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Preface to ”Bioproducts for Health II”

In order to build a promising future, health and sustainability must be interelated. Marine,

forestry, agriculture, and food systems are important sources of bioproducts used in health

applications. To explore the potential of such sources for the development of natural products capable

of biological activities, it is necessary to develop new technologically sustainable strategies. Despite

the range of natural compounds already available, there is a need to identify bioactive molecules (e.g.,

polysaccharides, proteins and peptides, polyunsaturated fatty acids, and polyphenols) from different

natural sources with positive health properties, including antihypertensive, antidiabetic, anti-obesity,

antimicrobial, anti-atherosclerotic, antioxidant, antithrombotic, immune-modulatory, relaxing, and

satiety-inducing effects. The Second Edition of this Special Issue aimed to identify and gather works

on the latest varied sources of bioproducts, the biological and functional activities of these bioactive

compounds, their mechanisms of action, and the methods used for extraction and purification,

without losing our focus on alignment with the concept of green technology.

Manuela Pintado, Ezequiel Coscueta, and Marı́a Emilia Brassesco

Editors

ix





Citation: Ghosh, R.; Samanta, P.;

Sarkar, R.; Biswas, S.; Saha, P.; Hajra,

S.; Bhowmik, A. Targeting HIF-1α by

Natural and Synthetic Compounds:

A Promising Approach for

Anti-Cancer Therapeutics

Development. Molecules 2022, 27,

5192. https://doi.org/10.3390/

molecules27165192

Academic Editor: Manuela Pintado

Received: 22 February 2022

Accepted: 24 March 2022

Published: 15 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

molecules

Review

Targeting HIF-1α by Natural and Synthetic Compounds: A
Promising Approach for Anti-Cancer Therapeutics Development
Rituparna Ghosh †, Priya Samanta †, Rupali Sarkar, Souradeep Biswas, Prosenjit Saha, Subhadip Hajra *
and Arijit Bhowmik *

Department of Cancer Chemoprevention, Chittaranjan National Cancer Institute (CNCI), Kolkata 700026, India
* Correspondence: subhadiphajra@cnci.ac.in (S.H.); arijitbhoumik@gmail.com (A.B.)
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Abstract: Advancement in novel target detection using improved molecular cancer biology has
opened up new avenues for promising anti-cancer drug development. In the past two decades,
the mechanism of tumor hypoxia has become more understandable with the discovery of hypoxia-
inducible factor-1α (HIF-1α). It is a major transcriptional regulator that coordinates the activity of
various transcription factors and their downstream molecules involved in tumorigenesis. HIF-1α
not only plays a crucial role in the adaptation of tumor cells to hypoxia but also regulates different
biological processes, including cell proliferation, survival, cellular metabolism, angiogenesis, metas-
tasis, cancer stem cell maintenance, and propagation. Therefore, HIF-1α overexpression is strongly
associated with poor prognosis in patients with different solid cancers. Hence, pharmacological
targeting of HIF-1α has been considered to be a novel cancer therapeutic strategy in recent years. In
this review, we provide brief descriptions of natural and synthetic compounds as HIF-1α inhibitors
that have the potential to accelerate anticancer drug discovery. This review also introduces the mode
of action of these compounds for a better understanding of the chemical leads, which could be useful
as cancer therapeutics in the future.

Keywords: HIF-1α; hypoxia; metastasis; angiogenesis; cancer stem cells; natural compounds;
synthetic drugs

1. Introduction

Inadequate oxygen supply to tumor tissues creates hypoxia, one of the most significant
clinical conditions responsible for cellular proliferation, angiogenesis, metastasis, and
propagation of cancer stem cells (CSCs). In the case of hypoxia, oxygen concentration
in the normal human renal cortex and brain tissues changes from 9.5% to ~1.3% and
~4.6% to ~1.7%, respectively [1,2]. However, an adequate amount of oxygen and nutrition
supply is highly needed for the growth of any multicellular organ, as well as solid tumors.
However, oxygen supply becomes restricted when distance between a tumor cell and
blood vessel exceeds 70 µm [3]. This condition is known as diffusion-limited hypoxia.
Additionally, chronic hypoxia leads to a restricted supply of oxygen, which depends on
severe structural and functional abnormalities of the tumor microvessels (perfusion-limited
O2 delivery), a deterioration of the diffusion geometry (diffusion-limited O2 delivery),
tumor-associated, and therapy-induced anemia [4]. In hypoxic conditions, reactive oxygen
species (ROS) production increases in tumor cells [5]. Generation of ROS triggers damage
of cellular biomolecules such as lipids, proteins, DNA, and RNA that leads to cell death [6].
Despite this, cancer cells find smart ways to escape cell death and ultimately survive in the
unfavorable conditions [7].

The most common survival features of cancer tissues include their augmentation
toward metabolic reframing, angiogenesis, and metastasis. These responses are mediated by
hypoxia-inducible factor (HIF) family of proteins, the expression of which becomes altered
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upon hypoxia. The HIF pathway remains conserved from Caenorhabitis elegans to human
and becomes activated to maintain oxygen homeostasis in hypoxic conditions [8]. Hypoxia-
inducible factor was first discovered by Semenza and coworkers, and they described the
presence of hypoxia response element (HRE), which is conserved by every target gene
of HIFs [9]. HIF is a heterodimeric protein with a basic helix loop helix structure that
contains one α and one β subunit. In addition to the ubiquitously expressed HIF-1, the
HIF family consists of two other members called HIF-2 (also called EPAS1, MOP2, or
HLF) and HIF-3. HIF-1 and HIF-2 share many functional and structural similarities such
as DNA recognition, binding and heterodimerization with HIF-1β (ARNT). HIF-2α is a
constitutively expressed cytoplasmic protein and mainly found in vascular endothelial
cells. Various studies reported that it is also up-regulated in cancer cells. Another member
of this family, HIF-3α, functions mainly as a negative regulator of HIF-1α. An alternatively
spliced variant of HIF-3α called IPAS directly binds to HIF-1α and prevents its binding
with HIF-1β which results in the formation of an abortive complex. In this way, HIF-3α
prevents HIF-1α from forming an active transcription factor and in turn hinders binding
of HIF-1α to the HRE sequence of hypoxia-induced genes [10]. Multiple studies reported
the prominent role of HIF-1α in malignant cells. Hence, in this review, we present insights
into the complexity of cellular metabolism, metastasis, tumor angiogenesis, and survival of
cancer stem cells induced by HIF-1α.

The role of HIF-1α in the apoptosis of cancer cells is controversial. In some types
of cancer, HIF-1α triggers apoptosis, whereas in some cases it induces cell proliferation.
Usually, normal as well as cancerous cells die owing to the depletion of oxygen. In
certain cases, HIF-1α triggers apoptosis in cancer cells via regulation of pro-apoptotic, anti-
apoptotic and apoptotic proteins. However, sometimes, HIF-1α also arrests cell growth in
the G1/S phase to escape cell death [11]. Consequently, activation of cell cycle arrests as well
as induction of apoptosis encourages cancer cells to be resistant in radiation and chemotherapy.

