standard. Certainly, this affects the differences in
the level of total polyphenols in the discussed material and may affect the interpretation of
the results.
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Our results are different from data reported by Bieżanowska-Kopeć and Piątkowska [38].
These authors showed lower content of total polyphenols (mg CGA/100 g DM) in leaves of
lemon balm, marjoram, and thyme compared to our study. Similarly, the results of Tsivelika
et al. [39] in common chamomile are lower than ours, but these results are calculated per mg
of gallic acid/g DM). Common cleavers in the study by Milić et al. [40] was characterized
by a higher content of total polyphenols. This plant is unknown, and any research on the
content of polyphenolic compounds may turn out to be important in the context of further
study of the common cleavers profile.

4.3. Antioxidant Activity Measured by the ABTS+• Method

The highest antioxidant activity measured using the method with the ABTS+• radical
was found in extracts from marjoram herb, garlic bulbs, stinging nettle herb and cleavers
herb (Table 3). Marjoram is a commonly used spice herb, which, in addition to a high
content of polyphenolic compounds, is also characterized by high antioxidant activity.
Gramza-Michałowska et al. [41] determined the activity against ABTS•+ radical in ethanolic
solutions of marjoram herb at the level of 14.09 mg Trolox/g DM. In literature sources, the
ABTS•+ values in garlic bulbs (47.7 µM Trolox/g DM) are lower than those observed in this
study [36]. The leaves of the cleavers in the study by Csepregi et al. [42] showed activity
against the ABTS•+ radical at the level of about 1.0 µM Trolox/µg of FM. Stinging nettle in
the assessment of Rasa et al. [43] was characterized by activity against the ABTS•+ radical
at the level of 18 mM Trolox/100 g DM. The ABTS•+ values obtained in the study (in the
case of garlic, cleavers and stinging nettle) are, therefore, much higher than those observed
in literature sources [42–44]. As in the case of the total polyphenol content analysis, the
lowest antioxidant activity against the ABTS•+ radical was found in the milk thistle sample.

4.4. Antioxidant Activity Measured by the DPPH+• Method

The highest antioxidant activity against the DPPH•+ radical was shown by garlic bulbs,
stinging nettle herb and cleavers herb, and these values were not statistically different
(Table 3). In the methanol extracts studied by Wojdyło et al. [12], there was reported lower
antioxidant activity in fenugreek, (3.64 µmol Trolox/g DM; coneflower leaves (0.75 µmol
Trolox/g DM, and in knotgrass 1.41 µmol Trolox/g DM. In the stinging nettle herb, Bel-
maghraoui et al. [45] determined the activity against the DPPH•+ radical at the level of
483.98 IC50 µg/mL. Vlase et al. [46], in studies on different varieties of cleavers, determined
the activity against the DPPH•+ radical in this herb at the level of 107.45 IC50 µg/mL.
There are no sources in the literature describing the antioxidant activity of cleavers in µM
Trolox/g DM. Gorinstein et al. [47] determined the lower antioxidant activity with the
DPPH method in cloves of Polish garlic varieties, amounting to 14.81–34.86 µmol Trolox/g
DM, as compared to our study.

4.5. Antioxidant Activity Measured by the FRAP Method

The highest results of antioxidant activity assessed by the FRAP method were recorded
in extracts from flower heads of chamomile, stinging nettle and cleavers, and they did
not differ significantly regarding statistics with respect to p = 0.05. Kukric et al. [48]
determined the antioxidant activity in stinging nettle leaves using the FRAP method at
the level of 7.5 mM Fe2+/g DM. Mărghitaş et al. [49] examined pollen collected from
common chamomile, in which the Fe3+ reducing capacity was close to 5.35 mM Fe2+/g
DM. In the available literature, there is no information on the antioxidant activity in
the cleavers determined using the FRAP method. As in the previous determinations,
samples containing marjoram and garlic bulbs were characterized by high antioxidant
activity. Hossain et al. [50], in his study on the extraction of polyphenolic compounds from
the marjoram herb, assessed the antioxidant activity using the FRAP method at 18.96 g
Trolox/100 g DM. In methanolic extracts of garlic cloves tested by Gorinstein et al. [47], the
antioxidant activity measured with FRAP method was lower 6.63–11.95 µmol Trolox/g
DM. Again, the lowest antioxidant activity was determined in the milk thistle sample.
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Determination of antioxidant activity by several methods is crucial in determining the
profile of antioxidant compounds. DPPH•+ dissolves only in organic solvents and does not
allow the determination of hydrophilic antioxidants [51]. The ABTS•+ radical method and
the FRAP method are used to determine the activity of both hydrophobic and hydrophilic
antioxidant samples [52]. A difference can be seen in the antioxidant activity of chamomile
flower heads, where this activity assessed using the FRAP method is much higher than that
assessed using the DPPH•+ radical.

5. Conclusions

The conducted research turns out to be innovative due to the discovery of potential
sources of new antioxidant compounds in selected herbal materials. Cleavers can be used
as a source of new antioxidant compounds. However, further research is required in the
context of its profile of anti-nutritional and potentially harmful compounds, due to the
very limited literature sources analyzing this plant. Some analyzed plants are also a rich
source of nutrients. They can be used as ingredients in functional food products. Selected
herbs show high antioxidant activity, but only their systematic use combined with a dosage
appropriate for the individual can show a beneficial effect in maintaining the health of the
body. In addition, it seems beneficial to use herbal mixtures with high antioxidant potential;
however, possible adverse interactions should be taken into further consideration.
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Abstract: Strawberry fruit is a very rich source of vitamins and phenolic compounds, which deter-
mine its nutritional properties. Strawberries are a highly perishable non-climacteric fruit, and their
perishable nature can lead to physical and chemical damage during storage. Therefore, the large
market of fresh fruit relies on the capacity of fast distribution and marketing under a continuous
cold-storage chain. In this study, we applied different cold-storage temperatures (domestic −20 ◦C
and industrial −80 ◦C) on different treatments (whole fruits and dried fruits) of three strawberry
cultivars (Arianna, Francesca, and Silvia), for up to seven months, and evaluated the influence of
different storage conditions and lengths on the stability of the fruits’ nutritional compounds (vitamin
C, phenolic acids, anthocyanins, and folate). The results show that the nutritional quality of the fruits
was significantly affected by storage temperature (with −80 ◦C storage preserving more nutritional
compounds), while storage time did not greatly affect the composition of the nutritional compounds
in the whole or dried fruits. Oven drying the fruits dramatically affected their vitamin C content,
almost completely degrading this compound (from 731.8 to 23.2 mg/kg at time 0 for fresh Arianna
fruit, the cultivar with the highest amount). The amount of folate was increased during storage (from
126.17 at time 0 to 190.61 µg/kg at time 7 for fresh whole Arianna fruit). The interesting results
obtained in this study are worth considering in future studies, to better plan fruit-storage conditions
and time, for maintaining better fruit nutritional quality.

Keywords: folate; polyphenols; storage; strawberry; vitamin C

1. Introduction

Strawberries are the most cultivated berry fruit worldwide, with an annual production
of 13.3 million tons, on a surface area of 522,527 ha [1]. Consumer health expectations
are linked to the intrinsic characteristics of the product, such as the presence of bioactive
compounds with a nutraceutical effect. Many epidemiologic studies have shown that a diet
rich in fruits and vegetables is often associated with a lower incidence of several chronic
pathologies, including obesity, infections, cancer, and cardiovascular and neurologic dis-
eases [2,3]. Berries, including strawberries, have an important role among fruits because
of their high phytochemical content [4,5]. Numerous scientific studies confirm that the
strawberry contains bioactive molecules with antioxidant power, such as ascorbic acid,
polyphenolic compounds such as ellagic acid, ferulic acid, and some flavonoids (antho-
cyanins, catechins, phenolic acids, etc.). These compounds exhibit a nutraceutical effect,
exerting beneficial and protective properties on the human body [6].

Strawberries are a highly perishable non-climacteric fruit, which can lead to physical
damage during storage and transportation. Therefore, the large market of fresh fruit
relies on the capacity of fast distribution and marketing under a continuous cold-storage
chain. Fruit overproduction, especially during off-season periods, is addressed mostly
toward the processing industry to produce bakery products such as jam, jellies, juice, puree,
flavor additives, etc. [4,7], with a consequence being a price reduction for the product.
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Strawberries’ post-harvest decay can be due to physical, physiological, or pathological
factors that may happen in the pre-harvest period (and then take place during storage) or
directly in the post-harvest period, and their shelf life is diminished by firmness loss, fruit
desiccation, and the growth of spoilage microorganisms [7].

Freezing is a simple but common and effective method for long-term preservation and
storage of fruits and vegetables, while maintaining many of their fresh-like qualities [8,9].
In addition, freezing is less destructive than other available preserving methods [10]. Given
the nutritional value of fruits and vegetables, it is essential that bioactive compounds and
nutrients are considered healthy when frozen and stored. These methods support the food
supply chain and producer income when fresh food is not available. Long-term storage
is becoming a more common in-home consumer behavior, and labs freeze food prior to
analysis, both for convenience. Analytical labs and home kitchens typically have −20 ◦C
freezers. Although −80 ◦C can be used in a laboratory, this equipment is expensive and has
high operating costs, mainly due to energy consumption [11]. The freezing rate is the most
important factor in the freezing process to prevent fruit-tissue damage, loss of bioactive
compounds, and drip loss in thawing. Faster freezing results in small ice crystals and better
frozen-fruit quality [12]. The effect of freezing fruits on microbial and enzymatic activity
can influence the chemical composition, but storage temperature and storage period could
also have an effect on the chemical composition of the strawberry [13].

Dehydration is another method for long-term preserving and increases the shelf life
of delicate fruits. Oven drying fruits has been the most common preserving method used
for many years [14], and, in the past few decades, considerable efforts have been made to
understand the chemical and biochemical changes that occur during dehydration and to
develop methods for preventing undesirable quality losses. Drying reduces water activity,
and avoids microbial growth and deteriorative chemical reactions. The effects of heat on
microorganisms and on the activity of enzymes are also important when drying fruits [15].

In this study, we evaluate the effect of fruit treatment on whole fruits and dried fruits
(WF and DF) at different storage times (from 0 to 7 months) and temperatures (−20 and
−80 ◦C) on the nutritional quality (vitamin C, anthocyanins, phenolic acids, and folate) of
three strawberry cultivars.

2. Materials and Methods
2.1. Plant Material

Three commercial cultivars (Arianna, Francesca, and Silvia) were planted in July 2020
in non-fumigated soil in “P. Rosati” experimental farm of Università Politecnica delle
Marche, sited in Agugliano (Ancona, Italy), with the following main characteristics: pH 7.9,
active calcium 9%, and texture composed of 40% clay, 25% sand, and 35% silt, following
the procedure described in Mezzetti et al. [16]. Plants were grown in open field conditions
according to the plastic hill culture production system. Fruit samples were harvested at
fully red stage, at the second, third, and fourth main seasonal pickings [7], and immediately
treated according to the experimental storage design. The environmental data of the picking
season (April–June 2021) were registered and are reported in Table 1.

Table 1. Monthly rainfall (sum) and average daily maximum, average, and minimum temperatures
registered in April, May, and June 2021.

Month Rainfall (mm) Maximum Temperature (◦C) Average Temperature (◦C) Minimum Temperature (◦C)

April 33.0 17.9 12.2 7.1
May 23.8 24.1 18.2 12.7
June 7.8 30.8 25.0 19.1
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2.2. Experimental Storage Design

For all cultivars analysed, two fruit treatments were taken into consideration: whole
fruits (WF) and oven-dried fruits (DF). Regarding the fruit treatments, for the WF, we
collected fresh ripe fruit and directly put them into a normal −20 ◦C domestic refrigerator
(Zoppas, Vittorio Veneto, Italy) and a laboratory −80 ◦C refrigerator (HFU B series, Thermo
Fisher Scientific, Milan, Italy). For the DF, after the collection of fruit from the field, we put
them in a laboratory oven (Pbi international, Milan, Italy) at 65 ◦C for 1 week. The loss of
water and the complete dryness of fruits was monitored by checking the fruit weight at
intervals of 24 h, until no further weight reductions were detected. Then, dried fruits were
placed at −20 ◦C and −80 ◦C, as indicated before for WF.

Fruits were stored for five different storage times: 0, 1, 3, 5, and 7 months after the
harvest day. During each storage time (except at 0, when the fruits were immediately
analyzed), fruits of three cultivars were stored at −20 ◦C and −80 ◦C temperature con-
ditions. For each combination of cultivar/storage time/treatment/storage temperature,
three repetitions of 5 fruits were made. A summary of the experimental storage design is
described in Table 2.

Table 2. Storage experimental design applied to each of the three studied cultivars. WF: whole fruit;
DF: dried fruit.

Storage Time Fruit Treatment Storage Temperature Number of Fruits

0 M
WF - 5
DF 5

1 M
WF

−20 5
−80 5

DF
−20 5
−80 5

3 M
WF

−20 5
−80 5

DF
−20 5
−80 5

5 M
WF

−20 5
−80 5

DF
−20 5
−80 5

7 M
WF

−20 5
−80 5

DF
−20 5
−80 5

For the analyses of fruit nutritional quality, the WF and DF were extracted and an-
alyzed after 1, 3, 5, and 7 months of refrigerated storage; for the “time 0”, WF were
immediately extracted and analyzed after collection, while DF were immediately extracted
and analyzed after oven-drying. The analyzed nutritional parameters were anthocyanins,
phenolic acids, vitamin C, and folate. All the parameters were analyzed by HPLC-UV-FD.

2.3. Methanolic Extraction

Fruit extracts were prepared as described by Diamanti et al. [17]. First, 10 g of WF
and 1 g of DF were homogenized with Ultraturrax T25 homogenizer (Janke and Kunkel,
IKA Labortechnik, Staufen, Denmark) in 20 mL of methanol and agitated for 30 min in the
dark. The suspension was centrifuged at 4500 rpm for 10 min at 4 ◦C, the supernatant was
collected, and the pellet of the fruits was extracted for a second time by adding another
20 mL of methanol and repeating the procedure. The second supernatant was added to the
first one and then immediately injected to HPLC.
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2.4. Vitamin C Extraction

Vitamin C of fruits was extracted with an ultrasound-assisted extraction protocol,
as described by Tulipani et al. [18]. The extraction was carried out with the use of an
ultrasound bath (Bioblock/ELMA 88155, Stuttgart, Germany), an instrument that generates
ultrasound waves inside a tank containing water, using high frequency electric current
produced by a generator. The process is useful to speed up the dissolution of solutes in
certain solvents.

The analysis requires homogenizing 1 g of frozen strawberry for WF fruit and 0.1 g
for DF with an aliquot of 4 mL taken from the extraction buffer solution, containing 5%
metaphosphoric acid and 1 mM DTPA, followed by 5 min of sonication and centrifugation
at 4000 rpm for 10 min at 4 ◦C. The supernatants obtained from each sample were filtered
(filter pore size 0.45 µm) and inserted into a vial to perform analysis on an HPLC system.

2.5. Extraction of Vitamin B9 (Folate)

Following the method described by Mezzetti et al. [19], with slight modifications, 8 mL
of the extracting solution (0.1 mol/L sodium acetate containing 10% (w/v) sodium chloride,
1% (w/v) ascorbic acid, and 0.1% 2-mercaptoethanol) were pipetted in 2 g of the frozen
strawberry for WF samples and 0.2 g for DF samples, then homogenized with Ultraturrax
T25 homogenizer (Janke and Kunkel, IKA Labortechnik, Staufen, Denmark). The falcon
tube was loosely capped, boiled in water for 12 min, and rapidly cooled in the freezer
for 10 min. Hog kidney folate conjugate enzyme was prepared, and about 1.5 mL of the
enzyme was added to the cooled solution and incubated in a shaking oven at 37 ◦C for 3 h.
Afterwards, the enzyme was inactivated by boiling in water for 5 min followed by cooling
for 10 min in the freezer. The samples were then centrifuged at 4500 rpm for 30 min at 4 ◦C,
and the supernatant was transferred into a new labeled falcon tube. Moreover, another
8 mL of the extracting solution was added to the resulting pellet and centrifuged again for
30 min. The second supernatant was added to the first one, then extracting solution was
added to top up the supernatants to 25 mL. The final supernatant of 25 mL was then filtered
using 0.45 µm filter pore size, 25 mm inner diameter, nylon disposable syringe filters, and
the filtrates were purified through solid-phase extraction on strong anion-exchange isolate
cartridges, as described by Iniesta et al. [20].

2.6. HPLC Determination of Vitamin C Content

Vitamin C content was measured as described in Helsper et al. [21]. Extracts were
subjected to HPLC analysis after the extraction procedure. The HPLC system comprised a
Jasco PU-2089 plus controller (Jasco, Easton, MD, USA), a Jasco UV-2070 plus ultraviolet
(UV) detector (Jasco Easton, MD, USA) set at an absorbance of 260 nm, and an autosampler
Jasco AS-4050 (Jasco, Easton, MD, USA). The HPLC column used was Ascentis Express C18
150 × 4.6 mm (Supelco, Bellefonte, PA, USA), protected by a Phenomenex 4.0 × 3.0 mm C18
ODS guard column (Phenomenex, Torrance, CA, USA). The gradient program consisted of
two mobile phases: A (50mM phosphate buffer with pH 3.2) and B (Acetonitrile), which
started with 100% of A until 6 min, then decreased to 50% for 2 min, and again increased to
100% until the end.

The quantification of vitamin C content was carried out through calibration curve
prepared by running standard concentration of vitamin C, and the results were expressed
as mg vit-C per 1 kg fresh weight of strawberries (mg/kg FW).

2.7. HPLC Determination of Phenolic Acid Content

Phenolic acids were analyzed as previously described in Schieber et al. [22] and
Fredericks et al. [23]. The HPLC system comprised a Jasco PU-2089 plus controller (Jasco,
Easton, MD, USA), a Jasco UV-2070 plus ultraviolet (UV) detector (Jasco Easton, MD, USA),
and an autosampler Jasco AS-4050 (Jasco, Easton, MD, USA). The HPLC UV detector was
set at 320 nm and the column used was an Aqua Luna C18 250 × 4.6 mm (Phenomenex,
Torrance, CA, USA) protected by a Phenomenex 4.0 × 3.0 mm C18 ODS guard column
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(Phenomenex, Torrance, CA, USA). The gradient program consisted of two mobile phases:
A (2% Acetic acid) and B (acetic acid, acetonitrile and H2O 1:50:49). It started with 55% A
and 45% B for 50 min, followed by 10 min 100% of B, and then decreased to 10 % B until
the end.

For the quantification of phenolic acid content, external chlorogenic acid (CHA), caffeic
acid (CA), and ellagic acid (EA) calibration curves were used. Values were expressed as mg
corresponding to phenolic acid per kilogram of fresh weight of strawberries (mg/kg FW).

2.8. HPLC Determination of Anthocyanin Content

Anthocyanin content was analyzed following the method of Fredericks et al. [23].
The HPLC system comprised a Jasco PU-2089 plus controller (Jasco, Easton, MD, USA), a
Jasco UV-2070 plus ultraviolet (UV) detector (Jasco Easton, MD, USA), and an autosampler
Jasco AS-4050 (Jasco, Easton, MD, USA). The compounds were separated on an Aqua Luna
C18 (2) (250 × 4.6 mm) reverse-phase column with a particle size of 5 µm (Phenomenex,
Torrance, CA, USA) protected by a Phenomenex 4.0 × 3.0 mm C18 ODS guard column
(Phenomenex, Torrance, CA, USA), and monitoring was performed at 520 nm. The gradient
program consisted of two mobile phases: A (formic acid, acetonitrile, and H2O 10:3:87) and
B (formic acid, acetonitrile, and H2O 10:50:40). It started with 75% A for 10 min, decreased
to 69% A for 5 min, decreased again to 60% A for 5 min, and later continued 50% A for
10 min, followed by 90% A for 16 min.

Anthocyanins were quantified using calibration curves made with external standards
of cyanidin-3-glucoside, pelargonidin-3-glucoside, and pelargonidin-3-rutinoside, and
were calculated as mg per 1 kg of fresh weight of strawberries (mg/kg FW).

2.9. Quantification of Folate Content

Folate was quantified using the HPLC as cited by Stralsjo et al. [24]. The HPLC system
comprised a pump model Jasco PU- 2089 (Jasco, Easton, MD, USA), a fluorescence detector
(FLD) Jasco FP-2020 Plus (Jasco, Easton, MD, USA) set at wavelengths of 290 nm excitation
and 360 nm emission, and an autosampler Jasco AS-4050 (Jasco, Easton, MD, USA). The
analytical column was a Luna C18, 250 × 4.6, 5 µm (Phenomenex, Torrance, CA, USA),
protected by a Phenomenex 4.0 × 3.0 mm C18 ODS guard column (Phenomenex, Torrance,
CA, USA). Quantification of folate content was determined through a calibration curve
prepared by running standard concentrations of 5-methyl-tetrahydrofolic acid (5-CH3-H4
folate). The gradient program consisted of two mobile phases: A (30 mM phosphate buffer
with 2.3 pH) and B (Acetonitrile). It started with 94%A for 8 min, then decreased to 75% A
for 27 min, and increased again to 94% A for 15 min.

Results are expressed as µg 5-CH3-H4 folate per 1 kg of fresh weight of strawberries
(µg 5-CH3-H4folate/kg FW).

2.10. Data Analyses

The results are presented as the values ± standard error and were subjected to one-
way analysis of variance (ANOVA), at a confidence level of 95%. Significant differences
were calculated according to Tukey’s tests, and differences at p < 0.05 were considered to be
significant. A correlation matrix has also been developed among the nutritional parameters
to check their inter-relationship, with p < 0.05. Statistical analyses were performed by using
Statistica 7 software (StatSoft, TIBCO Software, Palo Alto, CA, USA).

3. Results and Discussion
3.1. Vitamin C

The vitamin C amounts of the Arianna, Francesca, and Silvia fruits at different storage
times with different treatments are shown in Table 3. The highest vitamin C amount was
detected in Arianna WF (731.8 mg/1 kg FW) at time 0, and the oven-drying process caused
a high loss of total vitamin C (almost 97% at time 0 for DF). The vitamin C amount in
the Arianna and Silvia WF during storage at −20 ◦C decreased from 1 M until the end

60



Appl. Sci. 2023, 13, 313

of storage, with the lowest amount detected at 5 M (436.1 mg/kg FW and 388.1 mg/kg
FW, respectively). However, in Francesca WF, vitamin C slightly increased after 1 M
(599.8 mg/kg FW) and was maintained until the end of storage. Regarding the DF in
−20 ◦C storage, there was a slight increasing trend in the vitamin C amount for all cultivars
until the end of storage, but the values remained dramatically lower than those of the WF.

Table 3. Average of vitamin C content (mg/kg FW) in fruits of Arianna, Francesca, and Silvia cultivars.
The data are expressed as mean ± standard error. Different lowercase letters indicate significant
differences for p ≤ 0.05 in each cultivar during storage. Different uppercase letters indicate significant
differences for p ≤ 0.05 for all cultivars for a specific storage time. WF: whole fruit, DF: dried fruit.
0 M: 0 months of storage; 1 M: 1 month of storage; 3 M: 3 months of storage; 5 M: 5 months of storage;
7 M: 7 months of storage.

Storage Time Storage Temperature Treatment Arianna Francesca Silvia

0 M
WF 731.8 ± 6.5aA 580.4 ± 3.6fB 519.3 ± 0.3cC
DF 23.2 ± 0.3jD 18.8 ± 0.3mD 16.5 ± 0.3lD

1 M

−20 WF 650.6 ± 3.9bB 599.8 ± 2.8dC 402.2 ± 1.8gE
−80 WF 737.4 ± 4aA 736 ± 2aA 592.1 ± 0.9aD
−20 DF 26.8 ± 0.7jF 22.8 ± 0.4lmF 16.4 ± 0.3lG
−80 DF 27.9 ± 0.1jF 25.1 ± 0.3ijklF 14.6 ± 0.1lG

3 M

−20 WF 554.4 ± 0.1dD 594.3 ± 3.9eB 423.4 ± 0.2fF
−80 WF 571.7 ± 13.4cC 609.5 ± 1.6cA 523.7 ± 2.3cE
−20 DF 24.2 ± 0.3jHI 28 ± 0.1ijkH 19.4 ± 0.2lHI
−80 DF 93.5 ± 5.3hG 24.3 ± 0.3jklHI 14.1 ± 0.1lI

5 M

−20 WF 436.1 ± 0.8gD 517.2 ± 0.2gA 388.1 ± 0.3hF
−80 WF 507.1 ± 0.5eB 500.3 ± 0hC 430.1 ± 0.1eE
−20 DF 25.4 ± 0.2jI 23.1 ± 0.2klmI 39.3 ± 0.8jG
−80 DF 29.2 ± 0.7jH 30 ± 0.7iH 31.3 ± 2.3kH

7 M

−20 WF 544.6 ± 1.2dC 576.8 ± 1fB 509.4 ± 0.3dD
−80 WF 473 ± 0.5fE 664.1 ± 1.5bA 537.5 ± 8.2bC
−20 DF 46.3 ± 7.6iF 29.3 ± 0.5ijG 26.7 ± 0.1kG
−80 DF 27.3 ± 1jG 26.1 ± 2ijklG 49.6 ± 0.7iF

At −80 ◦C, similar to −20 ◦C, the Arianna and Silvia WF had a decreasing trend for
vitamin C during storage, but presented a higher value than at −20 ◦C; the Francesca WF
showed an increasing trend for vitamin C until the end of storage, except at 5 M. The DF
also presented higher vitamin C values (with some exceptions) at −80 ◦C until the end of
storage for all cultivars compared to −20 ◦C, but with dramatically lower values than the
WF. There was a significant difference in fruit vitamin C content between fruits stored at
−20 ◦C and −80 ◦C during storage and between treatments.

Ancos et al. [25] reported that vitamin C was highly preserved after freezing fruits, but
the degradation increased during storage, confirming some of our results. The chemical
changes that may occur after the freezing of berries, as a result of oxidation and enzymatic
activity, might influence the degradation and loss of vitamin C content [26]. The concen-
tration of reagents in the non-frozen phase of frozen fruits and crystallization can favor
chemical and enzymatic oxidation reactions [27]. Regarding the drying process, vitamin C
is highly sensitive to and unstable in heat, so it was degraded during the sample prepara-
tion and oven-drying process. Vitamin C is also hydrosoluble and, as 90% of strawberries
are water, the loss of vitamin C occurs during the drying process [28].

3.2. Phenolic Acids

Phenolic acids are a part of the large group of phenolic compounds, widely distributed
in strawberry fruits. They are considered important ingredient of strawberries, contributing
to taste, color, and nutritional properties [29].
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The phenolic acids’ content in the WF of all three cultivars during storage is shown
in Table 4. The Arianna, Francesca, and Silvia fruits had a content of 396.4 mg/kg FW,
569 mg/kg FW, and 170 mg/kg FW phenolic acids at time 0, respectively. The oven-drying
process reduced the amounts of phenolic acids in the fruits at time 0 to 192.6 mg/kg FW,
288.1 mg/kg FW, and 138.2 mg/kg FW, respectively.

Table 4. Average of phenolic acids’ content (mg/kg FW) in cultivars of Arianna, Francesca, and
Silvia fruits. The data are expressed as mean ± standard error. Different lowercase letters indicate
significant differences for p ≤ 0.05 in each cultivar during storage. Different uppercase letters indicate
significant differences for p ≤ 0.05 for all cultivars for a specific storage time. WF: whole fruit, DF:
dried fruit. 0 M: 0 months of storage; 1 M: 1 month of storage; 3 M: 3 months of storage; 5 M: 5 months
of storage; 7 M: 7 months of storage.

Storage Time Storage
Temperature Treatment Arianna Francesca Silvia

0 M
WF 396.4 ± 15.3abB 569 ± 1.9cA 170.7 ± 9.7dE
DF 192.6 ± 1efD 288.1 ± 4.3gC 138.2 ± 1.3fghF

1 M

−20 WF 305.2 ± 7.5cB 643.2 ± 14.6aA 206.9 ± 3.3bEF
−80 WF 273.4 ± 5.4cC 631.7 ± 11.5aA 222.5 ± 1.9aDE
−20 DF 188.2 ± 2.2efF 313.2 ± 9.5efgB 129.2 ± 0.1ghijkG
−80 DF 201.2 ± 2.3deEF 237 ± 9.5hD 131.2 ± 6.3ghijG

3 M

−20 WF 427.2 ± 6.6aC 601.2 ± 25.6bB 191.5 ± 2.5cEF
−80 WF 400.2 ± 6.6abC 646.8 ± 14aA 191.6 ± 5.5cEF
−20 DF 230.6 ± 23.7dE 386.2 ± 5.3dC 164 ± 12.8deFG
−80 DF 387 ± 11.7bC 292.2 ± 8.9fgD 140.9 ± 2.2fgG

5 M

−20 WF 162 ± 3fgE 321.4 ± 4.8efA 149.8 ± 3.3efE
−80 WF 191.5 ± 4.4efC 325.5 ± 2.8eA 129.7 ± 2.8ghijkF
−20 DF 91.4 ± 0hG 177.1 ± 2.9jD 123.1 ± 4.7hijkF
−80 DF 151.8 ± 10.4gE 226.5 ± 2hiB 117.5 ± 2.3jkF

7 M

−20 WF 190.9 ± 6.1efB 294.3 ± 5fgA 134.5 ± 2.4ghiCDE
−80 WF 186.8 ± 5.7efB 291.6 ± 7gA 126.1 ± 1.6ghijkDEF
−20 DF 138.9 ± 4gCD 198.7 ± 2.4ijB 122.3 ± 4.9ijkEF
−80 DF 144 ± 3.3gC 191.6 ± 5.2jB 114.6 ± 2.3kF

The phenolic acids’ content in Francesca and Silvia WF increased at 1M during storage
at −20 ◦C (643 mg/kg FW and 206.9 mg/kg FW, respectively) and had a decreasing trend
until the end of storage. Differently, in Arianna, the highest amount was detected after 3 M
of storage at −20 ◦C, with the value of 427.2 mg/kg FW. Regarding the DF, there was a
decreasing trend until the end of storage, with a peak of phenolic acid content in fruits after
3 M of storage in all the cultivars.

At −80 ◦C storage temperature, the WF showed a similar reaction to −20 ◦C, with
increased phenolic acids’ content at the early stage of storage, then a decreasing trend
until the end of storage. The highest amounts of phenolic acids were detected in Francesca
fruit at 3M of storage, with the value of 646 mg/kg FW. Regarding the DF, the phenolic
content of Francesca and Silvia fruits increased after 1M of storage, decreasing until the
end of storage; Arianna showed a slightly different behavior, with increased phenolic
acids’ content from 1 M to 3 M, then decreasing until the end of storage. There was not a
significant difference between the different temperatures during storage, but there was a
significant difference between the treatments in all the cultivars, with the WF phenolic acids’
content always being higher than those of the DF. The same effect was observed in a storage
study of frozen strawberries by Oszmainski et al. [30]. They reported that the degradation
of phenolic acids may be due to enzymatic oxidation. The degradation of phenolic acids
during the oven-drying process were also confirmed in studies by Coklar et al. [31] and
Semenov et al. [32]. The oxidative and thermal degradation of phenolic compounds due to
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the increasing heat treatment led to decreases in the phenolic compounds in oven-dried
fruits [33].

3.3. Anthocyanins

Anthocyanins are the most important phenolic compounds of the strawberry [34], and
their concentration increases during the ripening progress [35]. The Arianna, Francesca, and
Silvia WF had a content of 202.2 mg/kg FW, 108.8 mg/kg FW, and 300.7 mg/kg FW of total
anthocyanins at time 0, respectively (Table 5). The oven-drying process greatly reduced
these amounts to 98 mg/kg FW, 77.4 mg/kg FW, and 108.6 mg/kg FW, respectively.

Table 5. Average of total anthocyanins’ content (mg/kg FW) in cultivars of Arianna, Francesca, and
Silvia fruits. The data are expressed as mean ± standard error. Different lowercase letters indicate
significant differences for p ≤ 0.05 in each cultivar during storage. Different uppercase letters indicate
significant differences for p ≤ 0.05 for all cultivars for a specific storage time. WF: whole fruits, DF:
dried fruits. 0 M: 0 months of storage; 1 M: 1 month of storage; 3 M: 3 months of storage; 5 M:
5 months of storage; 7 M: 7 months of storage.

Storage Time Storage
Temperature Treatment Arianna Francesca Silvia

0 M
WF 202.4 ± 2.7Eb 108.8 ± 5.5Cc 300.7 ± 3.3Ba
DF 98 ± 1.8Fd 77.4 ± 1.2Ee 108.6 ± 0.5Hc

1 M

−20 WF 236.9 ± 1.1abcC 127.3 ± 1.8abD 266.6 ± 9.1Cb
−80 WF 224.7 ± 14.4Dc 123.3 ± 1.1Bde 300.7 ± 7.5Ba
−20 DF 61.1 ± 0.8Gfg 52.9 ± 1.5Jg 122.1 ± 0Gde
−80 DF 50.8 ± 0.7ghG 74.9 ± 1.5efF 109.4 ± 3.8He

3 M

−20 WF 249 ± 0.1Aa 101.4 ± 0.6Cf 187.6 ± 0.4Fd
−80 WF 244 ± 1.2abB 89.4 ± 2.6Dg 207.4 ± 1Ec
−20 DF 45.8 ± 0.8Hj 61.2 ± 0.6hiH 111.9 ± 1.1ghE
−80 DF 56.4 ± 1.5ghI 64.8 ± 0.4ghH 92.1 ± 1.9Ig

5 M

−20 WF 203.6 ± 2.9Ec 132.7 ± 0.3Ad 259.4 ± 4.8Cb
−80 WF 200.1 ± 5.7Ec 108.9 ± 6.3Ce 335 ± 2.6Aa
−20 DF 19.5 ± 0Ig 69.2 ± 1.4fgI 72.1 ± 0.8klG
−80 DF 56.1 ± 1.2ghH 57.1 ± 0.5ijH 86.6 ± 1ijF

7 M

−20 WF 232.1 ± 2bcdB 124 ± 1.5Bd 298.7 ± 2.6Ba
−80 WF 224.9 ± 3cdC 126.3 ± 4.1abD 220.2 ± 1.4Dc
−20 DF 48.1 ± 1.1Hgh 49.6 ± 0.2Jgh 77.8 ± 2.8jkE
−80 DF 44.7 ± 0.8Hh 51.1 ± 0.6Jg 62 ± 1Lf

Storage duration and temperature do not significantly affect the anthocyanins amount
in the WF. There was a slight increase in the amounts of the anthocyanins in the Arianna
and Francesca WF from 1 month to 7 months, while in Silvia fruit the anthocyanins amount
was maintained during storage. Regarding the oven-dried fruits, the anthocyanin content
of Arianna and Silvia fruits dramatically decreased after 1 month, and the values remained
very low until 7 months of storage; however, in Silvia fruit, the anthocyanin content
increased after the first month of storage, and, by increasing storage time, the anthocyanin
content decreased in parallel. The lowest amount of anthocyanin was found in the Arianna
DF after 5 months of storage at −20 ◦C. There was also no significant effect of storage
temperature on the anthocyanins’ content of the dried fruit of all cultivars.

Freezing is commonly regarded as a technique that has a less deleterious effect on
the anthocyanins of strawberries for long-term storage [36]. Kamiloglu [9] studied the
effect of different freezing methods on the bioaccessibility of strawberry polyphenols
and concluded that freezing retains the bioactive compounds of strawberries and might
enhance the total amounts of bioaccessible anthocyanins. Freezing rate and storage time
are the most important parameters in the losses of anthocyanin in strawberries during
the freezing process. It has been determined that a higher freezing rate is essential for the
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better preservation of the bioactive compounds in strawberries. Freezing should be done
at an appropriate freezing rate to preserve the cell structure and the nutritional content
of strawberries [37]. The effects of heat on microorganisms and the activity of enzymes
are important when drying fruits [15]. Some important properties of fruits change during
dehydration such as texture, chemical changes affecting flavor and nutrients, and color, as
the evolution of the color is strongly correlated with the anthocyanin concentration across
various fruits and vegetables [38–40]. A high temperature during the drying process is
an important factor for the loss of quality. Lowering the process temperature has great
potential to improve the quality of dried products [41].

3.4. Folate

The folate content of all three cultivars during storage is shown in Table 6. The folate
content of the Arianna, Francesca, and Silvia WF at time 0 was 126 µg/kg FW, 171.55 µg/kg
FW, and 113.72 µg/kg FW, respectively. The oven-drying process slightly decreased the
folate content of the fruits of all cultivars, with the folate content being 120.96 µg/kg FW,
115.19 µg/kg FW, and 103.09 µg/kg FW in the DF at time 0, respectively. The folate content
of the WF during storage at −20 ◦C had an increasing trend from 1M until the end of
storage for all cultivars, and, at the end of storage, the folate contents of the Arianna,
Francesca, and Silvia WF were detected to be 190.61 µg/kg FW, 208.4 µg/kg FW, and
132.06 µg/kg FW, respectively. In the DF, similarly to the WF, the folate content increased
with the extension of storage for all cultivars.

Table 6. Average of folate content (µg/kg FW) in cultivars of Arianna, Francesca, and Silvia fruits.
The data are expressed as mean ± standard error. Different lowercase letters indicate significant
differences for p ≤ 0.05 in each cultivar during storage. Different uppercase letters indicate significant
differences for p ≤ 0.05 for all cultivars for a specific storage time. WF: whole fruits, DF: dried fruits.
0 M: 0 months of storage; 1 M: 1 month of storage; 3 M: 3 months of storage; 5 M: 5 months of storage;
7 M: 7 months of storage.

Storage Time Storage
Temperature Treatment Arianna Francesca Silvia

0 M
WF 126.17 ± 4.8cdB 171.55 ± 1.39abcdA 113.72 ± 0.79cdD
DF 120.96 ± 2.73dC 115.19 ± 1.27dD 103.09 ± 1.78dE

1 M

−20 WF 133.58 ± 1.61cdB 156.39 ± 1.82bcdA 114.88 ± 1.44cdCD
−80 WF 132.27 ± 2.92cdB 116.97 ± 0.54dCD 117.92 ± 1.45cdCD
−20 DF 112.37 ± 0.88dDE 131.47 ± 3.77dB 107.35 ± 0.91cdEF
−80 DF 119.88 ± 3.17dC 134.83 ± 0.62dB 104.04 ± 0.3dF

3 M

−20 WF 155.39 ± 2.85bcdC 141.68 ± 3.53cdD 126.53 ± 1.7bcdEF
−80 WF 229.67 ± 0.9aA 223.59 ± 5.4aA 123.39 ± 1.08cdEF
−20 DF 127.6 ± 2.99cdE 164.8 ± 2.94abcdB 106.5 ± 0.13cdG
−80 DF 139.74 ± 2.94bcdD 119.27 ± 1.52dF 110.13 ± 0.54cdG

5 M

−20 WF 147.71 ± 7.25bcdCDE 220.68 ± 3.37aA 121.9 ± 24.31cdEF
−80 WF 131.23 ± 2.11cdDEF 132.08 ± 2.18dDEF 177.65 ± 5.68aBC
−20 DF 157.83 ± 12.88bcdCD 150.22 ± 2.41bcdCDE 121.43 ± 15.66cdEF
−80 DF 188.49 ± 7.18abB 109.92 ± 5.94dF 138.88 ± 8.78bcDEF

7 M

−20 WF 190.61 ± 3.66abAB 208.4 ± 7.24abA 132.06 ± 1.2bcdAB
−80 WF 175.58 ± 7.32bcAB 199.44 ± 51.7abcAB 157.55 ± 1.75abAB
−20 DF 174.64 ± 40.41bcAB 156.41 ± 54.41bcdAB 124.8 ± 32.44cdAB
−80 DF 188.04 ± 58.92abAB 166.46 ± 38.51abcdAB 102.66 ± 1.63dB
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At −80 ◦C storage, the folate content of the WF for all cultivars increased until the end
of storage, as registered for the −20 ◦C storage. The Arianna and Francesca fruits had a peak
of folate content after 3M of storage, with a content of 229.67 µg/kg FW and 223.59 µg/kg
FW respectively, while the Silvia fruit had a peak after 5M of storage, with a content of
177.65 µg/kg FW. In the DF, there was also an increasing trend for folate content until the
end of storage, with the highest content detected at the end of storage in the Arianna and
Francesca fruits (188.04 µg/kg FW and 166.46 µg/kg FW, respectively); in the Silvia fruit,
the highest folate content was detected after 5M of storage, with a value of 138.88 µg/kg FW.
There was not a significant difference in folate content between temperature and treatments,
but the WF presented more folate content than the DF during storage.

The strawberry is one of the most important sources of antioxidants and is considered
a functional fruit due to the presence of a diverse range of bioactive components and high
levels of vitamin C, vitamin E, folate, phenolic compounds, and fiber [42]. In this respect,
variations of the amount of vitamin C in strawberries can affect the folate content, as a
higher vitamin C content can lead to increased stability of folate [43]. The retention of folate
and ascorbic acid was affected by the same factors, and a high content of ascorbic acid
could provide possible protection against folate degradation [44]. This assumption was also
confirmed by Ringling and Rychlik [45], who performed in vivo studies to simulate food
folate digestion and found out that ascorbic acid stabilizes folate, particularly 5-CH3-H4
folate during digestion. The addition of ascorbic acid in physiological amounts improved
the stability of some types of folate, depending on the food matrix [45].

3.5. Correlation Matrix

The correlation matrix among the analyzed nutritional parameters indicated that
there was a good positive correlation between anthocyanins and vitamin C content (0.70,
p < 0.05). This means that these two classes of compounds presented a similar behavior in
the tested conditions, decreasing dramatically with the oven-drying treatment, while they
did not change greatly regarding storage temperature or length. Vitamin C also presented
a medium correlation with phenolic acids (0.52) and a lower but still significant correlation
with folate content (0.27) (Table 7).

Table 7. Correlation matrix among the nutritional parameters analyzed. * indicates a significant
correlation for p ≤ 0.05.