Along with this, in the case of angiogenesis, hypoxia triggers the formation of new
blood vessels as well as sprouting from existing blood vessels to increase the supply of
oxygen. Expression of angiogenic markers such as VEGF, TGF-β, PDGF-β, plasminogen
activator-1 (PAI-1), erythropoietin (EPO) and GLUT-1 are regulated by HIF-1α [12]. HIF-1α
is known to be involved in all steps of blood vessel formation. However, tumor vasculature
has different morphological features from normal blood vessels [12]. Hypoxia induces the
imbalance between pro and anti-angiogenic factors production, which leads to enhanced,
rapid, and chaotic blood vessel formation [13,14]. However, other than involvement in
angiogenic progression HIF-1α also plays an important role in other hypoxia-induced
hallmarks of cancer, such as induction of metastasis [15,16]. HIF-1α regulates a broad range
of genes involved in epithelial to mesenchymal transition, disrupting basement membrane
of surrounding tumor tissue and invasion [16,17]. In this way, hypoxia helps the cells of the
primary tumor to escape the hypoxic region and migrate to a distal site to form a secondary
tumor by regulating HIF-1α. In addition, adaptations of these new characteristics make a
cancer cell more aggressive in hypoxic conditions.

It is reported that hypoxia leads to clonal selection of tumor cells [18,19]. In hypoxic
conditions, HIF-1α promotes enrichment of cancer stem cells (CSCs) to adopt a different
way to survive [19]. CSCs are a subpopulation of cells within tumor. These cells have
self-renewing as well as self-differentiation properties [20]. In addition, CSCs have altered
gene expression to gain drug resistant properties [20]. Various cell surface markers such
as CD44, CD24, CD29, CD90, CD133, epithelial-specific antigen (ESA), and aldehyde
dehydrogenase1 (ALDH1) have been used to isolate and recognize CSCs from different
tumors [21]. Although the mechanism of hypoxic controls of cancer is not fully revealed,
it is reported that CSCs usually reside in the hypoxic region of the tumor [22]. Danet
et al., cultured human hematopoietic stem cells (HSCs) under hypoxic conditions and
showed that they can promote their ability to repopulate when they are transplanted to
nonobese diabetic (NOD)/severe combined immunodeficiency (SCID) mice [23]. Ezashi
et al., reported that embryonic stem cells are maintained by low oxygen tension and
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significantly block spontaneous cell differentiation [24]. However, recent studies suggested
that hypoxia directly regulates cancer stem cell-related pathways [25,26]. Low oxygen
tension may convert non-stem cancer cells into cancer stem cell-like status with increased
self-renewing capacity as well as induction of essential stem cell factors, such as OCT4,
Nanog, and c-MYC [25]. HIF-1α is critical for cancer stem cell maintenance, as knockdown
of HIF-1α in cancer stem cells leads to reduce self-renewal capacity, increases apoptosis,
and attenuates tumorigenesis [19,26].

Therefore, targeting HIF-1α can be an effective way to control various crucial hallmarks
of cancer. Several drugs have already been designed to combat cancer by targeting HIF-1α.
Some of these drugs are in clinical trial whereas, some show great potential in vitro and
in vivo. Along with the synthetic chemotherapeutic drugs, some natural compounds have
high probability to block HIF-1α pathways [27]. Henceforth, a brief description of different
potential anti-cancer natural compounds and synthetic chemotherapeutic agents targeting
HIF-1α are discussed in this review.

2. Structure and Regulation of HIF-1α

HIF, a heterodimeric protein, is comprised of two subunits, i.e., HIF-1α and HIF-1β,
with a molecular weight of 120 kDa and 91–94 kDa, respectively [28]. HIf-1α contains
a basic helix loop helix (BHLH) and PAS domain, which is named after three proteins
first recognized in drosophila, i.e., Per, ARNT, and Sim. Both HIF-1α and HIF-1β possess
PAS domain which is situated before BHLH domain near the N-terminal end. More-
over, HIF-1α contains three other important domains such as N-terminal transcriptional
activation domain (NAD), C terminal transcriptional activation domain (CAD) and an
oxygen dependent domain (ODD). HIF-1α binds to DNA through the basic domain of
BHLH, whereas HLH domain is essential for dimerization of HIF-1α and HIF-1β [29]. In
cells, HIF-1α is tightly regulated depending on the availability of oxygen, whereas HIF-1β
(also known as ARNT) is constitutively expressed and remains abundant irrespective of
alterations in oxygen tension. Furthermore, the stability of the HIF-1α protein mainly de-
pends on the post translational alterations [30]. In normoxic conditions, HIF-1α possesses
a pair of sequences in the C terminal portion of the protein resulting a shorter half-life
and instability [31,32]. In the presence of oxygen, proline hydroxylase (PHD) promotes
hydroxylation of two conserved proline residues (Pro402 and Pro564 in human) present
in LXXLAP motif of ODD [30]. As a result of this hydroxylation, the von Hippel-Lindau
protein (pVHL) recognizes and binds to HIF-1α, which in turn facilitates its degradation
by poly ubiquitination [33]. In contrast, in hypoxic conditions, PHD becomes inactive
and HIF-1α protein escapes the degradation. Hence, HIF-1α translocates into the nucleus
followed by dimerization with ARNT and becomes activated to function as an effective
transcription factor [34,35]. Along with these, p300 and CREB-binding protein (CBP) act as
important transcriptional regulators of HIF-1α and in hypoxic conditions, it binds to the
carboxy-terminal transactivation domain (CTAD) of HIF-1α. In the presence of oxygen,
FIH1 (factor inhibiting HIF1) hydroxylates the asparagine residue at 803 positions in the
CTAD region. This prevents the binding of p300/CBP in this region which in turn helps
in the binding of pVHL–elongin–cullin-2 complex to ODD that augments proteasomal
degradation of HIF-1α by 26S proteasome (Figure 1) [36].
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Figure 1. Molecular mechanism of regulation of HIF-1α in hypoxic and normoxic conditions. The
figure represents the induction of HIF-1α translation via PI3K/AKT/mTOR pathway. On binding to
growth factors at receptor tyrosin kinase PI3K becomes activated which further induces AKT and
mTOR pathway activation followed by phosphorylation of S6. HIF-1α synthesis is induced by eIF-4E
which binds to HIF-1 α upon activation by 4E-BP1 which is a downstream signaling molecule of
mTOR. In the presence of oxygen, Pro-402, Pro-564 in ODD and Asn-803 in CTAD are hydroxylated by
PHD and FIH. As represented in the figure, hydroxylation at Asn-803 prevents binding of P300/CBP
to HIF-1 α in normoxic conditions, whereas, hydroxylation at Proline residues allow VHL- elongine-
C-elongine-B-Cullin-2 complex to bind at ODD of HIF-1α followed ubiquitination of HIF-1α via
26 proteasome. Expression of HIF-1α is also regulated by IPAS, a variant of HIF-3 which binds
with HIF-1α to form an abortive complex. In hypoxic conditions, P300/CBP binds at CTAD which
prevents degradation of HIF-1α. HIF-1α enters nucleus and forms active transcription factor by
binding with HIF-1β in order to transcribe genes for angiogenesis, metastasis, and survival of cancer
stem cells in tumor tissue.
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Along with the regulation via ubiquitin-proteasome pathway, several growth factors
are responsible for translational regulation of HIF-1α, such as insulin, IGF-1, IGF-2, EGF,
v-SRC, endothelin-1, ADM, erythropoietin, and cytokines. These growth factors can induce
synthesis of HIF-1α protein via PI3K/AKT/mTOR pathway by binding at the Tyrosine
kinase receptor. PI3K activates its downstream regulator mTOR via AKT. mTOR phospho-
rylates eukaryotic translation initiation factor 4E (eIF-4E) binding protein (4E-BP1) and
disrupt integrity of eIF-4E which is required for inhibiting cap-dependent mRNA trans-
lation of HIF-1α. In addition, mTOR promotes phosphorylation of the ribosomal protein
S6, and induces HIF-1α translation (Figure 1) [9,37]. Bypassing proteasomal degradation
facilitates HIF-1α translocation into the nucleus and formation of heterodimer with HIF-1β.
This heterodimer specifically binds to a 5′-RCGTG-3′ hypoxia-responsive element (HRE)
sequence in the promoter or enhancer of various hypoxia-inducible genes, which includes
erythropoietin, vascular endothelial growth factor, glucose transporters, and glycolytic
enzymes, as well as genes involved in iron metabolism, and cancer cell and cancer stem
cell survival [38].

3. Role of HIF-1α in Cancer Progression

In response to both hypoxic stress and oncogenic signals, HIF-1α becomes activated
and controls different mechanisms involved in cancer cell survival and proliferation re-
sulting in the formation of vascular tumors with metastatic potential [39]. Other than
these, a variety of mechanisms regulate HIF-1α mediated cancer stem cell propagation
and maintenance [40]. For better understanding role of HIF-1α in cancer cell metabolism,
angiogenesis, metastasis, and survival of cancer stem cells are discussed here.

3.1. Role of HIF-1α in Cellular Metabolism

Lowering the oxygen level in cancer cells not only causes HIF-1α gene over expression
but also influences the fluctuation of cellular metabolic homeostasis [41,42]. Expression of
HIF-1α affects the rate of different metabolic pathways such as glycolysis, glycogenolysis,
neoglucogenesis, β-oxidation, citric acid cycle, etc. [43–46]. On the other hand, through
these metabolic alterations, HIF-1α promotes insulin resistance and obesity in most of
the cancer patients [47,48]. In hypoxia, HIF-1α acts as a transcription factor and regu-
lates oncogenic metabolism by two ways, i.e., by promoting anaerobic glycolysis and
by suppressing TCA cycle or mitochondrial oxygen consumption [49]. HIF-1α induces
some glycolytic enzymes and transporter-like aldolase A, mitochondrial pyruvate kinase
1 (PDK1) and glucose transporters (GLUTs) [50–53]. In the cancer cells, HIF-1α not only
stimulates the induction of GLUT1, GLUT3 and GLUT4 transporter to uptake blood glu-
cose, but also enhances glycolytic breakdown of intracellular glucose by transactivating
phosphofructokinase 1 (PFK1) and aldolase (Figure 2) [52,54–56].
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Figure 2. Representation of target genes of HIF-1α involved in tumor progression: Figure represents
tumor tissue with hypoxic region at its core. Cancer stem cell (CSC) population resides at the core region.
In hypoxic tumor tissue, HIF-1α helps in regulation of genes involved in cellular metabolism [41–66],
angiogenesis [67–86], metastasis [87–102], CSC propagation & maintenance [103–111] and cancer in-
flammation [112–122] which are listed in the figure. Upward arrows (↑) indicate increased expression
of the protein and Downward arrows (↓) indicate decreased expression of the protein.

Another glycolytic pathway member, Hexokinase 2(HK2), is a rate limiting enzyme
involved in phosphorylation of glucose to glucose-6-phosphate and also reported to be
up-regulated by HIF-1α in hypoxic cancer cells [57,58]. In addition to these, HIF-1α can
trigger the expression of lactate dehydrogenase A (LDHA) which leads to conversion of
glycolytic end products pyruvate and NADH to NAD+ and lactate [59]. This NAD+ is
needed for another cycle of glycolysis which is essential for oncogenic metabolism. It
is also evident that in cancer cells HIF-1α induces the expression of monocarboxylate
transporter 4 MCT4, a plasma membrane binding transporter, which is known for its lactate
extruding activity followed by pyruvate to lactate conversion [60,61]. The other mechanism
of metabolic alteration by HIF-1α is the down-regulation of pyruvate dehydrogenase
(PDH) expression by pyruvate dehydrogenase kinase 1 (PDK1) phosphorylation which
successively blocks TCA cycle [62]. Generally, PDH mediates the breakdown of pyruvate
to acetyl-CoA and CO2 in mitochondria. Hence, glycolysis dependency of cancer cells
increases due to inhibition of PDH mediated breakdown of pyruvate to acetyl-CoA and
CO2 in mitochondria [62]. Alteration of lipid biosynthesis is another approach of HIF-1α
mediated metabolic regulation of cancer cells. In mitochondria, pyruvate produces acetyl-
CoA that converts to citrate and translocates to cytoplasm and produces acetyl-CoA and
oxaloacetate by the enzyme ATP citrate lyase. Although this acetyl-CoA is used for lipid
biosynthesis in endoplasmic reticulum in normoxic conditions, its production is hindered
by HIF-1α [62]. Therefore, for cancer cells, it is essential to expedite metabolic functions
using alternative sources of fatty acid precursors. Hence, uptake of extracellular fatty acid
is prompted by HIF-1α dependent activation of peroxisome proliferator activated receptor
gamma (PPARγ) gene [46]. Activation of this gene promotes glycerolipid biosynthesis
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in cancer cells by inducing genes such as fatty acid binding proteins (FABP) 3, 4, and
7 [63]. Apart from these, phenomena reversion of TCA cycle occurs using HIF-1α induced
isocitrate dehydrogenase (IDH) in cancer cells to maintain de novo synthesis of fatty
acid [64]. Along with these, HIF-1α is also able to up-regulate glutaminase 1 (GLS1), an
essential enzyme for glutamine metabolism that controls production of α-ketoglutarate,
which is a main precursor molecule of de novo fatty acid synthesis [65]. Moreover, reduction
in mitochondrial biogenesis to regulate oxygen consumption in cancer cell is a significant
part of HIF-1α mediated metabolic alteration. This process of mitochondrial biogenesis
requires transcription factor A (TFAM), which has a direct trans-activator such as MYC and
MAX. However, MXI1, a member of MYC family and a negative regulator of MAX and
MYC, is up-regulated by HIF-1α (Figure 2). This leads to suppression of mitochondrial
biogenesis and lower oxygen consumption in HIF-1α over expressed cancer cell [66]. Hence,
from this part of the review, it is evident that HIF-1α has significant role in metabolic
regulation as well as survival and growth of cancer cells.