Anthocyanins Vitamin C Folate Phenolic Acids

Anthocyanins 1.00 0.70 * 0.04 −0.03
Vitamin C 0.70 * 1.00 0.31 * 0.52 *

Folate 0.04 0.31 * 1.00 0.27 *
Phenolic acids −0.03 0.52 * 0.27 * 1.00

4. Conclusions

In this study, some interesting results were obtained, describing how the nutritional
compounds of strawberries react during storage at different temperatures with different
storage times and treatments.

• Higher amounts of nutritional compounds were detected in the WF compared to
the DF.

• For preserving nutritional quality, the WF treatment was optimum, and it showed
good results in −80 ◦C storage compared to −20 ◦C. This is an important indication
for application in the laboratory analysis and processing industry.

• The anthocyanins’ content in the WF seemed to not decrease during 7 months of
−80 ◦C storage, with some exceptions.

• Oven drying was not an ideal treatment for preserving vitamin C, almost completely
degrading this compound in strawberry fruits.
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• In the WT and DF, the amount of folate increased during storage. More folate was
detected in the WF.

• The different strawberry cultivars presented different amounts of nutritional com-
pounds: the Arianna and Francesca fruits had more vitamin C, phenolic acids, and
folates, but the Silvia fruit had more anthocyanins.

• At the end of storage (7M), there was more loss of vitamin C in the Arianna WF
compared to the other two cultivars’ WF.

• There was a slight increase in the amount of anthocyanin in the Arianna and Francesca
WF after 7M of storage, but in the Silvia WF the amount of anthocyanin was retained.

Generally, it can be concluded that oven drying is not a recommended technique to
treat fruits for preserving nutritional quality during storage. Storage time did not greatly
affect the nutritional quality in whole fruits, though they presented a higher amount when
stored at −80 ◦C.
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Featured Application: Due to anthocyanins’ potential as colorants, this anthocyanin-rich elder-
berry extract presents a healthier alternative to commercially available colorants and has the po-
tential to be used at industry level.

Abstract: Sambucus nigra L., popularly known as elderberry, is renowned for its amazing therapeutic
properties, as well as its uses as a food source, in nutraceuticals, and in traditional medicine. This
study’s aim was to investigate the effects of an elderberry extract (EE) on mice for 29 days, as well as
the safety of the extract when used as a natural colorant. Twenty-four FVB/n female mice (n = 6)
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were randomly assigned to one of four groups: control, 12 mg/mL EE (EE12), 24 mg/mL EE (EE24),
or 48 mg/mL EE (EE48). The predominant anthocyanins detected were cyanidin-3-O-sambubioside
and cyanidin-3-O-glucoside. Food and drink intake were similar between groups, with the exception
of EE48, who drank significantly less compared with the Control. Biochemical analysis of the liver
showed that the changes observed in histological analysis had no pathological significance. The EE,
at doses of 24 and 48 mg/mL, significantly reduced the oxidative DNA damage compared with the
non-supplemented group. The S. nigra extract showed a favorable toxicological profile, affording it
potential to be used in the food industry.

Keywords: Sambucus nigra; in vivo; oral administration; colorant

1. Introduction

The genus Sambucus belong to the Adoxaceae family and consists of 5 to 30 species,
with Sambucus nigra L. being the most commonly occurring species [1–3]. This species,
which is native to the northern hemisphere and may be found on practically every continent,
is sometimes referred to as “black elder, European elder, or elderberry” [4]. It is a 6 m tall
deciduous shrub that thrives in locations with direct sunlight. Between the spring and
summer, the elderberry produces white hermaphrodite flowers, and in the late summer,
the fruits mature [5]. The fruits of S. nigra L. are dark purple berries in a cluster with a
diameter of up to 6 mm [5], and are a good source of vitamins, sugars, organic acids, fatty
acids, protein, and essential oils [3,6–8]. Elderberry is also rich in phenolic compounds,
especially anthocyanins. In folk medicine, elderberry has been widely consumed for many
years due to its therapeutic effects; the berries have been used for the preparation of juice
and tea to treat several illnesses, such as constipation, common cold, and diarrhea [8–10].

In the food industry, elderberry fruits and flowers are used to produce several products,
such as liqueurs, jams, and juices [11]. Moreover, S. nigra can be used as a functional
food for the prevention and the treatment of numerous diseases, as it has demonstrated
antioxidant, anti-inflammatory, immune-stimulating, anti-cancer, and atheroprotective
properties [12,13].

The largest class of water-soluble pigments, anthocyanins, afford many fruits and
vegetables their red, purple, and blue hues [14]. These natural pigments can be found in
flowers, roots, and vegetables, and are mostly associated with red fruits [14,15]. Further-
more, the food industry’s interest in natural dyes has been increasing in order to replace
synthetic dyes, as the latter have demonstrated disadvantages, such as allergenic, toxic,
and even carcinogenic effects [16]. Cyanidin-3-glucoside and cyanidin-3-sambubioside
are the most abundant anthocyanins found in elderberry juice [11,17]. Furthermore, an-
thocyanin cyanidin-3-glucoside has demonstrated anti-cancer [18,19], anti-angiogenic [20]
and anti-obesity properties [21]. As such, anthocyanins have the added benefit of being
used to prevent a variety of diseases, in addition to being of particular interest due to their
great colorant properties, and could be used as a potential natural colorant [14,15]. The aim
of this research was to evaluate the effect of an anthocyanin-rich elderberry extract (EE)
supplementation on mice’s physiological parameters.

2. Materials and Methods
2.1. Sample Preparation

Sambucus nigra L. fruits were collected in mid-September 2019 in Braganza, Portugal,
when the maturation process was complete (Figure 1). The harvested fruits were imme-
diately separated from the stems, washed, and frozen at −20 ◦C. The frozen fruits were
crushed using a knife mill (model A327R1, Moulinex, Madrid, Spain) with a small amount
of water to obtain juice; this process was facilitated by the previous freezing of the fruits,
and later centrifuging them (K24OR refrigerated centrifuge, Centurion, West Sussex, UK)
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to separate the husks and small seeds. The supernatant obtained was frozen, lyophilized,
reduced to a fine, dried powder (35 mesh), and stored for further analysis.
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Stability of the Aqueous Extract

The stability of the aqueous extract was assessed taking into consideration the antho-
cyanin profile of these fruits and the respective percentage of degradation over four days.
The anthocyanin phenolic profile was previously described by other authors [17]; nonethe-
less, a new identification was performed for this sample following the procedure previously
described by Bastos et al. (2015) [22]. Two anthocyanins were identified, cyanidin-3-O-
sambubioside and cyanidin-3-O-glucoside, and, as such, the stability of the aqueous extract
was assessed by measuring the percentage of anthocyanin loss by high-performance liq-
uid chromatography coupled with a diode array detector (HPLC-DAD) using 520 nm as
preferred wavelength.

The dried lyophilized extract of S. nigra was re-hydrated with water (100%) at a final
concentration of 5 mg/mL and stored for 96 h at room temperature (~25 ◦C, mimicking the
conditions under which the animals would be supplemented with these extracts, described
below) and protected from light (to avoid the maximum degradation of the extracts). An
aliquot of the samples was collected at 24, 72, and 96 h, injected into the chromatography
system, and quantified using a 7-level calibration curve of the most similar standard
compound available in the laboratory, cyanidin-3-O-glucoside (y = 105,078x − 12,437;
R2: 0.9993; LOD = 0.28 µg/mL; LOQ = 0.84 µg/mL). The results were expressed as the
percentage of anthocyanin loss (%).

2.2. Experimental Design

The University of Trás-os-Montes and Alto Douro Ethics Committee (approval no.
10/2013) and the Portuguese Veterinary Authorities (approval no. 0421/000/000/2014)
approved this study. The national law (Decree-Law 113/2013) and European Directive
2010/63/EU on the protection of animals used in scientific research were both followed in
all animal procedures.

Animals

As this is a preliminary study, to best apply the 3Rs for animal experiments (replace-
ment, reduction, and refinement) and obtain enough data, we estimated the minimum
number of animals required using a power analysis. Twenty-four FVB/n 8-week-old female
mice (Mus musculus), obtained from a colony at University of Trás-os-Montes and Alto
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Douro’s animal facility, were randomly divided into four different groups (n = 6/group)
using a computer-generated randomization sequence.

The control group drank tap water, while EE12, EE24, and EE48 were supplemented
with increasing concentrations of a S. nigra extract, 12 mg/mL, 24 mg/mL, and 48 mg/mL,
respectively, dissolved in normal tap water and changed every 2–3 days due to the com-
pounds’ stabilities. Drink and food (Diet Standard 4RF21 Certificate, 4RF21, Mucedola,
Milan, Italy) were available ad libitum for every group. Under controlled conditions of
temperature (19 ± 2 ◦C), 12 h:12 h light–dark cycle, and relative humidity (50 ± 10%), the
animals were housed in separate open polycarbonate cages with bedding made of corn cob
and provided with environmental enrichment.

Weekly, several murinometric parameters were evaluated, such as the body weight
and temperature of each animal, as well as drink and food consumption by each group.
The same researcher examined humane endpoints on a weekly basis using a previously
published grading sheet [23]. Animals with a cumulative score of four or higher at any
point in time were designated for euthanasia.

Twenty-nine days after the beginning of the experiment, the animals were sacrificed by
intraperitoneal administration of ketamine (Imalgene 1000, Vetoquinol, Barcarena, Portugal)
and xylazine (Rompun® 2% Bayer, Healthcare S.A., Kiel, Germany), followed by cardiac
puncture and exsanguination according to the Federation of European Laboratory Animal
Science Associations guidelines [24].

Complete necropsies were performed, and organs were collected and weighed on a
precision balance (KERN® PLT 6200-2A, Dias de Sousa S.A., Alcochete, Portugal). These
organs were fixed by immersion in 10% neutral-buffered formalin. Liver and kidney
samples were stored at −80 ◦C for further analysis of oxidative stress.

2.3. Hematological Analysis
2.3.1. Microhematocrit

Microhematocrit values were obtained after the blood samples were centrifuged at
4500× g for 5 min (PrO-Vet, Centurion Scientific Limited, Chichester, UK) in capillary tubes,
and the column of red blood cells was measured with a ruler.

2.3.2. Serum Biochemistry

Blood collected into lithium–heparin tubes (FL MEDICAL, Torreglia, Italy) was cen-
trifuged at 1400× g (Heraeus Labofuge™ 400R, Thermo Fischer Scientific, Waltham, MA,
USA) for 15 min, at 4 ◦C, and plasma was stored at−80 ◦C. Using an autoanalyzer (Prestige
24i, Cormay PZ, Warsaw, Poland), spectrophotometric methods were used to measure
the concentrations of creatinine, urea, aspartate aminotransferase (ASAT), and alanine
aminotransferase (ALAT).

2.4. Comet Assay

Mononuclear blood cells were used to perform the alkaline (pH > 13) comet assay,
following the methods of Collins (2004) [25], and a system of twelve gels per slide, as
adopted by Marques et al. (2021) [26], was used to increase the yield. Six slides precoated
with normal-melting-point agarose were used for each treatment, with three replicates per
animal. One set was used to run the assay with the repair enzyme, formamidopyrimidine
DNA glycosylase (Fpg), and the other was used to conduct the assay without it. In order to
precisely identify oxidative damage to DNA, particularly 8-oxoguanines and other changed
purines, Fpg converted oxidized purines into DNA single-strand breaks. Peripheral blood
was diluted in ice-cold phosphate-buffered saline (PBS), and this cell suspension was
combined with 1% low-melting-point agarose. Twelve drops were placed on each of the
twelve precoated slides, and the slides were refrigerated for solidification. The samples
were then incubated in a lysis solution (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% Triton
X-100, pH 10) and rinsed (40 mM HEPES, 0.1 M KCl, 0.5 mM EDTA, 0.2 mg/mL bovine
serum albumin, pH 8.0).
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The slides with and without Fpg treatment were then incubated for 30 min at 4 ◦C
in an alkaline electrophoresis solution (0.3 M NaOH and 1 mM EDTA, pH > 13) and
electrophoresed for 30 min at 25 V and 300 mA. The cells were then neutralized with PBS,
followed by distilled water, and then dehydrated in 70% and absolute ethanol. A fluorescent
microscope at 400×magnification (Olympus BX41, Olympus America Inc., Hauppauge,
NY, USA) was used to view the DNA stained with 4,6-diamidino-2-phenylindole (DAPI).

The comets were then classified visually based on a five-class scale of severity (class 0,
no damage, and class 4, highest damage) [25]. Three hundred nucleoids were classified per
animal (100 per mini gel) and, using the following formula, the total score was expressed
as a genetic damage index (GDI) with a range of 0 to 400 arbitrary units:

GDI = ∑ % nucleoids class i× i

where I represents the number of each class.
Untreated GDI values were subtracted from the Fpg incubation scores (GDIFpg) to

calculate the net enzyme-sensitive sites (NSSFpg).

2.5. Hepatic and Renal Histology

The organs underwent routine processing for paraffin embedding, including section-
ing. Hematoxylin and eosin (H&E)-stained tissue sections that were 3 µm thick were
examined under a light microscope for histological analysis.

Liver histological analysis included the recording of the presence or absence of hy-
dropic changes, their distribution, as well as the presence of inflammatory cells. Kidneys
were examined to assess the presence of inflammatory lesions.

2.6. Hepatic and Renal Oxidative Stress

Samples of the liver and kidney were homogenized in a cold buffer solution (0.32 mM
sucrose, 20 mM HEPES, 1 mM MgCl2, and 0.5 mM phenylmethylsulfonylfluoride (PMSF),
pH 7.4) and the supernatants were collected following centrifugation and analyzed as
previously described [27]. Briefly, excitation at 485 nm and emission at 530 nm were
employed to assess the production of reactive oxygen species (ROS) using the probe 2′,7′-
dichlorofluorescein diacetate (DCFH-DA). The inhibition of nitroblue tetazolium (NBT)
reduction was used to assess the superoxide dismutase (SOD) activity at 560 nm. The H2O2
decay at 240 nm was used to evaluate the catalase (CAT) activity. The oxidation of NADPH
to NADP+ at 340 nm was employed to assess the glutathione peroxidase (GPx) activity.
The reaction of glutathione’s thiol group with 1-chloro-2,4-dinitrobenzene (CDNB) was
used to determine the activity of glutathione S-transferase (GST) at 340 nm. Derivatization
with ortho-phthalaldehyde at 320 nm and 420 nm (excitation and emission, respectively)
was used to assess the quantities of reducing glutathione (GSH) and oxidized glutathione
(GSSG). The ratio of GSH to GSSG was used to calculate the oxidative stress index (OSI).
Malondialdehyde (MDA), a lipid peroxidation (LPO) biomarker, was measured at 530 nm
using a thiobarbituric acid (TBA)-based technique.

2.7. Statistical Analysis

Statistical analysis was performed using IBM SPSS version 20 (Statistical Package
for the Social Sciences, Chicago, IL, USA). The Shapiro–Wilk test was used to ensure that
the data followed a normal distribution. A statistical one-way ANOVA was conducted,
followed by the Bonferroni’s multiple-comparison test. For histological analysis, the
Chi-square test was performed. For oxidative stress analysis, statistical analyses were
performed using one-way ANOVA followed by Tukey’s multiple-comparison test or the
Kruskal–Wallis test followed by Dunn’s test. At p ≤ 0.05 (*), p ≤ 0.01 (**), p ≤ 0.001 (***), or
p < 0.0001 (****), data were deemed statistically significant.
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3. Results
3.1. General Findings

The anthocyanin extract stability was assessed by HPLC-DAD (data not shown), reveal-
ing a maximum percentage of anthocyanin loss of 41.7% after 96 h of storage. In the first
48 and 72 h, the anthocyanin losses were 4.2 and 23.1%, respectively. Given these results,
replacement of the supplementation water enriched with the anthocyanin-enriched extract
occurred every two to three days during the experimental trial.

The animals in this study were monitored daily, and there were no phenotypic and/or
behavioral changes in the mice in this study, as well as no deaths during the experiment.
The aforementioned humane endpoint table was used to assess animal well-being, with no
animal achieving the required score for euthanasia or any other notable behavioral change.

This study lasted for 29 days, during which almost no alteration was observed regard-
ing the murinometric parameters evaluated. However, animals from EE12 (p = 0.012) lost a
significant amount of body weight when compared with the control group (in weeks 1–4)
and EE48 (in weeks 1 and 3), whereas animals from EE24 and EE48 did not show any
significant differences when compared with the control group (Figure 2).
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Figure 2. Body weight (g) mean [±Standard error (SE)] throughout the experiment. Statistically
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Regarding food and drink intake, all of the groups had relatively similar average daily
food and drink intake values (Table 1).

Table 1. Mean daily values of food and drink intake (g) per experimental group during the four weeks.

Groups
Food (g) Drink (mL)

Initial Final Initial Final

Control 22.14 23.02 27.90 29.33
EE12 19.99 25.27 26.12 26.60
EE24 22.51 21.57 27.09 28.12
EE48 21.47 21.60 22.08 27.12

The relative organ weight of the heart (Table 2) was significantly higher in EE12
compared with the control (p = 0.011), EE24 (p = 0.02), and EE48 (p = 0.01). Additionally,
the left kidney’s relative organ weight was significantly higher in the control than EE12
(p = 0.013) and EE24 (p = 0.013).
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Table 2. Mean (±SE) relative organ weights (organ weight (mg)/body weight of the animal (g)) from
the experimental groups.

Group/Organ Control EE12 EE24 EE48

Thymus 1.92 ± 0.129 1.71 ± 0.259 2.02 ± 0.194 2.29 ± 0.255
Heart 4.69 ± 0.148 a 5.50 ± 0.186 b 4.50 ± 0.147 a 4.49 ± 0.156 a

Lungs 6.92 ± 0.349 7.37 ± 0.314 7.13 ± 0.257 7.78 ± 0.494
Spleen 3.89 ± 0.279 4.15 ± 0.239 4.08 ± 0.245 3.94 ± 0.344
Liver 54.56 ± 1.293 49.61 ± 0.904 50.50 ± 2.287 51.64 ± 2.171
Left Kidney 6.00 ± 0.118 a 6.99 ± 0.114 b 6.95 ± 0.196 b 6.51 ± 0.271 a,b

Right Kidney 6.05 ± 0.308 7.36 ± 0.134 6.33 ± 0.456 6.77 ± 0.330
Left Adrenal 0.42 ± 0.102 0.46 ± 0.126 0.47 ± 0.076 0.48 ± 0.101
Right Adrenal 0.32 ± 0.075 0.45 ± 0.064 0.29 ± 0.069 0.34 ± 0.060

Significant statistical differences between groups are indicated by different letters (a and b) (p < 0.05).

3.2. Haematological Analysis

The microhematocrit values per animal group are shown in Figure 3a (Supplementary
Table S1), which were not significantly different between the experimental groups. Regard-
ing the serum biochemical parameters (Figure 3c–e), there were no significant differences
between the groups, except for the urea values (Figure 3e) in the control group and EE12
(p = 0.011).
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3.3. Hepatic and Renal Histology

A significant difference between the control group and EE12 was seen in the liver’s
histology (p = 0.036), with the control group’s histology displaying overall hydropic changes
(Table 3). When compared with the other groups, the control mice showed a generalized
distribution of these changes (p = 0.006), while the other groups showed hydropic changes
at the centrilobular zone. With at least one animal in each group displaying chronic
focal hepatitis, liver inflammation was also evaluated; the findings did not statistically
differ between groups. Except for one instance of chronic interstitial nephritis in EE24, no
histological alterations were seen in the experimental animals (Figure 4).

Table 3. Numbers of animals with hepatic and renal histological lesions per experimental group (%).

Control EE12 EE24 EE48

Liver
Normal 1/5 (20.0%) a 5/6 (83.3%) b 4/6 (66.7%) a,b 4/6 (66.7%) a,b

Hydropic
changes (HC) 4/5 (80.0%) a 1/6 (16.7%) b 2/6 (33.3%) a,b 2/6 (33.3%) a,b

HC general 4/5 (80.0%) a 0/6 (0.0%) b 0/6 (0.0%) b 0/6 (0.0%) b

HC
centrilobular 0/5 (0.0%) 1/6 (16.7%) 2/6 (33.3%) 2/6 (33.3%)

Inflammation
Absent 3/5 (60.0%) 5/6 (83.3%) 3/6 (50.0%) 3/6 (50.0%)
Chronic focal

hepatitis 2/5 (40.0%) 1/6 (16.7%) 3/6 (50.0%) 3/6 (50.0%)

Kidney
Normal 5/5 (100.0%) 6/6 (100.0%) 5/6 (83.3%) 6/6 (100.0%)
Chronic
interstitial
nephritis

0/0 (0.0%) 0/0 (0.0%) 1/6 (16.7%) 0/0 (0.0%)

Significant statistical differences between groups are indicated by different letters (a and b) (p < 0.05). HC:
hydropic changes.
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3.4. Comet Assay

The parameters evaluated with the comet assay (GDI, GDIFpg, and NSSFpg) were
measured in peripheral blood mononuclear cells (Figure 5). Regarding the GDI values, there
were no statistically significant differences between the experimental groups. However,
the GDIFpg values were significantly greater in the control group than EE24 (p = 0.037) and
EE48 (p = 0.047). Regarding NSSFpg, the value in the control group was also significantly
higher compared with those in EE24 (p = 0.043) and EE48 (p = 0.033).
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3.5. Liver and Kidney Oxidative Stress

The liver and kidney oxidative stress analysis (Table 4) showed significant differences
in the antioxidant enzymes SOD and CAT. The liver SOD activity increased in the EE48
group in comparison with the control and EE12 groups (p < 0.01). In the opposite direction,
liver CAT activity decreased in the EE48 group in comparison with the control group
(p < 0.01). Concerning kidney oxidative parameters, the only significant differences ob-
served between groups were the increased activity of SOD in the EE48 group in comparison
with the control (p < 0.01).

Table 4. Values of liver and kidney oxidative parameters. Data are expressed as mean ± standard
deviation for parametric data distribution or median (25th–75th quartile) for non-parametric data.

Biochemical
Parameters Control EE12 EE24 EE48

Liver
ROS 1212 (1115–1623) 1649 (1330–1729) 2051 (1678–3046) 1896 (1408–2308)
SOD 231 (169–271) a 250 (239–255) a 274 (233–322) a,b 333 (290–382) b

CAT 5956 (5047–6608) a 4001 (3197–4482) a,b 3906 (2960–5081) a,b 2925 (2241–3612) b

GPx 0.41 ± 0.2 0.46 ± 0.13 0.61 ± 0.19 0.3 ± 0.27
GST 0.17 ± 0.01 0.18 ± 0.02 0.2 ± 0.03 0.19 ± 0.02
GSH 14.58 ± 3.4 14.71 ± 1.86 13.33 ± 5.55 12.95 ± 2.68
GSSG 270 ± 63.6 272.9 ± 138.5 339.7 ± 109 318.8 ± 141.6
OSI 0.05 ± 0.01 0.03 ± 0.02 0.04 ± 0.004 0.04 ± 0.01
MDA 205.1 ± 45.1 189.8 ± 23.8 207.0 ± 60.3 176.0 ± 28.6

Kidney
ROS 1460 ± 323 1545 ± 338 1429 ± 443 1337 ± 322
SOD 161 (139–188) a 203 (178–271) a,b 333 (267–432) a,b 341 (305–374) b

CAT 78.55 ± 7.19 76.05 ± 10.12 77.37 ± 12.21 77.89 ± 13.25
GPx 0.15 (0.13–0.22) 0.08 (0.04–0.13) 0.07 (0.05–0.1) 0.08 (0.04–0.11)
GST 0.058 ± 0.01 0.045 ± 0.002 0.058 ± 0.01 0.045 ± 0.002
GSH 148.1 ± 31.60 131.4 ± 16.69 146.2 ± 35.49 132.8 ± 21.63
GSSG 18.18 ± 13.02 23.07 ± 14.43 18.54 ± 8.78 14.93 ± 6.07
OSI 5.83 ± 1.92 8.01 ± 2.75 9.57 ± 5.12 10.6 ± 5.21
MDA 5600 ± 1189 4960 ± 728 5501 ± 1378 5040 ± 864

Significant statistical differences between groups are indicated by different letters (a and b) (p < 0.05). ROS: reactive
oxygen species; SOD: superoxide dismutase; CAT: catalase; GPx: glutathione peroxidase; GST: glutathione
S-transferase; GSH: reducing glutathione; GSSG: oxidized glutathione (GSSG); OSI: oxidative stress index;
MDA: malondialdehyde.
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4. Discussion

A previous study evaluated the extract’s cytotoxicity in five different cell lines: human
breast adenocarcinoma (MCF-7), human non-small lung carcinoma (NCI-H460), human
cervical carcinoma (HeLa), human hepatocellular carcinoma (HepG2), and porcine liver
cells (PLP2) [17]. These authors reported that the extract had significant capacity to inhibit
the proliferation of these tumor cell lines, while low concentrations of EE had no effect on
the normal cell line. After cell studies, a correct approach is to switch to an experimental
animal protocol. To the best of our knowledge, this is the first study to assess the safety
of different concentrations of an elderberry colorant extract in mice. Although the FVB/n
strain is normally used for genetic and transgenic experiments, wild-type FVB/n mice have
also been employed in metabolic and toxicology studies [28–31].

Animals supplemented with EE had considerably lower mean body weight values,
particularly EE12, which was significantly inferior to the control group. In vitro assays have
revealed that the primary components of this extract have an anti-obesity activity [32]. In a
before-and-after clinical trial, Chrubasik et al. (2008) reported that a combination of S. nigra
and Asparagus officinalis was significantly effective in lowering the mean body weight and
blood pressure while improving the participants’ physical and emotional well-being and
quality of life [33]. The same occurrence appeared to happen to the EE-supplemented
animals, especially at the lowest dose. Given that these animals consumed identical
amounts of food and that the humane endpoint analysis revealed no changes in behavior
associated with toxicity, the inclusion of anthocyanins in their diet appeared to influence
their body weight gain. Another study discovered that dietary supplementation with
purified mulberry (Morus australis Poir) anthocyanins suppressed body weight gain in high-
fat-diet-fed C57BL/6 mice by reducing the epididymal fat weight and adipocyte size [34]. A
future study should explore this extract’s effect on adipose tissue and how it can affect body
weight gain. Food consumption was standard compared with other studies developed
by our group with the same diet [27,30]. The mice’s initial reactions to the extract were
not very positive, but, over time, the overall average consumption by the supplemented
groups became similar to that by the control group. As this particularly occurred for the
group supplemented with the highest concentration of EE, this difference may be due to
the extract’s flavor, which might have been too strong or overbearing. The values regarding
drink intake were, however, consistent with those of the aforementioned works.

The relative weight of the heart in EE12 significantly increased when compared with
the other groups, probably due to residual blood after cardiac puncture. Regarding hy-
dropic changes, animals from the control group exhibited a generalized distribution of
these changes. According to the literature, these represent acute and reversible, sublethal
cell injuries [35], and in the absence of biochemical evidence of liver damage in these
animals, the changes observed in the control group were not regarded as having patho-
logical significance. In the present study, the animals supplemented with EE at the lowest
concentration showed minor and zone-restricted hydropic changes when compared with
the control group. This effect may be related to the anthocyanins present in the EE, because,
in chronic ethanol-induced liver injury in male Wistar rats and CCl4-induced Kunming
mice [36,37], these substances have been reported to have an hepatoprotective effect.

Our results regarding the renal function markers, particularly the urea levels in EE12,
which were considerably greater than those of the control group, were in conflict with the
literature, as anthocyanins are usually associated with a reduction in urea levels [38,39]. Our
values are, however, in accordance with those of other studies regarding this parameter in
FVB/n mice and do not raise suspicion of renal impairment [28,40]. As an increase in urea
levels can occur in settings unrelated to renal disease, creatinine is seen as a more reliable
marker of renal function [41]. Although there was a slight increase in creatinine levels, there
was no statistically significant difference between the groups. The left kidney’s relative
weight was significantly higher in EE12 and EE24 compared with that of the control group,
but, as no kidney lesions were registered by the histological analysis, this increase in the
relative weight and biochemical parameters may be unrelated to renal function impairment.
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It is also crucial to note that the EE supplementation was chronic, i.e., the animals consumed
the extract in their drinking water for a lengthy period of time without interruption, which
may not occur if it is incorporated into a product that is not the consumer’s whole diet.

As mentioned above, elderberry extract supplementation did not cause hepatotoxicity
at the biochemical level, as the hepatic transaminases (ALAT and ASAT) showed no
significant statistical differences. These results are corroborated by another study that used
an extract of S. nigra [42].

In terms of the comet assay results, our findings show that this extract did not appear
to be genotoxic. Interestingly, when the Fpg enzyme was added, there were statistically
significant differences between the control group and the two highest concentrations. As
such, this leads us to believe that this extract, although not antigenotoxic, may protect
against oxidative DNA damage. These findings are consistent with the literature [13,43],
which indicates that S. nigra has antimutagenic and antigenotoxic effects, mainly due
to its antioxidant properties. Olejnik et al. (2016) reported that, in a non-transformed,
non-tumorigenic colon cell line (NCM460), an S. nigra extract was capable of protecting
these cells against oxidative stress’s detrimental effects to DNA [44]. In another study,
Ferreira-Santos and collaborators employed an S. nigra aqueous extract for treating human
colon carcinoma cells (RKO) and observed that this extract at concentrations of 200 and
400 µg/mL neither protected RKO cells from the oxidative activity induced by H2O2 nor
triggered DNA repair activity [45]. The authors only observed a reduction in DNA damage
of around 20% when the cells were treated for 24 h. The same was not observed when the
cells were treated for 48 h; however, the results were not shown to be significantly different
from those of the control group at both times [45]. Our findings regarding NSSFpg indicate
that this extract, particularly the two highest concentrations (EE24 and EE48), had a strong
capacity for repairing oxidative DNA damage.

The group treated with a higher concentration of extract (EE48) also exhibited in-
creased SOD activity, the primary intrinsic antioxidant enzyme, in the hepatic and renal
tissue, confirming the stimulation of antioxidant activity previously reported for antho-
cyanins in the extracts of S. nigra [46,47]. However, CAT activity decreased in the same
group only at the hepatic level. This discrepancy in activities recorded for SOD and CAT
has been previously reported between tissues for the effect of anthocyanins [48] and in the
same tissue attributed to different forms of modulation [49] that need further studies to
understand the antioxidant mechanisms of these compounds. Moreover, the remaining
parameters of oxidative stress did not vary significantly, which confirms the safety of the
use of this extract at the tested doses.

Although synthetic food colorants are frequently used in the food industry, consum-
ing them continuously could be toxic and have several side effects [50]. For this reason,
natural origin colorants have gradually taken their place, adding potential health benefits
as well [51]. Given their numerous reported medicinal properties, including antioxidant
activity and anti-carcinogenic and anti-inflammatory properties, these natural dyes, partic-
ularly anthocyanins, have a significant potential to replace synthetic colorants in the food
industry [52].

5. Conclusions

As a result of the decreased liver lesions and the potent defense against oxidative DNA
damage, our research shows that this anthocyanin-rich elderberry extract has a favorable
toxicological profile. The two highest concentrations (EE24 and EE48) appeared to perform
exactly as intended, which was to create a natural colorant that had no negative effects on
the health of individuals who consumed it and might even have some positive effects. In
the future, further research may be needed to confirm our findings.
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Abstract: We isolated eight known secondary metabolites, including two isocoumarins and six
coumarins, from the stems and branches of Acer mono Maxim. Their structures were confirmed
using nuclear magnetic resonance spectroscopy and by comparing the data to published reports.
The inhibitory effects of all compounds (1−8) on Escherichia coli β-glucuronidase were evaluated for
the first time using in vitro assays. 3-(3,4-Dihydroxyphenyl)-8-hydroxyisocoumarin (1) displayed
an inhibitory effect against β-glucuronidase (IC50 = 58.83 ± 1.36 µM). According to the findings
of kinetic studies, compound 1 could function as a non-competitive inhibitor. Molecular docking
indicated that compound 1 binds to the allosteric binding site of β-glucuronidase, and the results
corroborated those from kinetic studies. Furthermore, molecular dynamics simulations of compound
1 were performed to identify the behavioral and dynamic properties of the protein–ligand complex.
Our results reveal that compound 1 could be a lead metabolite for designing new β-glucuronidase
inhibitors.

Keywords: Acer mono Maxim.; isocoumarins; β-glucuronidase; non-competitive inhibitor; allosteric
binding site; molecular dynamics

1. Introduction

β-Glucuronidase is a well-known enzyme that hydrolyzes conjugated compounds, in-
cluding β-glucuronic acid, into their derivatives and free glucuronic acid [1]. β-Glucuronidase
is frequently found in unicellular microorganisms, such as Escherichia coli and Peptostrep-
tococcus species, and multicellular organisms, including plants and mammals [2,3]. In
particular, this enzyme can be detected in several human body organs, such as the kid-
ney, liver, lung, and digestive system [4]. In 2010, Wallace et al. first reported the crystal
structure of E. coli β-glucuronidase [5]. The β-glucuronidase asymmetric unit (139 kDa)
comprises two monomers (597 residues) and is organized into the following three areas:
the N-terminal contains 180 residues and is similar to the carbohydrate-binding domain
of the glycoside hydrolase 2 members; the C-terminal contains residue 274 to residue 603
and comprises an αβ loop; and the region between terminals N and C contains an Ig-like
β-sandwich domain, as is the case with other members of the glycoside hydrolase 2 fam-
ily [5,6]. Inhibiting β-glucuronidase can be beneficial for preventing and treating various
diseases [7]. β-Glucuronidase is generated in the synovial fluid under inflammatory condi-
tions, such as rheumatoid arthritis [8]. Moreover, an increased risk of colon cancer has been
associated with the role of β-glucuronidase in the disease, as well as enhanced intestinal
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enzyme levels [9]. Increased levels of β-glucuronidase in the blood, owing to liver injury,
can lead to liver cancer [7,10]. Thus, the discovery and development of β-glucuronidase
inhibitors may be valuable in reducing these carcinogenic risks.

Acer L., commonly known as maple, is a diverse genus in the Aceraceae family, which
comprises over 125 species with several infraspecific taxa, and is widely distributed in north-
ern temperate regions worldwide [11]. Many Acer species provide products of economic
value, including furniture, lumber, horticultural plants, and herbal medicines, especially
gamma-linolenic acid, a dietary supplement that can help treat cancer and cardiovascular
diseases [12]. A. mono Maxim., a deciduous tree of the Acer genus, is commonly found in
Korea, Japan, and Northeast China [13,14]. Over the years, this plant has attracted consid-
erable attention from both chemists and pharmacists, given its noteworthy traditional uses
and pharmacological activities. In Korea, the leaves of A. mono Maxim. have long been
employed as a material for hemostasis, whereas the roots have been used in traditional
Korean medicine to treat arthralgia and cataclasis [13–15]. The sap of A. mono Maxim. has
been used to treat gout, neuralgia, urinary hesitancy, constipation, and other gastroenteric
conditions [15,16]. A. mono Maxim. reportedly possesses various pharmacological prop-
erties, including hepatoprotective, antioxidant, and osteoporotic inhibitory effects [13,14].
Phytochemical constituents of A. mono Maxim. include stilbenes, flavonoids, and their
derivatives [14]. Among them, 5-O-methyl-(E)-resveratrol 3-O-β-D-glucopyranoside and
5-O-methyl-(E)-resveratrol 3-O-β-D-apiofuranosyl-(1→6)-β-D-glucopyranoside, two stil-
bene glycosides isolated from the leaves of A. mono Maxim., could reduce the levels of
DPPH radicals at the concentrations of 100 µM, thereby exhibiting significant free-radical
scavenging effects, with IC50 values of 103.6 and 80.5 µM, respectively [13].

As part of our ongoing investigation of the secondary metabolites and respective
biological effects from herbal and medicinal plants in Korea, we isolated and structurally
elucidated eight compounds, including two isocoumarins and six coumarins, from the
stems and branches of A. mono Maxim. in the present study. To the best of our knowl-
edge, this is the first report regarding the isolation of isocoumarins from the Acer genus.
In vitro assays were performed to determine the β-glucuronidase inhibitory activity of all
compounds isolated from A. mono Maxim. In addition, kinetic analysis studies, molecular
docking, and molecular dynamics (MD) simulations were performed to comprehensively
clarify the inhibition mode, critical amino acid interactions, and the protein–ligand binding
mechanism of active compound 1 with β-glucuronidase proteins.

2. Results
2.1. Isolated Compounds from the Stems and Branches of A. mono Maxim.

Methanol residue from the stems and branches of A. mono Maxim. was suspended
in distilled water and partitioned with n-hexane, CH2Cl2, and EtOAc to obtain four ex-
tracts. The CH2Cl2 extract (77.8 g) and water layer (170 g) were separated by repeated
column chromatography (CC) on silica gel, RP-18 gel, and Diaion resins, followed by
preparative high-performance liquid chromatography (HPLC) to isolate and purify two
isocoumarins (1 and 2) and six coumarins (3−8) (Figure 1). Based on an in-depth analysis
of nuclear magnetic resonance (NMR) results and comparison with corresponding data
from previous reports, the structures of all the compounds isolated were elucidated as
3-(3,4-dihydroxyphenyl)-8-hydroxyisocoumarin (1) [17], hydrangenol (2) [18], scopoletin
(3) [19], isoscopoletin (4) [19], isofraxidin (5) [20], fraxidin 8-O-β-D-glucopyranoside (6) [21],
aquillochin (7) [22], and cleomiscosin D (8) [23].
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Figure 1. Chemical structures of isolated compounds from Acer mono Maxim. (1−8).

2.2. Inhibitory Activity of Isolated Compounds against β-Glucuronidase

All isolated compounds (1−8) were examined for their ability to inhibit β-glucuronidase
using D-saccharic acid 1,4-lactone (DSA), a well-known inhibitor of β-glucuronidase, as a
positive control [24]. The results are displayed in Figure 2A and Table 1, which revealed that
3-(3,4-dihydroxyphenyl)-8-hydroxyisocoumarin (1) exhibited β-glucuronidase inhibitory
activity, with 69.85% of inhibition at 100 µM and an IC50 value of 58.83 ± 1.36 µM. Com-
pound 2 with the absence of the C-3−C-4 double bond in the lactone ring did not exhibit β-
glucuronidase inhibitory activity (15.89% of inhibition at 100 µM). Coumarin and its deriva-
tives (3−8) failed to exhibit inhibitory activity against β-glucuronidase (IC50 >100 µM).
These results suggested that the different positions of an oxygen atom and carbonyl group
in the isocoumarin structure, compared with those of coumarin, could play an important
role in β-glucuronidase inhibition.
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Table 1. Inhibition of compounds 1–8 against β-glucuronidase.

Compounds
Inhibition against β-Glucuronidase

Inhibition% (100 µM) IC50 (µM) 1

1 69.85 ± 2.93 58.83 ± 1.36
2 15.89 ± 0.55 >100
3 23.46 ± 2.47 >100
4 29.61 ± 1.83 >100
5 14.34 ± 1.10 >100
6 13.17 ± 1.46 >100
7 25.21 ± 1.46 >100
8 16.73 ± 0.09 >100

DSA 2 74.70 ± 0.95 24.56 ± 1.15
1 The values (µM) represent 50% inhibition of β-glucuronidase. Results are presented as the mean ± standard
error of triplicate experiments. 2 Positive control.

2.3. Enzyme Kinetics of Compound 1 against β-Glucuronidase

To determine the type of inhibition and the inhibitory constant Ki of active compound
1, enzyme kinetics were conducted at different concentrations of the substrate 4-nitrophenyl
β-D-glucuronide (PNPG) and inhibitor [7]. In the Lineweaver−Burk plot, the x-axis is the
reciprocal of the substrate concentration, or 1/(S), and the y-axis is the reciprocal of the
reaction velocity (1/V). The non-competitive or competitive inhibition mode is indicated
by the family of straight lines that intersect at the same point on the 1/(S) or 1/V axis,
respectively, whereas mixed inhibition is represented by the straight lines of the inhibitor
that intersect at the xy region. As depicted in Figure 3A, the Lineweaver−Burk plot revealed
intersecting lines on the 1/(S) axis, indicating that compound 1 inhibited β-glucuronidase
in a non-competitive inhibition mode. In addition, a Dixon plot was used to determine the
Ki value between the inhibitor and the enzyme, where the intersection value on the x-axis
implies Ki. The Ki is the concentration of an inhibitor needed to decrease the maximum
rate of the reaction by 50% [25]. As presented in Figure 3B, the Ki value of 1 was calculated
to be 40.9 µM.
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2.4. Molecular Docking Studies

Molecular docking simulations were performed using AutoDock 4.2 to predict how
compound 1 behaves in the binding site of the target protein and to clarify the fundamental
biochemical processes of 1 with the β-glucuronidase enzyme. The results were analyzed
and displayed using PyMOL and BIOVIA Discovery Studio (Figure 4). According to
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the kinetic analysis results, compound 1 displayed a non-competitive inhibition mode,
suggesting that 1 could precisely bind to a specific region of β-glucuronidase, named the
allosteric binding site, which differed from the active site (orange spheres) that binds to
the substrate PNPG (red). The allosteric binding site of β-glucuronidase was predicted
using the AlloSite 2.10 web server (green spheres) [26] and protein allosteric sites server
PASSer2.0 (rainbow spheres) [27] (Figure 4A). To optimize the docking procedure, the
substrate, PNPG, was docked as a native ligand into β-glucuronidase (PDB ID: 6LEL)
(Figure 4B).
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by PASSer2.0) and docking pose results of the substrate and compound 1 with the β-glucuronidase
enzyme ((B); substrate: red; compound 1: blue).

The docking results revealed that compound 1 could bind to the allosteric binding site
of β-glucuronidase with a binding energy value of −8.35 kcal/mol (Figure 5 and Table 2).
The carbonyl group and oxygen atom of 1 establish hydrogen bonding interactions with
the amino acid residues, Thr191 and Thr438, whereas the hydroxy groups of 1 interact
with Arg272, Leu435, and Asp436. Two benzene rings of 1 bind with residues Lys400 and
Pro403 through π−alkyl interactions and Thr188 via π−σ interactions. The lactone ring
displayed π−σ interactions with Val190, π−cation interactions with Arg439, and π−lone
pair interactions with Val189. The other residues, including Gly270, Asn401, and Pro437,
from different sites of the β-glucuronidase enzyme, bound to compound 1 via van der
Waals interactions.