3.2. Role of HIF-1α in Regulating Angiogenesis

HIF-1α expression is the key mediator of angiogenesis in physiological conditions
as well as patho-physiological conditions. As with the development of any multicellular
organism, tumor development also depends on the adequate amount of oxygen and nutri-
ents supply through the blood vessels. In tumor proliferation beyond 1–2 mm, oxygen and
nutrients cannot diffuse properly to the core, which creates hypoxia. This hypoxic condi-
tion triggers activation of HIF-1α resulting in the overexpression of HIF regulated genes
such as VEGF, metalloproteinases, chemokines to stimulate angiogenesis, and endothelial
cells recruitment (Figure 2) [67–69]. HIF-1α expression is also regulated by mutations in
tumor suppressor genes, such as VHL, p53, and PTEN [70–72] Moreover, overexpression
of oncogenes that includes v-SRC, EGFR, HER2, and subsequent signaling through the
phosphatidylinositol-3-kinase (PI3K) and mitogen-activated protein (MAP) kinase path-
ways activate HIF-1α expression [52–54]. In the above cases, HIF-1α ultimately promotes
angiogenesis by regulating broad range of genes including VEGF [73,74]. Deficiency in
HIF-1β/ARNT in hepatoma cells results in a less vascular, slow growing tumor as well as
reduced VEGF expression compared to the tumors produced from wild-type cells [54]. Loss
of VHL causes in constitutive HIF-1α activation and increases VEGF expression results in
more hemorrhagic tumors with higher microvessel density in teratocarcinomas and fibrosar-
comas compared to the tumors derived from wild-type cells [75,76]. Similarly, deletion of
HIF-1α also leads to decreased VEGF expression and defective vascularization of tumors
in nude mice [77]. HIF-1α also regulates the broad range of genes such as angiopoietins
and VEGF receptors involved in the regulation of angiogenesis. Tang et al., reported that
HIF-1α can down-regulate VEGFR-2 by regulating a VEGFR-1/VEGF/VEGFR-2 autocrine
loop, which is essential for its post transcriptional induction in hypoxic conditions [78].
Loss of HIF-1α also disrupts this feedback mechanism, which is responsible for proper
vasculogenesis, endothelial cell proliferation, tube formation, and growth of a solid tumor
in vivo [78]. It was reported that endothelial cells cannot migrate properly to the hypoxic
region due to the loss of HIF-1α [78]. Another study showed that HIF-1α regulates an-
giogenesis by controlling the VEGF/FLT1 signaling pathway in neuroblastoma cells [79].
FLT1, a “fms-like tyrosine kinase” receptor has a crucial role in regulating angiogenesis,
migration of endothelial cells and cell survival in several types of cancer including prostate,
colon, pancreas, glioblastoma, lymphoma, leukemia, and mesothelioma. FLT1 owns a
binding site for HIF-1α. Moreover, VEGF/FLT1 activates HIF-1α via activation of ERK1/2
resulting in an alteration in VEGF level in tumor cells. This autocrine feedback loop is
also associated with up-regulation of a potent anti-apoptotic protein, BCL-2 and an angio-
genic factor bFGF indicating a significant role of HIF-1α in angiogenesis [79]. In addition,
HIF-1α induces VEGF by recruitment of bone marrow-derived CD45+ cells which secretes
metalloproteinase-9 (MMP-9) in the tumor site. A recent study reported that HIF-1α re-
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cruits bone marrow-derived CD45+ myeloid cells containing Tie2+, VEGFR1+, CD11b+,
and F4/80+ subpopulations by inducing stromal-derived factor 1α (SDF1α) [80].

Moreover, several studies reported that the regulation of Nitric oxide synthases (NOS)
is mediated by HIF-1α [81,82]. NOS isoforms produce nitric oxide (NO) which helps in
survival of endothelial cell via inhibition of apoptosis induced by up-regulating caspase
signaling [81,82]. NOS contains HRE site at its promoter. Quintero et al., reported that NOS
is positively correlated with HIF-1α in squamous cell carcinoma [81]. In addition, inhibition
of production of NO by the NOS inhibitor, L-NMMA prevents stabilization of HIF-1α in
oral squamous carcinoma cell line [81]. HIF-1α also regulates angiogenesis via PI3K/AKT
signaling pathway in human breast tumor and glioblastoma cells [83,84]. In addition, the
PI3K/AKT signaling pathway encourages tube formation of HUVEC cells induced by
bFGF activated by HIF-1α [85]. PDGF-A, PDGF-B, and EGF bind to the platelet-derived
growth factor receptor (PDGFR) and epidermal growth factor receptor (EGFR), respectively.
These bindings promote HIF-1α synthesis via the PI3K/AKT signaling cascade resulting in
angiogenesis in cancer [86]. It is reported that activation of the EGFR/PI3K/AKT/mTOR
pathway can increase VEGF expression by up-regulating HIF-1α [85]. Another study
reported that PI3K/mTOR pathway increases HIF-1α protein levels without altering HIF-1α
mRNA levels [85].

Moreover, Ravi et al., demonstrated that loss of p53 promotes angiogenesis in tumor
xenografts in nude mice by HIF-1α regulation [71]. P53 helps in proteasomal degradation
of HIF-1α mediated by Mdm-2 resulting in down-regulation of VEGF expression in colon
carcinoma [71].