Table 2. Docking energies and binding site interactions of compound 1 with the β-glucuronidase
enzyme.

Comp.
Binding
Energy

(kcal/mol)

Hydrogen
Bonds

van der Waals
Interactions

Hydrophobic
Interactions

Electrostatic
Interactions Others

1 −8.35

Thr191
Arg272
Leu435
Thr438

Gly270
Asn401
Pro437

Thr188 (π−σ)
Val190 (π−σ)

Lys400 (π−alkyl)
Pro403 (π−alkyl)

Arg439
(π−cation) Val189 (π−lone pair)
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2.5. Molecular Dynamics Simulation of β-Glucuronidase Inhibition 

To examine the structural stability and its variations of the 1-6LEL complex, MD was 

performed after docking computations with a period of 100 ns, using the Desmond pack-

age (Schrödinger 2020-1, New York, NY, USA).  

The general conditions of the simulation and its stabilization are obtained by root-

mean-square deviation (RMSD) analysis [28]. The higher stability of the protein–ligand 

complex was demonstrated by a lower RMSD value, whereas decreased stability was in-

dicated by an increased RMSD value [28]. The RMSD value of the 1-6LEL complex in-

creased rapidly during the initial equilibration fluctuation for 5 ns, slowly increasing from 

5 to 38 ns, after which the RMSD was maintained between 2.2 and 2.4 Å , until the simula-

tion was completed (Figure 6A). A maximum RMSD of 2.6 Å  was observed for the target 
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Figure 5. The 3D docking poses (A) and 2D interaction diagrams (B) of β-glucuronidase inhibi-
tion mediated by compound 1. Green: hydrogen bonds, violet and pink: hydrophobic, orange:
electrostatic, and light green: van der Waals interactions.

2.5. Molecular Dynamics Simulation of β-Glucuronidase Inhibition

To examine the structural stability and its variations of the 1-6LEL complex, MD was
performed after docking computations with a period of 100 ns, using the Desmond package
(Schrödinger 2020-1, New York, NY, USA).

The general conditions of the simulation and its stabilization are obtained by root-
mean-square deviation (RMSD) analysis [28]. The higher stability of the protein–ligand
complex was demonstrated by a lower RMSD value, whereas decreased stability was
indicated by an increased RMSD value [28]. The RMSD value of the 1-6LEL complex
increased rapidly during the initial equilibration fluctuation for 5 ns, slowly increasing
from 5 to 38 ns, after which the RMSD was maintained between 2.2 and 2.4 Å, until the
simulation was completed (Figure 6A). A maximum RMSD of 2.6 Å was observed for
the target protein of β-glucuronidase, indicating that the 1-6LEL complex maintained
stability throughout the MD period. The flexibility and fluctuation of each residue in
β-glucuronidase over the 100 ns simulation were represented by the root-mean-square
fluctuation (RMSF) value used to predict the ligand binding-induced structural alterations
in the protein structure [29]. Higher RMSF values represent greater flexibility in MD
simulations [30]. The RMSF plot of the complex between compound 1 and β-glucuronidase
is displayed in Figure 6B, where the peaks represent the β-glucuronidase regions that
fluctuated the most during the 100 ns simulation. The RMSF values of amino acid residues
in the allosteric site of β-glucuronidase were less than 1.3 Å. In contrast, the RMSF values
of residues in the active site of β-glucuronidase fluctuate slightly more, between 2.0 and
3.5 Å, suggesting that the protein structure in ligand-bound conformations is stable during
MD simulation. Hence, compound 1 may function as a non-competitive inhibitor of
β-glucuronidase, which is consistent with the results of the kinetic study.
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Figure 7 presents the protein–ligand contact diagram between compound 1 and β-
glucuronidase. The hydroxy groups of 1 established hydrophobic contact with Leu435,
polar interactions with Thr191 and His192, a positive charge with Lys400, and a negative
charge with Asp436; these residues of the β-glucuronidase allosteric site contributed to the
binding interactions of 24, 17, 13, 28, and 98%, respectively. In addition, the lactone ring
of 1 was linked with Thr438 via polar interactions; Arg272 and Arg439 through π−cation
interactions, accounting for 12 and 41% of the contribution, respectively. The MD results
revealed the crucial role of the lactone ring in the β-glucuronidase inhibitory activity
mediated by active compound 1.
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The ligand torsion plot that characterizes the conformational evolution of each ro-
tatable bond (RB) in compound 1 during the 100 ns simulation trajectory is displayed in
Figure 8A, where the 2D chemical structure of compound 1 with colored RB is followed
by a same-colored dial and bar plots. A total of four RBs were observed in compound 1,
with the potential values of 3.36 kcal/mol and 7.16 kcal/mol for hydroxy groups and the
linkage between the phenol ring and lactone ring, respectively.
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Considering ligand properties, we evaluated the ligand RMSD, the radius of gyration
(rGyr), intramolecular hydrogen bonds (intraHB), molecular surface area (MolSA), solvent-
accessible surface area (SASA), and polar surface area (PSA) (Figure 8B). The RMSD of
compound 1, with respect to the reference conformation, ranged from 0.2 to 1.5 Å, and
its balance was approximated at 0.45 Å. rGyr was analyzed to examine the stability of
compound 1 in the allosteric binding site of β-glucuronidase during the 100 ns simulation.
The 1-6LEL complex exhibited an average rGyr value of 3.70 Å. No significant fluctuations
were observed in rGyr, suggesting that the 1-6LEL complex exhibited steady behavior.
IntraHB refers to the number of internal hydrogen bonds within the ligand. The constant
intraHB value for ligand 1 indicated the consistency of 1 during the simulation process.
The MolSA value was calculated using a 1.4 Å probe radius and was equivalent to the van
der Waals surface area. The MolSA value for ligand 1 was slightly altered, from 237.5 to
245.0 Å, throughout the 100 ns MD simulation. The SASA value represents the surface area
of a molecule that can be accessed by a water molecule. The SASA value of the 1-6LEL
complex significantly increased from 25 to 60 Å until 4 ns of the MD simulation, followed
by gradual stabilization at 56 Å. PSA is the SASA of a molecule, provided only by oxygen
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and nitrogen atoms. The PSA of compound 1 fluctuated at a consistent rate throughout the
100 ns MD simulation, while the PSA value ranged between 185 and 195 Å.

3. Discussion

All the secondary metabolites were isolated from A. mono Maxim. (1−8) and eval-
uated to determine their β-glucuronidase inhibitory activity. Compound 1 exhibited a
β-glucuronidase inhibitory effect, with an IC50 value of 58.83 µM, whereas the remain-
ing compounds demonstrated no inhibitory activity against β-glucuronidase. The results
suggest that the different positions of an oxygen atom and carbonyl group in the lactone
ring of the isocoumarin structure, as well as the presence of a double bond between C-3
and C-4, could contribute to β-glucuronidase inhibition. Kinetic analysis indicated that
active compound 1 displayed non-competitive inhibition. Thus, molecular docking studies
were employed to determine the binding position and critical amino acid interactions of
compound 1 with the allosteric binding site of the β-glucuronidase protein. The docking
results indicated that compound 1 could tightly bind to the allosteric binding site of β-
glucuronidase, with a binding energy of −8.35 kcal/mol. The lactone ring of compound 1
displays hydrogen bonds with Thr191 and Thr438, π−σ interactions with Val190, π−cation
interactions with Arg439, and π−lone pair interactions with Val189, which might explain
their inhibitory activity against β-glucuronidase. In addition, the conformational stabil-
ity of compound 1 complexed with the β-glucuronidase protein and its variations were
investigated by performing MD simulation trajectories (100 ns). According to the MD
results, all ligand properties fluctuated during the initial simulation period, gradually
reaching equilibrium and a steady state as the simulation was completed. This indicated
that compound 1 was stable in the allosteric binding site of β-glucuronidase. Based on the
predicted pharmacokinetic properties (Supplementary Material), compound 1 exhibited
no blood–brain barrier penetration and behaved as a safe drug candidate, given that it
adhered to Lipinski’s rule of five.

4. Materials and Methods
4.1. Experimental Procedures

1H and 13C-NMR spectra were acquired on a Bruker Advance Digital 500 MHz instru-
ment (Bruker, Karlsruhe, Germany). CC was conducted on silica gel 60 (230–400 mesh) and
Cosmosil C18 reversed phase gel (Nacalai Tesque, Kyoto, Japan). HPLC was conducted
using a Waters HPLC system with a 2996 PDA detector (Waters, Milford, MA, USA). Thin-
layer chromatography was conducted on pre-coated glass plates (silica gel 60 F254 and
RP-18 F254s; Merck, Darmstadt, Germany). Plates were checked under ultraviolet radiation
(254 and 365 nm), followed by spraying with sulfuric acid 10% and heating at 100–110 ◦C.

4.2. Chemicals and Reagents

HPLC solvents were supplied from Fisher Scientific Korea Ltd. (Seoul, Korea). E. coli
β-glucuronidase enzyme (EC 3.2.1.31, G7396) and DSA (S0375) were provided by Sigma-
Aldrich (St. Louis, MO, USA). PNPG (N0618) was provided by Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). All chemicals used in the experiments were provided by Duksan
Pure Chemicals Inc. (Ansan, Gyeonggi, Korea).

4.3. Plant Material

Stems and branches of A. mono Maxim. were collected from the Medicinal Herb
Garden of Daegu Catholic University in August 2021 and identified by Professor Byung
Sun Min at the College of Pharmacy, Daegu Catholic University, Korea. A voucher specimen
of A. mono Maxim. (23A-AM) was deposited at the Laboratory of Pharmacognosy, College
of Pharmacy, Kyungpook National University, Korea.
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4.4. Extraction and Isolation

Dried stems and branches of A. mono Maxim. (5.4 kg) were cut into small pieces and
extracted with methanol (4 × 20 L) under reflux. The MeOH solvent was evaporated
under reduced pressure to obtain the MeOH residue (350.0 g), which was subsequently
suspended in H2O (3 L) and then partitioned with n-hexane, CH2Cl2, and EtOAc to obtain
the n-hexane extract (35.2 g), CH2Cl2 extract (77.8 g), EtOAc extract (62.4 g), and water
layer after removing the chemical solvents.

The CH2Cl2 extract was separated by CC on silica gel using a stepwise eluent of
n-hexane–acetone (100:1–1:100, v/v) and CH2Cl2–MeOH (30:1–1:1, v/v) to yield seven
fractions, 1A–G. Fraction 1D (8.1 g) was chromatographed on silica gel CC, eluted using a
gradient mixture of CH2Cl2–acetone (100:1–1:100, v/v) and CH2Cl2–MeOH (20:1–1:1, v/v),
to yield six subfractions, 1D1–6. Subfraction 1D2 (49.7 mg) was separated by RP-18 CC,
using a mixture of acetone and H2O (1.5:1, v/v) as the eluent to obtain compound 3 (8.9
mg). Compounds 4 (5.8 mg) and 5 (2.0 mg) were purified from subfractions 1D3 (140.1
mg) and 1D4 (92.2 mg), respectively, by RP-18 CC elution with MeOH–H2O (1:1.5, v/v).
Compounds 1 (4.9 mg) and 2 (8.9 mg) were isolated from subfraction 1D6 (223.2 mg) by
HPLC using an isocratic mixture of MeOH and distilled H2O (40:60, v/v). Fraction 1E
(9.5 g) was separated by silica gel CC, using CH2Cl2–acetone (gradient 100:1–1:100, v/v)
and then CH2Cl2–MeOH (gradient 30:1–1:1, v/v) as the eluent to yield eight subfractions,
1E1−8. From subfraction 1E7 (239.2 mg), compounds 7 (44.5 mg) and 8 (17.4 mg) were
isolated by HPLC, using 52% MeOH in distilled H2O as the eluent.

The water layer was chromatographed by Diaion CC using MeOH–H2O (gradient
0:1−1:0, v/v) as the eluent to yield three fractions, 2A−C. Fraction 2B (43.7 g) was chro-
matographed on silica gel and eluted with CH2Cl2–MeOH (gradient 100:1–1:100, v/v),
followed by RP-18 CC using a MeOH–H2O mixture (1.5:1, v/v) as the mobile phase to
obtain four fractions, 2B1−4. Compound 6 (7.2 mg) was isolated from fraction 2B1 (3.8 g)
by HPLC, using an isocratic mixture of MeOH and H2O (50:50, v/v) as the eluent.

3-(3,4-Dihydroxyphenyl)-8-hydroxyisocoumarin (1), yellow needles, 1H-NMR (500
MHz, CD3OD-d4): δH 7.56 (1H, t, J = 7.9 Hz, H-6), 7.46 (1H, d, J = 2.0 Hz, H-2′), 7.32 (1H, d,
J = 7.6 Hz, H-5), 7.11 (1H, dd, J = 8.2, 2.0 Hz, H-6′), 6.87 (1H, d, J = 8.1 Hz, H-7), 6.80 (1H, d,
J = 7.6 Hz, H-5′), 6.46 (1H, s, H-4); 13C-NMR (125 MHz, CD3OD-d4): δC 167.9 (C-1), 144.1
(C-3), 108.6 (C-4), 116.6 (C-5), 137.8 (C-6), 116.4 (C-7), 158.3 (C-8), 109.9 (C-9), 143.8 (C-10),
126.9 (C-1′), 111.7 (C-2′), 146.5 (C-3′), 147.5 (C-4′), 117.7 (C-5′), 124.2 (C-6′).

4.5. β-Glucuronidase Inhibition Assay

The β-glucuronidase inhibition assay was evaluated as previously described [7].

4.6. β-Glucuronidase Kinetics Assay

The β-glucuronidase kinetics assay was performed as previously described [7].

4.7. Molecular Docking

Docking simulations were conducted using AutoDock 4.2, following our previously
described protocol [7]. The crystallographic structure of β-glucuronidase was retrieved
from the RCSB PDB website (PDB ID: 6LEL) [31]. The allosteric site of β-glucuronidase was
predicted and generated using the AllositePro method provided by the AlloSite 2.10 web
server and PASSer2.0 protein allosteric sites server [26,27].

4.8. Molecular Dynamics Simulation

MD simulations were performed using the Desmond package (Schrödinger 2020-
1, New York, NY, USA). The protein–ligand complex was prepared in a 10.0 × 10.0 ×
10.0 Å orthorhombic box (simple point-charge solvation model) [32]. Next, a 0.15 M NaCl
solution and counter-ions were added to the system for neutralization. The solvated system
was energy-minimized, and its position was restrained with the OPLS3e force field. The
minimized system was implemented in an NPT ensemble at 300 K and 1 atm. Finally, the
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MD simulation was conducted to run for 100 ns, and 1000 frames were generated, with a
recording interval of 100 ps.

4.9. Statistics

All results are expressed as the mean ± standard error (SEM) of the three independent
experiments. Statistical significance was analyzed using one-way analysis of variance
(ANOVA) and Duncan’s test (p-value < 0.05).

5. Conclusions

In the present study, we performed a chemical investigation of the stems and branches
of A. mono Maxim., which resulted in the purification and structural elucidation of eight
known compounds (two isocoumarins and six coumarins). To the best of our knowledge,
our study is the first report that isolated isocoumarins from an Acer species. In addition,
we, for the first time, determined the inhibitory activity of the isolated molecules against
β-glucuronidase. Our results revealed that 3-(3,4-dihydroxyphenyl)-8-hydroxyisocoumarin
(1) inhibited β-glucuronidase activity. The results of the kinetic analysis were consistent
with the molecular docking studies, suggesting that compound 1 could bind to the β-
glucuronidase allosteric site. This result was supported by MD studies up to 100 ns, which
confirmed the binding stability of the protein–ligand complex in the trajectory analysis.
These findings imply that the complex of β-glucuronidase and compound 1 is quite stable
in biological systems. Moreover, the pharmacokinetic properties of compound 1 were
analyzed, and the results suggested that compound 1 could be a promising drug candidate,
given that no violations of the drug-likeness rules were observed.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app122010685/s1, Figure S1. Bioavailability radar of compound
1; Table S1. Drug-likeness properties of compound 1 [33–37].
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Abstract: Volatile compounds in fruits are responsible for their aroma. Among fruits, berries contain
many volatile compounds, mainly esters, alcohols, terpenoids, aldehydes, ketones, and lactones.
Studies for volatile compounds in berries have increased extensively as the consumption of berry
products rapidly increased. In this paper, we reviewed biosynthesis and profiles of volatiles in some
berries (strawberry, blueberry, raspberry, blackberry, and cranberry) and their bioavailability and
health benefits, including anti-inflammatory, anti-cancer, anti-obesity, and anti-diabetic effects in vitro
and in vivo. Each berry had different major volatiles, but monoterpene had an important role in
all berries as aroma-active components. Volatile compounds were nonpolar and hydrophobic and
rapidly absorbed and eliminated from our body after administration. Among them, monoterpenes,
including linalool, limonene, and geraniol, showed many health benefits against inflammation, cancer,
obesity, and diabetes in vitro and in vivo. More research on the health benefits of volatile compounds
from berries and their bioavailability would be needed to confirm the bioactivities of berry volatiles.

Keywords: berry volatiles; biosynthesis; chemical composition; bioavailability; health benefits

1. Introduction

Berries, one of the most common fruits in the human diet (strawberry, blueberry, red
raspberry, black raspberry, blackberry, and cranberry in the United States), are rich in
minerals, vitamins, dietary fibers, and especially polyphenols and volatiles [1–3]. Volatile
compounds in berries are responsible for the unique aroma of berries [4]. Fruit volatile com-
pounds are mainly comprised of diverse chemicals, including esters, alcohols, terpenoids,
aldehydes, ketones, and lactones [5]. The volatile composition of berries is complex and
different by many factors, including the cultivar, ripeness, pre- and post-harvest storage
conditions, fruit samples, temperature, and experimental conditions [6–11]. Blueberries
(Vaccinium ashei) showed linalool increasing and α-terpineol and β-caryophyllene decreas-
ing during the maturation of the blueberry [6]. Full-red harvested strawberries contained
more volatile compounds than 3⁄4-red harvested strawberries, regardless of the storage
duration [12]. Raspberries (raw, frozen, or frozen for a year) were examined to compare
the long-term frozen storage. The changes in volatile composition during long-term frozen
storage were negligible except for an increase in α-ionone and caryophyllene [8].

Volatile compounds are small and light molecules (below 250–300 Da) with low po-
larity and high vapor pressure [13]. Plants synthesize and release volatile compounds
to communicate and interact with environments, compensating for the immobility of
plants [14]. Volatile compounds play an important role in pollination by attracting pollina-
tors, protecting from pathogens and herbivores, and even communicating with inter- and
intra-plants [15]. Volatiles can be divided into primary compounds and secondary com-
pounds. Primary compounds are synthesized during maturation by anabolic or catabolic
pathways of the plant [16]. Secondary volatile compounds are produced from tissue
disruption by autoxidation or enzyme catalyzing reactions [17–19].

A mixture of many different volatile compounds makes a unique aroma. Although a lot
of compounds were found as volatile compounds in fruits, only a few compounds have been
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identified as aroma compounds of fruit flavor based on their quantitative abundance and
olfactory thresholds [20]. With the increasing consumption of berries and berry products
such as fruits, juice, puree, jams, and other berry ingredients, there have been many studies
conducted about identifying aroma volatile compounds of berries for developing consumer
acceptability [21] and the studies about the health beneficial effect of berries, especially
berry polyphenols. Berry polyphenols are composed of flavonoids, phenolic acids, tannins,
stilbenes, lignans, and others and have been shown to possess many health effects, such as
antioxidant, anti-inflammatory, and anti-cancer activities [22–24]. Unlike berry polyphenols,
although there have been extensive analyses of volatile berry composition, there is still a
very limited number of studies on the bioavailability and health benefits of berry volatiles.
Recently, volatile compounds in plants have been reported to have health-promoting
activities such as anti-inflammatory effects [25,26]. Many review articles mainly focused
on the composition of berry volatiles and affecting factors such as different locations,
ripeness, cultivar/genotypes, harvest and storage conditions, etc., but there is a lack of
information about the bioavailability and biological activities of berry volatiles in our body.
In this article, the biosynthesis of volatiles in plants, the chemical composition of some
berries commonly consumed in the U.S. (blackberry, blueberry, cranberry, raspberry, and
strawberry), bioavailability, and the health benefits of volatile compounds that are rich in
berries were reviewed.

2. Biosynthesis of Volatiles in Plants

Plant volatiles can be grouped into terpenoids, phenylpropanoids/benzenoids, and
fatty acid derivatives based on chemical structure and biochemical synthesis [14,27,28]. Ter-
penes/terpenoids are the most abundant and diverse family of secondary plant metabolites
and essential oils, including more than 30,000 compounds [29,30]. Terpenes are classified
by the amount of C5 isoprene units in the structure: isoprene (C5), monoterpenes (C10),
sesquiterpenes (C15), diterpenes (C20), and so on, with polyterpenes (C5n where n can be
~30,000) [30]. Monoterpenes and sesquiterpenes are the most abundant terpenes found in
essential oils [31]. Although they have diverse chemical structures, they all share common
biosynthesis pathways, and they are synthesized in all parts of the plants, such as the
leaves, fruits, flowers, stems, and roots [15]. Since terpenes/terpenoids are the major class
of berry volatiles, we focused more on the biosynthesis of terpenes, such as monoterpenes
and sesquiterpenes, in this review.

2.1. Biosynthesis of Terpenes

All terpenes are synthesized from two universal precursors (C5), isopentenyl diphos-
phate (IPP) and dimethylallyl pyrophosphate (DMAPP) [32]. A series of condensation
reactions of IPP and DMAPP produce prenyl diphosphates, which are precursors of ter-
penes. Condensation of IPP and DMAPP produces geranyl diphosphate (GPP, C10), the
precursor of monoterpenes, by catalyzation of geranyl diphosphate synthase (GDS). Two
IPPs and a DMAPP are condensed to the precursor of sesquiterpenes, farnesyl diphosphate
(FPP, C15), by farnesyl diphosphate synthase (FDS) [33]. Three IPPs and a DMAPP also
produce geranylgeranyl pyrophosphate (GGPP, C20), the precursor of diterpenes. Geranyl-
farnesyl diphosphate (GFPP, C25) is the recently discovered precursor of sesterterpenes [33].
These prenyl precursors of terpenes are converted to terpenes (iso-, mono-, sesquiterpenes,
and so on) by terpene synthases (TPS). Monoterpenes (C10) are one of the major groups
of terpenes in essential oils and berries [34]. During the conversion of prenyl precursors
to monoterpenes, many different catalytic reactions, including hydroxylation, oxidation,
reduction, acetylation, methylation, glycosylation, isomerization, conjugation, and others,
occur to modify the structure of monoterpenes and produce many different compounds of
terpenes [30,35,36].
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2.2. MVA and MEP Pathways

The two precursors of all terpenes, IPP and DMAPP, are generated from two different
pathways in different subcellular compartments: the mevalonic acid (MVA) pathway in
the cytosol and the 2-methylerythritol 4-phosphate (MEP) pathway (1-deoxy-xylulose-5-
phosphate (DOXP) pathway) in plastids (Figure 1) [37]. The MVA pathway generates IPP
from acetyl-CoA, while the MEP pathway produces IPP and DMAPP from pyruvate and
glyceraldehyde-3-phosphate (GA-3P) [38,39]. In the MVA pathway, there are six enzy-
matic reactions to generate IPP. Three acetyl-CoA are sequentially condensed, reduced to
mevalonate (MVA), then form IPP through two phosphorylations and decarboxylation by
mevalonate kinase, phosphomevalonate kinase, and mevalonate diphosphate decarboxy-
lase, respectively [40,41]. Produced IPP in the MVA pathway further forms its allylic isomer,
DMAPP, by isopentenyl diphosphate isomerase [42]. In the MEP pathway, seven enzymatic
actions are involved in generating IPP and DMAPP [43]. Condensation of pyruvate and
GA-3P generates DOXP, and DOXP synthesizes MEP by DOXP reductoisomerase (DXR).
Further transformations form 1-hydroxy-2-methyl-2-(E)-butenyl 4-diphosphate (HMBPP)
and (E)-4-hydroxy-3-methlbut-2-enyl diphosphate reductase (HDR) catalyzes the conver-
sion of HMBPP to IPP and DMAPP [44]. MVA pathway mainly synthesizes sesquiterpenes,
which account for about 28% of total flower terpenes, while the MEP pathway synthesizes
more monoterpenes and diterpenes, accounting for about 53% and 1% of total flower
terpenes, respectively [45,46]. However, metabolic crosstalk exists between the MVA and
MEP pathways, especially from plastids to cytosol [47–49].

2.3. Biosynthesis of Other Plant Volatiles
2.3.1. Phenylpropanoids/Benzenoids

Phenylpropanoids/benzenoids are synthesized from the shikimate pathway [31].
The shikimate pathway starts with the condensation of phosphoenolpyruvate and ery-
throse 4-phosphate [51]. Chorismic acid is formed by the elimination of ring alcohol from
shikimic acid, and this forms the phenylpropionic acid skeleton [29]. Cinnamic acid and p-
hydroxycinnamic acid undergo many enzymatic reactions to produce volatile compounds,
including eugenol and benzyl benzoate [52].

2.3.2. Volatile Fatty Acid Derivatives

Fatty acid-derived volatiles are synthesized via the lipoxygenase pathway [53]. C18
fatty acids, including linoleic acid and linolenic acid, are catalyzed by lipoxygenases and
generate 9-hydroperoxy and 13-hydroperoxy derivatives of fatty acids [54]. These two
intermediates turn into fatty acid derivatives, including methyl jasmonate and green leaf
volatiles. The lipoxygenase pathway also can synthesize oxylipins, isoprene, carotenoid
derivatives, indoles, phenolics, methyl salicylate, and aromatic volatile organic com-
pounds [55,56].

2.4. Application of Plant Volatile Biosynthesis

Volatile compounds that are emitted from plants have an important role in many differ-
ent functions, such as pollinator attraction, direct and indirect defenses against herbivores,
insects, and microorganisms, and communication between and within plants [27,57,58].
In addition, natural volatile compounds such as methyl jasmonate, allyl isothiocyanate,
and tea tree oil have been used for modulating volatile biosynthesis and controlling the
pre- and post-harvest quality of berries [9,59]. Those volatile compounds also suppressed
the decay in strawberries and blackberries stored at 10 ◦C [60]. Sangiorgio et al. found
a positive correlation between Lactobacillus, Paenibacillus spp., and norisoprenoids and a
negative correlation between Enterobacteriaceae and monoterpenes [61]. From these results,
the raspberry microbiome can be selectively chosen for the overall better quality of fruit,
including its aroma, shelf-life, and safety [61]. Although there is still more research on the
mechanisms required, accumulated results in metabolomic and genomic approaches can
be used for making advances in fruit ripeness, quality, and consumer acceptability [62–64].
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Figure 1. Biosynthetic pathways of volatile terpenes in plants (adopted and modified from Nage-
gowda [50]). AACT = acetoacetyl-CoA thiolase; AcAc-CoA = acetoacetyl-CoA; CDP-ME = 4-(cytidine
50-diphospho)-2-C-methyl-D-erythritol; CDP-ME2P = 4-(cytidine 50-diphospho)-2-C-methyl-D-
erythritol phosphate; CMK = CDP-ME kinase; DMAPP = dimethylallyldiphosphate; DOXP = 1-deoxy-
D-xylulose 5-phosphate; DXR = DOXP re-ductoisomerase; DXS = DOXP synthase; FDS = farnesyl
diphosphate synthase; FPP = farnesyl diphosphate; GA-3P = glyceraldehyde-3-phosphate; GDS = ger-
anyl diphosphate synthase; GGDS = geranyl geranyl diphosphate synthase; GGPP = geranyl geranyl
di-phosphate; GPP = geranyldiphosphate; HDR = (E)-4-hydroxy-3-methylbut-2-enyl di-phosphate re-
ductase; HDS = (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; HMBPP = (E)-4-hydroxy-3-
methylbut-2-enyl diphosphate; HMG-CoA = 3-hydroxy-3-methylglutaryl-CoA; HMGR = HMG-CoA
reductase; HMGS = HMG-CoA synthase; IDI = isopentenyl diphosphateisomerase; IPP = isopentenyl
diphosphate; ISPS = isoprene synthase; MCT = 2-C-methyl-D-erythritol 4-phosphate cytidylyltrans-
ferase; MDS = 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; ME-2,4cPP = 2-C-methyl-
D-erythritol 2,4-cyclodiphosphate; MEP = 2-C-methyl-D-erythritol 4-phosphate; MVD = meval-
onate diphosphate decar-boxylase; MVK = mevalonate ki-nase; PMK = phosphomevalonate kinase;
TPS=terpene synthase. Names of the enzymes are in gray.

3. The Chemical Composition of Volatile Compounds in Berries

The major volatile compounds identified from five common berries in the U.S. (straw-
berry, blueberry, raspberry, blackberry, and cranberry) were summarized (Table 1).

Table 1. The major volatile compounds in berries.

Compound Strawberry Blueberry Raspberry Blackberry Cranberry

Esters
Methyl butanoate [65,66]
Methyl hexanoate [65–67]
Ethyl acetate [65] [68] [69] [70]
Hexyl acetate [65]
Ethyl butanoate [66,69] [71]
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Table 1. Cont.

Compound Strawberry Blueberry Raspberry Blackberry Cranberry

Ethyl hexanoate [66,72] [73]
Ethyl 2-methylbutanoate [67] [74] [71,73] [75]
Ethyl 2-methylpropanoate [67] [76]
3-methylbutylacetate [67]
Hexyl butanoate [69]
Ethyl propanoate [74]
Methyl 2-methylbutanoate [74]
Methyl 3-methylbutanoate [74]
Ethyl 3-methylbutanoate [74]
(Z)-3-hexyl acetate [74]
(E)-2-hexyl acetate [74]
Geranyl acetate [74]
3-cis-hexenyl formate [77]
Ethyl benzoate [69]

Ketones
2-heptanone [67] [74,78] [79] [73]
2,3-butanedione [67] [80]
1-octen-3-one [74]
2-nonanone [74]
6-methyl-5-hepten-2-one [74]
Raspberry ketone [76]
β-damascenone [76] [71]
3-hydroxy-2-butanone [80]
2-undecanone [73]
Isophorone [69]

Terpenes
Limonone [65] [74] [69,73]
α-terpinene [65]
Linalool [65,66] [69,74,78] [67,76] [71,73] [69]
Nerolidol [66]
Myrtenol [69] [69] [69,73]
Geraniol [68,74] [76,79] [71]
Citronellol [74,81] [69]
α-terpineol [69,74,81] [69,76] [70] [69,77,82,83]
Nerol [74] [76]
Eucalyptol (1,8-cineolo) [74,78] [69,83]
Dihydrolinalool oxide [74]
δ-elemene [78]
(E)-caryophyllene [78]
Caryophyllene oxide [78]
Linalool oxide [69] [83]
β-ionone [69] [76,79] [73] [75]
α-ionone [69,76,79] [73]
β-pinene [76]
Terpinen-4-ol [79] [69]
α-pinene [73]
p-cymene [73]
Sabinene [73]

Acids
Butanoic acid [69] [69] [77]
Hexanoic acid [78] [69] [69,73]
Octanoic acid [78]
Nonanoic acid [78]
Decanoic acid [78] [73]
3-methylbutanoic acid [69] [73]
2-methylbutanoic acid [73,80] [69,75]
Acetic acid [73]
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Table 1. Cont.

Compound Strawberry Blueberry Raspberry Blackberry Cranberry

Alcohols
Cis-3-hexen-1-ol [65]
(E)-2-hexenol [68]
(Z)-3-hexenol [68] [76]
2-phenylethanol [81]
(Z)-3-hexenol [74]
2-heptanol [74] [73]
Phenylethyl alcohol [69]
2-ethylhexanol [69] [69] [69]
1-octanol [76] [73,80]
(Z)-hexenol [79]
Ethanol [73,80]
1-hexanol [73,80]
p-cymen-8-ol [73]
Nopol [73]
4-methyl-1-pentanol [69]
4-penten-2-ol [77]
Benzyl alcohol [77,82,84]

Aldehydes
Hexanal [65,85] [68,74,78] [76,79] [73] [75]
Trans-2-hexenal [65] [73,80]
Cis-3-hexenal [67]
(E)-2-hexenal [68,74,78] [76,79] [75]
Vanilllin [81] [69]
(Z)-3-hexenal [74,78]
(E,Z)-2,6-nonadienal [74]
(E,E)-2,4-nonedienal [74]
Pentanal [74] [75]
Octanal [74] [75]
(E,E)-2,4-hexadienal [74]
Decanal [74]
Hexadienal [78]
Heptanal [78] [76]
Benzaldehyde [76] [77]
cuminaldehyde [69]
Methylbutanal [80]
Methional [71]
Trans,cis-2,6-nonadienal [71]
3-methylbutanal [73]
2-methylbutanal [73]
(E)-2-heptenal [75]
(E)-2-octenal [75]
(E)-2-nonenal [75]
Trans-2-decanal [83]
2-octanal [83]

Surfurs
methanethiol [66]

Norisoprenoids
β-damascenone [78]
Cis-1,5-octadien-3-one [71]

Furanones
Furaneol [65,66] [74] [76] [71]
Mesifurane [65–67,69]
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Table 1. Cont.

Compound Strawberry Blueberry Raspberry Blackberry Cranberry

Hydrocarbons
Octane [78]
Ethyl benzene [78]
p-xylene [78]
Mxylene [78]
B-ocimene [76]

Lactones
γ-decalactone [65]
Butyrolactone [78]
δ-octalactone [79]
δ-decalactone [79]

3.1. Strawberry

Strawberries (Fragaria spp.) are the most consumed berry fruit for their sweet taste
and unique aroma [86]. The consumption of strawberry products, such as jams, juices,
and puree, has significantly increased [87,88]. Strawberries are rich in volatile compounds
responsible for the strawberry flavor and aroma [89,90]. Volatile compounds in strawberries
have been extensively studied, and more than 360 volatile compounds have been identi-
fied [91]. These compounds include esters, which were qualitatively and quantitatively
dominant, terpenes, furanones, sulfur, lactones, alcohols, and carbonyls. In the study of
Lu et al., a total of 42 volatiles were detected, with 19 esters, 10 alcohols, and 6 terpenes
being the most abundant in the strawberry samples analyzed [65].

Esters are the most abundant and major aroma volatiles affecting the aroma of straw-
berries [92]. Among 19 ester compounds, methyl butanoate, methyl hexanoate, ethyl
acetate, and hexyl acetate were the major ester compounds [65]. Terpenes are important
compounds to the flavor and possess many preferable aroma profiles [93]. Among six ter-
penes, limonene and α-terpinene were the main compounds in strawberries [65]. Although
strawberries contained many alcohol compounds, alcohols did not affect the strawberry
flavor notably. In addition, c-decalactone (peach-like aroma) contributes significantly to
the strawberry flavor. Hexanal, trans-2-hexenal, and cis-3-hexen-1-ol are responsible for
the green, unripe aroma of the strawberry. The furanones 2,5-dimethyl-4-hydroxy-3(2H)-
furanone (furaneol) and 2,5-dimethyl-4-methoxy-3(2H)-furanone (mesifurane), which have
the sweet, floral, and fruity aroma, are major furans found in strawberries [65].

Summarizing some strawberry volatile studies, volatile components that are consis-
tently considered important aroma compounds include ethyl butanoate, ethyl hexanoate,
methyl butanoate, ethyl 3-methylbutanoate, fureneol, and linalool [66,85,94]. Additional
compounds that have been reported include 2-heptanone, mesifurane, cis-3-hexenal, ethyl 2-
methylpropanoate, 2,3-butanedione, 3-methylbutyl acetate, methyl hexanoate, and ethyl 2-
methylbutanoate [67]. Eight different strawberry varieties (Sabrosa, Albion, Sweet Ann, Fes-
tival, Fortuna, Ventana, Camarosa, and Rubygem) were examined to investigate the volatile
composition [72]. With headspace solid-phase micro-extraction gas chromatography-mass
spectrometry (HS-SPME/GC-MS), esters (31 volatiles), especially ethyl hexanoate were
detected as major compounds [72]. The most detected compounds were esters (31 com-
pounds), which give fruity and floral characteristics to strawberries [72]. The SPME/GC-MS
is one of the most common and effective methods for volatile analysis. SPME fiber samples
the volatile compounds from air and thermally desorbs the sample in the injection port of
a GC system [95,96]. In Gu et al., 55 volatiles were found in the strawberry extract, with
monoterpene being the predominant volatiles (43% of total volatile concentration) [69].
It was followed by acids, esters, furan, aldehydes, alcohol, ketones, and alkylbenzene.
Predominant compounds in strawberry extract were myrtenol, butanoic acid, mesifuran,
ethyl butanoate, and hexyl butanoate.
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3.2. Blueberry

Blueberries (Vaccinium spp.) are the second most popular berry fruit in the U.S. after
strawberries [97]. The blueberry market has increased 10–20% annually over the last
5 years [98]. The increased blueberry consumption is due to its well-known health benefits
and flavor [99]. Highbush blueberries mainly contained ethyl acetate, (E)-2-hexenal, (E)-2-
hexenol, hexanal, (Z)-3-hexenol, linalool, and geraniol [68]. Others, including citronellol,
α-terpineol, 2-phenylethanol, and vanillin, were also considered to have the highbush
blueberry aroma [81]. A total of 38 aroma volatiles were detected from southern highbush
blueberry [74]. There were nine aldehydes, eight esters, seven terpenes, five ketones,
two alcohols, two acids, two sulfurs, and three miscellaneous compounds. Aldehydes
were the most abundant chemical group within southern highbush blueberry and a major
volatile compound group to the blueberry aroma. Hexanal, (Z)-3-hexenal, (E)-2-hexenal,
(E,Z)-2,6-nonadienal, and (E,E)-2,4-nonedienal had “fresh green”, “grassy”, and “fruity”
aroma characteristics, whereas pentanal, octanal, (E,E)-2,4-hexadienal, and decanal had
“fatty” and “citrus” [74]. Esters were the second most abundant in southern highbush
blueberry, and they included ethyl propanoate, methyl 2-methylbutanoate, methyl 3-
methylbutanoate, ethyl 2-methylbutanoate, ethyl 3-methylbutanoate, (Z)-3-hexyl acetate,
(E)-2-hexyl acetate, and geranyl acetate, with “green”, “sweet”, “fruity”, “apple”, “banana”,
“pear”, and “floral” aromatic characteristics. Unlike strawberries, apples, and bananas,
where esters are the main contributors to the aroma, fewer esters were found in highbush
blueberry [66,100]. Terpenes including linalool, citronellol, nerol, and geraniol showed
“sweet”, “floral”, “fruity”, “citrus”, and “berry-like”, while 1,8-cineole, dihydrolinalool
oxide, and α-terpineol had “woody”, “herbaceous”, and “piney” characteristics. Linalool
was one of the major volatiles in southern highbush blueberry. Two alcohols, including (Z)-
3-hexenol and 2-heptanol, were aroma active. Only three ketones, including 2-heptanone,
1-octen-3-one, and 2-nonanone with “fruity” “mushroom”, “earthy”, and “cheese-like”,
were found to have aroma activity. Furaneol was found in southern highbush blueberries.
Furaneol had “sweet”, “candy”, and “caramel” characteristics. In another study, five
Vaccinium cultivars (“Biloxi”, “Brigitta Blue”, “Centurion”, “Chandler”, and “Ozark Blue”)
were found to have 106 volatile organic compounds [78]. Esters, 25 compounds, were
the major compounds and were followed by 18 aldehydes, 16 alcohols, 14 monoterpenes,
7 ketones, 4 acids, 4 hydrocarbons, 3 sesquiterpenes, 1 lactone, and 1 norisoprenoid.
Aldehydes, including (E)-2-hexenal, hexanal, (Z)-3-hexenal, hexadienal, or heptenal, are
the most abundant, accounting for almost half of the Vaccinium volatile composition.
Monoterpenes, including 1,8-cineole and linalool, were also important compounds in
the volatile blueberry profile [78]. Even though esters had smaller content compared
to others, esters had a unique aroma that characterizes the aroma of blueberry. Among
seven ketones identified, 2-heptanone and 6-methyl-5-hepten-2-one were the ones with
the highest contents. Octane, ethyl benzene, p-xylene, and mxylene were identified as
hydrocarbons. Other volatile compounds in the blueberry aroma profile were hexanoic
acid, octanoic acid, nonanoic acid, decanoic acid (acids), d-elemene, (E)-caryophyllene, and
caryophyllene oxide (sesquiterpenes), b-damascenone (norisoprenoid), and butyrolactone
(lactone). Dymerski et al. conducted identification of volatile blueberry compounds, and
alcohol (51.8%), ester (32.8%), and carboxylic acid (6.9%) were mainly detected [101]. Forty-
six blueberry volatiles were identified by Gu et al. by using GC-MS [69]. Monoterpenes
accounted for 45% of total volatile concentration, with alcohols (17%), aldehydes (8%),
C13 norisoprenoids and esters (each 7%), furans (5%), ketones (4%), and others. The
major individual blueberry volatiles were linalool, linalool oxide, phenylethyl alcohol,
2-ethylhexanol, α-terpineol, and β-ionone.