3.3. Role of HIF-1α in Metastasis

Malignant cells achieve a unique ability to disseminate from primary lesion to distal
organ to form a secondary tumor. This phenomenon is called metastasis. This important
hallmark of cancer is responsible for 90% of cancer-related lethality in patients [87]. Epithe-
lial to mesenchymal transitions (EMT) is one of the most important characteristics gained
by malignant cells to fulfill the goal metastasis. Loss of expression of epithelial marker
proteins and gain of expression of mesenchymal marker proteins allow epithelial cells to
detach from their neighboring cells by disrupting cell-cell attachment which helps cancer
cell migration to distant sites. It is reported that hypoxia can stimulate metastasis by in-
ducing EMT [88,89]. Yang et al., reported that Twist, an important mesenchymal marker, is
directly regulated by HIF-1α [88]. Twist is a BHLH transcription factor and plays a pivotal
role in regulation of transcription factors such as Snail in metastasis [88]. HIF-1α activates
histone deacetylase 3 (HDAC3) which then binds to the promoters of CDH1 and junction
plakoglobin (JUP) followed by transcription of Snail. HIF-1α promotes metastasis in cancer
tissues via SMAD and non-SMAD signaling pathways by up-regulating TGF-β expression.
Phosphorylated TGF-βRI binds with TGF-βRII, which in turn activates SMAD signaling
pathway. This pathway regulation results in HIF-1α activation that causes the transcription
of several EMT inducing genes. Non-SMAD signaling pathway is also triggered by HIF-1α
via PI3K/AKT/mTOR signaling network. Along with this, WNT/β-catenin also plays a
significant role in hypoxia-induced EMT by HIF-1α in malignant cells. In addition, HIF-1α
activates the hedgehog signaling pathway, which helps in EMT of cancer cells [89]. HIF-1α
is inversely correlated with the expression of E-cadherin in ovarian cancer cell lines, SKOV3
and OVCAR3 as well as in vivo showing an attachment between hypoxia and metastasis. In
addition, regulation of E-cadherin expression is mediated by an up-regulation of Snail via
HIF-1α in malignant cells [90]. Along with this, Lysyl oxidase (LOX) is also up-regulated in
hypoxia. Erler et al., validated that HIF-1α regulates LOX, an extracellular matrix protein
which helps in formation of premetastatic niche mediated by bone marrow cell recruitment
in hypoxic conditions via a functional hypoxia-responsive element [91]. Their study re-
ported the important role of HIF-1α in hypoxia-induced metastasis. Expression of LOX also
has a significant correlation with hypoxia in breast cancer patients with ER-negative tumors
and head and neck cancer patients [91]. HIF-1α also promotes EMT by regulating other
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genes involved in this process such as TCF3, ZEB1, and ZEB2 (Figure 2) [92]. In hypoxic
conditions, ZEB1-MYB-E-cadherin signaling plays a key role in the activation of EMT.
Moreover, HIF-1α also induces Jagged2, cyclooxygenase-2 (COX-2), and urokinase receptor
(uPAR) which participate in metastasis via regulating EMT [15–17]. Not only via inducing
EMT, HIF-1α also induces metastasis by regulating proteins involved in invasion. Cancer
cells invade surrounding tissues by disrupting the basement membrane. Various reports
suggest that Matrix metalloproteinases (MMPs) are involved in degradation of components
of extracellular matrix. HIF-1α induces MMP-2 and MMP-9 expression which promotes in-
vasion by degrading type IV collagen, an important component of the basement membrane
(Figure 2) [92,93]. HIF-1α also induces expression of TGF-β in hypoxic conditions, which
in turn activates its downstream regulators such as Smads, Snail, Slug, and Twist (Figure 2).
On the other hand, HIF-1α also inhibits E-cadherin expression by restricting activity of its
upstream regulator TGF-β [94,95]. To be metastatic, cancer cells have to extravasate into
the tissue after its migration to distal organ where they have to proliferate again to form a
secondary tumor. In hypoxic conditions, HIF-1α induces expression of receptor tyrosine
kinase MET. MET is the specific receptor for Hepatocyte growth factor (HGF) which is
a pleiotropic cytokine also known as scatter factor-1. This specific binding promotes in-
vasion and extravasion in cancer tissues. However, this metastatic phenomenon is also
accelerated through HIF-1α synthesis resulted by a positive feedback loop maintained
by MET overexpression [96]. Additionally, HIF-1α has an important role in metastatic
progression through up-regulation of NF-κB expression. Thus, accumulation of NF-κB
causes overexpression of genes such as MMP-2/MMP-9 and activates urokinase-type plas-
minogen activator and chemokines such as stromal-derived factor-1alpha (SDF-1α). The
receptors of SDF-1α, CXCR4 is involved in homing and migration of cancer cells [97,98].
Overexpression of inhibitor of κB (IκB) significantly inhibits CXCR4 expression resulting in
inhibition of SDF-1α mediated cellular migration [99]. Moreover, NF-κB is also reported
to repress E-cadherin and activate ZEB1 protein which are the downstream regulators of
HIF-1α pathway indicating that NF-κB and HIF-1α both depends on each other to induce
EMT in tumor [100–102]. Therefore, HIF-1α not only has a prominent role in EMT, it can
also regulate metastasis to accelerate the virulence of different cancers.

3.4. Role of HIF-1α in Cancer Stem Cell Proliferation and Maintenance

Cancer stem cells (CSCs) play an important role in cancer recurrence, metastasis,
and therapy resistance. Low concentration of oxygen in cells or tissues, referred to as
hypoxia, are one of the most invasive microenvironmental stresses. Hypoxia is the most
common feature of solid tumors. Hypoxia is associated with many aspects of biological
processes during tumor development and progression, such as cell survival, invasion,
angiogenesis, and cellular metabolic alterations [19]. HIF-1α acts as a master transcription
factor, can be stably expressed under hypoxia, and acts as a significant molecule to regulate
the development of CSCs but the mechanism remains indistinct. Studies revealed that
HIF-1α is related to the production of CSC markers [19]. The data indicates that HIF-1α
can induce the production of multiple stem cell markers, such as OCT4, SOX2, Nanog,
and Krüppel-like factor 4 (KLF4) (Figure 2) [19]. Additionally, the silencing of HIF-1α can
hinder the progression of cancer by inhibiting the expression of stem cell markers. In the
case of glioma, breast cancer, and prostate cancer, HIF-1α activates pro-survival pathways
such as Notch, wingless, INT-1 (WNT), and the Hedgehog pathway, which are important
for CSC maintenance, which leads to radioresistance and repopulate CSCs during or after
treatment [103]. HIF-1α binds to the CD133 promoter and promotes the production of
CD133+ glioma, colon, and pancreatic CSCs via OCT4 and SOX2. In turn, CD133 pro-
motes HIF-1α expression and its translocation to the nucleus under hypoxic conditions.
A recent study suggests that HIF-1α expression can be down-regulated by microRNA
such as miR-935 in a feedback loop which in turn may inhibit glioma development [103].
There is a different opinion which is that expression of hypoxia-induced HIF-1α leads to
a decrease in CD133 expression in gastrointestinal cancer cells that overexpress CD133.
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Under normoxic conditions, expression of HIF-1α is suppressed by the inhibition of mTOR
signaling in CD133-overexpressing gastrointestinal cancer cells [104]. Under hypoxia while
promoting differentiated cell phenotypes, HIF-2α silencing inhibits CSC phenotypes and
is complementary to existing DNA alkylating treatments to inhibit glioma CSC activity.
HIF-1α binds directly to the CD47 promoter to facilitate gene transcription, which helps to
escape phagocytosis of macrophages and maintains the stem phenotype of breast CSCs.
Endogenous HIF-1α promotes CD24 expression, as well as tumor formation and metastasis.
In breast CSCs, the stability of Nanog mRNA through the transactivation of RNA demethy-
lase ALKBH5 is increased by HIF-1α, and is involved in encoding N6-methyladenosine
demethylase. 4-trimethylaminobutyraldehyde dehydrogenase (ALDH1A1), a subtype of
aldehyde dehydrogenase, is associated with the self-renewal, metastasis, and resistance
of cancer cells, is regulated by HIF-1α in breast cancer. Sequentially, ALDH1A1 promotes
expression of HIF-1α via retinoic acid signaling. Zhang et al., reported the interrelation
between CD47 and the cancer stem cell phenotype, but the molecular mechanisms of CD47
regulation have not been determined [105]. On the other hand, HIF-1α directly activates
transcription of CD47 gene in hypoxic breast cancer cells. CD47 expression is enriched
for cancer stem cells, and the depletion of cancer stem cell is led by deficiency of CD47.
High CD47 expression is related to increased HIF-1α target gene expression. Thus, CD47
expression is fatal for breast cancer phenotype that is mediated by HIF-1α. The number of
breast CSCs decreases upon inhibition of CD47 expression which is resulting in increased
phagocytosis of breast cancer cell [105]. In prostate cancer samples, the co-localization of
HIF-1α, OCT4 and Nanog suggest that the production of CSCs may be regulated by HIF-1α
by regulating stem factors. In cervical cancer cells, OCT4B, an isoform of OCT4 promotes
neovascularization by up-regulating HIF-1α production. In addition, HIF-1α also inhibits
the expression of epithelial marker proteins, which can be confirmed by the use of HIF-1α
inhibitors. Due to its association with neovascularization, HIF-1α can be used as a malig-
nant marker of chondrosarcoma. Under hypoxic conditions, HIF-1α, a direct or indirect
upstream regulator of the CSC marker proteins (Figure 2), may become a novel target to
inhibit the signaling pathway of CSCs. In tumor progression, up-regulation of HIF-1α plays
a vital role in CSC-regulated cancer hallmarks by controlling different gene expressions
involved in CSC maintenance. Irradiation-induced DNA damage exerts intense regulation
of HIF-1α, which not only depends on the oxygenation status and aberrant stabilization by
Nijmegen breakage syndrome protein 1 (NBS1), but also induces EMT, invasion, and other
characteristics of the CSC phenotype [106,107]. Due to localization of cancer stem cells
(CSCs) in hypoxic niches, head and neck squamous cell carcinoma (HNSCC) is resistant to
standard treatments. The NF-κB/HIF-1α signaling pathway maintains cancer stemness
and high radioresistance in CD133-positive CSCs, whereas the inhibition of this HIF-1α
involving pathway reverses the EMT and reduces the radioresistance in a model with
laryngeal squamous carcinoma CNE-2 stem cells. Hypoxia-inducible factor-1α (HIF-1α)
is involved in the resistance to photons, but its role in response to carbon ions remains
unclear. HIF-1α mainly describes the radioresistance of CSCs of head and neck squamous
cell carcinoma to both photon and carbon ion irradiation, which makes the HIF-1α targeting
an attractive therapeutic challenge [108].

In high-grade serous ovarian cancer (HGSOC), a novel cancer stem cell (CSC) marker,
ZIP4, while it converts to cisplatin (CDDP), it has been found that ZIP4 induced sensiti-
zation of HGSOC cells to histone deacetylase inhibitors (HDACis). On the other hand,
ZIP4 selectively up-regulates HDAC IIa HDACs, with little or no effect on HDACs in other
classes. With endothelial growth factor A (VEGFA), functional downstream mediators of
HDAC4, and hypoxia-inducible factor-1 alpha (HIF-1α), HDAC4 knockdown (KD) and
LMK-235 inhibit spheroid formation in vitro and tumorigenesis in vivo. Moreover, Fan
et al., reported that ZIP4, HDAC4, and HIF-1α are involved in regulating secreted VEGFA
in HGSOC cells [109]. While many HDAC4 targets have been identified, they focused on
HIF-1α, one of the central players of tumor progression and drug response and VEGFA,
one of the best-characterized HIF-1α targets. Acriflavine and linifanib, selective inhibitors
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for HIF-1α and VEGFA respectively, inhibit cell proliferation and block spheroid formation
in both PE04 and PEA2 cells in HGSOC. In PEA2 cells, ZIP4-KD and HDAC4-KD reduce
the level of HIF-1α. It is related to HDAC4’s effect on HIF-1α acetylation and stabilization.
Additionally, ZIP4-KD and HDAC4-KD in PE04 and PEA2 extensively reduce VEGFA pro-
duction/secretion in cell. LMK-235 and acriflavine considerably reduced VEGF production
in PE04 and PEA2 cells [109].

Ammonia is a toxic by-product of metabolism that causes cellular stresses and it
stabilizes and activates hypoxia-inducible factor-1α (HIF-1α). HIF-1α is also activated
by ammonium chloride and compromises ammonia-induced apoptosis. Moreover, glu-
tamine synthetase (GS), a key driver of cancer cell proliferation under ammonia stress and
glutamine-dependent metabolism in ovarian cancer stem-like cells express CD90. Inter-
estingly, activated HIF-1α counteracts the function of glutamine synthetase in glutamine
metabolism by facilitating glycolysis and enriching glucose dependency. The functions
of HIF-1α in a biphasic ammonia stress management in the cancer stem-like cells were
unknown until now, where by GS facilitates cell propagation and HIF-1α contributes to
the metabolic remodeling in energy fuel usage resulting in attenuated proliferation but
conversely promoting cell survival [110]. In hypoxic conditions, some gastric CSCs im-
prove the expression of hypoxia-inducible factor-1α (HIF-1α) and increase migration and
invasion capabilities compared with the normoxic control. These CSCs are activated by
mesenchymal cell marker Vimentin and by the inhibition of the epithelial cell marker
E-cadherin. In this case, expressions of both HIF-1α and Snail increase, initiating a cas-
cade of events that leads to the changes in characteristic of EMT, including decreased
E-cadherin expression, increased Vimentin expression and enhanced invasion ability. Yang
et al., reported that HIF-1α is responsible for activating EMT via increased expression of
the transcription factor Snail in gastric CSCs [111]. Furthermore, the inhibition of Snail
by shRNA reduces HIF-1α-induced EMT in gastric CSCs. As a result, hypoxia-induced
EMT-like CSCs depend on HIF-1α to activate Snail, which may result in recurrence and
metastasis of gastric cancer [111].