3.3. Raspberry

In the Rosaceae family, raspberry (Rubus spp.) is a fruit with an attractive appearance
and unique flavor [102,103]. There are red raspberry (Rubus idaeus) and black raspberry
(Rubus occidentalis). Different cultivars and varieties of raspberries are grown worldwide,
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in Europe, North America, and Asia [88]. Raspberries have been reported to contain an
aroma impact compound, which is a single compound that has an odor characteristic of
raspberry [67]. This compound has been identified as 1-(phydroxyphenyl)-3-butanone and
is referred to as raspberry ketone. Approximately 200 volatile compounds were detected in
raspberries [76]. Raspberry ketone, α-ionone, β-ionone, linalool, (Z)-3-hexenol, geraniol,
nerol, α-terpineol, furaneol, hexanal, β-ocimene, 1-octanol, β-pinene, β-damascenone, ethyl
2-methylpropanoate, (E)-2-hexenal, heptanal, and benzaldehyde have been identified as the
raspberry aroma. Among them, α-ionone, β-ionone, geraniol, nerol, linalool, and raspberry
ketone especially contributed to the red raspberry aroma. Monoterpene is an important
class of fruit volatile organic compounds (VOCs) [104]. This class contains some of the
most aroma-active compounds, such as citronellol, nerol, geraniol, α-terpineol, and linalool.
The volatile composition of raspberries was identified with 30 compounds, including
(Z)-hexenol, hexanal, (E)-2-hexenal, 2-heptanone, δ-octalactone, δ-decalactone, geraniol,
α-ionone, β-ionone, and terpinen-4-ol [79]. The main volatile compounds in raspberries
include monoterpenes (20%), acids (14%), alcohols (12%), esters (12%), aldehydes (8%),
ketones (7%), C-13 norisopernoids (6%), hydrocarbons (6%), lactones (4%), sesquiterpenes
(4%), furans (3%), sulfur (3%), and phenols (1%) [105]. Gu et al. identified 78 and 73 volatiles
from black and red raspberry extracts, respectively [69]. The major chemical class was
monoterpene (61% in black raspberries, 47% in red raspberries) in both raspberries. In black
raspberries, (−)-myrtenol, linalool, α-terpineol, 2-ethylhexanol, cuminaldehyde, hexanoic
acid, ethyl acetate, and (+)-myrtenol were the major compounds. In red raspberries,
myrtenol, butanoic acid, linalool, eugenol, 3-methylbutanoic acid, α-ionone, and vanillin
were found as major compounds.

3.4. Blackberry

Blackberries (Rubus spp.) are produced worldwide and consumed mostly as fresh but
also as frozen, preserves, jelly, wine, dietary supplements, and others [106]. There have
been studies identifying and analyzing the volatile composition of blackberries, but they are
still limited. In D’Agostino et al., thirteen Rubus ulmifolius schott blackberries from different
locations in Italy and Spain were used to identify the volatile composition by using SPME
and GC-MS [80]. They identified a total of 74 volatiles from blackberry samples. Esters
and aliphatic alcohols were the major classes, and methylbutanal, ethanol, 2,3-butanedione,
trans-2-hexenal, 3-hydroxy-2-butanone, 1-hexanol, 1-octanol, and methylbutanoic acid
were mainly found in all samples, which were 76.4% and 65.1% of volatile blackberry
profiles from Italy and Spain, respectively. Wang et al. compared the aroma compositions
of Chickasaw blackberries grown in Arkansas and Oregon [71]. A total of 84 compounds,
including 19 esters, 18 terpenes and terpenoids, 15 alcohols, 13 aldehydes, 4 ketones, 4 acids,
4 lactones, 2 furans, 2 sulfur-containing compounds, 1 pyrazine, and 2 miscellaneous com-
pounds, were identified. Even though they were the same cultivar, climate difference in
the two regions strongly affected their blackberry aroma. The most attributing aromas of
Chickasaw from Oregon were ethyl butanoate, linalool, methional, trans,cis-2,6-nonadienal,
cis-1,5-octadien-3-one, and 2,5-dimethyl-4-hydroxy-3(2H)-furanone. However, the most
potent aromas in Chickasaw from Arkansas were ethyl butanoate, linalool, methional, ethyl
2-methylbutanoate, β-damascenone, and geraniol. In sensory evaluations, Oregon samples
were evaluated to have green, fruity, citrus, and watermelon aromas, while Arkansas sam-
ples were to have cinnamon, piney, floral, sweet, and caramel aromas [71]. Qian and Wang
also investigated the volatile compositions of Marion and Thornless Evergreen blackberries
by using GC-MS [73]. Acids (53.83%) and alcohols (24.25%) were the most abundant com-
pounds in Marion, while alcohols (46.62%) were the most abundant in Thornless Evergreen.
Thornless Evergreen blackberries showed much more amounts of volatiles (27.33 ppm)
compared to Marion blackberries (8.62 ppm). The most abundant individual volatiles
were acetic, hexanoic, decanoic, and 2/3-methylbutanoic acids, ethanol, and linalool for
Marion, and 2-heptanol, octanol, α-pinene, hexanol, p-cymen-8-ol, and nopol for Thornless
Evergreen. Based on odor activity values (OAVs), the most potent odorants were ethyl hex-
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anoate, β-ionone, linalool, 2-heptanone, 2-undecanone, α-ionone, and hexanal for Marion,
and ethyl hexanoate, 2-heptanone, ethyl 2-methylbutanoate, 2-heptanol, 3-methylbutanal,
α-pinene, limonene, p-cymene, linalool, t-2-hexenal, myrtenol, hexanal, 2-methylbutanal,
and sabinene [73]. Sixty-one volatiles were identified from volatile blackberry extract:
24 monoterpenes, 12 alcohols, 6 esters, 4 ketones, 4 C13 norisoprenoids, 3 furans, 2 acids, a
lactone, and a phenolic [69]. Acids (57%) accounted for the highest concentration, followed
by alcohols (18%), esters (10%), monoterpenes (10%), and others. Major individual com-
pounds were butanoic acid, hexanoic acid, 4-methyl-1-pentanol, myrtenol, 2-ethylhexanol,
isophorone, limonene, and 4-terpineol. Morin et al. identified a total of 80 volatiles in
volatile extracts from three blackberry genotypes: Natchez and two University of Arkansas
breeding lines, A2528T and A2587T [70]. Monoterpenes, alcohols, and esters were the
predominant chemical classes in the three genotypes. As individual volatile compounds,
ethyl acetate and α-terpineol were found to be the major volatiles in all three genotypes.

3.5. Cranberry

Cranberries (Vaccinium spp.) are native to North America, and production has been
highly increased due to their well-known health benefits of cranberries [107]. The unique
cranberry aroma is developed during ripening [75]. In 1981, Hirvi et al. detected 70 volatile
compounds from European (Vaccinium oxycoccus, L.) and American cranberries (Vaccinium
macrocarpon, Ait.) [82]. In this study, benzyl alcohol accounted for 29.2% and 21.6% in
European and American cranberries, respectively. α-terpineol was 13% and 9.7% of total
volatiles in European and American cranberries, respectively. Ruse et al. identified 21
volatiles from fresh cranberries [77]. Common volatile compounds detected from wild
(Vaccinium oxycoccus L.) and different cultivars of cranberries (Vaccinium macrocarpon Ait.,
‘Early Black’, ‘Ben Lear’, ‘Steven’, Bergman’ and ‘Pilgrim’) were 4-penten-2-ol, 3-cis-hexenyl
formate, benzaldehyde, α-1-terpineol, butyric acid, and benzyl alcohol. Zhu et al. analyzed
the cranberry (Vaccinium macrocarpon Ait.) volatile composition of four cultivars (‘Early
Black’, ‘Howes’, ‘Searles’, and ‘McFarlin’) by using GC-MS and GC-olfactometry (GC-
O) [75]. A total of 33-36 volatiles were detected as odor-active compounds by GC-O.
Hexanal, pentanal, (E)-2-heptenal, (E)-2-hexenal, (E)-2-octenal, (E)-2-nonenal, ethyl 2-
methylbutyrate, β-ionone, 2-methylbutyric acid, and octanal were mainly contributing
to the cranberry aroma. Khomych et al. detected 54 aromatic compounds in cranberry
juice [84]. Twenty-three alcohols (41.2% of total concentration) were predominant in
cranberry juice, followed by eight acids (40.7%), ten aldehydes (1.7%), five ketones (2.2%),
five ethers (1.4%), three lactones, and each heterocyclic and unidentified compound (less
than 1% each). Among alcohols, benzyl alcohol was the major volatile, accounting for 23.1%
of total volatile concentration. Moore et al. detected 23 cranberry volatiles by using GC-
MS [83]. In terms of total volatile concentration, Monoterpene (84%) was predominantly
contained in cranberries, followed by aldehyde (8%) and alcohols (3%). The major volatile
compounds were α-terpineol, linalool oxide, eucalyptol, trans-2-decanal, and 2-octanal. In
cranberry volatile extract, 35 volatiles were found: 16 monoterpenes, 8 alcohols, 6 aldehydes,
2 esters, 2 ketones, and an acid [81]. Monoterpenes (60%) were predominant in total volatile
concentration. α-terpineol, eucalyptol, 2-methylbutyric acid, ethyl benzoate, citronellol,
and linalool were the major individual volatile compounds in cranberry.

4. Bioavailability of Berry Volatiles

The definition of bioavailability by the U.S. Food and Drug Administration (FDA) is
“the rate and extent to which the active ingredient or active moiety is absorbed from a drug
product and becomes available at the site of action” [108]. More proper meaning is the
part of ingested compound reaching the systemic circulation and specific site where it is
available in the body [109]. Investigating the bioavailability of a compound is important to
find the clinical relevance of the health-promoting activities of the bioactive compound in
our body [110]. Thus, it is necessary to study the absorption, distribution, metabolism, and
excretion of bioactive compounds.
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Bioavailability can be variable due to many different factors, including chemical
structure, physical state, solubility, route of administration, and distribution via biotrans-
formation and excretion [111,112]. Based on solubility, volatile compounds and essential
oils are relatively more nonpolar hydrophobic compounds than polyphenols that are more
polar hydrophilic nutraceuticals [113,114]. Regarding the route of administration, volatile
compounds are more suitable for pulmonary administration through inhalation, while
polyphenols are normally administrated orally [115]. Oral administration generally takes,
on average, 30–90 min of action, while inhalation of gaseous compounds takes, on average,
only 2–3 min [116]. The bioavailability of volatiles is largely affected by volatility, instability,
and hydrophobicity [117].

Although there are many types of research conducted about the identification and
quantification of berry volatiles, information is still lacking on the bioavailability of berry
volatiles in animals and humans [118]. In this review, bioavailability studies of essential
oils and herbal medicinal products that contain volatiles commonly present in berries were
selected to estimate the bioavailability of volatile berry compounds. Unfortunately, the
studies found are limited and mostly include animal models.

Most of the bioavailability studies of essential oils showed that the volatile com-
pounds in essential oils are rapidly absorbed and eliminated after pulmonary, dermal,
and oral administration [115]. The compounds were mostly metabolized and eliminated
within an hour of elimination half-life through the kidney after phase-II conjugation or
CO2 exhalation.

In Igimi et al., the absorption, distribution, and excretion of d-limonene, a monoterpene
in many essential oils but also found in black raspberries and blackberries, were investi-
gated in rats [119]. 14C-labeled d-limonene was orally administered to 21 male Wistar rats.
The maximum radioactivity was obtained 2 h after administration in blood and 1–2 h after
administration in tissues. High radioactivity in the liver, kidney, and blood became not
significant after 48 h. The excretion of d-limonene was 60% in urine, 5% in feces, and 2% in
expired CO2 in 48 h. About 25% of administered d-limonene was eliminated in bile in 24 h
in bile duct cannulated rats. Biotransformation studies of (+)-limonene in humans showed
that the main metabolites of biotransformation were perillic acid, dihydroperillic acid, and
limonene-10-ol, and their glucuronides, perillyl alcohol, p-mentha-1,8-dien-carboxylic acid,
cis- and trans-dihydroperillic acid, limonene, 1,2-diol and limonene-8,9-diol [120].

Dermal application of α-pinene on humans (ointment) and mice (bath) resulted in
rapid absorption in plasma, reaching maximum plasma levels in 10 min of application [115].
Inhalation of α-pinene in humans resulted in 61% absorption of α-pinene [115]. However,
only 4–6% of α-pinene was found to be absorbed in the blood. In α-pinene dermal and
pulmonary administration studies [115], the half-life was short in the α-phase (5 min) and
longer in the β-phase (26–38 min). α- and β-pinene in humans were metabolized to trans-
and cis-verbenol, respectively, and they were further hydroxylated to diols. In rabbits, trans-
verbenol was major, and myrtenol and myrtenic acid were minor metabolites of α-pinene,
while cis-verbenol was the major metabolite of β-pinene [121]. In a recent open-label, single-
arm study, ten male subjects consumed Mastiha oil (1 mL) containing rich monoterpenes,
and blood samples were collected at 0–24 h after Mastiha oil administration [122]. Mastiha
oil contained α-pinene (82.2%), myrcene (8.5%), and β-pinene (2.4%) as the major terpenes
and also had linalool and limonene (0.8% each). In subjects’ blood samples, the three major
terpenes were detected. Myrcene reached its peak at 2.2 h (966.6 µg/L), and α-pinene and
β-pinene reached their peaks at 3.8 (914.8 µg/L) and 3.6 h (18 µg/L), respectively [122].

Linalool, one of the major berry volatile compounds, was metabolized to di-
hydrolinalool, tetrahydrolinalool, and 8-hydroxylinalool, then further oxidized to
8-carboxylinalool by cytochrome P450 (CYP). Metabolites derived by CYP formed
glucuronide conjugates [123]. Oral administration of α-terpineol to rats resulted in the
metabolization of alpha-terpineol to p-menthane-1,2,8-triol. The major biotransforma-
tion occurred in 1,2-double bound with allylic methyl oxidation and reduction [124].
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5. Health Benefits of Berry Volatiles

Despite the sensory properties of fruits and vegetables, there are studies demonstrating
that the role of aroma compounds is more than their odor impact [18,125]. Recently, volatile
compounds in plants have been reported to have health-promoting activities, including
anti-inflammatory [25,126], anti-cancer [26], anti-obesity, and anti-diabetic effects [127].
However, since there are not many studies on the health-promoting effects of berry volatiles,
studies of volatile compounds from essential oils and other fruits and plants that berries
commonly contain were used to review the potential health benefits of volatile compounds
in berries (Figure 2).
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5.1. Inflammation

Infection, inflammation, or any cellular damage/stimuli are detected by macrophages
and dendritic cells through pattern recognition receptors (PRRs) with pathogen-associated
molecular patterns and danger-associated molecular patterns [128,129]. Toll-like receptors
and intracellular nucleotide-binding domain leucine-rich-repeat-containing receptors rec-
ognize these stimuli and stimulate signal transductions, mitogen-activated protein kinases
(MAPKs) [130–132]. MAPK signal transduction pathways include extracellular signal-
regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 and regulate downstream
protein kinases and transcription factors [133]. Stimulated signal transductions activate
pro-inflammatory transcription factors, such as nuclear factor kappa-B (NF-κB) and nu-
clear factor erythroid 2-related factor 2 (Nrf2) [132]. NF-κB regulates the production of
pro-inflammatory cytokines and chemokines, including interleukin (IL)-1ß, IL-6, nitric
oxide (NO), prostaglandin (PGE) 2, and tumor necrosis factor (TNF)-α [134,135]. NF-κB is
activated by IκB kinase (IKK) phosphorylating NF-κB-inhibitory protein (IκBα), and translo-
cating into the nucleus, promoting transcription of pro-inflammatory mediators [136]. Nrf2
is another transcription factor related to oxidative damage and inflammation [137]. During
the cascade of inflammatory responses, reactive oxidative stress (ROS) increases oxida-
tive stress on cells, leading to the autophagy of cells [138,139]. However, recent studies
found that volatile compounds in plants, especially terpenes, mitigate inflammation by
suppressing many different inflammatory processes [140,141]. In this section, the effects of
volatile compounds rich in berries against inflammation in different steps of inflammatory
processes were summarized (Table 2).
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Table 2. The effect of volatile compounds rich in berries on inflammation models.

Volatile Compound Inflammation Model Effect References

Limonene
Carrageenan-induced mice

subcutaneous air pouch
mice model

IFN-γ, IL-1β, NO, and TNF-α production↓ [142]

Limonene LPS-induced acute lung injury
mice model

NF-κB and MAPK activation↓
(IκBα, NF-κB p65, ERK, JNK, and p38

MAPK phosphorylation↓)
[143]

D-limonene Doxorubicin-induced rat model
COX-2, iNOS, NO, PGE2, and TNF-α

production↓
NF-κB activation↓

[144]

D-limonene Ulcerative colitis rat model COX-2, iNOS, PGE2↓ [145]

Limonene, myrcene IL-1β-induced human
chondrocyte model

JNK and p38 phosphorylation↓
NF-κB activation↓ [146]

Rheosmin LPS-induced RAW264.7 cells COX-2, iNOS, NO, and PGE2 production↓ [147]

α-terpineol LPS-induced RAW264.7 cells NO production↓ [83]

γ-terpinene Carrageenan-induced peritonitis
mice model IL-1β and TNF-α production↓ [146]

Terpinen-4-ol DSS-induced colitis mice model NF-κB activation↓ [148]

Terpinen-4-ol LPS-induced acute lung injury
mice model

IL-1β and TNF-α production↓
IκBα and NF-κB p65 phosphorylation↓ [149]

Linalool Aged triple transgenic
Alzheimer’s mice model

COX-2, IL-1β, and iNOS production↓
P38 MAPK production↓ [150]

Linalool Endotoxin-induced mice model

IFN-γ, IL-1β, IL-18, NO, and TNF-α
production↓

TLR4 expression↓
NF-κB activation↓

[151]

Linalool Ovalbumin-induced pulmonary
inflammation mice model

iNOS and MCP-1 production↓
MAPK and NF-κB activation↓ [152]

Linalool Cigarette smoke-induced acute
lung inflammation mice model

IL-1β, IL-6, IL-8, MCP-1, and TNF-α
production↓

NF-κB activation↓
[153]

Linalool LPS-induced RAW264.7 cells IL-6 and TNF-α production↓ [154]

Linalool Pasteurella multocida-induced lung
inflammation mice model

IL-6 and TNF-α production↓
Nrf2 nuclear translocation↑ [155]

Linalool LPS-induced BV2 microglia cells

IL-1β, NO, PGE2, and TNF-α production↓
NF-κB activation↓

Nrf2 nuclear translocation↑
HO-1 expression↑

[156]

α-pinene LPS-induced mouse
peritoneal macrophages

COX-2, IL-6, iNOS, NO, and TNF-α
production↓

MAPK and NF-κB activation↓
[157]

α-pinene, 1,8-cineole H2O2-stimulated U373-MG cells
(human astrocytoma cell line) ROS formation↓ [158]

Berry volatile extracts LPS-induced RAW264.7 cells COX-2↓, IL-6↓, NO↓, PGE2↓, TNF-α↓
IκBα and NF-κB p65 phosphorylation↓ [69]

COX-2 = cyclooxygenase-2; ERK = extracellular signal-regulated kinase; HO-1 = heme oxygenase-1; IFN-γ
= interferon-γ; IκBα = IκB kinase phosphorylating NF-κB-inhibitory protein; IL-18 = interleukin-18; IL-1β =
interleukin-1β; IL-6 = interleukin-6; iNOS = inducible nitric oxide synthase; JNK = c-Jun N-terminal kinase; MAPK
= mitogen-activated protein kinase; MCP-1 = monocyte chemoattractant protein-1; NF-κB = nuclear factor kappa
B; NO = nitric oxide; Nrf2 = nuclear factor erythroid 2-related factor 2; PGE2 = prostaglandin 2; ROS = reactive
oxidative stress; TLR4 = toll-like receptor 4; TNF-α = tumor necrosis factor-α; ↑ = increase; ↓ = decrease.
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5.1.1. Modulation of Pro-Inflammatory Mediators

Many volatile compounds in plants showed anti-inflammatory effects by reducing
the level of pro-inflammatory mediators and cytokines, such as NO, PGE2, cyclooxygenase
(COX-2), TNF-α, and interleukins [69,83,142,145–147,150–154,159,160]. Amorim et al. in-
dicated that the essential oils obtained from Citrus species and limonene demonstrated
a significant anti-inflammatory effect by reducing cytokine production, including NO,
TNF-α, and IL-1β [142]. The essential oils of citrus fruit peel contain abundant monoter-
penes such as limonene, geranial, β-pinene, and γ-terpinene, which are one of the major
volatile compounds in berries [159]. In Rehman et al., d-limonene at 5% and 10% doses
mixed in a diet given to rats for 20 days effectively reduced doxorubicin-induced COX-2,
inducible nitric oxide synthase (iNOS), and NO [160]. In an ulcerative colitis rat model, rats
(n = 8/group) fed d-limonene (50 and 100 mg/kg) for 7 days showed anti-inflammatory
effects by suppressing the level of iNOS, COX-2, and PGE2 [145]. In lipopolysaccharide
(LPS)-induced RAW264.7 cells, 125–1000 µg/mL of rheosmin (raspberry ketone) isolated
from pine needles exerted an anti-inflammatory activity with reduced NO, PGE2, iNOS,
and COX-2 production [147]. In the LPS-induced murine macrophage RAW264.7 cell model,
α-terpineol treatment (1.16 µg/mL) before and after LPS stimulation showed significant
inhibition on the level of NO [83]. In a mouse model of carrageenan-induced peritonitis,
oral administration of γ-terpinene 1 h before intraperitoneal carrageenan injection signifi-
cantly attenuated the TNF-α and IL-1β production [146]. In a triple transgenic Alzheimer’s
mouse model, oral administration of 25 mg/kg linalool, every 48 h for 3 months, markedly
decreased the production of iNOS, COX-2, and IL-1β [150]. Mice administered 2.6 and 5.2
mg/kg linalool before injecting endotoxin remarkably suppressed the nitrate/nitrite, IL-1β,
IL-18, TNF-α, and interferon (IFN)-γ production [151]. Oral linalool administration (15
and 30 mg/kg) also lowered iNOS levels in lung tissues in mice with allergic asthma [152].
Intraperitoneal injection of 10, 20, and 40 mg/kg linalool two hours before cigarette smoke
exposure for five days ameliorated the lung inflammation by suppressing the level of pro-
inflammatory cytokines (TNF-α, IL-6, IL-1β, IL-8, and monocyte chemoattractant protein
(MCP)-1) [153]. Linalool (40–120 µg/mL) attenuated the LPS-induced inflammation on
RAW264.7 cells with the suppressed level of TNF-α and IL-6 [154]. In the LPS-stimulated
mouse macrophage RAW264.7 cell model, 1 h pretreatment of volatile extracts (50-fold
dilution) from blackberry, black raspberry, blueberry, cranberry, red raspberry, and straw-
berry significantly reduced production in NO, PGE2, and COX-2 [69]. Blackberry, blueberry,
cranberry, and volatile strawberry extracts also effectively suppressed LPS-induced TNF-α
and IL-6 production.

5.1.2. Regulation of Inflammatory Transcription Factors and Signal Transduction

NF-κB is a crucial target for anti-inflammation since it is one of the main transcription
factors regulating pro-inflammatory mediators [161]. Linalool significantly reduced the NF-κB
activation in mice with endotoxin injection [151], cigarette smoke-induced acute lung inflam-
mation [153], and airway allergic inflammation [152]. Limonene (25–75 mg/kg) intraperitoneal
injection 1 h before LPS administration down-regulated the phosphorylation of IκBα, NF-κB
p65, p38 MAPK, JNK, and ERK in LPS-induced acute lung injury mice [143]. In Rehman et al.,
d-limonene also suppressed NF-κB activation in a doxorubicin-stimulated inflammation rat
model [160]. Limonene and myrcene attenuated the IL-1β-induced inflammation by suppress-
ing NF-κB and JNK activation in human chondrocytes [144]. Terpinen-4-ol inhibited NF-κB in
the dextran sulfate sodium (DSS)-increased experimental colitis in mice [148]. Terpinen-4-ol
also attenuated the LPS-stimulated IκBα and NF-κB p65 phosphorylation in acute lung injury
mice [149]. In Wu et al., linalool increased nuclear translocation of Nrf2 in mice with pneu-
monia infected by Pasteurella multocida [155]. Linalool (162–648 µM), one of the major berry
volatiles, reduced LPS-stimulated inflammation on BV2 microglia cells through Nrf2/HO-
1 signaling pathway [156]. α-Pinene in coniferous trees and rosemary oils suppressed the
MAPK and NF-κB activation in LPS-induced macrophages [157]. In LPS-induced RAW264.7
murine macrophage cells, volatile extract (50-fold dilution) from blackberry, black raspberry,
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blueberry, and cranberry significantly suppressed the NF-κB activation by down-regulating
phosphorylation of NF-κB p65 and IκBα [69].

5.1.3. Attenuation of Oxidative Stress and Autophagy

A disparity between the production and elimination of ROS causes oxidative stress.
Excessively produced ROS can damage tissues, increasing inflammatory responses and
leading to cell death, such as necrosis and apoptosis [162]. There have been many exam-
inations of the antioxidant activities of volatile compounds in plants against oxidative
stress in vitro. α-terpinene, γ-terpinene, and linalool showed antioxidant activities in 2,2′-
azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS), chelating power, 2,2-diphenyl-
1-picrylhydrazyl (DPPH) and oxygen radical absorbance capacity (ORAC) assays [163].
α-pinene, 1,8-cineole, and d-limonene remarkably ameliorated the formation of ROS in
H2O2-stimulated oxidative stress [158].

5.2. Cancer

Kim et al. demonstrated that geraniol inhibits human prostate cancer cell PC-3 pro-
liferation in in vitro and in vivo xenograft mice models [164]. Geraniol at 0.5 and 1 mM
significantly suppressed the cell growth of PC-3 by increasing cell cycle arrest and apoptosis.
Balb/C nude mice inoculated with PC-3 cells took intratumoral geraniol injection daily for
38 days at 0, 12, 60, or 300 mg/kg. The mice treated with 60 or 300 mg/kg geraniol showed
significantly decreased tumor volume and weight. Injection of geraniol at 20 mg/kg also
sensitized the chemotherapeutic agent Docetaxel (2 mg/kg) in the xenograft mice model.
In Lee et al., geraniol inhibited prostate cancer growth by a down-regulating E2F8 transcrip-
tion factor and inducing G2/M phase cell cycle arrest [165]. In gastric adenocarcinoma AGS
cells, geraniol showed cytotoxicity by inhibiting the JNK/ERK signaling pathway [166].
Lavender essential oil, its active compounds linalool and linalyl acetate [167], and ethyl
acetate fraction of Ajwa dates [168] also inhibited PC-3 cell proliferation by increasing apop-
tosis and cell cycle arrest. Linalool also reduced tumor growth in PC-3 xenograft mice [167]
and the 22Rv1 xenograft mice model [169]. Ethyl acetate exerted an anti-proliferative
activity on human breast cancer MCF7 and SKBR3 cells [170] and human cervical cancer
HeLa cells [171]. α-terpineol [172] and linalool [173] also showed strong cytotoxicity on
HeLa cells with apoptosis and cell cycle arrest. In human acute myeloid leukemia U937
cells [173], human oral cancer cells [174,175], and lung adenocarcinoma A549 cells [176],
linalool significantly suppressed the cell growth. D-limonene [177] and d-limonene-rich
blood orange volatile oils [178] inhibited the proliferation of lung cancer A549 and H1299
cells and human colon adenocarcinoma cells SW480 and HT-29 cells, respectively. Limonene
(9 µM) significantly reduced the proliferation of human bladder cancer cell T24 after 24 h,
showing induced apoptosis with increased G2/M cell cycle arrest and apoptotic markers
(Bax, and cleaved caspase-3, 8, and 9) [179]. In Yu et al., d-limonene induced apoptosis and
autophagy-related genes in a lung cancer model [177]. In an acetic acid-induced gastric
ulcer rat model, 7-day oral administration of (-)-myrtenol at 50–100 mg/kg increased the
healing of the ulcer [180]. Myrcene640 µM) significantly decreased the proliferation of
SCC9 oral cancer cells after 24 h [181]. Myrcene also showed increased apoptosis with
the concentration of 5–20 µM and significantly suppressed the migration of SCC9 cells
at 10 µM myrcene treatment. The effects of volatile compounds rich in berries on cancer
models were summarized in Table 3.

Table 3. The effect of volatile compounds rich in berries on cancer models.

Volatile Compound Cancer Model Effect References

Geraniol
Human prostate cancer PC-3 cells,

in vitro and in vivo xenograft
mice model

Cell proliferation↓
Cell cycle arrest and apoptosis↑

Tumor volume and weight↓
Docetaxel sensitization↑

[164]
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Table 3. Cont.

Volatile Compound Cancer Model Effect References

Geraniol Human prostate cancer PC-3 cells E2F8 transcription factor↓
G2/M phase cell cycle arrest↑ [165]

Geraniol Gastric adenocarcinoma AGS cells ERK, JNK, p38 MAPK activation↓
Apoptosis↑ [166]

Linalool, linalyl acetate

Human prostate cancer PC-3 and
DU145 cells, PC-3

cell-transplanted xenograft mice
model

Apoptosis and G2/M phase cell cycle
arrest↑

Tumor growth↓
[167]

Linalool Human prostate cancer 22Rv1
cells

Cell proliferation↓
Apoptosis↑ [169]

Linalool
Human leukemia U937 cells and
human cervical adenocarcinoma

HeLa cells
Apoptosis and cell cycle arrest↑ [173]

Linalool Human oral cancer OECM1 and
KB cells

Cell proliferation↓
Apoptosis and sub-G1 phase cell cycle

arrest↑
[174]
[175]

Linalool, 1,8-cineole Human lung adenocarcinoma
A549 cells

Cell proliferation↓
Cell cycle arrest↑

No apoptosis
[176]

Ethyl acetate Human prostate cancer PC-3 cells

Apoptosis and S phase cell cycle arrest↑
Oxidative stress↑

Mitochondrial membrane potential
(MMP)↓

[168]

Ethyl acetate Human breast cancer MCF7 and
SKBR3 cells

Sub G1 phase cell cycle arrest↑
ROS production↑

MMP↓
[170]

Ethyl acetate Human cervical cancer HeLa cells Apoptosis and G2/M phase cell cycle
arrest↑ [171]

α-terpineol Human cervical cancer HeLa cells Apoptosis and G1 phase cell cycle arrest↑ [172]

D-limonene Lung cancer A549 and H1299 cells
Tumor growth↓

Apoptosis and autophagy-related gene
expression↑

[177]

Limonene Human bladder cancer T24 cells

Cell proliferation↓
Apoptosis and G2/M cell cycle arrest↑

Bax, cleaved caspase-3, 8, and 9
expression↑

Bcl-2 expression↓

[179]

Myrcene Oral cancer SCC9 cells Apoptosis↑
Cell migration↓ [181]

ERK = extracellular signal-regulated kinase; JNK = c-Jun N-terminal kinase; MAPK = mitogen-activated protein
kinase; ROS = reactive oxidative stress; ↑ = increase; ↓ = decrease.

5.3. Obesity

A high-fat diet for obese humans and animals can increase endothelial dysfunction.
It can lead to many other severe cardiovascular diseases and metabolic disorders. In
Wang et al., geraniol was examined for the effect on endothelial function in high-fat diet
(HFD)-fed mice [182]. Forty mice were fed HFD for 8 weeks, while 20 mice had a normal
diet. Then, HFD-fed mice were randomly assigned to intraperitoneal geraniol treatment
(20 mice) or vehicle treatment (20 mice) group for 6 weeks. As a result, geraniol protected
and improved HFD-induced endothelial dysfunction in HFD-fed mice by reducing aortic
NADPH oxidases and ROS production. In Sousa et al., α-terpineol enantiomers were exam-
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ined for their effect on the biological markers in HFD-induced obese rats [183]. Six weeks
of daily α-terpineol supplementation (50–100 mg/kg of diet) suppressed pro-inflammatory
cytokines (TNF-α and IL-1β), serum thiobarbituric acid reactive substances (TBARS), and
recovered insulin sensibility. In Li et al., Microcapsules of d-limonene-rich sweet orange
essential oil (SOEO) were orally administered to HFD-induced obese rats for 15 days [184].
SOEO microcapsules decreased the body weight in obese rats by protecting the gut barrier,
increasing Bifidobacterium, and reducing low-grade inflammation. While white adipocytes
store the excessive energy in triglyceride forms, brown adipocytes burn the calories in heat
form by non-shivering thermogenesis [185]. Lone and Yun showed that limonene increased
3T3-L1 adipocytes browning through the activation of the β3-adenergenic receptor and
ERK signaling pathway [185]. In Ayala-Ruiz et al., male Wister rats (n = 6 per group) were
administered with control, high-fat-sucrose diet (HFSD) and 0.6 mL of corn oil, HFSD
with 1,8-cineole (0.88 mg/kg), limonene (0.43 mg/kg), α-terpineol (0.32 mg/kg), or the
mixture of three terpenes per gavage for 15 weeks [186]. Rats fed with HFSD with terpenes
significantly reduced weight gain compared to the ones with only HFSD. In addition, all
terpenes suppressed the fat deposition, serum glucose levels, and triacylglycerol levels. The
effects of volatile compounds rich in berries against obesity were summarized (Table 4).

Table 4. The effect of volatile compounds rich in berries on obesity models.

Volatile Compound Obesity Model Effect References

Geraniol High-fat diet (HFD)-fed mice Aortic NADPH oxidases, ROS production↓ [182]

α-terpineol HFD-induced obese rats
IL-1β and TNF-α↓

Serum TBARS↓
Insulin sensibility↑

[183]

D-limonene-rich sweet
orange essential oil HFD-induced obese rats Body weight↓

Relative abundance of Bifidobacterium↑ [184]

Limonene Mouse preadipocytes 3T3-L1 Adipocyte browning↑ [185]

Limonene, α-terpineol,
1,8-cineole

High-fat-sucrose diet
(HFSD)-fed rats

Body weight↓
Fat deposition↓

Serum glucose level↓
Triacylglycerol level↓

[186]

IL-1β = interleukin-1β; NADPH = nicotinamide adenine dinucleotide phosphate; ROS = reactive oxidative stress;
TBARS = thiobarbituric acid reactive substances; TNF-α = tumor necrosis factor-α; ↑ = increase; ↓ = decrease.

5.4. Diabetes

In Bacanlı et al., streptozotocin (STZ) (60 mg/kg) was injected into Wistar rats to
induce type 1 diabetes [187]. Diabetic rats were orally treated with d-limonene (50 mg/kg
body weight) for 28 days. D-limonene treatment significantly reduced DNA damage
and induced the level of antioxidant enzymes (catalase, superoxide dismutase, and to-
tal glutathione). D-limonene also altered hepatic enzyme and lipid profile, suggesting
the potential of d-limonene being protective against diabetes in the liver and kidney in
rats. D-limonene showed potential antihyperglycemic activities [188,189] and reduced
lipid peroxidation with increased antioxidant activity [190]. In El-Bassossy et al., geraniol
(150 mg/kg) was orally treated in STZ-induced obese rats for 7 weeks [191]. Geraniol signif-
icantly reduced systolic cardiac function related to diabetes by alleviating oxidative stress.
Geraniol treatment also reduced GLUT 2 transporter [192], hyperglycemia [193], diabetic
nephropathy [194], and improved impaired vascular reactivity [195] in STZ-induced dia-
betic rats. Linalool also exerted a reduction in fasting blood glucose level, insulin resistance,
glycation oxidative stress [196], and nephropathic changes in kidneys [197] on STZ-induced
diabetic rats. Xuemei et al. investigated the effect of myrtenol on STZ-induced gestational
diabetes mellitus (GDM) in rats [198]. GDM is diabetes that occurs only during pregnancy.
Twenty-five mg/kg of STZ was injected into the pregnant rats to induce GDM. Myrtenol
(50 mg/kg) was orally administered for 2 weeks. Myrtenol oral administration helped

112



Appl. Sci. 2022, 12, 10238

decrease blood glucose levels and pro-inflammatory markers. It also increased high-density
lipoprotein (HDL) and antioxidant status in diabetic pregnant rats. The effects of volatile
compounds rich in berries against diabetes were summarized in Table 5.

Table 5. The effect of volatile compounds rich in berries on diabete models.

Volatile Compound Diabetes Model Effect References

D-limonene Streptozotocin-induced diabetic
rat model

DNA damage↓
Antioxidant enzyme activities↑ [187]

D-limonene Streptozotocin-induced diabetic
rat model Antihyperglycemic activities↑ [188]

Limonene, linalool Streptozotocin-induced diabetic
rat model

Blood glucose level↓
Antioxidant enzyme activities↑ [189]

D-limonene Streptozotocin-induced diabetic
rat model

Lipid peroxidation↓
Antioxidant activity↑ [190]

Geraniol Streptozotocin-induced diabetic
rat model Oxidative stress↓ [191]

Geraniol Streptozotocin-induced diabetic
rat model

GLUT2 expression↓
Kidney glucose release↓ [192]

Geraniol Streptozotocin-induced diabetic
rat model

Insulin resistance↓
Plasma glucose level↓ [193]

Geraniol Streptozotocin-induced diabetic
rat model

Redox balance↑
Lipid peroxidation↓ [194]

Geraniol Streptozotocin-induced diabetic
rat model Vasoconstriction↓ [195]

Linalool Streptozotocin-induced diabetic
rat model NF-κB and TGF-β1 expression↓ [197]

Myrtenol
Streptozotocin-induced

gestational diabetic pregnant
rat model

Blood glucose level↓
Pro-inflammatory markers↓

HDL and antioxidant activity↑
[198]

HDL = high-density lipoprotein; NF-κB = nuclear factor kappa B; TGF-β1 = Transforming growth factor beta-1; ↑
= increase; ↓ = decrease.

6. Conclusions

As berry consumption through the fruit and products, including berry-flavored water,
juice, and others, have rapidly increased, many studies about monitoring and improving
overall berry quality, including flavor, aroma, appearance, shelf-life, and safety, were
conducted to target consumer acceptability. However, the beneficial health effects of berry
volatiles have not been extensively studied. In this article, we looked into the biosynthesis of
plant volatiles, volatile composition, and possible bioavailability and health benefits of some
berry volatiles were reviewed. Major terpene volatiles were synthesized via MVA and MEP
pathways. Major chemical classes in berries were esters, alcohols, terpenoids, aldehydes,
ketones, and lactones. Berries had different profiles of volatiles, but monoterpene showed a
crucial role in characterizing the unique berry aroma in all five berries. Volatile compounds
were nonpolar and hydrophobic and rapidly absorbed and eliminated from our body
after administration. Among them, monoterpenes, including linalool, limonene, and
geraniol, showed many health benefits associated with inflammation, cancer, obesity, and
diabetes in vitro and in vivo, suggesting potential health beneficial effects of berry volatiles.
More research on animal and human models of the health benefits of berry volatiles and
bioavailability would be needed to confirm their bioactivities.
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Abstract: Fruits of species of the genus Bromelia contain compounds with health benefits and potential
biotechnological applications. For example, Bromelia karatas fruits contain antioxidants and proteins
with bactericidal activity, but studies regarding the activity of these metabolites and potential benefits
are required. We evaluated the bactericidal activity of the methanolic extract (treated and not treated
with activated charcoal) and its fractions (hexane, ethyl acetate, and methanol) from ripe B. karatas
fruit (8 ◦Brix) against Escherichia coli, Enterococcus faecalis, Salmonella enteritidis, and Shigella flexneri.
The methanolic extract (ME) minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) were determined at eight concentrations. The methanolic extract MIC was
5 mg/mL for E. faecalis and 10 mg/mL for the other bacteria; the MBC was 20 mg/mL for E. coli
and E. faecalis, and 40 mg/mL for S. enteritidis and S. flexneri. Through gas chromatography–mass
spectrometry, 131 compounds were identified, some of which had previously been reported to have
biological activities, such as bactericidal, fungicide, anticancer, anti-inflammatory, enzyme inhibiting,
and anti-allergic properties. The most abundant compounds found in the ME of B. karatas fruits were
maleic anhydride, 5-hydroxymethylfurfural, and itaconic anhydride. This study shows that B. karatas
fruits contain metabolites that are potentially beneficial for health.

Keywords: bactericidal activity; Bromelia karatas; isocitrate lyase; itaconic anhydride; maleic
anhydride

1. Introduction

Functional foods, which are consumed regularly as part of humans’ diets, can be de-
fined as foods with bioactive components that, in addition to their impact on basic nutrition,
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have been scientifically proven to reduce the risk of disease [1,2]. The consumption of fruits
as functional foods and the evaluation of the different types of biological activities of their
secondary metabolites have been increasing due to consumers’ awareness of the health
benefits that they provide [3,4]. For example, there is evidence that for healthy women
with recurrent urinary tract infections, the consumption of an optimal dose of cranberry
extract can contribute to their prevention [5].

As Mexico is a megadiverse country with different vegetation types, it is home to a
wide variety of wild fruits that are often used by one or more ethnic groups, such as the
fruits of different species of bromeliads [6]. The genus Bromelia includes species that grow
wild in Mexico and their fruits are known for their antifungal [7], bactericidal [6,8], and
anthelmintic [9] activity. Bromelia karatas fruits contain antioxidants, proteases, and phe-
nolic compounds, such as flavonoids, phenylpropanoids, terpenes, and coumarins [10,11].
Throughout tropical America, B. karatas fruits are consumed as foods and beverages, and
their stems can be used as living fences. Traditional medicinal applications of this species
include the treatment of helminth infections and certain types of ulcers [12,13]. It has
been shown that prepurified proteases from B. karatas and B. pinguin fruits exhibited
bactericidal activity against Escherichia coli and Staphylococcus aureus. However, it was
shown that this activity is significantly reduced when the proteolytic extract is heated to
80 ◦C/15 min [14]. On the other hand, soluble protein extracts of B. karatas have been found
to have a dose-dependent inhibitory effect on the growth of Salmonella typhimurium and
Listeria monocytogenes, and proteolytic activity is suggested to play a role in the inhibition
of S. typhimurium [15]. However, other studies regarding Bromeliads fruits have shown
that methanolic extracts also have bactericidal activity [6].

This plant is a promising alternative and should be cultivated in tropical America
and recognized as a functional food, thereby motivating the increase in its consumption.
However, the specific compounds they contain and their biological activities that may
benefit consumers’ health are not yet fully understood.

We evaluated bactericidal activity from a methanolic extract of B. karatas fruits and its
fractions versus Escherichia coli, Enterococcus faecalis, Salmonella enteritidis, and Shigella flexneri.
Finally, we identified compounds with previously reported biological activity that are poten-
tially beneficial to the health of B. karatas fruit consumers.

2. Materials and Methods
2.1. Fruit Collection and Juice Extraction

Ripe, wild B. karatas fruits were collected (Brix = 8 ◦Bx) during October near the town
of Sitpach, in Merida, Yucatan, Mexico. The juice was extracted manually in the laboratory
by cutting and squeezing the fruit. The pH of the juice was measured with an Extech
ExStik®. The protein concentration was calculated following the Bradford method using
the Quick StarTM Bradford Protein Assay commercial kit (Bio-Rad, Hercules, CA, USA),
according to the manufacturer’s instructions.

2.2. Antimicrobial Activity in Agar Well Diffusion

In a Petri dish with Mueller–Hinton II agar culture medium, 100 µL of a bacterial
solution with turbidity equivalent to that of a 0.5 McFarland standard (1.5 × 108 CFU/mL)
was deposited, and with a sterile swab, the sample was distributed. Subsequently, 50 µL of
the methanolic extract (50 mg/mL) was deposited in the wells (5 mm diameter). It was
incubated for 24 h at 37 ◦C.

2.3. Organic Extract

The organic extract was produced from 240 mL of juice. The juice was dried by placing
it on a tray and heating it in an MS hybridization shaker oven (MO-AOR (Orbital)) at 50 ◦C
for 24 h. Subsequently, the dried juice was pulverized, deposited in a 100 mL methanol
flask, and left at room temperature. Methanol was replaced via filtration every 24 h for
three days. Methanol from each of the three changes was collected in a flask and evaporated
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to obtain the methanolic extract (ME). The methanolic extract was partitioned successively
with hexane (HF), ethyl acetate (EAF), and methanol (MF) (Figure 1). The solvents were
removed via evaporation and the fractions were dissolved in dimethyl sulfoxide (DMSO)
at 0.5%.
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Figure 1. Identification strategy for Bromelia karatas fruit compounds and their bactericidal activ-
ity evaluation.

2.4. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC)

The microorganisms evaluated were Escherichia coli ATCC 35401, Enterococcus faecalis,
Salmonella enteritidis ATCC 13076, and Shigella flexneri ATCC 12022. Both the MIC and MBC
were determined using a 96-well plate. The four evaluated bacterial strains were cultured in
Petri dishes on Mueller–Hinton medium at 37 ◦C for 16 h. One to two colonies were added
to a test tube containing saline solution (0.85% NaCl) until turbidity equivalent to that of
a 0.5 McFarland standard was reached (1.5 × 108 CFU/mL). This solution was diluted to
1.5 × 106 CFU/mL, and 50 µL was added to each well, followed by the addition of 50 µL
of the solution (ME, EAF, or MF) to be tested at one of eight concentrations (0.625, 1.25, 2.5,
5, 10, 20, 40, or 80 mg/mL). In the case of synthetic metabolites (itaconic anhydride (ITAN),
maleic anhydride (MA), and 5-hydroxymethylfurfural (5-HMF)), the concentrations were:
0.39, 0.78, 1.56, 3.125, 6.25, 12.5, and 25 mg/mL. The positive control was ampicillin, the
negative control was bacteria alone, and the toxicity of 0.5% DMSO was evaluated. The
96-well plate was incubated at 37 ◦C for 18 h. The lowest concentration that did not present
bacterial growth was taken as the MIC value. The MBC was measured by taking a sample
from each well without turbidity, inoculating it in a Petri dish containing Mueller–Hinton
medium, and incubating it at 37 ◦C for 18 h. The dish without observable bacterial growth
was taken as the MBC.

2.5. Bactericidal Activity of the ME after Heating and Compound Removal with Activated Charcoal

Bactericidal thermostability was evaluated by heating 100 mg/mL of ME in an auto-
clave at 121 ◦C for 15 min, and then, bactericidal activity was measured through the agar
well diffusion method. A second assay was performed to evaluate the bactericidal activity
of the ME after treatment with activated charcoal (MEC). ME (100 mg) was dissolved in
1 mL of distilled water with 10% activated charcoal in a test tube. The mixture was vortexed
for 5 min and centrifuged for 5 min at 12,000 g; bactericidal activity agar well diffusion was
assessed using the supernatant. For further analysis, the MEC was dried by placing it on a
tray and heating it in an MS hybridization shaker oven (MO-AOR (Orbital)) at 50 ◦C for
24 h.
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2.6. Gas Chromatography–Mass Spectrometry of Organic Extract

The organic extract (30 mg extract/mL CH3OH) was filtered through 0.2 µm nylon
membranes (Thermo Scientific Cat. No. 726-2520). Then, 2 mL of the filtered solutions
were injected into a gas chromatographer–mass spectrometer (GC-MS, Agilent 7890A)
equipped with a hydrogen flame ionization detector for compound identification. Com-
pound separation was conducted with an HP5MS column (30 m × 0.250 mm, 0.25 µm,
Cat. No. 190915-435). The injector temperature was set at 250 ◦C and the initial oven
temperature was 70 ◦C for 3 min, which increased at 5 ◦C/min to 250 ◦C.

2.7. Metabolites Quantification

High-performance liquid chromatography (HPLC) was used to determine the concen-
tration of itaconic anhydride (ITAN), maleic anhydride (MA), and 5-hydroxymethylfurfural
(5-HMF). Synthetic versions (Sigma-Aldrich, Saint Louis, MO, USA) of these three com-
pounds were used as standards to make the calibration curve. The chromatographic system
HPLC 1100 consisted of a quaternary system of pumps (Agilent Technologies G1310A,
Waldbronn, Germany) connected to an automated sample injector (Agilent Technologies
G1313A, Waldbronn, Germany). The compounds were detected using a wavelength of
210 nm (Agilent Technologies G1314A, Hachioji, Tokyo, Japan), and a reverse phase C18
column (Polaris 5 µm, 4.6 mm inner diameter × 250 Santa Clara, CA, USA). For the detec-
tion of ITA, MA, and 5-HMF, the mobile phase was H2O/acetic acid at 0.05%. The flow rate
for all of the samples was 0.625 mL/min and the column temperature was kept constant
at 25 ◦C. The water used was previously degassed and filtered (ultrapure water; Milli-Q®

ZMQS6V001).

2.8. Molecular Docking of the Mycobacterium tuberculosis Isocitrate Lyase (MtICL) with 5-HMF,
ITAN, and MA

The crystal structure of the MtICL (PDB code = 6XPP) enzyme was used for docking
analysis. The three-dimensional (3D) structure was downloaded from the Protein Data
Bank database (https://www.rcsb.org/, accessed on 9 February 2022). The 3D structure
was characterized and represented using X-ray crystallography [16].

A molecular docking experiment was conducted to evaluate the docking proper-
ties of four compounds (5-HMF, ITAN, and MA) with the MtICL enzyme. Docking
was carried out with the HDOCK server (http://hdock.phys.hust.edu.cn/, accessed on
11 February 2022), a multi-component integrated package [17,18]. The molecular ligand
formulas were downloaded from PubChem (https://pubchem.ncbi.nlm.nih.gov/, accessed
on 11 February 2022), and a blind molecular docking grid box was used to define the dock-
ing region. The parameters were the default values in HDOCK, and the structures had
a root mean square deviation (RMSD) of up to 3 Å. All of the results were analyzed and
visualized using the UCSF Chimera 1.14 Molecular Graphics Systems [19].

3. Results

The ripe fruits collected had 8 ◦Bx; the average fruit weighed 19.2 g with 44% of juice,
its pH was 3.25, and the protein content was 1870 mg/mL. The juice contained 5.8% ME,
which exhibited bactericidal activity. This bactericidal activity remained unchanged after
the ME was heat sterilized (at 121 ◦C, 15 min). The ME treated with 10% activated carbon
generated an inhibition halo of 1.76 cm2 in a bacterial culture, while the ME that did not
undergo treatment generated an inhibition halo of 3.14 cm2; this means that there was a
45% smaller inhibition halo when the ME was treated with activated charcoal.

The ME was fractionated using hexane (low polarity), ethyl acetate (medium polarity),
and methanol (high polarity). It resulted in a 3% hexane fraction (FH), a 3% ethyl acetate
fraction (EAF), a 68% methanol fraction (MF), and a 26% residue fraction (RF). The EAF
and MF fractions exhibited bactericidal activity (Table 1).
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Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of methanolic extract (ME) from B. karatas fruit, its fractions, and synthetic compounds (ITAN, MA,
and 5-HMF).

Bacteria
E. coli E. faecalis S. enteritidis S. flexneri

MIC (mg/mL)
ME 10 5 10 10
EAF 10 10 10 10
MF 10 10 10 10

ITAN 0.78 0.78 0.78 0.78
MA 0.78 0.78 0.78 0.78

5-HMF 6.25 6.25 6.25 3.12
MBC (mg/mL)

ME 20 20 40 40
EAF 20 20 20 20
MF 20 20 20 20

ITAN 1.56 1.56 1.56 1.56
MA 1.56 1.56 1.56 1.56

5-HMF 12.5 12.5 12.5 6.25

To identify the metabolites that contributed to the antimicrobial activity and those with
a possible biological activity that could affect fruit consumers, the methanolic extract (ME),
methanolic extract treated with activated charcoal (MEC), and fractions with bactericidal
activity (EAF and MF) were analyzed using the gas chromatography–mass (GC-MS) spec-
trometry (GS-MS) method. One hundred thirty-one compounds were identified, of which
forty-nine were identified in the ME; in MEC, thirty-seven compounds were removed by
activated charcoal and twenty-one new ones were detected (Table 2). On the other hand,
in the ethyl acetate and methanolic fractions, compounds were detected which were not
detected in the ME: 33 in EAF and 23 MF. Additionally, common and more abundant
compounds in the ME, MEC, EAF, and MF were maleic anhydride (MA), 2,5 furandione,
dihydro-3-methylene (itaconic anhydride; ITAN), and 5-hydroxymethylfurfural (5-HMF)
(Supplementary Material Tables S1–S4).

Table 2. Compounds detected in Bromelia karatas fruit juice extract.

No. Compound Name Area % No. Compound Name Area %

1 Maleic anhydride 18.98 26 Thymine 2.33

*2 2-Methylpentyl formate 0.22 27 4H-Pyran-4-one,2,3-dihydro-3,5-dihydroxy-
6-methyl 2.05

*3 1 H-Imidazole, 4,5 dihydro-2-methyl 0.28 *28 2-Cyclopenten-1-one,5-hydroxy-2,3-
dimethyl 0.29

*4 Trans-2-Pentenoic acid 0.30 *29 Bicyclo [3.1.0] hexan -2-ol 0.20

*5 1 H-Tetrazole 1-methyl 0.20 *30 Isobutyl nonyl carbonate 0.33

*6 N-(n-Butoxymethyl) acrylamide 0.26 *31 2-Vinyl-9-[3-deoxy-beta-d-ribofuranosyl]
hypoxanthine 0.35

*7 2-Heptanol, 5-ethyl 0.26 32 5-Hydroxymethylfurfural 18.09

8 Itaconic anhydride 22.47 *33 Thymol 0.47

9 2,4-Dihydroxy-2,5-dimethyl-3(2H)-furan-
3-one 1.42 *34 4-Hydroxy-3-methylacetophenone 0.46

*10 2H-Pyran, 3,4-dihydro 0.67 *35 2-Methoxy-4-vinylphenol 0.81

*11 cis-1,4-Dimethylcyclohexane 0.56 *36 3-Methoxyacetophenone 0.73

12 2 (3H)-Furanone 0.71 *37 3,4-Diethylphenol 0.33
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Table 2. Cont.

No. Compound Name Area % No. Compound Name Area %

13 2,5-Furandione, 3,4-dimethyl 0.22 *38 Ethyl propionylacetate 1.22

*14 Pent-2-ynal 0.29 *39 Methyl 3-hydroxypentanoate 1.12

*15 1,2-Butadiene 0.64 *40 3-Methoxy-hexane-1,6-diol 0.77

16 Hexan-3-yl acetate 1.41 *41 Heptyl butyrate 2.14

*17 Pentanoic acid, 4-oxo 1.45 *42 Triethylene glycol monododecyl ether 1.21

*18 1,5-Diacetoxypentane 1.23 *43 Malic Acid 1.49

*19 2-Propanamine, N-methyl-N-nitroso 1.72 *44 2-Ethyl-3-hydroxyhexyl 2-methylpropanoate 1.37

*20 Methyl furan-3-carboxylate 1.08 *45 2,3,5,6-Tetrafluoroanisole 0.60

21 Furyl hydroxymethyl ketone 1.26 *46 Ethanone, 1-(2,5-dimethoxyphenyl) 0.60

22 Methyl 2-furoate 1.69 *47 1,2,4-Cyclopentanetrione, 3-(2-pentenyl) 0.40

23 Cyclopentene 1.11 *48 m-Ethyl aminophenol 0.25

*24 2-Cyclopentene-1-one, 2-methyl 0.77 *49 2,4,6 (3H)-Pteridinetrione, 1,5-dihydro 0.39

*25 3H-Pyrazol-3-one, 2,4 –dihydro-2,4,5-trimethyl 2.55

Note: Items with an asterisk were removed with activated charcoal treatment and aromatic compounds are underlined.

To evaluate whether common and more abundant compounds in the fractions and
the ME contributed to the bactericidal activity, synthetic versions (Sigma-Aldrich) of them
were tested, and they exhibited activity against all of the bacteria tested (Table 1). The
concentrations of these three compounds in the extract and the fractions with bactericidal
activity can be seen in Figure 2.
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4. Discussion

We determined the bactericidal activity of the B. karatas fruits’ methanolic extract
(ME) against E. coli, S. enteritidis, S. flexneri, and E. faecalis (causal agents of human in-
fections) [5,20]; it was shown that these results are consistent with those reported in
Bromelia pinguin [6]. We found that the bactericidal activity resisted the sterilization tem-
perature, meaning its potential benefits are still maintained when the fruits are consumed
cooked since cooking is necessary to avoid oral injuries caused by their proteolytic ac-
tivity [11]. In another study, it was determined that the protein extract of the fruits had
bactericidal activity, but this was not resistant to heat [14,15], which differs from the heat-
resistant bactericidal activity of the methanolic extract found in the present study.

The decrease of 45% in bactericidal activity after the treatment with activated charcoal
can be explained by the ability of activated charcoal to remove compounds by adsorption,
and the removal effectiveness is influenced by the molecular size, polarity, and branching
of the molecule. For example, branched aromatic compounds are more effectively adsorbed
on activated charcoal than linear and small molecules such as ethanol and methanol [21,22].
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In the GC-MS analysis, 37 of the 49 compounds detected in the ME before charcoal treat-
ment were removed, including 9 aromatic compounds. It was also possible to detect
26 compounds that were not detected in the ME; in this sense, activated charcoal is also
likely to remove substances that were not detected in ME. The recovery of these removed
compounds can be considered a method to isolate part of the antibacterial substances from
B. Karatas fruits. However, the bactericidal activity of the substances removed still needs to
be identified and evaluated.

On the other hand, the detection of new compounds in the MEC could have been
because its concentration increased or the substances that prevented their detection, before
treatment, were removed. In the same way, compounds were detected in the ethyl acetate
and methanolic fractions that were not detected in the methanolic extract; this could be due
to the compound enrichment and the removal of substances that interfere in the detection
process [23]. Activated charcoal treatment and the partitioning of the methanolic extract
into fractions of different polarities allowed for the broader detection of compounds.

The bactericidal activity level of the B. karatas fruits’ ME was too low (the MBC values
were 20 mg/mL for E. coli and E. faecalis and 40 mg/mL for S. enteritidis and S. flexneri) for
them to be considered sources of pure antibiotic activity [24]. However, being an edible
fruit, the consumption of 10 fruits, with approximately 85 g of fruit juice (equivalent to
5 g of ME), may be enough to prevent mild bacterial infections, similar to the effect of
consumption of cranberry fruit extracts [5,6,25]. However, this still needs to be evaluated.

In the GC-MS analysis of the extract and of the fractions with bactericidal activity
(ME and MEC, EAF, and MF), we found that the common compounds were: maleic
anhydride (MA), 2,5 furandione, dihydro-3-methylene (itaconic anhydride, ITAN), and
5-hydroxymethylfurfural (5-HMF). An increase in the concentration of 5-HMF in the
MEC could be observed (Figure 2), possibly caused by the removal of other compounds;
furthermore, 5-HMF could be produced during the drying process (50 ◦C/ 24 h) [26].

Maleic anhydride (MA) has been reported to be present in the copolymer manufac-
turing of biopolymers with activity against pathogens such as S. enteritidis, S. faecalis, and
E. coli [27]. However, the results of the present study indicated that it exhibits bactericidal
activity as a monomer, and 5-HMF is known to be an intermediary in the Maillard reaction,
formed by the degradation of sugars at high temperatures. It has been found in various
food products, including nuts, fruit juices, caramel products, coffee, bakery products, malt,
and vinegar [28,29]. 5-HMF has anti-quorum sensing and anti-biofilm activity against
Pseudomonas aeruginosa [30]. It is also reported to inhibit growth in E. coli LY01 [31], which
is consistent with our results (Table 1). MA, ITAN, and 5-HMF showed activity against the
bacteria evaluated (Table 1). However, their activity levels were relatively low [24] and
their concentrations were not sufficient (Figure 2) to explain the ME activity against the
bacteria analyzed. Therefore, further studies are required to identify the other bactericidal
compounds of the ME.

We did not find evidence of the bactericidal activity of ITAN in the literature reports;
however, it is reported to be an inhibitor of M. tuberculosis isocitrate lyase (MtICL) [32].
These authors showed that 0.03 mg/mL of ITAN can inhibit 90% of MtICL. This enzyme
can promote the persistence and virulence of bacteria in macrophages, develop resistance
to antibiotics, and promote the growth and survival of M. tuberculosis during its latent
infection [33–35]. Considering their crucial roles, MtICLs are current inhibition targets
for the development of new antibiotics to treat tuberculosis [35]. Considering that the
structures of ITAN, MA, and 5-HMF have a certain degree of similarity, using molecular
docking analysis, we evaluated whether MA and 5-HMF interact molecularly at the MtICL
catalytic site as does ITAN. In Figure 3, it can be observed that MA, ITAN, and 5-HMF have
similar binding patterns to the catalytic site. These results could suggest the possibility
that MA and 5-HMF have roles in the inhibition of MtICL function. To fully understand
this aspect, it is necessary to carry out enzyme activity assays; however, this was not the
objective of this study.
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Metabolites from B. karatas fruits have other biological activities in addition to their
bactericidal activity (Table 3). This strengthens the proposal that the fruit of B. karatas can
be a functional food.

Table 3. Compounds with biological activity in Bromelia karatas juice.

Compound Biological Activity Reference

2-Heptanol, 5-ethyl Possible alpha-amylase inhibitor. [36]

2 (3H)-Furanone It induces DNA damage and is possibly an anticancer. [37]

Thymol Bactericidal, fungicidal, anticarcinoma. [38,39]

5-HMF
Inhibition of alcoholic hepatic oxidative injury, some

toxicological effects, anti-inflammatory, and
anti-allergic effects.

[40–43]

2-Methoxy-4-vinylphenol Anti-inflammatory and possible anticancer. [44,45]

1,2,3-Benzenetriol anti-allergic [46]

5. Conclusions

In this study, in the methanolic extract of B. karatas fruits, we identified the pres-
ence of several metabolites with a wide range of bioactivities, including bactericidal,
fungicidal, anticancer, anti-inflammatory, enzyme inhibiting, and anti-allergic properties.
Additionally, the ME was found to have activity against E. coli, E. faecalis, S. enteritidis,
and S. flexneri. It was shown that the most abundant compounds of the ME are maleic
anhydride, 5-hydroxymethylfurfural, and itaconic anhydride, which were active against
the bacteria tested. This study shows the potential effects that B. karatas fruits could have
on consumers’ health. However, more studies are still required.
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Abstract: Brassicaceae plants are rich with antioxidant compounds that play a key role for human
health. This study wants to characterize two Italian broccoli cultivars (Roya and Santee) and black
cabbage, evaluating the variation of antioxidants in different portion and at different developmental
stage of the plants: for broccoli, heads and stems were sampled, while for black cabbage, leaves and
seeds were analyzed. Roja cultivar was also analyzed at the first and second harvest to evaluate
the variation of phytochemical compounds over time. Nutritional and sensorial qualities were
investigated. Black cabbage seeds showed higher value of total antioxidants, total phenols, and total
anthocyanins than leaves. Similarly, phenolics and anthocyanins content in head was higher than
in stem in broccoli. In Roja cultivar, the harvest date seemed to influence the antioxidant capacity
and the phytochemical compounds content, with broccoli sampled in the second harvest showing
better results for all the nutritional parameters. These local vegetables represent a significant source
of antioxidants and may contribute to health benefits of the consumers.

Keywords: broccoli; black cabbage; sensorial quality; nutritional quality; antioxidant activity; total
phenols; anthocyanins; plant portion; stage development

1. Introduction

Italy is known in the world for its high-quality horticulture; among these, Brassica
vegetables cover an important part of the market, with a total production of 420,630 t in
2020 (https://www.fao.org/faostat/en/#data/QCL, accessed on 12 March 2022). Brassica
Italian crops production registered an increase of about 70,000 t since 2010.

A lot of studies showed a relation between the high consumption of Brassica vegetables
and the reduction in the risk of age-related chronic illness, such as cardiovascular and
other degenerative diseases [1]; they also reduce the risk of several types of cancer [2].
Broccoli and black cabbage are among the vegetable food with the highest antioxidant
potential [3]. The antioxidant and antiradical activity in Brassica vegetables is mainly
represented by the large group of polyphenols, constituted by flavonoids (mainly flavonols
and anthocyanins) and hydroxycinnamic acids [4]. These secondary metabolites have
several functions in the plant, such as UV protection, pigmentation, and disease control,
such as glucosinolates [5]. In Brassica genus, the main represented flavonols are quercetin,
kaempferol, and isorhamnetin. Anthocyanins, in addition to conferring the blue and red
pigmentation in broccoli sprouts and red cabbage, possess high antioxidant capacity [6];
among them, cyanidin-3-glucoside is the most represented in Brassica crops [7].

Several studies described the variation of the antioxidant activity and phenolics content
in the plant portion: for example, in turnip plants, flower buds are the most active portion,
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followed by leaves and stems, while roots seem to have minor phenolic concentration [8].
Ferreres et al. [9] revealed that kale seeds have higher antioxidant potential than kale
leaves, but leaves are the richest in phenolics. In Brassica rapa, Francisco et al. [10] reported
that phenolic compounds content is higher in leaves harvested during the vegetative
period than fructiferous stems (composed of flower, buds, and surrounding leaves), and
flavonoids are the main represented compounds. These findings were confirmed by the
same group [11], which found that total phenolic content is higher in green turnip than
in turnip top. On the contrary, Schmidt et al. [12] reported that harvest period has only a
minimal influence on flavonoid concentration in kale. Broccoli cultivars register an increase
in phenolic compounds concentration during the inflorescence’s development, with an
interesting antioxidant capacity in flower, stem, and leaves [13,14].

The aim of this work was to analyze the content of phytochemical compounds in
different edible plant portions of Brassica species at different developmental stages. In
particular, in broccoli heads and stems were analyzed, while black cabbage leaves and
seeds were evaluated.

To investigate the interaction between genotype and plant portion, two different culti-
vars of broccoli were compared. The effect of plant developmental stage on phytochemicals
amount was also considered, comparing broccoli of the cultivar Roja from first and second
harvest period.

2. Materials and Methods
2.1. Plant Material

Vegetable materials used for these trials were provided by Valli di Marca Agricultural
Company, located in the south of Marche Region (Italy), at 136 m.a.s.l. Brassica plants
(broccoli and black cabbages) were cultivated in open field conditions, according to the
typical cultivation system adopted in this area. Broccoli samples belonged to Roja and
Santee cultivars and were harvested on 8 February, while Roja-II (second harvest) was
sampled on the 26 February. After harvesting, samples were packaged in 300-g packs and
immediately frozen at −20 ◦C. In a second step, broccoli samples were divided into heads
and stems (approximately representing 25% and 75% of total fresh weight, respectively) for
analyzing the antioxidant capacity, the phenols content, and the anthocyanins content in
the two portions. Black cabbage seeds and leaves were also harvested (seeds were sampled
during previous April). The list of plant samples collected and analyzed is reported in
Table 1.

Table 1. Plant materials sampled.

Species Samples (300 g)

Brassica oleracea L. var. italica
5 samples of Broccoli var. Roja* divided into heads and stems

5 samples of Broccoli var. Santee F1* divided into heads and stems
3 samples of Broccoli var. Roja*-II harvest divided into heads and stems

Brassica oleracea L. var. Acephala subvar. Laciniata L. 2 samples of black cabbage leaves
2 samples of black cabbage seeds

2.2. Vegetables Sensorial Quality

The sensorial quality analysis was carried out on a vegetable juice extract obtained
by the fresh material and prepared with a centrifuge for food (Bosch, Munich, Germany)
(except for the seeds) at 20.0 ± 0.5 ◦C. The measurement of vegetables soluble solids content
(SSC) was performed using a hand-held refractometer (Atago, Tokio, Japan). For each
sample, few drops of the previously obtained juice were put on the refractometer prism, and
the SSC was recorded as ◦Brix. The refractometer prism was cleaned with distilled water
after each sample. Vegetables Titratable Acidity (TA) was determined from 5 mL of the
previously obtained juice diluted with 45 mL of distilled water. This solution was titrated
by an automatic titrator (HI 84532 Fruit Juice—Titratable acidity—Hanna Instruments,
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Woonsocket, RI, USA), until the vegetable juice aqueous solution reached the neutral pH.
The titratable acidity was expressed as % citric acid.

2.3. Vegetables Nutritional Quality
2.3.1. Chemicals

Methanol (99%, ACS-ISO) was purchased from Carlo Erba Reagents (Milan, Italy).
Folin–Ciocalteu reagent, sodium carbonate (anhydrous), potassium chloride, sodium ac-
etate, chloridric acid, glacial acetic acid, ferric chloride hexahydrate, dihydrogen potassium
phosphate, dipotassium hydrogen phosphate, 2,4,6-tris(2-pyridyl)-striazine (TPTZ, 99%),
6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), ferrous sulphate hep-
tahydrate, potassium persulphate, 3,4,5-trihydroxybenzoic acid (gallic acid), and sodium
hydroxide, were purchased from Sigma-Aldrich (Sigma-Aldrich s.r.l., Milan, Italy).

2.3.2. Vegetables Extraction

Fresh materials stored at −20 ◦C were sliced for obtaining 10 g of representative
samples and placed into test tubes. 100 mL of methanol extracting solution, constituted
by 20:80 water:methanol and 1% of acetic acid, were added to the samples. Samples
were then homogenized using an Ultraturrax T25 homogenizer (Janke and Kunkel, IKA
Labortechnik, Staufen, Germany). The homogenized suspensions were placed in a fridge
at 4 ◦C in the dark. After 48 h, the suspensions were centrifuged at 2500 rpm for 15 min
(Thermo Fisher Scientific Heraeus Megafuge 16R Centrifuge, Waltham, MA, USA) and the
supernatants were collected and stored in six amber vials (for each sample), of 4 mL each,
at −20 ◦C [15,16].

2.3.3. Total Antioxidant Capacity (TAC)

Vegetables TAC was evaluated using a FRAP (Ferric Reducing Antioxidant Power)
assay, a method based on the rapid reduction in ferric-tripyridyltriazine (FeIII-TPTZ) in the
blue-colored ferrous-tripyridyltriazine (FeII-TPTZ) by antioxidants present in the samples.
The reduction in ferric–TPTZ was measured by the method of Benzie and Strain [17],
modified by Deighton et al. [18] and optimized for Brassica vegetables. The FRAP reagent
was freshly prepared by mixing 10:1:1 (v/v/v) of sodium acetate (300 mM acidified with
acetic acid until pH 3.6), ferric chloride (20 mM), and TPTZ (10 mM in 40 mM HCl). Briefly,
the vegetable methanol extract was diluted 1:5 and vortexed. This solution was further
diluted 1:10 adding the FRAP solution previously prepared, vortexed, and incubated
in darkness for 4 min; after this process, the absorbance was measured at 593 nm by
spectrophotometer (UV-1800 Shimadzu, Kyoto, Japan). The results were expressed as mM
Trolox Equivalent per kg of fresh weight (mM TE/kg fw). The calibration was calculated
by linear regression from the dose–response curve of the Trolox standards.

2.3.4. Total Phenol Content (TPH)

The vegetable total phenol content was evaluated using the Folin–Ciocalteu reagent
method [19], with gallic acid as the standard for the calibration curve. Briefly, glass test-
tubes were filled with 3.5 mL water, and 150 µL of water-diluted vegetable methanolic
extract (1:3) was added. The absorbance of the samples was measured at 760 nm by spec-
trophotometer (UV-1800 Shimadzu, Kyoto, Japan) after 60 min. The data were calculated
and expressed as mg gallic acid per kg of fresh weight (mg GA/kg fw).

2.3.5. Total Anthocyanin Content (ACY)

The vegetable total anthocyanin content was measured using the pH differential shift
method [20]. This assay is based on the characteristic change in intensity of the hue of the
anthocyanins, according to the pH shift method. Briefly, the vegetable methanolic extracts
were diluted (1:1) with potassium-chloride (pH 1.00) and with sodium acetate (pH 4.50).
Then, the corresponding maximum absorbance of both solutions was measured at 520 nm
and 700 nm of wavelength by spectrophotometer (UV-1800 Shimadzu, Kyoto, Japan).
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The data are expressed as mg cyanidin 3-glucoside (the most represented anthocyanin in
broccoli) per kg of fresh weight (mg Cya-Glu/kg fw).

2.4. Statistical Analysis

Vegetable sensorial and nutritional parameters were analyzed in triplicate for each
sample. The data for the titratable acidity, soluble solids content, FRAP, TPH, and ACY were
all analyzed through the STATISTICA 7 software (Stat Soft, Tulsa, OK, USA), using one-
way analysis of variance (ANOVA), with each genotype or plant parts as an independent
variable. Significant differences within genotypes or plant parts were calculated according
to Student’s Newman–Keuls tests, and differences for p ≤ 0.05 were considered significant.

3. Results and Discussion
3.1. Vegetables Sensorial Quality

Sensorial quality was analyzed on fresh material considering the whole samples of
broccoli. The results of sensorial parameters are reported in Table 2. Broccoli var. Santee
had the statistically highest value of SSC. Regarding the Titratable Acidity, the statistical
analysis underlined how black cabbage samples had the highest values, while Roja-II
samples showed the significantly highest pH value. Broccoli data confirm the results found
by Nicoletto et al. [21]; they reported similar value for SSC content (8.2–9.3 ◦Brix), and
higher value for what concern the TA (0.40–0.43% citric acid), and lower for pH (5.67–5.83).

Table 2. Average values of total soluble solids content, titratable acidity, and pH of Brassica samples.

Vegetables SSC 1

(◦Brix)
TA 2

(% Citric Acid)
pH

Black Cabbage 9.55 ± 0.31 b 0.23 ± 0.02 a 5.88 ± 0.06 d

Roja-II 3 8.97 ± 0.26 b 0.15 ± 0.01 b 6.77 ± 0.06 a

Roja 4 9.56 ± 0.21 b 0.15 ± 0.01 b 6.53 ± 0.07 b

Santee 5 10.62 ± 0.26 a 0.16 ± 0.01 b 6.35 ± 0.02 c

Average of 1 SSC: Soluble Solids Content; 2 TA: Titratable Acidity and pH ± standard deviation; 3 Roja-II: Broccoli
var. Roja II harvest; 4 Roja: Broccoli var. Roja I harvest: 5 Santee: Broccoli var. Santee. Values with the same letter
were not significantly different (Test SNK p ≤ 0.05). n = 3.

Black cabbage belongs to the Brassica oleracea var. acephala group that includes kales.
A lot of studies considered the sensorial aspects of kale family; Armesto et al. [22,23] and
Martìnez et al. [24] reported similar amount of SSC, TA, and pH in kale.

According to these results, sensorial quality is affected by genotype. Regarding the
developmental stage, the comparison between Roja and Roja-II did not show any significant
difference for the SSC and TA parameters. The only significant difference was registered
for the pH value, with Roja-II value being higher than Roja.

3.2. Vegetables Nutritional Quality
3.2.1. Black Cabbage and Whole Broccoli Nutritional Value

In Table 3, results about the average values of nutritional parameters for black cabbage
seeds and leaves are reported. Furthermore, average values of nutritional parameters for
each cultivar of broccoli are showed, comprising Roja harvested at two different develop-
mental stages.

Black cabbage seeds showed a higher content of both the investigated phytochemical
compounds (TPH and ACY) than leaves and, consequently, a statistically higher TAC
value. These results were confirmed by Ferreres et al. [9], who performed characterization
trials on kale, analysing the antioxidant activity of kale seeds and leaves. They found that
seeds were rich in quercetin and isorhamnetin derivatives, not found in leaves, and in
phenolic acids, conferring them a higher antioxidant capacity than leaves, which were rich
in flavonols. The higher antioxidant capacity found in seeds is bound to their physiological
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functions as germination, permeability to water, protection by pathogen and insect attacks,
storage, and protection of lipids from oxidation.

Table 3. Average values of total antioxidant capacity, phenolics and anthocyanins content of the
different vegetables analyzed.

Vegetables TEAC 1

(mM TE/kg fw)
TPH 2

(mg GA/kg fw)
ACY 3

(mg CYA-3-GLU/kg fw)

Black Cabbage Leaves 5.68 ± 0.21 b 1444.60 ± 23.82 b 3.25 ± 0.24 b

Black Cabbage Seeds 8.39 ± 0.53 a 1767.79 ± 12.67 a 16.87 ± 0.24 a

n = 8

Santee 4 4.65 ± 0.13 B 1038.74 ± 26.48 B 18.15 ± 2.33 B

Roja 5 4.31 ± 0.15 B 1046.20 ± 28.73 B 23.42 ± 2.75 B

Roja-II 6 8.86 ± 0.24 A 2021.17 ± 117.64 A 72.61 ± 9.05 A

Average of 1 TAC: Total Antioxidant Capacity; 2 TPH: Total Phenol Content; 3 ACY: Total Anthocyanin Content
± standard deviation; 4 Santee: Broccoli var. Santee; 5 Roja: Broccoli var. Roja I harvest; 6 Roja-II: Broccoli var.
Roja-II harvest. Values with the same lowercase letter were not significantly different (Test SNK p ≤ 0.05, n = 3).
Lowercase letters refer to black cabbage analyses. Values with the same uppercase letter were not significantly
different (Test SNK p ≤ 0.05, n = 3). Uppercase letters refer to broccoli analyses.

In our study, the effect of genotype on the phytochemical composition and the an-
tioxidant capacity was not evident, given that Roja (first harvest) and Santee cultivars
did not show any significant difference. This was due, probably, to the low amount of
antioxidant compounds accumulated in the tissues of these cultivars. On the contrary,
results on the effect of developmental stage on antioxidant capacity and phytochemical
composition were very interesting. In fact, Broccoli Roja-II harvest showed a statistically
higher content of TPH and ACY than Roja (first harvest), associated with doubled value
of antioxidant capacity. The influence of the harvest date on the antioxidant capacity of
these type of plants was reported by Soengas et al. [25]. Vallejo et al. [13] reported that the
content of phytochemical compounds, in particular phenolic compounds, increased with
the exposure to sunlight. In fact, the growth of broccoli is very sensitive to climate and light
conditions [2].

3.2.2. Broccoli’s Head and Stem Nutritional Quality

In Figure 1, FRAP analysis showed contrasting results: in fact, Roja and Santee
possessed the highest concentration of antioxidant in stem, while in Roja-II head was
the plant part with the highest antioxidant capacity (9.91 ± 0.16 mM Trolox/kg fw), thus
highlighting that with maturation there is a greater accumulation of nutritional substances
in this part of plants. Similar FRAP results were obtained by Kaur et al. [26] (on heads) and
Pellegrini et al. [27] (on whole material).

The total average of different plant parts showed that stem possessed a higher FRAP
value than head. In the literature, Fernandes et al. [8] found an opposite trend in turnip,
reporting that flower buds possess the highest antioxidant capacity, followed by leaves and
stems, where flavonols were the most represented compound.

In the analyzed broccoli, the range of phenol concentration varied from 891.26 to
2574.77 mg GA/kg of fw (Figure 2). Total phenol content, that is responsible for the 80%
of total antioxidant capacity, resulted to be highest in the broccoli heads, with an average
value of 1499.35 mg GA/kg of fw. This trend was confirmed in all the analyzed genotypes,
where TPH of heads were always statistically higher than the corresponding stems. Roja-II
had a higher content of phenols in head and stem than Roja (first harvest), probably due
to stage of development; this confirms that the late harvesting has a positive effect on
the quality of the product, as reported by Šamec et al. [28] and Soengas [25]. Our study
confirms that total phenolic content is influenced by genotype and plant developmental
stage, in accordance with previous studies [26,29].
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Phenolic compounds have a great incidence on the total antioxidant capacity of a food
matrix: for this reason, TPH and FRAP results usually have the same trend. In our case, the
higher TPH average content of head did not correspond to a higher average FRAP value of
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the same tissue; this result was probably due to the capacity of FRAP method to detect other
antioxidant compounds over phenols, such as ascorbic acid, carotenoids, vitamins, and
others, although the phenolics content represented 80% of the total antioxidant capacity as
reported by Podsedek [30]. However, in Roja-II, TPH values of head was higher than stem,
as well as FRAP value was higher in Roja-II head than stem.

The highest value of anthocyanins content was detected in broccoli heads (Figure 3), as
suggested by their slightly violaceous coloration. The highest concentration of anthocyanins
has been registered for Roja-II broccoli head, probably due to an increase in purple color
intensity during plant development. However, the less colored part of the plant (Stem) also
showed a statistically higher ACY content in Roja-II than in Roja (first harvest), suggesting
an increased accumulation of these compounds during development, likewise in absence
of purple coloration.
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Stem tissue had 78% lower accumulation of anthocyanins than head tissue. Sotelo et al. [31]
found similar values in broccoli (2.2–6.3 mg CYA/kg fw), while Rodriguez-Hernandez et al. [32]
made a comparison between inflorescences and leaves in purple sprouting broccoli, finding
higher values than the present study.

4. Conclusions

The aim of the study was to analyze the nutritional properties of fresh Brassica plants to
identify new high-quality products for the consumer, with richest content of phytochemical
compounds with health benefits for the consumer. Indeed, the study on the variation
of quality in different plant portion and developmental stage resulted interesting for
the creation of some possible new products for the consumers. Considering the plant
portion, it was evident that in black cabbage, seeds possess higher content of phytochemical
compounds than leaves. These results are not surprising if we consider that the function
and role of seeds is to protect from oxidation their lipids, which are very important during
germination when demand of oxygen is high [9,33]. Related to the concerns of broccoli,
heads had a higher phytochemicals content than stems, but the FRAP method revealed
that the total antioxidant capacity followed the opposite trend. More deep analyses could
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reveal the factors that determine the different values of antioxidant capacity among the
two developmental stages. Regarding TPH and ACY values, the Roja and Santee tissues
harvested at the same time showed the same content of these antioxidant compound, not
resulting in a significant difference. The big differences highlighted between Roja-II and
Roja (first harvest) samples were probably due to developmental stage and harvesting
time, because Roja-II was harvested approximately 20 days later than Roja (first harvest).
The developmental stage and the harvest time brought some phytochemical compounds
content differences: this evidence deserves to be further investigated, to better understand
the behavior of phytochemicals concentration during time.

Therefore, as a conclusion, these results clearly indicate that to identify a new high sen-
sorial and nutritional quality fresh or processed Brassica product it is important to identify
the most appropriate cultivar, the type of tissue to be used and also the harvesting time.
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Abstract: The beetroot and red bell pepper are vegetables rich in active ingredients, and their
potential for health benefits are crucial. Both presented raw materials are rich in natural pigments,
but are unstable and seasonal; thus, it was decided to take steps to extend their durability. Lactic
fermentation has been recognized as a food preservation method, requiring minimal resources.
The activities undertaken were also aimed at creating a new product with a coloring and probiotic
potential. For this reason, the study aimed to evaluate the impact of the method of fermentation on
the content of active compounds (pigments) in pickled juices and freeze-dried powders. The lactic
acid fermentation guided in two ways. The second step of the research was to obtain powders in
the freeze-drying process. For fermentation, Levilactobacillus brevis and Limosilactobacillus fermentum
were used. In juices and powders, pigments, color, and dry matter were tested. In this research, no
differences in fermented juice pigment contents were seen; however, the color coefficient differed
in raw juices. The freeze-drying process resulted in lowering the pigment content, and increasing
dry matter and good storage conditions (glass transition temperatures 48–66 ◦C). The selection of
vegetable methods suggested the use of fermentation and mixing it with a marinade (higher pigments
and lactic acid bacteria content). All powders were stable and can be used as a colorant source,
whereas for probiotic properties, a higher number of bacteria is needed.

Keywords: beetroot; red bell pepper; pigments; freeze-drying; LAB; color; betalain; carotenoids

1. Introduction

Lactic acid fermentation has been recognized for centuries as a safe technique of food
preservation which requires minimum of resources. The fermentation, with lactic acid
bacteria (LAB) application, leads to a decrease in pH at the end of the process. Processing
vegetables, such as by fermentation or heating, increases the bioavailability of nutrients
and pigments, most likely by disrupting the plant tissues cell walls. The strains of Lev-
ilactobacillus brevis, Limosilactobacillus fermentum, and Lactiplantibacillus plantarum are most
often used in the fermentation of vegetables [1–3]. Pickled foods, because of low pH
ensuring the long shelf-life of products, can be preserved for many months. However, it
depends mainly on having good storage conditions, such as a low temperature and the

141



Appl. Sci. 2022, 12, 5766

lack of UV radiation [4–6]. Fermented products have unique taste properties. The taste of
silage depends on both the type of raw material and the method and the parameters of the
ensilage process [7]. The desired changes in taste, consistency, and color take place over
time, ultimately creating products with a completely different taste impression from the
initial ingredients. This is mainly due to microorganisms such as lactic acid bacteria, yeast,
and filamentous fungi, which contribute to the unique taste of the silage and ensure the
safety and required quality of the resulting product.