3.5. Role of HIF-1α in Cancer-Related Inflammatory Response

In the 19th century, Rudolf Virchow identified the presence of leucocyte within a
tumor, indicating a role of inflammation in tumor progression and development [112].
Several studies reported that inflammation induced by many bacteria and viruses in-
creases cancer risk [112,113]. As a result of this inflammatory response, various innate
immune cells such as macrophages, neutrophils, mast cells, myeloid-derived suppressor
cells, dendritic cells, and natural killer cells as well as adaptive immune cells such as T
and B lymphocytes are recruited into tumor microenvironment. These cells communicate
with each other using several autocrine and paracrine signaling methods mediated by
cytokines and chemokines to regulate tumor growth [114]. HIF-1α plays a key role in
generating an inflammatory response within the tumor microenvironment. Immune cells
infiltrated at the tumor site also suffer from oxygen starvation resulting in activation of
HIF-1α in them [57]. An important immune check point receptor, programmed death
ligand 1 (PD-L1), is activated by HIF-1α resulting in myeloid-derived suppressor cells
(MDSC)-mediated T cell activation [115]. Another important HIF-1α mediated inflamma-
tory response occurs via activation of nuclear factor-kappa B (NF-κB) in tumor region.
After dissociation from I-κB, NF-κB translocates into the nucleus and activates an array
of proteins such as interleukin-6 (IL-6), cyclooxygenase 2 (COX-2), inducible nitric oxide
synthase (NOS2), platelet endothelial cell adhesion molecule-1 (PECAM-1) and matrix
metalloproteinase 9 (MMP9) [116,117]. Crosstalk between NF-κB and HIF-1α signaling
cascades elevates inflammatory response in cancer by transcribing different downstream
modulators such as IL-6, MMP9, and COX2 [118]. However, as reported by Uden et al.,
NF-κB binds to the promoter of HIF-1α at −197/188 bp from the initiation site and induces
HIF-1α transcription [119]. Although HIF-1α is up-regulated by all the subunits of NF-κB,
p50 and p52 show the highest and the lowest transcriptional efficacy [119]. In the case

11



Molecules 2022, 27, 5192

of translational regulation, NF-κB subunits such as RelA and c-Rel play the most impor-
tant role in HIF-1α protein expression compared to other subunits such as p50, p52, and
RelB [119]. Along with this, HIF-1α also regulates NF-κB activation in hypoxic conditions
in vivo and in vitro in inflammatory conditions [120]. According to Han et al., HIF-1α
alteration also occurs via TLR4 pathway which has a crucial role in inflammatory response
at tumor site [121]. They proved that HIF-1α and its target gene VEGF become activated
by the TLR activator, lipopolysaccharide (LPS) in HSC3 and SCC4 cells. Knockdown of
TLR3 and TLR4 using siRNAs showed a significant reduction in Polyinosinic-polycytidylic
acid (poly (I:C)) induced HIF-1α and VEGF mRNA expression [121]. They also showed
that NF-κB up-regulates TNF-mediated HIF-1α and VEGF expression in oral squamous
carcinoma cells. Moreover, inflammatory cytokines such as IL-1β, IL-6, IL-8, and IL-12p70
were also increased in hypoxic conditions, suggesting a role of HIF-1α in NF-κB medi-
ated inflammatory response [121]. HIF-1α activates membrane receptors like RAGE and
P2X7R which in turn induces NF-κB expression [97]. This inflammatory response includes
chemokines such as CCL2, CCL5, and CXCR1/CXCL8, which have a crucial role in cell
migration [122]. Ligands specific to RAGE and P2X7R receptors, such as HMGB1 and
BzATP, are also induced inside the tumor due to the depletion of oxygen. This in turn helps
in accumulation of NF-κB into tumor cells and exerts proinflammatory response [97].

4. Different Natural and Synthetic Compounds Targeting HIF-1α

Several studies revealed that HIF-1α could be a promising target for anticancer therapy.
There are several phytochemicals and chemotherapeutic drugs leading in their anticancer
effects by targeting HIF-1α and its related signaling pathways. Different types of cancers
in the breast, colon, lung, prostate and ovary have regulation of HIF-1α; therefore, these
cancers can be controlled by targeting this specific protein. Like other proteins, HIF-1α
is synthesized into the ribosome and then it goes to its intended location for its specific
activity and becomes degraded when its function passes. Therefore, the activity of HIF-1α
may be inhibited by various means. It is possible to interfere with the mechanism of protein
synthesis at the transcriptional or translational level. Other than these, the function of a
protein can be impaired by inhibiting its DNA-binding or by proteasomal degradation
of the protein directly. There is another aspect of HIF-1α inhibition by which one can
restrict the activity of a protein indirectly by inhibiting its interacting subunits to be a
potent inhibitor. Therefore, depending on the mode of action of HIF-1α targeting drugs,
these could be classified in four major groups which include (i) HIF-1α synthesis blocker,
(ii) HIF-1α activity blocker, (iii) HIF-1α degradation enhancer and (iv) Degrader of HIF-1α
interacting HIF subunits. Based on the origin of the potent HIF-1α inhibitors, they can
be broadly categorized in two major groups i.e., (a) natural compounds and (b) synthetic
compounds. Here we are mentioning about the known promising inhibitors of HIF-1α
which have potency to become useful antineoplastic therapeutics (Figure 3).

4.1. Natural Compounds as HIF-1α Inhibitors

There are several potential bioactive natural components exert their effects in different
field of medicine including anticancer drug development. Various metabolites such as
alkaloids, amines, alkamides, terpenes, steroids, saponins, flavonoids, tannins, phenyl-
propanoids, lignin, coumarins, lignans, polyacetylenes, fatty acids, and waxes are used for
treatment of different type of cancers. Here, we discuss a few natural products which have
an inhibitory role on HIF-1α and are able to regulate different cancer progressions (Table 1).
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Figure 3. Molecular mechanism of different natural and synthetic compounds targeting HIF-1α and
its pathways. The figure represents sky blue and brown boxes that symbolize natural and synthetic
compounds, respectively. The illustration denotes GEX1A-mediated inhibition of HIF-1α mRNA
splicing by inactivating spliceosome core protein SF3B1. The figure also shows translational attenuates
of HIF-1α by silibinin via phosphorylation of α subunit of eIF2. ILTG, Bavachinin, PAB, DIM, AGL,
and Flavopiridol-induced prolyl hydroxylation mediated proteasomal degradation of HIF-1α protein
is also represented in this figure. Down-regulation of the activity of HIF-1α through proteasomal
degradation of its interacting subunit αβ by Curcumin is also demonstrated here. This figure shows
the mode of action of Chetomin and Thymoquinone by blocking HSP 90 mediated folding of HIF-1α
protein which causes proteasomal degradation of it. Inhibition of nuclear localization of HIF-1α
by AGL and Sulforaphane is shown in the figure. Suppression of HIF-1α and HIF-1β heterodimer
formation by ACF is also represented. The figure denotes Bortezomib and Gliotoxin dependent
inhibition of the interaction between p300 and HIF-1α. Cardenolides, Echinomycin, Amphotericin
B, polyamides and DJ12 suppress the binding of HIF-1α/p300 complex to HRE, which are also
represented in this figure.
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Table 1. List of various potential natural HIF-1α inhibitors based on their mode of action in different
cancers.