Many pickled foods have been shown to be a valuable source of protein, carbohydrates,
minerals, vitamins, and fiber [8]. As a result of lactic acid bacteria presence, fermented
foods are classified as foods that have health-promoting properties. However, to be per-
manently classified as this type of food, it must have a high (over 1 × 107 log CFU/g)
number of lactic acid bacteria [9]. In addition, vegetables, due to their composition and
the increasingly popular trend of a healthy life-style, have become a valuable processed
raw material [8]. The combination of the health-promoting properties of vegetables and
lactic acid bacteria in fermented products is an excellent replacement for dairy products
containing LAB. Natural pigments include betalains, carotenoids, chlorophylls, and an-
thocyanins. The natural pigments found in vegetables and fruits are now progressively
being used as a source for coloring food. They are increasingly replacing the use of artificial
pigments, which nowadays are mentioned as “not-safe” and causing undesirable health
effects [6]. The disadvantage of using natural pigments is their sensitivity to the influence
of the environment through the action of UV rays, oxygen, temperature, pH or the presence
of metal ions, enzymes, or sugars [4,5,10,11].

In Western Europe the most popular fermented vegetables are cucumbers, cabbage,
beetroot, carrots, and red bell peppers. Of these, the highest amount of pigments are in
beetroot, carrots and red bell peppers [12–14]. Moreover, beetroot is rich in carbohydrates,
a protein with unsaturated fatty acids [15]. The betalains isolated from the beetroot were
vulgaxanthin I, vulgaxanthin II, indicaxanthin, betanin, neobetanin, prebetanin, and iso-
betanin [3,16]. Betalains are soluble in water N-acylated pigments divided into yellow-
orange-colored betaxanthins and red-violet-colored betacyanins. They are stable in a low
pH range (3–7), their stability increases with decreasing oxygen concentration, and they are
resistant to fermentation temperatures [11,17]. However, the thermal stability of betacyanin
and betaxanthins is still unclear, as mentioned in the beetroot pigments analysis made by
Lombardelli et al. [4] Despite the process conditions, yellow or red beetroot pigments could
be stable.

Red bell peppers are rich in carotenoids and are botanically included in fruits, whereas
a carrot is a root vegetable. Carrots have been recognized as an excellent source of
flavonoids, quercetin, vitamin C, and carotenoids [18]. Carotenoids are tetraterpenoid
compounds with a conjugated double-bond system; they are mainly lipophilic pigments
whose structure is based on the number of carbons linked in chains. Their cyclic structure
can be modified by hydrogenation, dehydrogenation, cyclization, and oxidation [19].

However, fermented vegetables can be difficult to store, mainly due to their subsequent
refrigerated storage and space requirements. Moreover, the lactic acid bacteria, after using
the carbon source, is not able to multiply further, which is disadvantageous from the
consumer’s perspective. Therefore, it was decided to use the lyophilization process in
order to protect the active ingredients (pigments) and bacteria (LAB). The freeze-drying
process can also be called low-thermal drying. After this process, dried substances are
obtained. However, after the completion of the process of freeze-drying vegetable juices,
water can be absorbed very quickly from the environment and the powder structure broken
down. Freeze-drying can be a solution to the problem of protecting sensitive substances
from juices containing high amounts of low molecular weight sugars. This is caused
by the low glass transition temperatures of the juice itself. When the glass transition
temperature is exceeded, the product becomes compact with a glassy sheen on the surface
of the agglomerated powder [20,21]. This phenomenon can be prevented by adding a high
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molecular weight carrier to the juice prior to the freeze-drying process. Maltodextrin is
most often added [22,23].

Both presented raw materials are rich in natural pigments, but are unstable and sea-
sonal; thus, it was decided to take steps to extend their durability. The activities undertaken
were also aimed at creating a new potential product with coloring and probiotic potential.
For this reason, the study aimed at the determination of the fermentation method influence
on the content of active compounds (pigments) in pickled juices and freeze-dried powders.

2. Materials and Methods
2.1. Materials

Materials were purchased at the Bronisze Market (Warsaw, Poland) Beetroot (Beta
vulgaris) and red bell pepper (Capsicum annuum L.) and cold-stored (4 to 6 ◦C) before use.
As an inoculum for fermentation two bacterial strains: Levilactobacillus brevis KKP 804 (LB)
and Limosilactobacillus fermentum KKP 811 (LF) were applied. The strains originated from
the Collection of Industrial Microorganisms (KKP, Warsaw, Poland). Maltodextrin DE10
was supplied by Pepees S.A. (Łomża, Poland).

2.2. Technological Treatment
2.2.1. Fermentation Process

Two different kinds of fermentation were used. The first type was the fermentation
of juices obtained from the beetroot and red s bell pepper. The second type was the
fermentation of sliced vegetables/fruits in 200 mL jars. In the first type of juice fermentation,
NaCl was directly added to the juice with 2% of juice volume. In the second type of
fermentation, NaCl was dissolved in water in a concentration of 2% and then was added to
the jars with vegetable slices. Inoculum of 1% to the water/juice volume, which matched to
the 1 × 107 CFU/mL of bacterial content, was added. For spontaneous fermentation (SF) no
inoculum was added. For anaerobic conditions, jars were closed and kept in an incubator
at a stable temperature of 28 ◦C. Fermentation process was carried out for 7 days after
addition of the inoculum. All experiments were carried out in duplicate and in parallel.

2.2.2. Juice Pressing

The juice was obtained from raw and fermented vegetables. The process was carried
out with an NS-621CES juicer model (Kuvings, Daegu, Korea). Separately, juice and pomace
were collected. Juice was used in this research.

In the second method, juice was obtained from fermented vegetables. This juice was
mixed in a proportion 1:1 with brine (S). In previous research, only pressed juices were
tested separately from the post-fermentation solution [3,9] for comparison with the post-
fermentation solution, and as a result a high amount of LAB was observed. This is the
reason why we mixed it in this research.

Before freeze-drying, the addition of a carrier material was needed. In the presented
research, 15% v/v maltodextrin with a low dextrose equivalent (DE = 10) was added to
the juices. Fermented juices without a carrier addition were highly hygroscopic, and after
being taken from the freeze-dryer their structure collapsed.

2.2.3. Freeze-Drying

The freeze-dried protocol was used in accordance to methodology presented by [24]
with some changes. Obtained from both types of fermentation were frozen at −40 ◦C
(Shock Freezer HCM 51.20, Irinox, Treviso, Italy) for 10 h on a petri dish. Freeze-drying
was carried out in an ALPHA 1–4 freeze-dryer (Christ, Osterode, Germany) for 24 h at a
heating shelf temperature of 30 ◦C and the constant pressure of 63 Pa; a safety pressure
was set up at 103 Pa. The experiments were carried out in duplicate.
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2.3. Analytical Method
2.3.1. Dry Matter

Gravimetrical method was used to dry matter determination. For juice aproximatelly
0.6–1 g was placedat filter paper in a dish, while 1 g was used for powders.Drying was
made in vacuum-dryer (Memmert VO400, Schwabach, Germany) under the pressure of
10 mPa at 75 ◦C for 24 h until constant weight. Measurements were performed in triplicate.

2.3.2. Total Acidity

For the measurement of total acidity, the titration method with 0.1 M NaOH was used.
A known mass of sample juice/powder (m) was taken and diluted with distilled water to a
volume of 50 mL (V1), then 25 mL of diluted juice (V2) was taken for testing. Titration with
the NaOH solution ended when the pH reached 8.1, and the amount of NaOH solution
used (VNaOH) was used for calculations. The measurement was conducted in triplicate for
each sample.

Total acidity =
(VNaOH ·0.1·V1·0.09·100)

(V2·m)
(g lactic

acid
100g

product) (1)

where 0.1 is the molarity of NaOH and 0.09 is the index for correction for lactic acid in
the sample.

2.3.3. Color Parameters

The color of powders was analysed with the colorimeter CR-5 (Konica Minolta Sensing
Inc., Osaka, Japan) in the CIE L*a*b* system. Parameters used: Illuminant D65, an angle
of 2◦, and calibration with white plate. All measurements were made in 3 repetitions. In
addition, the ∆E* factor of the color differences between juices before (parameters L*a*b*
with index raw) and after fermentation was calculated from formula [5,25]:

∆E =

√
(L∗ ∗ −L∗

raw)
2 + (a∗ ∗ −a∗raw)

2 + (b∗ ∗ −b∗
raw)

2 (2)

2.3.4. Thermal Properties

The weight loss upon heating was measured using a TGA/DSC 3+ thermogravimeter
(Mettler-Toledo, Greifensee, Switzerland). Ground material in amounts of 5–8 mg were
placed in 70 µL alumina crucibles and pyrolyzed from 30 to 600 ◦C with a heating rate of
5 ◦C/min under nitrogen atmosphere (50 mL/min). The maximum temperatures of the
energy effects were determined from the DTG curves [26]. Two measurements of each
sample were made.

A differential scanning calorimeter (DSC 3+ STAR, Mettler-Toledo, Greifensee, Switzer-
land) with liquid nitrogen cooling was used to determine the glass transition temperature
(Tg). Prior to analysis, the samples were dried in a vacuum oven (30 ◦C, 10 mb, 48 h) and
stored over anhydrous P2O5. An amount of 3–6 mg of the sample was weighed in 40 µL
aluminum pans and subjected to a three-step analysis. In the first stage, the sample was
cooled from room temperature to −50 ◦C, then kept at this temperature for 5 min and
heated to 150 ◦C at the rate of 5 ◦C/min with a nitrogen flow of 50 mL/min. The obtained
DSC curves were analyzed using dedicated STARe software v.16.0.

2.3.5. ATR-FTIR Spectroscopic Analysis

Infrared absorption spectra of the dried samples were recorded using a Cary 630
spectrometer (Agilent Technologies Inc., Santa Clara, CA, USA) with a diamond crystal
ATR system. The analysis was carried out in the wavenumber range of 4000–650 cm−1

for 32 scans with a resolution of 4 cm−1 [27]. A background measurement was performed
before each sample. Each sample was scanned in triplicate.
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2.3.6. Determination of the Number of Lactic Acid Bacteria

For enumeration of viable cells a total count by plate method was made. Juices and
freeze-dried juice samples were serially diluted using sterile saline (0.85% NaCl, Biomaxima,
Lublin, Poland). On the de Man, Rogosa, and Sharpe agar plates samples were placed
(MRS, Biomaxima, Lublin, Poland) and incubated at 28 ± 1 ◦C for 48 ± 4 h. The number of
grown colonies was counted and recorded as log CFU per g d.m by ProtoCOL 3, (Synbiosis,
Frederick, MD, USA). The samples were analyzed in triplicates.

2.3.7. Betalain Content

Betalain content was measured by two methods. For the calculation of the amount,
the spectrophotometric method was used, and for the identification of betalain, the HPLC
method was used.

(A) HPLC method

The HPLC method is based on research of Janiszewska-Turak et al. [3]. For freeze-dried
samples, approximately 1 g was extracted with 20 mL of a mixture of 0.2% formic acid and
acetonitrile (4:1, v/v). The samples were stirred for 5 min, centrifuged at 5000× g for 5 min.
The supernatants were filtered through 0.45 µm syringe PTFE filters (Macherey-Nagel,
Duren, Germany) to chromatographic vials.

The analyses were conducted using an equipment from Waters (Milford, MA, USA):
the 2695 Separations Module connected with 2995 PDA detector, and 2475 Multi-Wavelength
Fluorescence Detector (Waters, Milford, MA, USA). The samples of 10 µL were injected
on a Sunfire C8 column (5 µm, 4.6 × 250 mm, Waters) with a precolumn with identical
chemistry, which were kept at the temperature of 30 ◦C and rinsed at 1.0 mL/min with a
gradient of 0.2% formic acid and acetonitrile as described by Janiszewska-Turak et al. [3].
Betacyanins were quantified at a wavelength of 538 nm, while betaxanthins at 480 nm. Two
independent analyses were performed for each sample.

The analytes were identified using their retention times, UV/VIS spectra, and previous
results from our team [16,28–31].

(B) Spectrophotometric method

The spectrophotometric method was based on the methodology presented by Janiszewska-
Turak et al. [32]. The measurement was conducted on the Evolution 220 (Evolution 220,
Thermo Fisher Scientific Inc., Waltham, MA, USA). The 0.5 g of sample (powder or juice)
was mixed with phosphate buffer (5000 mg). Betanin (mg betanin/100 g of dm) and vulgax-
anthin I (mg vulgaxanthin I/100 g of dm) determination was based on the red and yellow
pigments, respectively. The samples were analyzed in triplicates.

2.3.8. Carotenoids Analysis

The total carotenoids content (TCC) was measured according to a methodology [33,34]
based on spectrophotometric measurements. The absorbance of the colored solutions was
determined at 450 nm (Spectronic 200; Thermo Fisher Scientific Inc., Waltham, MA, USA).
The analysis was conducted in triplicate.

2.4. Statistical Treatment

The results obtained were statistically analysed with use of Statistica 13 software
(StatSoft, Warsaw, Poland). A one-way ANOVA (analysis of variance) with the identification
of homogenous groups with Tukey’s HSD test at a significance level of α = 0.05 was made.
Medium and standard deviation parameters, were determined using MS Excel 16.

3. Results and Discussion

The paper presents the results of this research on juices obtained due to lactic acid
fermentation with the use of dedicated fermentation strains (Levilactobacillus brevis KKP
804 (LB) and Limosilactobacillus fermentum KKP 811 (LF)) and spontaneous fermentation.
Two raw materials significantly different from each other were used for the research: red
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beetroot (B), which is a root vegetable with a compact structure, and red bell pepper (RBP),
which is botanically classified as a fruit and has a different structure of tissues than beetroot.

The fermented juices obtained in two ways were tested for the content of active
compounds, which include betalains, carotenoids, and the presence of lactic acid bacteria.
Moreover, the physicochemical properties of juices such as dry weight, viscosity, total
acidity, and color were determined. The obtained fermented beetroot and red pepper juices
were then subjected to the freeze-drying process in order to extend their shelf-life and
create a new product with coloring and probiotic potential. In the obtained powders, apart
from the determinations made for juices, the physical transformation temperatures (TGA,
DSC) were tested in order to determine the storage conditions.

3.1. Juices

The process of lactic acid fermentation of the juices alone increased the viscosity of
the juices obtained regardless of the type of raw material, with the only exception being
beetroot juice with the use of Limosilactobacillus fermentum (Table 1). In the second method
of fermentation, the juice was obtained from fermented raw materials and then mixed
with a marinade into which water-soluble substances released in the fermentation product
could pass during the fermentation process, with no statistically significant changes in the
lightness value of the final juices. The lightness of non-fermented juices differed between
the analyzed raw materials; higher values were observed for beetroot juice, which may be
related to the composition of the vegetable itself and the presence of pigments dissolved
in water, which could pass into the juice during the pressing process (Table 1). However,
the analysis of the fermented juices did not show any difference in the lightness value,
despite of the type of raw material and the fermentation.

Table 1. Selected physicochemical and microbiological properties of vegetable juices.

Sample Viscosity
(mPas)

Dry Matter (g/g)
Total Acidity

(g Lactic
Acid/100 g

Product)

Color Coefficients
∆E

Number of
Lactic Acid

Bacteria
log CFU/g d.m.L* a* b*

B_raw 1.51 ± 0.09 ab 0.054 ± 0.008 b 0.82 ± 0.13 b 6.33 ± 0.06 c 14.46 ± 0.16 e 1.91 ± 0.08 g - 2.06 ± 0.03 a

B_J_LF 1.15 ± 0.10 a 0.070 ± 0.006 c 0.73 ± 0.02 b 6.47 ± 0.21 c 9.85 ± 0.44 d 0.35 ± 0.06 f 4.73 ± 0.40 a 6.64 ± 0.16 c

B_J_LB 1.63 ± 0.27 b 0.072 ± 0.001 c 0.68 ± 0.04 b 5.68 ± 0.05 b 5.37 ± 0.01 a −0.31 ± 0.13 e 9.23 ± 0.04 d 7.94 ± 0.01 e

B_J_SF 1.62 ± 0.07 b 0.052 ± 0.002 b 0.35 ± 0.03 a 4.15 ± 0.05 a 9.08 ± 0.16 c −1.20 ± 0.12 d 6.42 ± 0.10 b 6.98 ± 0.06 d

B_PJ+S_LF 1.21 ± 0.11 a 0.033 ± 0.000 a 0.61 ± 0.01 b 6.84 ± 0.05 d 4.91 ± 0.08 a −2.57 ± 0.08 b 10.42 ± 0.08 e 6.27 ± 0.05 b

B_PJ+S_LB 1.22 ± 0.11 a 0.025 ± 0.001 a 0.70 ± 0.00 b 10.23 ± 0.05 f 5.02 ± 0.07 a −1.72 ± 0.06 c 10.73 ± 0.06 e 8.08 ± 0.09 e

B_PJ+S_SF 1.40 ± 0.13 ab 0.032 ± 0.001 a 0.70 ± 0.01 b 9.68 ± 0.06 e 8.25 ± 0.11 b −2.81 ± 0.02 a 8.38 ± 0.06 c 6.62 ± 0.26 c

RBP_raw 1.25 ± 0.05 A 0.018 ± 0.003 A 0.73 ± 0.03 AB 14.96 ± 0.03 A 14.21 ± 0.05 C 14.16 ± 0.06 C - 2.21 ± 0.09 A

RBP_J_LF 1.51 ± 0.14 C 0.047 ± 0.006 C 1.96 ± 0.08 D 24.39 ± 0.01 F 18.98 ± 0.02 D 31.40 ± 0.09 E 20.19 ± 0.07 C 7.91 ± 0.04 D

RBP_J_LB 1.31 ± 0.08 AB 0.035 ± 0.000 B 1.60 ± 0.16 C 24.00 ± 0.01 F 19.17 ± 0.01 E 28.28 ± 0.04 D 17.45 ± 0.03 B 7.06 ± 0.03 B

RBP_J_SF 1.46 ± 0.01 B 0.038 ± 0.002 BC 1.33 ± 0.10 C 21.96 ± 0.01 E 15.38 ± 0.02 D 31.38 ± 0.12 E 20.14 ± 0.09 C 8.37 ± 0.09 E

RBP_PJ+S_LF 1.27 ± 0.09 A 0.013 ± 0.002 A 0.94 ± 0.04 B 17.18 ± 0.03 D 8.26 ± 0.07 A 10.74 ± 0.04 A 7.26 ± 0.07 A 7.71 ± 0.07 C

RBP_PJ+S_LB 1.36 ± 0.06 AB 0.015 ± 0.000 A 0.77 ± 0.04 AB 16.97 ± 0.01 B 8.45 ± 0.04 B 11.05 ± 0.15 B 6.65 ± 0.07 A 7.15 ± 0.06 B

RBP_PJ+S_SF 1.33 ± 0.01 AB 0.076 ± 0.001 D 0.63 ± 0.04 A 17.06 ± 0.00 C 8.26 ± 0.08 A 10.66 ± 0.04 A 7.26 ± 0.09 A 8.33 ± 0.06 E

B—beetroot; RBP—red bell pepper; LF—Limosilactobacillus fermentum KKP 811; LB—Levilactobacillus brevis KKP
804; SF—spontaneous fermentation; J—juice pressed before fermentation; PJ+S—juice pressed from fermented
vegetable and mixed with post-fermentation solution. a, b, c and specific letters—different indexes for the beetroot
columns mean statistically significant differences for given values at the level of p < 0.05; A, B, C and specific
letters—different indexes for red bell pepper columns (RBP) mean statistically significant differences for given
values at the level of p < 0.05.

The viscosity of the juices depends on the content of the solute. This is confirmed by
the dry matter obtained from the juices. The higher the dry matter content and, therefore,
the higher the content of soluble and insoluble substances in the juice, the higher the
observed viscosity value (Table 1).

Higher values of dry matter were observed for beet juice, regardless of the fermentation
method used and the starter cultures used. For both raw materials, the second fermentation
method resulted in the achievement of lower values of dry matter, which is strictly related
to the addition of a 1:1 water marinade to the juice. The exception was fermented red bell
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pepper with the addition of a water marinade, for which the highest dry matter values
were obtained as compared to other pepper juices.

Similar viscosity was observed for beetroot juices (1.56 mPas) by Janiszewska [35]; how-
ever, higher values were observed for red bell pepper juices (1.99 mPas) by Rybak et al. [36].
Differences in viscosity and dry matter in presented juices are connected to the ingredients
that are present in raw materials; in the beetroot water 87.6 g/100 g product, carbohydrates
accounted for approximately 9.5–10 g/100 g of the product, protein 1.6–1.7 g/100 g of the
product, and fat 0.17–0.18 g/100 g of the product [12,37], whereas for the red bell pepper
water 92.2 g/100 g product, carbohydrates account for approximately 6.03 g/100 g of the
product, protein 0.99 g/100 g of the product, and fat 0.3 g/100 g of the product [13]. In the re-
search of Hallmann et al. [38], the dry matter for fermented beetroot was 0.0814–0.0747 g/g,
which was a little higher than in the presented research for beetroot juices obtained through
the first type of fermentation; however, it could be related to the used cultivar.

The total acidity for both juices tested was similar, as it was 0.82 for beetroot juice and
0.73 for red pepper juice. It was observed that for beet juice after the fermentation process,
regardless of the method of fermentation, no changes in acidity values were visible, which
is related to the low pH of the beetroot juice itself (pH about 5) before the fermentation
process. Similar results were presented by Czyżowska et al. [39] for the lactic acid content
in fermented beetroot juices (0.5 g/100 mL).

In the case of fermented red pepper juice, the total acidity was twice as high as for
the juice before fermentation and for the juice obtained by squeezing and mixing with
the marinade.

The content of lactic acid bacteria is an substantial parameter that determines the qual-
ity of fermented juices. The presence of LAB at the level of two log cycles was demonstrated
in raw juices. The presence of 6.5–8.0 log CFU/g d.m. of LAB was found in fermented
beetroot juices, whereas in juices squeezed from beetroot after fermentation and combined
with marinade, the presence of LAB was demonstrated at a comparable level for the re-
spective types of fermentation. Similar dependencies were shown in the case of pepper
juices, but when it comes to spontaneous fermentation, the number of lactic acid bacteria
after fermentation was higher than in the case of fermentation with the use of one type of
bacteria. Both L. brevis and L. fermentum grew in red bell pepper and beetroot juices.

The color of juices differed depending on the raw material tested. The red beet juices
were redder and darker compared to the red bell pepper juices, which is related to the
content of specific pigments in those raw materials (Table 1).

It was observed that the color components decreased after the fermentation process of
the red beet juice, which means that the juices after the fermentation process were darker
(L* decrease), less red (a* decrease), and much greener (b* decrease). The color components
of the red bell pepper juice after fermentation increased, which means that the juices after
the fermentation process were lighter (L* increase), blacker (a* increase), and definitely
more yellow (b* increase).

Changing the fermentation method into vegetable/fruit fermentation and then squeez-
ing it and mixing it with water brine resulted in a statistically significant reduction in the
value of redness (+a*) and yellowness/greenness (b*) for both juices, in addition to an
increase in brightness (+L*).

The color difference factor (∆E*) is a combination of all color coefficients related to
the reference color coefficients. A comparison was made in the presented research with
the raw juices, thus the differences after the fermentation process could be observed. It is
stated that values below 5 mean there is no difference in color as seen with the human eye,
values between 5 and 12 give information about minor variations of the color, and values
above 12 mean that the color is totally different than the reference sample [5,25,40]. For
both juice vegetables, the calculated factor of color differences (∆E*) was higher than 5.
For fermented beetroot juices, the color difference factor was in the range from 4.7 to
10.7, which means that slight differences were seen and the juices were similar to the raw
beetroot juice, however, the difference can be detected by the human eye. For red bell
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pepper, slight differences were observed for fermented juices (values from 6.6–7.3), whereas
juices obtained from the fermented vegetable and mixed with marinade differed at first
sight (values above 17) (Table 1).

Analysis of the content of color pigments in red beetroot and red bell pepper showed
the influence of the fermentation method on the pigment content (Figures 1 and 2). In beet-
root juice, an increase in betacyanin content was observed for juices obtained by pressing
fermented vegetables and using of marinade after fermentation (approximately from 316
for raw juice to 720–950 mg/100 g dm) and in both pigments (betacyanin and betaxanthin)
obtained by spontaneous fermentation of beet juice (680 for betacyanin, 530 mg/100 g dm
for betaxanthin) (Figure 1). The increase in the content of betalain pigments in the second
method of lactic fermentation may be related to the transition of betalain pigments from
the inside of the fermented beetroot tissue to the brine. Betalain pigments are water-soluble
compounds, and during the fermentation process they can migrate to the marinade [41,42].
NaCl in fermented vegetables can perform several functions: It is a preservative, i.e., it
protects against the development of unfavorable microflora and increases the osmotic
pressure that causes the extraction of vegetable juice. Increasing the osmotic pressure
during the fermentation process of vegetables in brine causes the migration of water from
the inside of the vegetable to the brine [43]. In addition to the migrating water, soluble
substances, including betalain pigments, also enter the brine.
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There was no influence of the type of bacterial addition to the beetroot juice/vegetable
fermentation process on the beetroot juice/vegetables.

Analysis of the carotenoid content in fermented red bell pepper juices showed the
influence of this process on the pigment content (Figure 2). In fermented juices, a decrease
in the carotenoid content was observed, regardless of the type of lactic acid bacteria used.
Changing the fermentation method to the fermentation of the raw material caused only
a slight decrease in the content of carotenoids compared to juice without fermentation.
However, it is not possible to unequivocally establish a relationship between the way the
lactic acid fermentation process is carried out and the amount of carotenoids. The highest
values achieved in the spontaneous fermentation of the juice (about 130 mg/100 g d.m.)
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have not been confirmed in the second fermentation method, of which the carotenoid
content was about 10 mg/100 g d.m.
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On the other hand, the use of LF strains for whole pieces of red bell pepper resulted in
obtaining the highest values of carotenoids (170 mg/100 g d.m.) in juices mixed with post-
fermentation solution. It could be caused by tissue disturbance during the fermentation
process, resulting in the release of larger amounts of carotenoids from the interior of pepper
particles during pressing [44].

In their research, Hallmann et al. [38] observed cis-β-carotene, α -carotene, capsorubin,
α- and β-cryptoxanthin, lutein, and zeaxanthin in fermented red bell peppers. They observed
that the highest values were for cis-β-carotene and zeaxanthin (0.38 mg/100 g fw) [38].

3.2. Freeze-Dried Powders

To each juice before freeze-drying, 15% v/v of maltodextrin DE = 10 was added.
Dried beetroot and red bell pepper juices without the addition of a carrier agent were very
hygroscopic, and after a few minutes the FD powder’s structure collapsed and the glass
transition process took place.

Obtained after freeze-drying the fermented juices, beetroot powders were character-
ized by a high dry matter content (84–98%); beetroot powders had a higher total acidity
(TA), approximately 3 g lactic acid/100 g, higher lightness (L*) and redness (a*), and lower
yellowness/greenness (b*) than in juices (Table 2). For red bell pepper powders, almost
the same correlation was observed as for beetroot powders. The smallest differences were
observed for the color coefficients a* and b * with respect to the juices (Tables 1 and 2).

The higher total acidity of red bell pepper compared to beetroot powders could
be related to the concentration of salt in the marinade and lactic acid concentration in
the powder.

Freeze-drying causes a decrease in microbial survival, but it is less than while spray-
drying or convection-drying. The number of lactic acid bacteria in the powders obtained
as a result of lyophilization is presented in Table 2. A decrease in approximately one
to three cycles of the powders’ log number of LAB in relation to juices was observed.
The influence of the lactic acid bacteria used and the fermentation method (fermented
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juices or juices obtained as a result of squeezed fermented vegetables) on the LAB number
was not observed.

Table 2. Selected physicochemical and microbiological properties of fermented freeze-dried powders.

Sample Dry Matter (g/g)
Total Acidity

(g Lactic Acid/100 g
Product)

Color Coefficients Tg (◦C)
Number of Lactic

Acid Bacteria
log CFU/g d.m.L* a* b*

B_J_LF 0.840 ± 0.201 a 2.78 ± 0.21 a 37.92 ± 0.35 cd 25.51 ± 0.26 ab −10.38 ± 0.17 b 61.51 ± 0.49 b 5.80 ± 0.01 d

B_J_LB 0.947 ± 0.006 a 2.86 ± 0.09 a 36.09 ± 1.41 bc 26.81 ± 3.24 bc −10.83 ± 1.17 b 58.68 ± 0.86 a 5.89 ± 0.01 d

B_J_SF 0.982 ± 0.000 a 2.96 ± 0.39 a 35.31 ± 1.35 b 21.82 ± 0.70 a −9.62 ± 0.66 b 59.60 ± 0.23 a 5.37 ± 0.05 bc

B_PJ+S_LF 0.940 ± 0.003 a 2.72 ± 0.00 a 36.05 ± 0.01 bc 36.53 ± 0.01 e −13.31 ± 0.02 a 66.00 ± 0.49 d 5.25 ± 0.01 b

B_PJ+S_LB 0.931 ± 0.038 a 2.57 ± 0.06 a 32.85 ± 0.00 a 33.03 ± 0.01 de −0.29 ± 0.01 c 62.55 ± 0.49 b 5.15 ± 0.10 b

B_PJ+S_SF 0.960 ± 0.000 a 2.57 ± 0.06 a 39.37 ± 0.01 d 29.60 ± 0.04 cd −10.70 ± 0.02 b 64.12 ± 0.33 c 4.53 ± 0.16 a

RBP_J_LF 0.840 ± 0.016 A 6.18 ± 0.76 BC 66.42 ± 0.00 B 27.07 ± 0.01 E 37.28 ± 0.01 D 48.56 ± 0.23 C 5.81 ± 0.01 C

RBP_J_LB 0.971 ± 0.001 C 7.50 ± 1.41 C 62.48 ± 0.01 A 28.99 ± 0.01 F 37.88 ± 0.01 E 61.17 ± 0.35 E 5.92 ± 0.06 D

RBP_J_SF 0.923 ± 0.004 B 3.49 ± 0.04 AB 75.78 ± 0.15 E 14.47 ± 0.03 B 25.81 ± 0.03 B 56.43 ± 0.15 D 5.54 ± 0.11 B

RBP_PJ+S_LF 0.964 ± 0.010 C 4.17 ± 0.73 AB 71.58 ± 0.01 C 22.51 ± 0.01 D 31.21 ± 0.01 C 52.86 ± 0.41 D 5.61 ± 0.03 B

RBP_PJ+S_LB 0.950 ± 0.013 BC 3.89 ± 0.05 AB 73.56 ± 0.01 D 18.44 ± 0.01 C 26.17 ± 0.01 B 49.55 ± 0.41 B 5.25 ± 0.20 A

RBP_PJ+S_SF 0.824 ± 0.000 A 2.20 ± 0.01 A 83.58 ± 0.38 F 8.50 ± 0.36 A 16.48 ± 0.50 A 46.52 ± 0.39 A 5.11 ± 0.27 A

B—beetroot; RBP—red bell pepper; LF—Limosilactobacillus fermentum KKP 811; LB—Levilactobacillus brevis KKP
804; SF—spontaneous fermentation; J—juice pressed before fermentation; PJ+S—juice pressed from fermented
vegetable and mixed with post-fermentation solution, a, b, c and specific letters—different indexes for the beetroot
columns mean statistically significant differences for given values at the level of p < 0.05, A, B, C and specific
letters—different indexes for red bell pepper columns (RBP) mean statistically significant differences for given
values at the level of p < 0.05.

Storage conditions for powders from fermented juices obtained by freeze-drying can
be predicted on the basis of thermal analysis methods. The differential scanning calorimetry
(DSC) method determines the glass transition temperature (Tg) below which materials
should be stored. In the powders obtained, the temperatures ranged from 59 to 66 ◦C for
beetroot and 46 to 61 for red bell pepper (Table 2). The obtained values allow that the
obtained powders can be stored at room temperature, as the literature suggests values lower
than the Tg by about 20 ◦C are safe [45–47]. Similar values for dried beetroot powders with
maltodextrin were obtained by Flores-Mancha et al. [48] and reached 61 ◦C. Those values
for powders can be related to the addition of maltodextrin to juices before freeze-drying.
The glass transition is related to the molecular weight of the compound and water content
in the sample. It was measured that for maltodextrin, the Tg is above 140 ◦C, for sucrose
60 ◦C, and for glucose 31 ◦C [49,50]. The mixture of 15% MD with vegetable juices that
contained approximately 4–7 g/100 g of sugars could result in a decrease in the Tg to the
level mentioned in Table 2.

In addition to the DSC method, thermal analysis predicts changes during storage.
The TGA method can show phase transitions or chemical reactions in powders, which can
occur when temperature increases. Thermogravimetry shows “changes in the mass of a
substance during heating or cooling as a function of time and temperature” [51]. In the TGA
analysis, specific regions can be selected by using steps in measurement. In the analysis
provided in this research, three steps were used: In the first step, the temperature ranged
from 30 to 140, the second step was 140–420, and the third step was 420–600 ◦C. The first
step is associated with the loss of moisture, whereas the second step, above 120 ◦C, shows
decomposition processes of, e.g., proteins and carbohydrates [52–54]. In analysis samples
the highest mass loss (41–75%) was determined in the second region (step 2) (Table 3), which
can be related to the carbohydrates from vegetables (6–9 g/100 g product) [12,13] as well
as maltodextrin (a polysaccharide with glucose parts linked with each other) present in all
samples. The temperature of maltodextrin decomposition is approximately 130–160 ◦C and
is connected to the water content in the powder sample [55]. The highest water evaporation
in the first step is related to the highest water content in that sample (Table 3). No specific
differences between fermentation type, bacteria type, and material used were observed.
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Table 3. Thermal properties of fermented freeze-dried powders.

Step 1 Step 2 Step 3

Sum
[%]

Decomposition Temperature [◦C]

Temp.
Range

[◦C]

Mass
Loss
[%]

Temp.
Range

[◦C]

Mass
Loss
[%]

Temp.
Range

[◦C]

Mass
Loss
[%]

1 2

B_J_LF 30–140 2.0 140–420 41.8 420–600 8.7 52.5 78.1 162.0 197.7 268.2
B_J_LB 30–140 2.2 140–420 45.3 420–600 5.2 52.8 79.3 161.3 195.7 267.6
B_J_SF 30–120 2.4 120–420 52.3 420–600 2.2 56.9 73.3 152.0 286.2

B_PJ+S_LF 30–140 0.4 140–420 44.1 420–600 3.8 48.3 84.5 173.7 289.3
B_PJ+S_LB 30–140 7.2 140–420 46.4 420–600 3.4 57.0 170.0 290.6
B_PJ+S_SF 30–140 5.4 140–420 55.5 420–600 2.2 63.2 169.4 291.8

RBP_J_LF 30–130 4.4 130–420 43.4 420–600 2.7 50.5 85.3 155.0 284.3
RBP_J_LB 30–130 3.7 130–420 46.2 420–600 3.5 53.5 80.3 154.0 285.9
RBP_J_SF 30–120 1.6 120–420 53.4 420–600 6.6 61.6 153.2 287.2

RBP_PJ+S_LF 30–140 2.6 140–420 47.8 420–600 3.9 54.3 92.2 168.6 293.3
RBP_PJ+S_LB 30–140 0.6 140–420 47.1 420–600 6.8 54.5 75.9 293.0
RBP_PJ+S_SF 30–140 1.4 140–420 75.1 420–600 0.5 77.0 67.0 290.5

B—beetroot; RBP—red bell pepper; LF—Limosilactobacillus fermentum KKP 811; LB—Levilactobacillus brevis KKP
804; SF—spontaneous fermentation; J—juice pressed before fermentation; PJ+S—juice pressed from fermented
vegetable and mixed with post-fermentation solution.

FTIR analysis showed that similar results were observed for both types of powders
(beetroot and red bell pepper) (Figure 3). No differences in region size were observed,
independently of the type of fermentation or starter cultures used. The most visible
regions were: the region of O-H hydrogen bonds seen at wavenumbers of 3250–3050 cm−1,
region of C-H bonds at 2926 cm−1, spectral region of C=O bonds at 1500–2000 cm−1,
region of C=N hydroxyl compounds at 1620 cm−1, region of C-O stretch vibrations where
alcohols arises, e.g., from xanthophyll 1144 C-O; C-C; and C-O-C, and the region of the
presence of C-O phenols at 1050 cm−1 and at 800–600 cm−1. In the FTIR figures, fingerprint
regions (600–1500 cm−1) of functional groups can be detected. For beetroot powders at the
1314, 1350-methylene C-H bend, between 1450 and 1650 cm−1, the presence of nitrogen
was seen. Similar results and conclusions have been observed for beetroot juices and
beetroot samples [56–58]. The region linked to β-carotene is at wavenumbers from 1550 to
1600 cm−1, which is related to stretching vibrations of the C=C bonds and the region seen
at 960 cm−1 (Figure 3b). Comparable results were observed by Quijano-Ortega et al. [59]
for dried pumpkin species and also for dried red pepper by Castañeda-Pérez et al. [60].

In the presented research two methods were used for the identification of betalain
and its content. First, a spectrophotometric method was used in juices and in freeze-dried
powders to test the total betaxanthin and betacyanin content in the samples. A second
method, HPLC analysis, was used to obtain the betalain profile in freeze-dried samples,
as well as its concentration too. The results of the HPLC method are presented in Table 4,
whereas the summary of these two methods is compared in Table 5.

Table 4. HPLC results.

Sample
Betaxanthin

(mg/100 g dm)
Betacyanin

(mg/100 g dm)
Vulgaxanthin I A Betanin B Isobetanin Betanidin C Neobetanin

B_J_LF 1.22 ± 0.08 b 0 a 60.22 ± 1.27 d 0.29 ± 0.04 a 5.77 ± 0.25 b 6.38 ± 0.38 c 0 a 0 a

B_J_LB 1.70 ± 0.08 c 0.21 ± 0.05 b 72.83 ± 0.77 e 0.17 ± 0.02 a 7.93 ± 0.32 c 6.80 ± 0.08 c 0.43 ± 0.04 b 0 a

B_J_SF 2.19 ± 0.00 d 0 a 41.96 ± 0.69 ab 0.51 ± 0.03 b 3.67 ± 0.32 a 16.35 ± 0.90 d 0.88 ± 0.08 c 0 a

B_PJ+S_LF 0.15 ± 0.00 a 0.85 ± 0.06 c 48.36 ± 1.87 c 0.80 ± 0.08 c 14.69 ± 0.40 d 0.38 ± 0.07 a 0 a 0.54 ± 0.07 b

B_PJ+S_LB 0.09 ± 0.00 a 1.24 ± 0.01 d 60.40 ± 4.73 d 1.09 ± 0.04 d 16.41 ± 0.32 e 0 a 0 a 0.83 ± 0.03 c

B_PJ+S_SF 1.71 ± 0.11 c 0 ac 36.90 ± 0.01 a 0.54 ± 0.08 b 7.08 ± 0.11 c 4.15 ± 0.08 b 0.73 ± 0.04 c 0.60 ± 0.04 b

B—beetroot; LF—Limosilactobacillus fermentum KKP 811; LB—Levilactobacillus brevis KKP 804; SF—spontaneous
fermentation; J—juice pressed before fermentation; PJ+S—juice pressed from fermented vegetable and mixed
with post-fermentation solution; A—possible decarboxylated derivative of betanin, B, C—other betacyanins,
a, b, c, d, e—different indexes for the columns mean statistically significant differences for given values at the level
of p < 0.05.
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Table 5. Pigment content in beetroot samples (comparison of two methods).

Sample
Betalain Results from HPLC Method Betalain Results from the

Spectrophotometric Method
Betacyanin

(mg/100 g dm)
Betaxanthin

(mg/100 g dm)
Betacyanin

(mg/100 g dm)
Betaxanthin

(mg/100 g dm)

B_J_LF 72.67 ± 1.94 bc 1.22 ± 0.08 b 94.89 ± 1.96 a 50.72 ± 2.00 c

B_J_LB 88.38 ± 1.28 d 1.70 ± 0.08 c 99.85 ± 0.14 ab 54.82 ± 0.28 cd

B_J_SF 63.37 ± 2.02 ab 2.19 ± 0.00 d 104.61 ± 7.55 ab 56.14 ± 1.66 d

B_PJ+S_LF 65.62 ± 2.54 bc 0.15 ± 0.00 a 98.39 ± 2.09 ab 7.96 ± 0.59 a

B_PJ+S_LB 79.96 ± 5.14 cd 0.09 ± 0.00 a 122.50 ± 0.79 c 17.02 ± 1.88 b

B_PJ+S_SF 49.99 ± 0.37 a 1.71 ± 0.11 c 111.53 ± 2.79 bc 15.52 ± 0.24 b

B—beetroot; LF—Limosilactobacillus fermentum KKP 811; LB—Levilactobacillus brevis KKP 804; SF—spontaneous
fermentation; J—juice pressed before fermentation; PJ+S—juice pressed from fermented vegetable and mixed with
post-fermentation solution; a, b, c, d—different indexes for the columns mean statistically significant differences
for given values at the level of p < 0.05.
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As mentioned by other authors [16,39], the betalains identified in beetroot pigments
were: vulgaxanthin I, vulgaxanthin II, indicaxanthin, betanin, neobetanin, prebetanin, and
isobetanin. In the presented research, identification showed that in fermented freeze-dried
beetroot powders only vulgaxanthin I was observed from the betaxanthin group. Of the
betacyanins in all samples, betanin and isobetanin were seen in higher amounts than
betanidin, neobetanin, and other betacyanins which were not identified in this research.
This lower amount of detected betaxanthins could be connected to the lower pH of the
juice, as these compounds are more sensitive to pH changes than betacyanins [41,61,62]. In
fermented beetroot juices, other authors have identified similar betacyanin and betaxanthin
compounds [3,63]. High degradation of both betacyanins and betaxanthins from fresh
beetroot juice during fermentation could be resulted by the low pH of the process, as well
as to the active peroxidase enzyme present in beetroot cell walls. After slicing the beetroot
tissue this enzyme comes in contact with pigments that can fasten its degradation, as was
acknowledged by Czyżowska et al. [64]. In addition, the fermentation process temperature
used in this study was 26 ◦C; when betacyanins are more stable than betaxanthins [63,64].

The content of individual compounds given by other authors and their identification
in beetroot show that after the extraction process degradation takes place, and the fermen-
tation and freeze-drying process itself may contribute to the reduction of dye content as a
result of the influence of the environmental pH and the drying process, which can influence
the degradation of the beads [41,42,63,64].

Analysis of the betalain content in the powders obtained as a result of freeze-drying
showed a higher betacyanin content than betaxanthins, regardless of the fermentation
method and the type of bacterial strain used (Table 5). The different values for the determi-
nation of betaxanthins in the HPLC method and the spectrophotometric method may have
resulted from the measurement methods themselves. In the spectrophotometric method,
waves of 476, 538, and 600 are used, whereas at wave 450 nm absorption of carotenoids
has its maximum peak. That is the reason why the possibility of absorption at wave 476
of carotenoids is present in beetroots. The retention time helps the HPLC method in the
separation of those compounds [65,66].

4. Conclusions

Both raw materials, beetroot and red bell pepper, are rich in natural pigments but are
unstable and seasonal; thus, it was decided to check the influence of two processes, which
can prolong storage time, on the stability of the pigments in beetroot and red bell pepper.
The analysis of two methods of fermentation and bacterial strains did not show differences
in bacterial number; however, there was an increase in pigment content in fermentation of
raw material as compared to juice. Thermal analysis of freeze-dried powders showed that
they can be stored under normal temperature conditions (25 ◦C).

The results showed that the conducted process of lactic acid fermentation carried out
should be verified, so that the amounts of lactic acid bacteria, both after the fermentation
process and after the process of freeze-drying, constitute the basis for stating that this is a
product with potential probiotic properties. Further analysis of the process may include
standardization or enrichment of the juice obtained with ingredients that can serve as a
carbon source necessary for bacterial growth.

The content of colored compounds in the obtained juices was at a high level; however,
the use of juices as a coloring substance is very difficult. On the other hand, the obtained
powders, which had high stability, did not contain the appropriate amount of dyes that
would allow them to be used in food industry products such as yoghurts or loose products.

153



Appl. Sci. 2022, 12, 5766

Author Contributions: Conceptualization, E.J.-T.; methodology, E.J.-T., K.R., K.P. and Ł.W.; software,
E.J.-T., K.R., K.P., Ł.W. and A.G.-M.; validation, E.J.-T., K.R., K.P., M.G., Ł.W. and A.G.-M.; formal
analysis, E.J.-T., K.T., P.B., K.R., K.P. and Ł.W.; investigation, E.J.-T., K.T., P.B., K.R., K.P. and Ł.W.;
data curation, E.J.-T., K.R., K.P., Ł.W. and A.G.-M.; writing—original draft preparation, E.J.-T., K.R.,
K.P., M.G., Ł.W. and A.G.-M.; writing—review and editing, E.J.-T., K.R., K.P., M.G., Ł.W. and A.G.-M.;
visualization, E.J.-T., K.R., K.P., Ł.W. and A.G.-M.; supervision, E.J.-T. All authors have read and
agreed to the published version of the manuscript.

Funding: Research equipment was purchased as part of the “Food and Nutrition Centre—modernisation
of the WULS campus to create a Food and Nutrition Research and Development Centre (CŻiŻ)” co-
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Abstract: Major depression disorder (MDD) has become a common life-threatening disorder. Despite
the number of studies and the introduced antidepressants, MDD remains a major global health
issue. Carthamus tinctorius (safflower) is traditionally used for food and medical purposes. This study
investigated the chemical profile and the antidepressant-like effect of the Carthamus tincto-rius hot
water extract in male mice and its mechanism using a transcriptomic analysis. The antidepressant
effect of hot water extract (50 mg/kg and 150 mg/kg) was investigated in mice versus the untreated
group (saline) and positive control group (fluoxetine 10 mg/kg). Hippocampus transcriptome
changes were investigated to understand the Carthamus tinctorius mechanism of action. The GC-
MS analysis of Carthamus tinctorius showed that hot water extract yielded the highest amount of
oleamide as the most active ingredient. Neuro-behavioral tests demonstrated that the safflower
treatment significantly reduced immobility time in TST and FST and improved performance in the
YMSAT compared to the control group. RNA-seq analysis revealed a significant differential gene
expression pattern in several genes such as Ube2j2, Ncor1, Tuba1c, Grik1, Msmo1, and Casp9 related
to MDD regulation in 50 mg/kg safflower treatment as compared to untreated and fluoxetine-treated
groups. Our findings demonstrated the antidepressant-like effect of safflower hot water extract and
its bioactive ingredient oleamide on mice, validated by a significantly shortened immobility time in
TST and FST and an increase in the percentage of spontaneous alternation.

Keywords: safflower; oleamide; depression; transcriptome; neuro-behavioral test; grik1; casp9

1. Introduction

Major depression disorder (MMD) is one of the most common diseases that affect
the quality of life of millions worldwide [1]. According to WHO, 264 million people of
all ages suffer from depression, and around 850,000 suicides annually [2]. In countries
such as the United States, Canada, and China, the lifetime prevalence of MMD varies
between 16.2%, 11.3%, and 3.4%, respectively [3]. Besides the modern lifestyle contributing
to stress and MDD, the outbreak of COVID-19 had a huge impact on the mental health of
many individuals. During the pandemic, the fear of being sick, loss of beloved ones, social
distancing, self-isolation, remote education, remote working, loss of job, and dramatic
change in daily life activities, among others, negatively impacted our mental health and
led to severe psychological distress including depression [4]. In Saudi Arabia, it has
been reported that at the beginning of the pandemic, nearly one-fourth of the population
experienced psychological impacts that ranged from moderate to severe [5].
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MDD is a mental and mood disorder, and it is considered a complex disease. Patients
suffering from depression usually suffer from low self-esteem, loss of pleasure, loss of
interest, lack of arousal, sleep disturbance, loss of appetite, loss of libido, delusion, hallu-
cinations, and suicidal tentative. Moreover, depression episodes may severely impact a
patient’s life, social relations, and general health, leading in some cases to life-long disabili-
ties [2,6]. With different causative factors involved, such as heritability and environmental
factors, the mechanism of MDD is still unclear, and no mechanism could explain it [7]. Sev-
eral antidepressants have been developed to treat MDD, including tricyclic antidepressants,
monoamine oxidase inhibitors, selective serotonin reuptake inhibitors (SSRIs), Atypical
antidepressants, and serotonin-norepinephrine reuptake inhibitors (SNRIs). However, the
effect of these drugs seems to be questionable in terms of benefits versus side effects [8].
These therapeutics have not provided the needed relief for those who suffer.

On the contrary, there is a common risk of relapse/recurrence of depressive symptoms
after successful acute MDD treatment [1]. Recently, there has been much scientific evidence
that complementary and alternative medicine (CAM), which is not considered to be part of
conventional medicine, is promising as an alternative to treat and manage mental distress.
There are over 120 CAM formulations meant to alleviate and or treat MDD symptoms [9].
A growing body of evidence supports that dietary phytochemicals such as polyphenols
(a special class of natural active ingredients) could provide a suitable option to improve
mental health alone or integrated with allopathic medicine with minimum side effects [10].
However, more scientific evidence is needed to confirm their activity and understand their
molecular mechanisms. In our previous research, we conducted a survey among Saudi
people about the ethnobotanical preparations to alleviate stress and depression. We could
identify safflower as one of the most cited herbal preparations [11]. Traditionally, safflower
petals are soaked in water for around 2 h at room temperature. The filtrate is ingested
orally during sorrow, distress, and panic events as a sedative and hypnotic.

Safflower (Carthamus tinctorius) is a part of the Composite or Asteraceae family, tra-
ditionally used for culinary and medicinal purposes [12]. It was demonstrated to exert
numerous medical properties such as antioxidant, analgesic, anti-inflammatory, and antidi-
abetic [13]. Moreover, safflower has shown anticoagulant, vasodilating, antihypertensive,
neuroprotective, and immunosuppressive activities [12].

The present study was conducted based on the ethnopharmacological background
to evaluate the antidepressant-like effect of safflower dried petals in mice using different
neuro-behavioral tests, optimize the best extraction technique, fingerprint the main ac-
tive entities, and understand the molecular mechanism using transcriptomic profiling of
mice hippocampus.

2. Materials and Methods
2.1. Preparation of Safflower (Carthamus tinctorius)

Safflower dried petals (SFP) were crushed in a mortar and extracted at 10 g/100 mL
using different techniques: (i) hydro-alcoholic maceration (SFP soaked in 70% ethanol for
24 h, at 10 g/100 mL with continuous shaking), (ii) hot water extraction (extraction at
115 ◦C for 1 min and allowing the maceration to cool down in the autoclave), and (iii) the
traditional method used in the Arabic peninsula (Kingdom of Saudi Arabia) which consists
of soaking SFP in distilled water for 2, 12, and 24 h at room temperature. The obtained
macerate was filtered using the Whatman filter (1001-150, 11 µm particle retention). The
filtrate was placed in glass Petri dishes and dried at 37 ◦C in the incubator. Dried resin with
dark orange to brown color was then collected in Eppendorf tubes and stored at −80 ◦C for
further experiments. For convenience, SFP extracts are abbreviated as follows: 70% ethanol
extract: (SFPE), hot water extract: SFPWH, and water extract at room temperature for 2 h
(SFPW2), 12 h (SFPW12), and 24 h (SFPW24).
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2.2. Safflower Extract Chemical Profiling Using GC-MS

The GC-MS system (Agilent Technologies, Santa Clara, CA, USA) used in the current
study was equipped with a gas chromatograph (7890B) and mass spectrometer detector
(5977A) at Central Laboratories Network, National Research Centre, Cairo, Egypt. The GC
was equipped with an HP-5MS column (30 m × 0.25 mm internal diameter and 0.25 µm
film thickness). Analyses were carried out using helium as a gas carrier at a flow rate of
1 mL/min at a splitless mode, injection volume of 1 µL, and the following temperature
program: 60 ◦C for 2 min; rising at 10 ◦C/min to 280 ◦C and held for 10 min. The injector
and detector were held at 250 and 300 ◦C, respectively. Mass spectra were obtained by
electron ionization (EI) at 70 eV and using a spectral range of m/z 50–550 and solvent
delay of 3 min. Identification of different constituents was determined by comparing
the spectrum fragmentation pattern with those stored in Wiley and NIST Mass Spectral
Library data.

2.3. Animals

The animal experiment was conducted in the animal laboratory of the Department
of Biological Sciences, Faculty of Sciences at King Abdulaziz University, Jeddah, Saudi
Arabia. The study was approved by the ethical committee of the university (201060288).
Thirty-two (32) male albino mice were 8 weeks old, with an average body weight of 30.53 g.
Animals were housed individually under a 12/12 h light/dark cycle at 25 ◦C, with free
access to food and water. Animals were allowed to acclimatize to the laboratory conditions
for 7 days prior to the experimentation. All experiments were carried out between 9:00
and 16:00. On the last day of the experiment, mice were sacrificed, and the brain tissue
was collected.

2.4. Carthamus tinctorius Administration in Mice

Fluoxetine and SFPWH were freshly prepared daily in saline prior to the experi-
ments. Drug and extracts were administered by oral gavage using a 1 mL syringe and
20 G × 25 mm (2 mm tip diameter)/straight gavage needle (Petsurgical (AFN2425S)) daily
for 15 consecutive days at 9:00 AM, and all mice were administered the same equivalent
volumes. Mice were randomly divided into 4 groups (n = 8 each). Control group: adminis-
tered 200 µL of normal saline per day; positive control group: fluoxetine 10 mg/kg per day;
treatment groups 50 and 150 mg/kg SFPWH extract per day.

2.5. Neuro-Behavioral Tests

Neuro-behavioral tests were conducted in mice 3 h after treatment. The tail suspension
test (TST) and forced swimming test (FST) were conducted 7 days each. On the last day
of the experiment (day 15), alternation in the Y maze test (YMT) was conducted for each
mouse, and animals were sacrificed by spinal cord dislocation, the brain was removed in
PBS on ice, and the hippocampus was collected and immediately frozen in liquid nitrogen,
then stored at −80 °C for further experiments.

The tail suspension test (TST) has been widely used to evaluate and assess antidepres-
sant activity in mice [14]. Treatment was given 3 h before the beginning of the experiment.
Mice from each group were suspended simultaneously, using tape placed at 1 cm from the
tip of the tail and hooked to the roof, inside a 4-chamber nonreflective black plexiglass box
for 6 min. Animal behavior was recorded using a video camera, and the last 4 min of the
experiment were considered to assess TST in SFPWH extract in mice. Recorded videos
were analyzed manually, and scores were assigned to each mouse based on our previous
study [15].

2.6. Forced Swimming Test (FST) in Mice

Mice from each group were individually and simultaneously forced to swim in 4 open
cylindrical containers (diameter 20 cm, height 30 cm) containing 15 cm of water at 25 ± 1 ◦C.
FST sessions duration was 6 min, and the immobility time was recorded during the last
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4 min of each experiment. Mice are considered immobile when they remain floating
motionless in the water, making only necessary limb movements to keep floating above
water [16]. Scores were assigned based on recorded videos.

2.7. Y Maze Test in Mice

Mice were individually placed in a starting point with a gate at arm A. Exploring time
was not allowed. The duration of each test was 10 min, which took place on the last day
of the experiment (day 15). The alternation occurred when the mouse moved from one
arm and entered entirely into one of the other two arms with its four limbs. The number
of alternations between 3 arms was calculated and reported as a percentage of the total
number of entries (ABC, ACB, BAC, BCA, CAB, CBA) with no re-entry counted. The way
maze was made from black nonreflective plexiglass. It consists of 3 equal arms (length,
width, height: 35 × 5 × 10 cm) in a Y shape. Alternation was tracked and scored visually.

2.8. Transcriptomic Analysis (RNA-Seq)

The hippocampus was dissected from the brain tissue. The total RNA of three mice
of each group was extracted using PureLink™ RNA Mini Kit (ThermoFisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol. The RNA was incubated for
1 h at 37 ◦C with DNase I (ThermoFisher Scientific, Waltham, MA, USA) before heating to
90 ◦C for 30 min. Quantity/quality and RNA integrity were assessed by running the RNA
sample on an Agilent Bioanalyzer® RNA 6000 Nano/Pico Chip. mRNA was extracted using
NEBNext Poly(A) mRNA Magnetic Isolation beads following the manufacturer’s protocol.
cDNA libraries were constructed using the NEBNext Ultra II Directional RNA-Seq library.
Sequencing was carried out using the Illumina NovaSeq 6000 SP v1.5 Lane (150PE) libraries
at the Earlham Institute Genomics core facility. The raw data were processed by the Trinity
RNA-seq assembly package [17]. Briefly, the Trimmomatic tool was used in order to remove
reads containing adapters. Then, the reads were quantified and mapped to the reference
transcript of GRCm39 (Ensembl, Cambridge, UK) by Bowtie v0.12.1. software [18], RSEM
v1.1.6 [19] had been used for transcription quantification.

Differential expression analysis of expected read counts was performed by EdgeR
(version 3.0.0, R version 2.1.5) [20]. Quantification of transcript expression levels was
presented by FPKM (fragments per kilobase of exon per million fragments mapped). The
3rd replicate of SFPWH (150 mg/kg) was excluded due to the lack of consistency.

3. Results
3.1. Preliminary Phytochemical Screening

Gas chromatography-mass spectrometry was applied to study the chemical profile of
Carthamus tinctorius extracts to profile the bioactive ingredients in each extract, including
70% ethanol extraction, water/heat extraction, and traditional extraction. GC-MS analysis
showed the presence of oleamide (9-Octadecenamide C18H35NO), as shown in Table 1,
which is a fatty amide derived from oleic acid and is considered a potential treatment
for mood and sleep disorders [21]. The detailed GC/MS profiling is shown in Table S1.
As shown in Figure 1a, hot water extraction yielded the maximum amount of oleamide
with 46.52% compared to the other extracts, where 70% ethanol extract yielded 11.15% of
oleamide. The traditional extraction method for 2, 12, and 24 h have yielded 34.22%, 32.28%,
and 34.53%, respectively. Our results indicate that the maceration time at room temperature
did not improve the yield of oleamide. However, hot water extraction at 115 ◦C for 1 min
increased the oleamide level by almost 1.5-fold.

3.2. Effect of Safflower Hot Water Extract on Mice Body Weight

The body weight of each mouse was measured daily before the oral administration
session. The data show no significant change in the body weight during the 15-day
experiment at p < 0.05 (Figure 1b).
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Table 1. Major chemical constituents present in Carthamus tinctorius hot water extract (detailed
profiling refer to Table S1).

Name Structure
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Figure 1. Characterization and efficacy of extracts. (a) Oleamide (CH3(CH2)7CH=CH(CH2)7CONH2

(CID 5283387)) yield in Carthamus tinctorius extracts. (SFPE) 70% ethanol for 24 h, (SFPWH) hot water
extraction, and (SFPW) the traditional method using maceration in water at room temperature for 2,
12, and 24 h. Oleamide (%) is reported as the percentage of the sum area in each extract. (b) Daily
effect of safflower hot water extract treatment on body weight in depression-induced mice. Data
represent the mean ± SEM (n = 8 mice).
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3.3. Tail Suspension Test (TST)

The antidepressant-like effect of Carthamus tinctorius hot water extract was evaluated
every other day using a tail suspension test in mice fed with the extract for 14 days. As
shown in Figure 2a, a significant reduction in the immobility time during the last 4 min
of the total 6 min period tail suspension was noticed (p < 0.05) in fluoxetine 10 mg/kg
(47.921 ± 8.725 s) and safflower hot water extract treatments at 50 mg/kg (45.398 ± 5.564 s)
and 150 mg/kg (51.940 ± 3.506 s) as compared to the control group (84.375 ± 10.513 s).
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Figure 2. Effect of safflower hot water extract on immobility time in TST. (a) Effect on overall
immobility time in TST-induced stress in mice. (b). Effect on overall immobility time in FST-induced
stress in mice. ns = non-significant, * and ** indicates significantly different at p < 0.05 and p < 0.01,
respectively versus untreated group, Student t-test.

The immobility time in all mice groups was wavy with a general trend of increase.
The TST immobility time increase was the highest in the untreated mice (the control group),
where it fluctuated in the interval [60 s–107 s]. In contrast, safflower-treated groups (50
and 150 mg/kg) along with positive control (Fluoxetine 10 mg/kg) group have shown a
significant reduction in the immobility times at the same period fluctuating the following
intervals [31 s–56 s], [12 s–64 s], and [19 s–54 s], respectively.

3.4. Forced Swimming Test (FST)

Safflower hot water extract-treated mice were subjected to FST compared to the
untreated group (vehicle) and fluoxetine-treated mice as a positive control group. The
antidepressant effect was assessed based on the last 4 min of 6 min session immobility time
in FST. Mice were considered immobile when they were motionless, floating above the
water. As indicated in Figure 2b, safflower and fluoxetine showed a mild effect on immobil-
ity time in FST. The maximum reduction in the immobility time was observed in SFPWH
(150 mg/kg) with 80.601 ± 13.52 s compared to the control group 101.949 ± 19.317 s and
fluoxetine (10 mg/kg) group 100.501 ± 16.556 s.

3.5. Y Maze Spontaneous Alternation Test (YMSAT)

YMSAT is a behavioral test used to evaluate the exploratory behavior in mice or
rodents in general. Typically, rodents in normal conditions prefer to explore a new arm
instead of re-visiting the same arm they explored before. This exercise involves several brain
parts, including the hippocampus and prefrontal cortex [22]. YMSAT is commonly used to
assess and quantify cognitive deficits in rodents exposed to novel chemical entities [23].
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As indicated in Figure 3, mice treated with fluoxetine and safflower hot water extract
50 mg/kg and 150 mg/kg had their exploratory behavior significantly improved and
scored 68.41 ± 3.16%, 67.12 ± 1.39%, and 72.82 ± 2.08%, respectively in the percentage
of spontaneous alternation as compared to stressed and untreated mice (vehicle group)
(60.41 ± 0.98%). Results indicated better performance in safflower-treated mice than in the
fluoxetine-treated group.
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Figure 3. Effect of safflower water extract treatment on spontaneous alternation in YMT. Each mouse
was allowed to explore the Y maze in an 8 min session. The number of alternations between 3 arms
was calculated and reported as a percentage of the total number of entries. Each bar represents the
mean ± SEM (n = 8). * and ** indicates significantly different at p < 0.05 versus untreated group,
Student t-test.

3.6. Transcriptomic Analysis (RNA-Seq)

Using next-generation sequencing, RNA-seq is a powerful tool capable of detecting the
quantitative measurement of RNA abundance or gene expression [24]. RNA-seq analysis
of the hippocampus tissue was used to compare the differential gene expression pattern of
the vehicle group compared to SFPWH-treated and fluoxetine-treated groups. As shown in
Figure 4a, 72 detected subclusters and 82 transcripts. Gene ontology enrichment analysis
(Figure 4b) was performed by ShinyGO v0.741 [25], revealing the top pathways for the
detected genes. Data analysis showed a significant differential gene expression pattern in
22 genes, which might be potentially related to mood disorders (Figure 4c).

The expression pattern of the mean SFPWH (50 mg/kg) group replicates revealed a
significantly different gene expression compared to the control group. Where 11 transcripts
were downregulated in genes (Ube2j2, Dctn6, Ncor1, Acp2, Tuba1c, Gm14150, Actr3-ps,
Grik1, Commd5, and Gm3226). In addition, 7 transcripts were upregulated in genes
(Msmo1, Casp9, Hspe1-rs1, Tmem44, Rps13-ps2, Rps3a2,and Dctn6). In comparison to the
control group. At the same time, fluoxetine-treated group showed a significantly different
gene expression in six genes where two transcripts were downregulated in genes Cacna1h
and Dync1i2. Moreover, five transcripts were upregulated in genes (Rbl2, Mas1, Hyi,
Morf4l2, and Dync1i2). SFPWH (150 mg/kg) group has not shown any significant gene
expression compared to the control group (Table 2).
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Table 2. List of the significant differential expressed genes of safflower hot water extract SFPWH
(50 mg/kg) and fluoxetine-treated group compared to the control group.

Gene
Symbol NCBI ID log2 Fold Gene

Symbol NCBI ID log2 Fold

SFPWH 50 (mg/kg) Fluoxetine (10 mg/kg) Groups

Ube2j2 140,499 −2.06 Cacna1h 58,226 −1.42
Dctn6-206 22,428 −1.90 Dync1i2-203 13,427 −0.97
Ncor1 20,185 −1.43 Rbl2 19,651 1.37
Acp2 11,432 −2.42 Mas1 17,171 1.24
Tuba1c 22,146 −1.87 Dync1i2-205 13,427 1.22
Gm14150 100,043,840 −1.56 Hyi 68,180 1.47
Actr3-ps 667,799 −1.46 Morf4l2 56,397 2.23
Grik1 14,805 −1.29
Commd5 66,398 −2.68
Gm3226 100,041,240 −2.14
Msmo1 66,234 0.32
Casp9 12,371 2.67
Hspe1-rs1 628,438 2.35
Tmem44 224,090 1.51
Rps13-ps2 100,039,924 2.83
Rps3a2 100,043,780 4.56
Dctn6-202 22,428 1.84
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4. Discussion

In recent years, dietary phytochemicals and botanicals received the scientific commu-
nity’s attention regarding their potential use as a complementary and alternative therapy to
either prevent, manage, or treat several diseases, including stress and depressive symptoms,
with minimum side effects, in comparison to allopathic treatments, known to exert several
adverse effects such as gastrointestinal problems, sleep disturbances, sexual dysfunction,
congenital disabilities, seizures, and even death, among others [8]. Dietary phytochemicals
are a part of our daily diet, easy to find, and cheap. Additionally, they have a safe “green
image” that may potentially help to prevent and alleviate MDD symptoms. In this respect,
many studies and experiments demonstrated that several polyphenols might produce
an antidepressant-like effect [26]. The Chinese Health Ministry has recorded safflower
formulations as a drug against cardiovascular diseases [27]. Safflower is one of the plants
that has been used in traditional and modern medicine for years in several countries. Many
studies illustrated the protective effect and other health benefits on musculoskeletal and
cardiovascular systems and reproductive organs [12]. Safflower is known for its bioac-
tivities such as anti-inflammatory, antioxidant, and antitumor effects [28]. Precisely, the
water extract of safflower is considered an anticoagulant, vasodilating, antihypertensive,
antioxidative, neuroprotective, immunosuppressive, and anticancer agent [12]. Our study
demonstrated that safflower dried petals hot water extract exerts an antidepressant effect
in mice subjected to TST and FST-induced stress, as shown by the improvement in the
percentage of spontaneous alternation in YMSAT. The tail suspension test is an inexpensive
and easy-to-use behavioral test used to detect depression-related behaviors and measure
the potentiality of antidepressants on mice since the 1980s. TST has advantages over other
behavioral tests in overcoming motor dysfunction of the mice and hypothermia issues [29].

A forced swimming test is also another widely used, easy, inexpensive, and fast
behavioral test that could be used along with TST. TST and FST both use immobility as a
measurement that represents depressive behavior. FST contributes to depression research,
especially in genetic analysis, where immobility in FST is determined by heritable traits [30].
The Y maze test could easily assess the memory and learning patterns of mice, which
allows continuous spontaneous alternation. During this test, the hippocampus is hugely
involved in retrieving essential information for building a mental map [31]. Fluoxetine
(C17H18F3NO) is a high CNS penetration, orally administrated, and widely used drug,
which is a selective serotonin reuptake inhibitor (SSRI) antidepressant [32].

Chromatographic analysis showed that oleamide (9-octadecenamide) would be the
main active ingredient extracted in high yield in water than in hydro-alcoholic solvent.
Moreover, we report for the first time the optimum procedure of extraction that yielded
46% oleamide-rich tea by soaking safflower in water at 115 ◦C for 1 min. Olamide is
known as a hypnotic and sedative chemical entity that naturally accumulates in human
and mammals cerebrospinal fluid during sleeping deprivation as a natural modulator
to induce sleeping and/or to reduce psychological excitement through the interaction
with the cannabinoid receptor [33]. Additionally, oleamide was reported to interact with
several neurotransmitter-receptor systems, including serotonin and GABA [34]. Moreover,
oleamide provides anti-inflammatory activity along with other pharmacological properties
such as human monoamine oxidase B enzyme inhibitor and TRPV1 vanilloid receptors
activator [35].

Our study reports for the first-time safflower extract-administered mice ’hippocampus
transcriptomic profiling. Transcriptome analysis, including highly reproducible and signifi-
cant target genes (p < 0.001), resulted in a pool of 22 genes. Interestingly, some of the genes
are highly relevant to MDD, anxiety, and neurobehavior. A study on rats has revealed that
NcoR (nuclear receptor corepressor) expression reduction within the developing amygdala
is associated with a significant increase in anxiety-like behavior during the juvenile period
in both genders [36]. On the contrary, hippocampal NcoR1 was upregulated in the control
group with an average of 1.33 log2 for the three replicates, while a significant reduction in
expression level was detected in SFPWH (50 mg/kg) group with −1.4 log2 fold. However,
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no significant difference was detected in SFPWH (150 mg/kg) and fluoxetine (10 mg/kg)
groups. The gene ontology enrichment analysis showed that NcoR1 involves in the thyroid
hormone signaling pathway (33.15-fold enrichment, FDR 0.0030). Noting that an adequate
level of thyroid hormone is essential for the brain to function normally [37].

Apoptosis plays an important role in the development of the brain and the peripheral
nervous system as well [38]. There is a link between apoptosis and major depressive disor-
der and other neurodegenerative diseases such as Parkinson’s and Alzheimer’s disease [38].
Casp9 is one of the differentially expressed genes in the SFPWH (50 mg/kg)-treated group
and the enrichment analysis revealed involvement in several pathways, including apoptosis
and neurodegeneration. Interestingly, casp9 was highly expressed in SFPWH (50 mg/kg)
group (2.67 log2 fold) in comparison with the control group (−1.27 log2 fold).

Glutamate is a neurotransmitter that has an excitatory effect [39]. Glutamate system
abnormalities and behavior that lead to several disorders, including MDD, were linked [39].
In our study, Grik1 (glutamate receptor, ionotropic, kainate 1) was significantly downreg-
ulated (−1.29 log2 fold) in SFPWH (50 mg/kg) group. It has been reported that female
patients with MDD showed a significantly higher expression level of the Grik1 gene in the
dorsolateral prefrontal cortex [39].

Ube2j2 gene is predicted to be involved in protein polyubiquitination and ubiquitin-
dependent endoplasmic reticulum-associated protein degradation pathway [40]. Endo-
plasmic reticulum stress has a major role in the pathophysiology of depression, where an
abnormal function is linked with triggering apoptosis signals [41]. In our study, Ube2j2
was significantly downregulated in SFPWH (50 mg/kg) group (−2.06 log2 fold) compared
to the control group.

Transcriptomic analysis revealed two transcripts of the Dctn6 gene that were expressed
differently. However, Dctn6-202 is the transcript that encodes the protein Dynactin sub-
unit 6. The function of Dctn6 involves enabling dynein complex binding activity [42]. It has
been reported that chronic stress reduces the dynein motor protein expression in the rat hip-
pocampus [43]. In SFPWH (50 mg/kg) group, the Dctn6-206 transcript was downregulated
(−1.90 log2 fold) while the transcript Dctn6-202 was upregulated (1.84 log2 fold). Tuba1c
is another significantly downregulated gene detected in SFPWH (50 mg/kg) group. It is
predicted that Tuba1c, which encodes Tubulin alpha-1C chain protein, enables GTP binding
activity and structural constituent of the cytoskeleton [44]. Cytoskeletal (microtubules)
post-translation modification is linked with several neuropsychiatric diseases [45]. In our
study, the data analysis showed that Tuba1c is involved with several pathways, includ-
ing neurodegeneration, Parkinson’s disease, Huntington’s disease, amyotrophic lateral
sclerosis, and apoptosis pathways. Cacna1h gene was significantly downregulated in the
fluoxetine-treated group with an average of −1.42 log2 fold. It has been reported that mice
deficient in CaV3.2 channels, which is encoded by the Cacna1h gene, showed an increase
in anxiety-like behavior [46], where safflower hot water extract-treated and control groups
were not significantly different.

5. Conclusions

Our results represent the first scientific evidence supporting the ethnopharmacological
use of safflower and its main active ingredient, oleamide, as a hypnotic and sedative. These
properties are mainly related to a large amount of oleamide in the hot water extract. To the
best of our knowledge, our study is the first study to elucidate the mechanism of action of
safflower through the regulation of several genes related to MDD using a transcriptomic ap-
proach. Further experiments are needed to validate the RNA-seq outcomes at translational
and post-translational levels. Our study may provide insight into the mechanism of action
of safflower extract that may interfere with the apoptosis, glutamate, and endoplasmic
reticulum-associated protein degradation pathways playing essential roles in protection
against depression. Further studies on this issue at the post-translational level using the
transcriptomic approach and immuno-histochemistry targeting different brain parts will

167



Appl. Sci. 2022, 12, 5594

provide more information to understand the mechanism of action of safflower and its main
active ingredient, oleamide, in the prevention of depression and stress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app12115594/s1, Table S1: Chemical profile of Carthamus tinctorius extract.
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Abstract: Dyslipidemia is one of the risk factors of cardiovascular disease, which is the main cause
of mortality worldwide. Meanwhile, lipid-lowering drug side-effects may also occur. Thus, con-
sumption of vegetables and fruits containing probiotics is a good alternative to influence the lipid
profile in plasma. This study investigated the effect of consuming vegetable and fruit juice (VFJ) with
(probiotic group) and without probiotic Lactobacillus paracasei (placebo group), on the body weight,
body mass index, waist circumference, lipid profile, lipid peroxidation, oxidative stress enzymes, and
bile acid level in dyslipidemic patients (n = 20) at Bhumibol Adulyadej Hospital for 30 days. The
levels of total cholesterol, low-density lipoprotein cholesterol, triglyceride (TG), and TG/high-density
lipoprotein cholesterol (HDL-C) ratio in the probiotic group were significantly lower than those
in the placebo group. The HDL-C concentration in the probiotic group was higher than that in
the placebo group. The probiotic group showed significantly decreased malondialdehyde levels;
increased oxidative stress enzymes, catalase and glutathione peroxidase in the plasma; and increased
bile acid (BA) levels in the feces. Therefore, the findings of this study demonstrate that VFJ enriched
with probiotic L. paracasei may represent an alternative method for the prevention of dyslipidemia
during the primary intervention stage for patients who are not yet taking other medication.

Keywords: clinical trial; dyslipidemia; Lactobacillus paracasei; probiotics; vegetable and fruit juice

1. Introduction

Dyslipidemia is a disorder of the lipid and lipoprotein metabolism characterized by
too-high or too-low blood lipid levels [1]. Abnormal serum lipid levels increase the risk of
cardiovascular diseases and can be caused by elevated total cholesterol (TC), low-density
lipoprotein cholesterol (LDL-C), or triglyceride (TG) levels, or low high-density lipoprotein
cholesterol (HDL-C) [2]. Globally, cardiovascular diseases currently represent the primary
cause of mortalities, including within Thailand [3]. In fact, the World Health Organization
(WHO) [4] estimates that cardiovascular diseases will claim the lives of approximately
23.6 million people by the end of 2030. Regarding Thailand specifically, the Medical
Record Section, Service Division, of the Bhumibol Adulyadej Hospital reported that the
number of patients with dyslipidemia continues to increase steadily each year. Currently,
the recommended treatment options for dyslipidemia include lifestyle modifications and
drug therapy [5,6]; however, lipid-lowering drugs can induce adverse side effects. Hence,

171



Appl. Sci. 2022, 12, 4913

dietary changes, including reduced fat diets, and increased vegetable and fruit intake, which
influence the plasma lipid profile [7], may represent effective alternatives to drug therapy.

Vegetables and fruits contain dietary phytochemicals, including flavonoids, carotenoids,
vitamins, minerals, and dietary fiber, which decrease dyslipidemia and cardiovascular
risk [8–11]. Indeed, their consumption is inversely correlated with plasma TC and LDL-C
levels [11]. Suwimol et al. [7] investigated the effect of vegetable and fruit intake on plasma
lipid profiles and oxidative status and reported that the consumption of eight servings of
vegetables and fruits per day significantly reduces LDL-C and lipid peroxidation via malon-
dialdehyde (MDA) levels. However, the sensory aspects of fruits and vegetables (i.e., color,
smell, flavor, texture) can dissuade patients from consuming adequate amounts. Therefore,
altering these characteristics by blending or mixing may improve uptake. Moreover, the
combination of vegetables and fruits with various forms of probiotics, such as probiotic
powder or probiotic fermented milk, can provide beneficial probiotic and dietary fiber [12].

Probiotics comprise a group of bacteria that are generally recognized as safe (GRAS) [13]
for use in food and human health products, including for the treatment of various dis-
eases [14] while also decreasing the risk of dyslipidemia. L. paracasei are widely utilized
as probiotics or synbiotics to improve clinical outcomes. Chiu et al. [15] reported that, in
a hamster model, ingestion of L. paracasei NTU 101 fermented milk, along with a high-
cholesterol diet, significantly reduced serum cholesterol levels, compared to the control
group. Furthermore, Dehkohneh et al. [16] reported significantly reduced serum cholesterol
levels in Wistar rats following consumption of L. paracasei TD3 with a high-fat diet.

The current 30-day randomized controlled trial therefore aims to investigate the
effects of consuming vegetable and fruit juice (VFJ), with probiotic L. paracasei, on physical
parameters (body weight, BW; body mass index, BMI; and waist circumference, WC) and
biological markers (lipid profile, lipid peroxidation, oxidative stress enzymes, and bile acid
(BA) level) in dyslipidemia patients at Bhumibol Adulyadej Hospital. The findings will
show that the intake of VFJ with L. paracasei could provide health benefits by improving
lipid profiles, lipid peroxidation, and oxidative stress enzyme activity levels.

2. Materials and Methods
2.1. Materials

Organic vegetables and fruits from the same plantations and the same farm, i.e., green
lettuce (Lactuca sativa), Chinese celery (Apium graveolens var. secalinum), cherry tomato
(Solanum lycopersicum var. cerasiforme), onion (Alium cepa. Linn), and lime (Citrus aurantifolia
(Christm. and Panz.) Swing) were obtained from King Fresh Farm CO., LTD. (contact
farming) located in Samut Sakhon, Thailand. Only apple (Malus pumila), was not organic,
which was obtained from a market in Bangkok, Thailand. The selected raw material
requirements were as follows: (i) an edible vegetable or fruit, (ii) of a low price, (iii) available
throughout the year, (iv) had rich source of bioactive compounds, and (v) had a favorable
taste in amixed juice.

2.2. Probiotics Lactobacillus paracasei

The powder form of a probiotic L. paracasei that is on the list of notifications of the
Ministry of public health, Thailand (2011) was provided by Innovation Center for Holistic
Health, Nutraceuticals and Cosmeceuticals, Faculty of Pharmacy, Chiang Mai University,
Chiang Mai, Thailand. A total of 10 g of probiotic powder was contained within an
aluminum foil sachet. The sachet of probiotic powder was kept in the fridge (4–6 ◦C) with
the cell survival rate ≥ 90% for 3–6 months of storage.

2.3. Preparation of Vegetable and Fruit Juice (VFJ) with and without Probiotic Lactobacillus
paracasei

Organic fresh vegetables and fruits were washed under running tap water and drained
in a sieve to remove excess water before creating the juice. Only apples were peeled and
immersed in a mixture of 0.5% (v/v) vinegar and 0.5% (w/v) saline for 15 min. The fruits and
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vegetables were then sliced, weighed, and prepared according to the recipe shown in Table 1.
The composition was blended using a 1500-watt blender (Buono, Model BUO-127799T,
Taipei, Taiwan) for 1 min. The resulting juice was then poured into 250 mL plastic bottles
and stored at 4–6 ◦C before consumption on the same day of preparation. For the VFJ with
L. paracasei, 10 g of the L. paracasei probiotic powder was added to the bottle. The final
concentration of the probiotic was 109 CFU per bottle.

Table 1. Ingredients of vegetable and fruit juice (VFJ).

Ingredients Content (% w/w)

Green lettuce 7
Chinese celery 0.5
Cherry tomato 15

Onion 3
Apple 20

Lime juice 3
Honey 10

Fresh water 41.5

2.4. Determination of Bioactive Compounds and Nutritions in Vegetable and Fruit Juice (VFJ)

The antioxidant activity of VFJ was measured using a modified ABTS (2, 20-Azino-
bis (3-ethylbenzothiazoline-6-sulfate)) assay, following the method of Saenjum et al. [17].
In brief, the ABTS◦+ aqueous solution was prepared by the mixture of 7.0 mM ABTS
stock solution (Merck, Darmstadt, Germany) and 2.45 mM potassium persulfate (RCl
Labscan, Bangkok, Thailand). The mixture solution was incubated in the dark for 16 h at
room temperature. Then, the working solution was created by mixing 1.0 mL of ABTS◦+
aqueous with 50 mL deionized water to attain an absorbance of 0.70 ± 0.05 at 734 nm using
a spectrophotometer. The reaction mixture contained 2000 µL of the ABTS◦+ working
solution and 100 µL of the sample or positive control using Trolox (Merck, Darmstadt,
Germany). Then, the incubation was continued for 3 min at room temperature. The results
were shown as µg Trolox equivalent per mL.

Other nutritional information of VFJ was analyzed by the Institute of Nutrition, Mahi-
dol University, Nakhon Pathom, Thailand.

2.5. Ethical Considerations

The Ethics Committee of Bhumibol Adulyadej Hospital approved the study proto-
col (approval number IRB 68/61). In addition, the study was reviewed and approved
by the Thai Clinical Trials Registry (TCTR) Committee (TCTR identification number
is TCTR20220109001; https://www.thaiclinicaltrials.org/show/TCTR20220109001
(accessed on 9 January 2022). Patients voluntarily decided whether to participate the
clinical trial or not. The research team clearly explained the purpose and methodology of
this study. All the participants approved of the study procedure and provided their consent
before enrollment.

2.6. Participants and Study Design

The participant population was recruited from patients of Bhumibol Adulyadej Hos-
pital, Bangkok, Thailand. The inclusion criteria included: ≥18 years of age; an LDL-C
level between 130 and 160 mg/dL; and had never undergone medical treatment for dys-
lipidemia. The exclusion criteria included: family history of dyslipidemia; had undergone
gastrointestinal surgery; diagnosed with metabolic disorder, cardiovascular disease, thy-
roid disorder, kidney disease, or liver disease; regular consumption of prebiotic, probiotic,
and/or nutritional supplements; currently taking drugs that may affect lipid metabolism;
smoking; alcohol consumption during the trial.

The 20 eligible participants were randomized to the probiotic or placebo groups using
random allocation software. The participants were blinded to group assignments. During
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the 30-day intervention period, the Nutrition Section of Bhumibol Adulyadej Hospital
provided both groups with a regular diet in lunch boxes for three meals per day, along
with two bottles of VFJ; the probiotic group received VFJ with probiotic L. paracasei and the
placebo group received VFJ without probiotic L. paracasei. Each participant drank the juice
daily 30 min before lunch and dinner. A flow diagram is shown as Figure 1.
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2.7. Outcome Assessment

At baseline and the study endpoint, BW, BMI, and WC physical parameters were
measured. Additionally, the lipid profile was assessed based on blood samples collected at
the Chemistry and Immunology Laboratory, Department of Pathology, Bhumibol Adulyadej
Hospital. Lipid peroxidation and oxidative stress enzymes were measured from blood
samples, and bile acid (BA) levels were measured from fecal samples at the Department
of Pharmaceutical Sciences, Faculty of Pharmacy, Chiang Mai University (Figure 2). Ten
milliliters of blood were collected from each participant after an 8 h overnight fast and
stored in an icebox before being transported to the laboratory. A 10 g fecal sample was
also collected from each participant and stored in a plastic container at 4–8 ◦C before being
sent to the laboratory the next day. The fecal samples were stored at −20 ◦C until analysis
within a month.
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2.7.1. Physical Examination

BW and BMI were measured using a digital weighing scale (Tanita, Model 1584,
Tokyo, Japan). WC was measured and recorded using a tape measure (Hoechstmass,
Sulzbach, Germany).

2.7.2. Lipid Profile

Lipid profile, TC, LDL-C, HDL-C, and TG, levels were measured using an automatic
analyzer (Model Cobas®8000, Roche Diagnostics, Mannheim, Germany).

2.7.3. Lipid Peroxidation

MDA, the main marker for lipid peroxidation, was determined using a thiobarbituric
acid reactive substances (TBARS) assay according to the modified method of Zeb and
Ullah [18] and Atasayar et al. [19]. Serum samples (50 µL) were reacted with thiobarbituric
acid (TBA) (Sigma-Aldrich, St. Louis, MO, USA) and trichloroacetic acid reagent (TCA;
Merck, Darmstadt, Germany) at 100 ◦C for 30 min and then placed in cool water. The
reaction was measured at 532 nm using a multi-mode microplate reader (SpectraMax M3,
San Jose, CA, USA).

2.7.4. Oxidative Stress Enzymes

Oxidative stress enzyme activities, including superoxide dismutase (SOD) activity,
catalase (CAT) activity, and glutathione peroxidase (GPx) activity, were evaluated in the
serum samples.

The SOD activity assay was modified from that by Kaya et al. [20] using the inhibition
of nitroblue tetrazolium (NBT) reduction by the xanthine/xanthine oxidase system as a
superoxide generator. The sample was supplemented with a 0.1 mL mixture of ethanol
(RCI Labscan, Bangkok, Thailand) and chloroform (Merck, Darmstadt, Germany) (ratio
5:3, v/v) and centrifuged at 4000× g for 10 min. The ethanol phase of the supernatant was
evaluated. One unit of SOD was defined as the amount of enzyme causing 50% inhibition
of the NBT reduction rate. SOD activity was inhibited in units per milliliter of the sample.

The CAT activity was determined using a method modified from that by Kaya et al. [20].
A reaction of 750 µL of 0.059 M hydrogen peroxide (Merck, Darmstadt, Germany) and
25 µL of plasma sample or catalase standard (0–700 units/mL) was mixed for 3 min. Ki-
netic reactions were detected using a spectrophotometer at 240 nm. CAT activity was
calculated by comparison with the catalase enzyme standard curve and expressed as units
per milliliter.
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The modified method of GPx activity was performed according to Rush and Sandiford [21].
The reaction was carried out by mixing β-nicotinamide adenine dinucleotide phosphate
(β-NADPH) (Sigma-Aldrich, St. Louis, MO, USA), 1.0 mM sodium azide solution (Sigma-
Aldrich), 200 mM glutathione (Sigma-Aldrich, St. Louis, MO, USA), 10 units/mL glu-
tathione reductase (Sigma-Aldrich), and 50 mM phosphate buffer (pH 7.0) with 0.4 mM
ethylene diamine tetraacetic acid (Loba Chemie, Mumbai, India). Next, 12.5 µL of plasma
was added to the reaction. A mixture without plasma was used as a blank sample. GPx
activity was determined using 0.042% hydrogen peroxide as the substrate. The reaction
was followed using a spectrophotometer at 340 nm intervals for 15 s for 5 min. The activity
of plasma GPx was determined by measuring the rate of oxidation of NADPH, and the
result was reported as units per milliliter of plasma.

2.7.5. Bile Acid

Bile acid levels were determined in feces using a commercially available IDK® Bile
acid kit (Immundiagnostik AG, Bensheim, Germany) according to the manufacturer’s
protocol and as previously studied [22]. Fifteen milligrams of fecal sample was added to a
screw-capped tube containing 1.5 mL of buffer (dilution factor of 1:100). The sample was
homogenously shaken and left to stand for 10 min. The mixture sample (10 µL) was added
to the reagent in the strip and incubated for 5 min at 25 ◦C. The absorbance of the sample
was measured at 405 nm using a multimode microplate reader.

2.8. Statistical Analysis

Data analysis was performed using STATA version 15.1 (StataCorp, College Station,
TX, USA) for Windows licensed to the Faculty of Pharmacy, Chiang Mai University. Demo-
graphic characteristic data were evaluated using an independent t-test. A paired t-test was
used to assess differences within the treatment groups. Gaussian regression analysis was
performed to assess the effects of treatment between groups.

3. Results
3.1. Nutrition Information of the Vegetable and Fruit Juice (VFJ)

The antioxidant activity in VFJ was reported as 244.68 µg Trolox equivalent/mL,
which was expressed as 60.97% of inhibition. Table 2 displays the nutritional values of the
VFJ without probiotic L. paracasei, such as energy, moisture, protein, total carbohydrate,
total dietary fiber, soluble dietary fiber, insoluble dietary fiber, vitamin and mineral, total
polyphenol, flavonoid, and carotenoid according to the Association of Official Agricultural
Chemists (AOAC) test method. The amount was reported by the Institute of Nutrition,
Mahidol University, Nakhon Pathom, Thailand.

Table 2. Nutritional value of the vegetable and fruit juice (VFJ).

Nutrition Amount (Per 100 mL)

Energy 43.08 kcal
Moisture 91.92 g
Protein 0.43 g

Total Carbohydrate 10.34 g
Total dietary fiber 1.35 g

Soluble dietary fiber 0.71 g
Insoluble dietary fiber 0.65 g

Vitamin C 3.06 mg
Calcium 8.99 mg

Phosphorus 27.97 mg
Sodium 14.73 mg

Potassium 64.94 mg
Magnesium 3.97 mg

Iron 0.51 mg
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Table 2. Cont.

Nutrition Amount (Per 100 mL)

Zinc 0.06 mg
Copper 0.02 mg

Chloride 9.39 mg
Pantothenic acid 0.04 mg
Total polyphenol 41.99 mg eq GA 1

Naringenin 636.82 µg
Quercetin 1088.34 µg

Lutein 48.76 µg
Lycopene 239.10 µg

1 mg eq GA represents milligram equivalent gallic acid.

3.2. Participant Characteristics

The participant characteristics are shown in Table 3. Of the 20 participants, 17 were
female and 3 were male with ages ranging from 27 to 58 years. All eligible participants were
randomized into two groups (n = 10 per group). The placebo group comprised one (10%)
man and nine (90%) women, with ages ranging from 27 to 54 years, while two (20%) men
and eight (80%) women were assigned to the probiotic group (33–58 years old). No patients
withdrew from the study before the endpoint, and no serious adverse events were reported
during the intervention period. No statistically significant differences were observed in the
demographic characteristics of participants between the two groups at baseline.

Table 3. General demographic characteristics of the participants.

Parameters Placebo Group Probiotic Group p-Value

Male, n (%) 1 (10) 2 (20)
1.000Female, n (%) 9 (90) 8 (80)

Age (years) 44.40 ± 2.40 43.80 ± 2.07 0.852
Weight (kg) 62.62 ± 3.20 65.01 ± 2.53 0.566
Height (cm) 157.40 ± 1.69 157.50 ± 1.87 0.969

BMI (kg/m2) 25.36 ± 1.44 26.25 ± 1.06 0.625
WC (cm) 81.50 ± 2.46 86.00 ± 3.03 0.264

LDL-C (mg/dL) 145.20 ± 3.93 146.60 ± 3.54 0.794
Data are presented as mean ± standard error. The p-value was at 95% confidence interval. The population was
analyzed using an exact probability test, and the continuous data were analyzed using a t-test. BMI = body mass
index, WC = waist circumference, LDL-C = low-density lipoprotein cholesterol.

3.3. Effect of the Vegetable and Fruit Juice (VFJ) with and without Probiotic L. paracasei on
Physical Parameters

BW, BMI, and WC showed no considerable differences at baseline and endpoint within
the placebo group. Moreover, within the probiotic group, no considerable changes were
observed in BW or BMI; however, the WC exhibited a decreasing trend (p < 0.10; Table 4).
Moreover, no significant differences were observed between the two groups in terms of
BW, BMI, or WC, at the endpoint (Table 5).

Table 4. Physical examination parameters and biological markers in plasma and feces of the partici-
pant at the baseline (Day 0) and endpoint (Day 30).

Parameters
Placebo Group Probiotic Group

Baseline Endpoint % Change p-Value Baseline Endpoint % Change p-Value

BW (kg) 62.62 ± 3.20 62.08 ± 3.15 −0.86 0.255 65.01 ± 2.53 64.57 ± 2.57 −0.68 0.192
BMI (kg/m2) 25.36 ± 1.43 25.16 ± 1.43 −0.79 0.281 26.25 ± 1.06 26.06 ± 1.04 −0.72 0.163

WC (cm) 81.50 ± 2.46 81.10 ± 2.26 −0.49 0.343 86.00 ± 3.02 85.20 ± 3.02 −0.93 0.087 *
TC (mg/dL) 202.60 ± 9.46 203.00 ± 6.40 0.20 0.955 203.80 ± 5.11 192.40 ± 4.53 −5.59 0.041 **

LDL-C (mg/dL) 145.20 ± 3.93 145.80 ± 4.97 0.41 0.818 146.60 ± 3.54 137.80 ± 4.04 −6.00 0.003 ***
HDL-C (mg/dL) 51.40 ± 2.87 50.80 ± 2.56 −1.17 0.712 49.20 ± 2.53 53.30 ± 2.36 8.33 0.009 ***
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Table 4. Cont.

Parameters
Placebo Group Probiotic Group

Baseline Endpoint % Change p-Value Baseline Endpoint % Change p-Value

TG (mg/dL) 122.40 ± 12.84 101.80 ± 8.39 −16.83 0.111 121.80 ± 11.59 92.40 ± 9.83 −24.14 0.029 **
TG/HDL-C ratio 2.48 ± 0.32 2.06 ± 0.21 −16.93 0.160 2.53 ± 0.27 1.75 ± 0.18 −30.83 0.016 **

MDA (µM) 0.18 ± 0.07 0.07 ± 0.01 −61.11 0.147 0.19 ± 0.07 0.06 ± 0.01 −68.42 0.067 *
CAT (unit/mL) 159.08 ± 3.97 163.39 ± 5.43 2.71 0.542 153.60 ± 2.89 166.00 ± 4.36 8.07 0.005 ***
GPx (unit/mL) 0.61 ± 0.11 0.78 ± 0.08 27.87 0.196 0.63 ± 0.06 0.83 ± 0.13 31.75 0.060 *
SOD (unit/mL) 588.84 ± 62.54 643.14 ±40.22 9.22 0.350 562.41 ± 73.44 678.92 ± 51.68 20.71 0.115

BA (µmol/L) 30.06 ± 3.65 29.29 ± 2.16 −2.56 0.834 31.60 ± 2.90 37.73 ± 2.48 19.40 0.054 *

Data are presented as mean ± standard error. *, **, and *** were significantly different p < 0.10, p < 0.05, and
p < 0.01, respectively, within each group at different times of this study. BW = body weight, BMI = body
mass index, WC = waist circumference, TC = total cholesterol, LDL-C = low-density lipoprotein cholesterol,
HDL-C = high-density lipoprotein cholesterol, TC = triglyceride, MDA = malondialdehyde, CAT = catalase,
GPx = glutathione peroxidase, SOD = superoxide dismutase, BA= bile acid.

Table 5. Gaussian regression analysis of physical examination parameters and biological markers for
the probiotic group compared with the placebo group at the endpoint (Day 30) of the study.

Parameters Coefficient 95% CI p-Value

BW (kg) 2.49 −1.24 to 1.31 0.953
BMI (kg/m2) 0.90 −0.52 to 0.51 0.985

WC (cm) 4.10 −1.40 to 1.24 0.898
TC (mg/dL) −10.60 −23.05 to 2.48 0.106

LDL-C (mg/dL) −8.00 −23.42 to 6.78 0.259
HDL-C (mg/dL) 2.50 −0.02 to 7.37 0.051 *

TG (mg/dL) −9.40 −35.10 to 15.44 0.420
TG/HDL-C ratio −0.31 −0.86 to 0.26 0.270

MDA (µM) −0.01 −0.04 to 0.03 0.825
CAT (unit/mL) 2.61 −10.82 to 22.17 0.475
GPx (unit/mL) 0.05 −0.29 to 0.30 0.980
SOD (unit/mL) 35.78 −101.65 to 160.33 0.640

BA (µmol/L) 8.44 1.52 to 15.15 0.020 **
Data were compared to the placebo group at endpoint (Day 30). The p-value was at 95% confidence inter-
val. * and ** were significantly different p < 0.10 and p < 0.05, respectively. BW = body weight, BMI = body
mass index, WC = waist circumference, TC = total cholesterol, LDL-C = low-density lipoprotein cholesterol,
HDL-C = high-density lipoprotein cholesterol, TC = triglyceride, MDA = malondialdehyde, CAT = catalase,
GPx = glutathione peroxidase, SOD = superoxide dismutase, BA= bile acid.

3.4. Effect of the Vegetable and Fruit Juice (VFJ) with and without Probiotic L. paracasei on
Lipid Profile

No significant differences were observed in the TC, LDL-C, HCL-C, TG, or TG/HDL-C
ratio (p > 0.05) at the endpoint in the placebo group compared to the baseline value (Table 4).
Meanwhile, significant declines in the probiotic group were observed in TC, LDL-C, TG,
and TG/HDL-C ratio, with a significant increase in HDL-C (Table 4). The parameters of
TC, LDL-C, TG, and TG/HDL-C ratio significantly declined: (p < 0.05), (p < 0.01), (p < 0.05),
and (p < 0.05), respectively. In contrast, HDL-C showed a significant increase (p < 0.01).
Moreover, although the differences in TC, LDL-C, TG, and TG/HDL-C ratio between
the probiotic and placebo groups (Table 5) were not statistically significant, HDL-C was
significantly higher in the probiotic group at the endpoint (p < 0.01).

3.5. Effect of the Vegetable and Fruit Juice (VFJ) with and without Probiotic L. paracasei on Lipid
Peroxidation

MDA levels in the plasma of the placebo group at the baseline (Day 0) and endpoint
(Day 30) were 0.18 ± 0.07 and 0.07 ± 0.01 µM. While the MDA levels of the probiotic group
at the baseline (Day 0) and endpoint (Day 30) were 0.19 ± 0.07 and 0.06 ± 0.01 µM, the
statistical data showed a significant difference (p < 0.10) (Table 4). However, the MDA
levels did not differ significantly between the probiotic group and the placebo group at
the endpoint (Table 5).
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3.6. Effect of the Vegetable and Fruit Juice (VFJ) with and without Probiotic L. paracasei on
Oxidative Stress Enzyme

Plasma levels of CAT, GPx, and SOD in the placebo group did not differ significantly
(p > 0.05) between baseline and endpoint (Table 4). Meanwhile, in the probiotic group,
CAT levels were significantly increased (p < 0.01), whereas GPx exhibited an increased
trend (p < 0.10). However, the SOD levels were not significantly different after the endpoint
compared to the baseline of the study period. Moreover, no significant differences were
detected in CAT, GPx, or SOD levels between the groups (Table 5).

3.7. Effect of the Vegetable and Fruit Juice (VFJ) with and without Probiotic L. paracasei on Bile
Acids Level

Fecal levels of BA did not differ significantly within the placebo group between
timepoints and were 30.06 ± 3.65 µmol/L at the baseline and 29.29 ± 2.16 µmol/L at
the endpoint. Meanwhile, a trend toward significantly increased BA levels (p < 0.10) was
detected in the probiotic group at the endpoint compared to baseline (Table 4). Moreover,
BA levels were significantly higher (p < 0.05) in the probiotic group compared to the placebo
group at the endpoint (Table 5).

4. Discussion

In the present study, the selected recipe of VFJ was analyzed in terms of its properties,
especially the antioxidant activity, which was related to dyslipidemia and oxidative stress
in patients with dyslipidemia [23]. The nutritional value of VFJ, including total dietary
fiber, soluble dietary fiber, insoluble dietary fiber, vitamins and minerals, total polyphenols,
flavonoids, and carotenoids makes it a potential alternative to conventional medicine for
lowering dyslipidemia. Indeed, many reports have verified its ability to reduce dyslipi-
demia risk by altering the TC, LDL-C, HDL-C, and TG levels. Specifically, soluble dietary
fiber has been shown to reduce TC and LDL-C levels [24,25], potentially by increasing BA
excretion, thus delaying reabsorption in the intestine [26]. Additionally, the production
of short-chain fatty acids by microbial fermentation of dietary fiber in the colon lowers
LDL-C levels [27].

Several studies have reported that probiotic bacteria can improve lipid profiles.
Fuentes et al. [28] studied the efficacy of L. plantarum capsule (containing 1.2 × 109 CFU of
a mixture strain CECT 7527, CECT 7528, and CECT 7529) in hypercholesterolemic patients
for 12 weeks. The level of TC in the L. plantarum group significantly decreased to 13.6%
compared to a placebo group. Ahn et al. [29] suggested that the consumption of a mixed
probiotic powder (L. curvatus HY7601 and L. plantarum KY1032) for 12 weeks decreased
18.3% of TG level compared to a group that consumed the powder without probiotic strains.

Therefore, the VFJ and VFJ containing probiotic bacteria may present useful com-
plementary medicine for patients with dyslipidemia presenting with mild symptoms. In
particular, the VFJ offers the benefit of not requiring heat during the preparation process,
thereby retaining the full nutrition content of the ingredients. The consumption of VFJ
with and without probiotic L. paracasei on physical parameters was discussed in term of
BW, BMI, and WC. WC was found to significantly decrease in the probiotic group on
day 30 compared to baseline. Our results are consistent with those of Zhang et al. [30],
who showed that obese participants exhibited a significant reduction in WC after probiotic
consumption. Meanwhile, no effect was observed on BM or BMI. Similarly, in a study
by Michael et al. [31], obese participants showed reduced WC compared to the placebo
group participants after consuming a mixture of probiotic Lactobacillus and Bifidobacterium
(50 billion per day) for six months.

The result of this study showed that the lipid profile of the placebo group (consump-
tion of VFJ without probiotic L. paracasei) was not significantly different between baseline
and endpoint. However, the lipid profile of the probiotic group (consumption of VFJ
with probiotic L. paracasei) showed that the level of TC, LDL-C, TG, and TG/HDL-C ratio
was significantly declined to 5.59, 6.00, 24.14, and 30.83%, respectively, while the level of
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HDL-C was significantly increased to 8.33% at the endpoint, when compared with the
baseline. Overall, the VFJ containing probiotic L. paracasei could improve lipid profile in
the participant with dyslipidemia. This might be associated with bile salt hydrolase (BSH)
produced by probiotics, which is the enzymatic deconjugation of bile acids by hydrolysis
of conjugated bile acids into deconjugated bile acids [32]. Deconjugated bile acids are less
soluble and are reabsorbed in the intestinal lumen less than conjugated bile acids, leading
to the excretion of larger amounts of free bile acids in feces [30]. Thus, the deconjuga-
tion of bile acids results in a reduction in serum cholesterol by increasing the demand
of cholesterol for de novo synthesis of bile acids to replace those lost in feces [33]. The
outcomes of lipid profile are related to the previous literature of Mohamadshahi et al. [34].
They studied the consumption of conventional yogurt and probiotic yogurt (containing
L. acidophilus La-5 and B. lactis Bb-12) in diabetic patients. The subjects had a daily intake
of 330 g of yogurt for 8 weeks. The result was confirmed that the probiotic yogurt caused
a decrease in LDL-C/HDL-C ratio and significantly increased HDL-C levels. Oxidative
stress is an imbalance in the cells between the system of reactive oxygen species (or free
radicals); production and accumulation lead to the damage of cellular structures such as
lipids, proteins, and nucleic acids [35]. Therefore, the harmful effects can respond with
dyslipidemia. The lipid peroxidation is one of the possible outcomes of aberrant free
radicals, of which MDA is the primary marker. In the current study, the MDA level was
significantly decreased to 68.42% in the probiotic group, from 0.19 ± 0.07 mg/dL at the
baseline to 0.06 ± 0.01 mg/dL at the endpoint. These findings agree with the results of a
previous study that reported decreased MDA levels in the serum and liver of hyperlipi-
demic rats following L. casei supplementation [36]. Moreover, the ability of an antioxidant
defense system is based on main enzymatic components, including CAT, GPx, and SOD.
For the probiotic group, the levels of CAT and GPx were significantly increased to 8.07
and 31.75% at Day 30 compared to Day 0. However, the level of SOD was an insignificant
difference after the endpoint compared to the baseline of the study period. Similarly, within
a clinical trial, Chamari et al. [37] reported that probiotic yogurt decreased oxidative stress
in healthy women within a clinical trial. That is, intake of the probiotic yogurt for six weeks
significantly increased CAT activity compared to the normal yogurt. Kleniewska et al. [26]
found that the supplement containing probiotic L. casei (4 × 108 CFU) and prebiotic Inulin
(400 mg) might be an advantageous influence on the antioxidant properties of healthy
human plasma after 7 weeks. Briefly, the symbiotic could be a significant increase in CAT
activity; however, the activity of SOD and GPx was an insignificant increase compared to
a control group. The result was slightly dissimilar because of the difference in probiotic
bacterial strain. These results could show that VFJ with probiotic bacteria affected oxidative
stress. Several mechanisms explained the probiotics affecting antioxidant activity and
reduced damages caused by oxidation. The probiotics have their antioxidant enzymatic
system, especially SOD. Furthermore, the probiotic strain was able to provoke the system of
antioxidation in the host and increased the antioxidant enzymatic activity. As a result, they
can prevent or decrease the seriousness of intestinal pathology caused by reactive oxygen
species [38]. Moreover, the metabolites of antioxidant activity were produced by probiotics.
For example, butyrate, as SCFA, was generated by the fermentation of microbiota in the
small intestine and/or a final section of the small intestine led to induce antioxidative
enzymes [39]. Wang et al. [38] reported that the probiotics Lactobacillus and Bifidobacterium
were able to produce lactic acid, acetic acid, and propionic acid, resulting in a lower intesti-
nal pH, maintaining a balance of the gut microbiota. The probiotics can also regulate the
growth of harmful bacteria, which may contribute to reduced oxidative stress.

BAs or bile salts are synthesized from cholesterol in the liver and, subsequently, become
conjugated to glycine or taurine, which increases their solubility [40,41]. Approximately
200–600 mg of BA is produced daily in the human liver and excreted in feces [40]. The
alteration in the BA level of the probiotic group was significant increased by 19.40%. Thus,
based on the marked increase in BAs within the probiotic group of the current study, it
could be inferred that the BSH activity of L. paracasei reduced the TC, LDL-C, TG, and
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TG/HDL-C ratio, resulting in increased fecal BAs [33,42]. The BAs that are lost in the feces
are then regenerated from cholesterol, via de novo synthesis, in the liver to maintain a
constant BA pool [40,41], thus, reducing serum cholesterol levels [33].

The level of lipid profile, lipid peroxidation, oxidative stress enzyme, and bile acid,
especially the TG/ HDL-C ratio, can indicate a risk rate of dyslipidemia [43]. These available
results could be explained in more details. The treatment period should be extended to
more than 30 days and/or the amount of VFJ and probiotic L. paracasei should be adjusted
to a higher level: more than 500 mL/day and 109 CFU/day, respectively. Further research is
warranted to investigate the impact of the consumption of VFJ with probiotics on patients
who have higher LDL-C levels or who have been administered lipid-lowering drugs to
prove the effectiveness of the juice with probiotics combined with a medical treatment.

5. Conclusions

According to the present study, the intake of VFJ with L. paracasei at the dosage
of 2 × 109 CFU/day for 30 days could serve as an effective alternative strategy for the
primary prevention of dyslipidemia in Bhumibol Adulyadej Hospital patients who had not
undergone medical treatment. Specifically, intake of VFJ with L. paracasei could provide
health benefits by improving lipid profiles, lipid peroxidation, and oxidative stress enzyme
activity levels. The level of TC, LDL-C, TG, and TG/ HDL-C ratio significantly decreased
in the probiotic group (consumption of VFJ with L. paracasei) compared to the placebo
group (consumption of VFJ without L. paracasei). While the HDL-C marker was a high
level in the probiotic group. Moreover, the level of MDA in the probiotic group was
significantly decreased compared to the placebo group. However, the activity of CAT and
GPx significantly increased in the participant group of VFJ with L. paracasei consumption.
The BA level in feces significantly increased in the probiotic group. Therefore, intake of
VFJ with L. paracasei could be improved to benefit health in terms of the lipid profile, lipid
peroxidation and oxidative stress enzymes.
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Abstract: Without a doubt, potatoes play a vital food and nutrition security role in the world as
more than a billion people consume this vegetable. Furthermore, the polyphenolic constituents of
pigmented potato cultivars and their associated health benefits have been reported. However, the
antioxidant, anticancer, and antimycobacterial activity of pigmented cultivars are scanty. There-
fore, the present study explores the phenolic acids and biological activities of cv. Salad Blue
(SB) and non-pigmented control (BP1) extracts. The antiproliferative activity of S. tuberosum L.
against human hepatocellular carcinoma (HepG2) was investigated, as well as the ability to inhibit
Mycobacterium smegmatis. Chlorogenic acid was the most prominent phenolic acid in both treatments
as well as cultivars. In the current trial, 24 ◦C significantly increased chlorogenic acid in cv. SB and
BP1. Ethanolic extracts of all the samples showed no activity at the highest test concentration of
1000 µg/mL (ciprofloxacin MIC of 0.325 µg/mL) against M. smegmatis. The antiproliferative activity
of the tuber samples against HepG2 liver cells had IC50 values ranging between 267.7 ± 36.17 µg/mL
and >400 µg/mL. Since the health benefits of these cultivars are highly valued, the present study
provides useful information for future oncology studies, for human nutrition, as well as for how
these underutilized cultivars can be fortified to improve their health benefits.

Keywords: Solanum tuberosum; antimycobacterial; antioxidant capacity; hepatocellular carcinoma;
pigmented potatoes

1. Introduction

Of the crops that feed the world, potatoes are the third most consumed after rice and
wheat, with more than a billion people relying on them for food and nutrition security [1].
This is because they are an important staple crop that is well endowed with complex
carbohydrates and thus very high in energy, in addition to other nutritional benefits. This
crop is easy to cultivate under a diverse range of climatic conditions except those found in
Antarctica [2]. Latest statistics indicate that by 2019, over 17 million hectares were under
potato cultivation. Global production also increased from 334.73 to 370.43 million metric
tons (MMT) between 2009 and 2019 [2]. Current data [3] further show that global leaders
in potato production by MMT are the following: China (91.92) > India (50.19) > Russia
(22.07) > Ukraine (20.27) > USA (19.18) > Germany (10.60) > Bangladesh (9.65) > France
(8.56) > Netherlands (6.96) > Poland (6.48).
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In South Africa, potatoes also play a major food and nutrition security role, with about
677.46 km2 under potato cultivation in the 2016/2017 agricultural season [4]. Furthermore,
during the 2016/2017 agricultural season, about 2.5 MMT of potatoes were produced at a
rate of approximately 3,617,200 kg/km2 [4]. According to the same statistics, the average
per capita consumption of potatoes in South Africa is 30 kg.

The usefulness of the potato peel, which is regarded as a waste product, has grown [5,6].
Due to its high antioxidant and antimicrobial effectiveness [7], it is used in food preser-
vation. The potato peel has also been reported as a pharmaceutical ingredient in wound
management [8,9], and glycoalkaloids in the leaves and other parts of the plant have been
reported to offer natural protection against plant pests [10,11].

In the world today, the demand for polyphenolic and vitamin rich food sources is on
the rise, and pigmented potatoes, among other crops, often possess these constituents [12].

Potatoes are rich in phenolic compounds; for example, about 49% to 90% of the total
phenolics in this vegetable are in fact chlorogenic acid [13,14]. In addition, as shown in some
epidemiological studies, a clear correlation has been established between consuming phe-
nolic rich diets and better health [15–18]. Nevertheless, the antioxidant activity and some
health promoting aspects of plant-derived phenolic compounds cannot be overemphasized.
Anthocyanins in some pigmented potato cultivars have been reported to suppress stomach
cancer in mice [19], prostate cancer cells [20], colon cancer cells [21], as well as liver cancer
cells [22]. Furthermore, glycoalkaloids in these cultivars have been shown to inhibit the
growth of colon, liver, stomach, and lymphoma cancer cells, among others [23,24]. How-
ever, the potential role of root zone temperature (RZT) on antioxidant, anticancer, as well
as antimycobacterial activity of pigmented cultivar extracts has not been reported. We
previously reported root zone temperature’s role on physiological growth and polyphenolic
contents in both pigmented and non-pigmented potato cultivars [25]. The results of this
study showed the polyphenolic superiority of pigmented cultivars under a diverse range
of root zone temperatures over the non-pigmented cultivar. Therefore, as an offshoot of
this study, we tested the antiproliferative activity of the extracts of both the pigmented and
non-pigmented cultivars against liver hepatocellular carcinoma (HepG2) cells and their
antimycobacterial activity against M. smegmatis. In addition, chlorogenic and caffeic acid
were significantly higher in SB under 24 ◦C in our previous study, and this informed our
decision for the selected temperature and cultivar of the current study.

2. Materials and Methods
2.1. Plant Growth, Harvest, and Extraction

Potato tubers of cv. BP1 and SB were cultivated in a greenhouse, as described by [25],
for 73 days to test the effect of controlled RZT (24 ◦C) and non-controlled RZT (ranging
between 19 ◦C and 25 ◦C). Postharvest, the samples were separated into flesh and skin, and
frozen at −80 ◦C in paper bags, after which they were freeze dried for 24 h in a VirTis genesis
wizard 2.0 (UK). The samples were then powdered and sieved through a 40–60 mesh and
stored at 4 ◦C until further use. About 200 g of the powdered and lyophilized tubers were
extracted with 20 × the volume of 60% ethanol (EtOH) (Absolute; B&M Scientific) per
mass (10 g > 200 mL) overnight and then ultra-sonicated for approximately 15 min at 40 ◦C.
Samples were filtered using 0.22 µm syringe filters (25 mm) and concentrated using the
Genevac miVac sample concentrator.

2.2. Phytochemical Analysis

A Dionex HPLC (Dionex Softron, Germering, Germany) was used to determine
chlorogenic, caffeic, and ferulic acids in the samples. This HPLC has a Brucker ESI Q-TOF
MS coupled autosampler and is equipped with a binary solvent manager. A reversed
chromatography on a Thermo Fisher Scientific C18 column 5 µm, 4.6 × 150 mm (Bellefonte,
PA, USA) was used to separate plant extract constituents via the use of a linear gradient of
0.1% formic acid in acetonitrile (solvent A) and water (solvent B) at 0.8 mL min−1 flow rate,
an electrospray voltage of +3500 V, an oven temperature of 30 ◦C, and a 10 µL injection
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volume. The negative mode was used to acquire the MS spectra. The nebulizer gas was set
at 35 psi and the dry gas to 9 L min−1 at 300 ◦C.

2.3. Antimycobacterial Activity of the Ethanolic Extract of Solanum tuberosum L.

Mycobacterium smegmatis (M. smegmatis) is a non-pathogenic and fast-growing species
of mycobacterium. This model is most used in the physiology of mycobacteria, as it has
relevance to the pathogenic species of Mycobacterium tuberculosis, the causative pathogen
for tuberculosis. The minimum inhibitory concentration (MIC) values were determined
according to [26], with slight modifications.

A stock solution of 20% DMSO (Sigma-Aldrich, Saint Louis, MO, USA) was used
to dissolve all tuber ethanolic extracts in Sterile Middlebrook 7H9 media. Furthermore,
using this sterile media, two-fold dilutions were made of each sample into a final assay
yield volume of 200 µL. Ciprofloxacin (Sigma-Aldrich, Saint Louis, MO, USA) served as
a positive drug control at a concentration range of 0.156–10 µg/mL. The solvent control
(DMSO 2%) as well as the untreated bacterial control were carried out in triplicates. The
plates were sealed using parafilm before incubation at 37 ◦C for 24 h. After incubation of
24 h, PrestoBlue (Thermofischer, South Africa) as a viability indicator was added to each
well (20 µL). The minimum inhibitory concentration (MIC) values were defined as the
concentration at which no color change was visible from blue to pink.

2.4. Antiproliferative Activity

The antiproliferative activity assay was carried out according to the method of [27]. In
all, 100 µL of HepG2 cells with a cell density of 10,000 cells per well was seeded in 96 well
plates after careful counting and left at 5% CO2 and 37 ◦C overnight to incubate in order to
allow for attachment. To prepare each sample, a stock solution of 2000 µg/mL was used. A
final test concentration of 12.5 to 400 µg/mL in serial dilutions of the sample extracts in
the cell-containing plates was made. The plates were then incubated for 72 h at 37 ◦C and
5% CO2. Actinomycin D was used as the positive control (0.02 to 0.5 µg/mL) and DMSO
at 2% as the solvent control. After incubation, PrestoBlue was added (20 µL) to each well,
and the plates were left to incubate for a further 2–4 h. After incubation, the absorbance
values were read (490 nm wavelength, including a reference wavelength of 690 nm) using
a BIO-TEK Power Wave XS multi-well reader. The mean 50% inhibitory values (IC50) were
calculated, and statistical analysis was performed.

2.5. Statistical Analysis

Data were collected on 52 samples (13 plants per cultivar) per treatment. Statistically
significant differences among treatment means were determined by two-way analysis of
variance (ANOVA) at p < 0.05. Fisher’s least significant difference (LSD) test was used to
segregate means that were significantly different using a computer software program called
STATISTICA (Palo Alto, California, USA). The mean IC50 values (three replicates) were
used to perform statistical analysis using GraphPad Prism (Version 7, San Diego, CA, USA)
and two-way ANOVA. To identify significance in comparison to the control value, the
Dunnett’s MCT was performed. All experiments were conducted in triplicates.

3. Results
3.1. Caffeic, Chlorogenic, and Ferulic acid Content in Solanum tuberosum L. Exposed to Higher
Root Zone Temperature

The results of the present study revealed the presence of chlorogenic, caffeic, and
ferulic acids in the ethanolic extracts of the potato tuber cultivars, as shown in Table 1.
The chromatographic peaks in the result profiles showed some variations in the mean
concentrations among the two root zone temperatures and the cultivars. Chlorogenic acid
was the most prominent phenolic acid in both treatments and cultivars. Cultivar BP1 flesh
and skins increased chlorogenic acid by 13% and 26%, respectively, on exposure to an
RZT of 24 ◦C. Similarly, cv. SB flesh and skins increased by 28% and 46%, respectively, on
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exposure to an RZT of 24 ◦C. Although the set RZT of 24 ◦C significantly lowered caffeic
acid in cv. BP1 skins and flesh (0.29–0.03 µg/g), the same RZT significantly increased this
specific phenolic acid in the cv. SB skins (0.39 µg/g) and the flesh (0.05 µg/g). Interestingly,
the control temperature (no heat applied) significantly increased the concentration of caffeic
acid in BP1 skins (0.367 µg/g) and decreased the concentration in the flesh (0.051 µg/g). In
addition, as shown in Table 1, at 24 ◦C the concentration of chlorogenic acid in cv. BP1 skins
was lowered to 0.530 µg/g and in the BP1 flesh to 0.531 µg/g; however, a set temperature
of 24 ◦C had the ability to increase the concentration of chlorogenic acid in cv. SB skins
(0.779 µg/g) and the flesh (0.707 µg/g). The control temperature significantly lowered the
concentration of the chlorogenic acid in both cultivars. Ferulic acid was present, but in
very low concentrations only in cv. SB. Using a two-way analysis of variance, a strong
interaction was established between the specific cultivar and RZT on chlorogenic and
caffeic acid contents in the present trial.

Table 1. The effect of root zone temperature on the phenolic acid content in S. tuberosum cv. BP1 and Salad blue.

Caffeic Acid (µg/g) Chlorogenic Acid (µg/g) Ferulic Acid (µg/g)

Control 24 ◦C Control 24 ◦C Control 24 ◦C

BP1 Skins 0.37 ± 0.004 aA 0.29 ± 0.003 bB 0.39 ± 0.006 bC 0.53 ± 0.002 aC 0.00 ± 0.001 0.00 ± 0.001
BP1

Flesh 0.05 ± 0.001 C 0.03 ± 0.000 C 0.46 ± 0.050 bB 0.53 ± 0.003 aC 0.00 ± 0.001 0.00 ± 0.001

SB
Skins 0.25 ± 0.003 bB 0.39 ± 0.005 aA 0.42 ± 0.005 bBC 0.78 ± 0.014 aA 0.01 ± 0.001 0.01 ± 0.001

SB
Flesh 0.05 ± 0.002 C 0.05 ± 0.001 C 0.51 ± 0.007 bA 0.71 ± 0.007 aB 0.01 ± 0.001 0.01 ± 0.001

Values represent mean ± SD. Different small letters along the row per block represent significant differences at p < 0.05 and different capital
letters down the column represent significant differences at p < 0.05. No heat was applied to the control. BP1 = Non-pigmented control;
SB = Salad Blue.

3.2. Antimycobacterial Activity

The antimycobacterial activity of Solanum tuberosum (ethanol extracts) of both cultivars
and treatments of BP1 and SB was investigated. The ethanolic extracts of all the tested
samples did not show activity at the highest test concentration of 1000 µg/mL, as shown
in Table 2. The positive drug control ciprofloxacin showed an MIC value of 0.325 µg/mL.

Table 2. Antimycobacterial activity against M. smegmatis (MIC µg/mL).

Antimycobacterial Activity against M. smegmatis (MIC µg/mL)

Control SB NA
24 ◦C SB NA

Control BP1 NA
24 ◦C BP1 NA

Controls
Ciprofloxacin 0.325

NA—Not Active at the highest test concentration of 1000 µg/mL.

3.3. Antiproliferative Assay

The antiproliferative ethanolic extract activity of S. tuberosum L. cultivars SB and BP1
subjected to two RZTs was tested against HepG2 liver cells. The IC50 values of the samples
ranged between 267.7 ± 36.17 µg/mL and >400 µg/mL, following 72 h of incubation as
shown in Table 3. According to [28], after 72 h of incubation, plant extracts with IC50 values
greater than 100 µg/mL are non-cytotoxic to the particular cell line. However, there is an
increase in activity when SB and BP1 varieties are compared.
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Table 3. Antiproliferative activity against Hepatocellular carcinoma cells (HepG2) (IC50 µg/mL).

Antiproliferative Activity against Hepatocellular Carcinoma Cells
(HepG2) (IC50 µg/mL)

Control SB 267.7 ± 36.17
24 ◦C SB 290.8 ± 39.35

Control BP1 393.0 ± 34.17
24 ◦C BP1 NA

Controls
Actinomycin 0.49 ± 15.91

NA—Not Active at the highest test concentration of 1000 µg/mL.

4. Discussion
4.1. Caffeic, Chlorogenic, and Ferulic acid Content in Solanum tuberosum L. Exposed to Higher
Root Zone Temperature

The results of the current study confirmed what was seen in the study conducted
previously by [29], which showed that chlorogenic acid concentration was significantly
lower in yellow-fleshed potatoes in comparison with the high values reported in colored
potatoes. Furthermore, an elevated RZT showed minimal chlorogenic acid concentration
increase. Interestingly, caffeic acid concentration increased when SB and BP1 were exposed
to a higher RZT. The concentration of chlorogenic acid in red- or purple-fleshed cultivars
has previously been reported to be 2.2 to 3.5 times higher than in yellow- and white-fleshed
cultivars [30]. Similar results have been reported by other authors, including [31–35].
Phenolic compounds have a direct function in the type of response given by the plant when
exposed to stress, such as from sun exposure or pathogen infection [36]. This is, therefore,
a direct indication as to why the increase in RZT has a direct effect on the concentration of
the phenolic, as seen in the current study.

4.2. Antimycobacterial Activity

Many literature studies have shown that the potato contains a variety of phenolic
acids as a means of protection against microbes, viruses, and insects [37]. The mechanism
of action of the antimicrobial potential of phenolic compounds has been proposed to
be through the destabilization and permeation of the membrane of the microbe, which
results in changes to the efflux activity and polarization; in addition, virulence factors,
such as hydrophobicity, are directly affected [29]. A study conducted by [38] showed
that the phenolic compound myricetin showed low antimycobacterial inhibition against
M. smegmatis with an MIC value of 32 mg/L. Another study conducted by [39] showed
that chlorogenic acid showed no inhibition against M. smegmatis with an MIC value of
>2500 µg/mL. Moreover, during this study, a direct correlation of phenolic content to
antimycobacterial activity could not be shown [39]. Due to the high levels of chlorogenic
acid found in both cultivars, it could be concluded that this might be why no inhibitory
activity was found against M. smegmatis. Further studies based on previous literature could
focus on the activity of chlorogenic acid against other Gram-negative and Gram-positive
bacteria and microbes.

4.3. Antiproliferative Activity

Several studies have concluded that phenolics are important sources of antioxidants
and that a diet rich in antioxidants can have remarkable effects on the risk of developing
cardiovascular and neurogenerative diseases including cancer and diabetes [40–43]. The
anticancer activity of chlorogenic acid was investigated both in vitro and in vivo against
the HepG2 cell line and HepG2 xenografts in nude mice. The study concluded that chloro-
genic acid in greater concentrations had increased inhibition of HepG2 cells. The xenograft
studies on nude mice achieved the same results and showed the suppression of the pro-
gression of the HepG2 xenograft [44]. Although there was no effective antiproliferative
activity, as seen in the results against the HepG2 cell line by both the cultivars tested, it
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should be noted that the increase in chlorogenic acid content in the SB cultivar showed
increased antiproliferative activity when compared with BP1. It should also be empha-
sized that although chlorogenic acid is present in high amounts in both cultivars, it is
not the only phenolic compound, or compound in general, that is present, and the syner-
gistic effects of all compounds in Solanum tuberosum L. should be noted when looking at
antiproliferative activity.

5. Conclusions

The pigmented potato tubers’ antioxidant capacity (through the presence of ferulic,
chlorogenic, and caffeic acids), antiproliferative activity, and antimycobacterial activity
are cultivar specific. In our study, increasing the RZT had a significant effect on caffeic
and chlorogenic acid in the pigmented cultivar SB. The same effect was reported in the
antiproliferative study. Our results may offer the opportunity to test the same and other
cultivars of Solanum tuberosum against other cancer cell lines. These findings are of interest
because they increase the availability of information on the experimental investigations of
different cultivars found within Southern Africa.
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