Serial
No. Name Structure Source Mode of

Action

Effective
against Cancer

Type
Clinical Trial Reference

1 Silibinin Silybum
marianum

HIF-1α
synthesis
blocker

Prostate cancer,
cervical cancer,

hepatoma,
colorectal
cancer,

nasopharyngeal
cancer

Approved [123–133]

2
Diallyl

trisulfide
(DATS)

Allium sativum Breast cancer —– [127,133,134]

3 Herboxidiene
(GEX1A)

Streptomyces
chromofuscus Hepatoma —– [127,133,135]

4 Celastrol
Tripterygium

wilfordii,
Celastrus regelii

Glioblastoma —– [127,133,136–138]

5 PEITC Cruciferous
plants

Prostate cancer,
human glioma

cells, breast
cancer

Phase II [127,133,139,140]

6 Echinomycin Streptomyces
echinatus

HIF-1α activity
blocker

Breast cancer,
acute myeloid

leukemia,
uterine fibroids

Rejected after
phase II trial [127,133,141–145]

7 Chetomin Chaetomium
globosum

Lung cancer,
multiple
myeloma

—– [127,133,146–150]

8 Gliotoxin Gliocladium
fimbriatum Prostate cancer —– [127,133,151–154]

9 Sulforaphane Cruciferous
vegetables

Nonmuscle
invasive

bladder cancer,
colon cancer
and gastric

cancer

Phase II [127,133,155,156]

10 Acriflavin coal tar

Brain cancer,
cholangiocarci-
noma, ovarian

and breast
cancer

—– [127,133,157–161]

11 Emodin
Rheum palmatum,

Polygo-nam
multiflorum

Prostate
carcinoma

Rejected in
clinical trial [127,133,162,163]

12 Cardenolides Calotropis
gigantea Breast cancer Entered in

clinical trial [127,133,164,165]
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Table 1. Cont.

Serial
No. Name Structure Source Mode of

Action

Effective
against Cancer

Type
Clinical Trial Reference

13 DIM (3,3′-
Diindolylmethane)

cruciferous
vegetables such

as broccoli
(Brassica oleracea),
Brussels sprouts,

cabbage and
kale.

HIF-1α
degradation

enhancer

Prostate,
breast, colon,

cervix and
pancreas

Phase III [127,133,166–168]

14 Pseudolaric
acid B(PAB)

Pseudolarix
kaempferi Breast cancer —– [127,133,169,170]

15 Bavachinin Psoralea corylifolia

Human KB
carcinoma and

HOS
osteosarcoma

—– [127,133,171]

16 Andrographolide Andrographis
paniculate

Liver cancer,
breast cancer Phase III [127,133,172,173]

17 Isoliquiritigenin
(ILTG)

Glycyrrhiza
uralensis,

Mongolian
glycyrrhiza,
Glycyrrhiza

glabra.

Breast cancer —– [127,133,174,175]

18 Wondonin Poecillastra
wondoensis Keratinocyte —– [127,133,176]

19 Thymoquinone Nigella sativa Renal cancer Phase II [127,133,177,178]

20 Curcumin Curcuma Longa
Indirect

inhibitors of
HIF-1α

Breast cancer,
pituitary
adenoma

Phase II [127,133,179,180]

4.1.1. HIF-1α Synthesis Blocker

First, we discuss the inhibition of de novo synthesis of HIF-1α by natural compounds.
Silibinin (SL.1, Table 1) is a flavonolignan, found in fruit or seeds of milk thistle (Sily-
bum marianum), has anti HIF-1α activity [123,124]. Silibinin is a clinically approved dietary
compound against various liver diseases and cancers of the breast and prostate [125–127].
Dietary feeding of silibinin inhibits growth of advance human prostate carcinoma in athymic
nude mice and increases plasma insulin-like growth factor-binding protein-3 levels [128–131].
Silibinin exerts its antitumor activity via inhibiting de novo synthesis of HIF-1α. Jung
et al., suggested that Silibinin does not alter the transcription and degradation of HIF-1α,
rather it inhibits translation of HIF-1α in LNCaP and PC-3 prostate cancer cells [132].
eIF4F complex is a key factor of HIF-1α translation which becomes altered by inhibition
of phosphorylation of eIF-2a in Silibinin treated cells. Silibinin does not alter the mRNA
level or half-life of HIF-1α rather it affects HIF-1α accumulation that promotes anticancer
activity. A recent study by Deep et al., revealed that Silibinin inhibits HIF-1α synthesis
by regulating its stimulator NOX [123]. In hypoxic conditions, NOX or NADPH oxidase
generates ROS and promotes ROS mediated HIF-1α synthesis via PI3K/mTOR signaling
pathways. Therefore, Silibinin has the potential to inhibit NOX mediated PI3K/mTOR
signaling which in turn down-regulates HIF-1α synthesis [123]. Although Silibinin shows
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no significant toxicity, the prominent drawback of Silibinin is the inhibition of HIF-1α
translation by it through targeting eIF4F complex which is a major factor of global protein
synthesis. Considering the fact that eIF4F inhibition by Silibinin can cause normal cell
death, researchers are interested to find other phytochemicals which can inhibit HIF-1α by
exerting no toxicity or side effects.

In search of such effective bioactive components, researchers find DATS or Diallyl
trisulfide (SL.2, Table 1), which is a water insoluble dietary organosulfur compound derived
from the perennial plant Allium sativum (garlic). According to Wei et al., DATS is a natural
Histone deacetylase that suppresses HIF-1α via inhibiting its upstream protein Trx-1 and
attenuates metastasis of breast cancer [181]. However, DATS inhibits HIF-1α without
promoting mRNA suppression or proteasomal degradation but it is able to inhibit HIF-1α
synthesis at translational level [181]. Expression of L1CAM, VEGF-A, and EMT-related
proteins (Slug, Snail, MMP-2, etc.) are repressed as a result of low HIF-1α level due to DATS
treatment. Li et al., developed oil free microemulsion of DATS to reduce its toxicity and to
improve its solubility and pharmacokinetics for making it a better anti HIF-1α compound
for in vivo study [134]. Although these findings support DATS as a potent HIF-1α targeting
anticancer agent, further investigation is needed into the detail mechanism of HIF-1α
inhibition through Trx-1 suppression.

Other than these, Herboxidiene (GEX1A) (SL.3, Table 1) is an epoxide group containing
polyketide molecule found to have anti HIF-1α activity. It is first isolated from the bacterium
Streptomyces chromofuscus and known for its interference in the splicing of pre-mRNA of the
gene that regulates cell cycle. According to Jung et al., in the case of HIF-1α, Herboxidiene
inhibits splicing of it and decreases spliced HIF-1α mRNA level in hepatoma by targeting
splicing factor 3B subunit 1 (SF3B1), the core spliceosome component [135]. Even though
Herboxidiene intercedes in antitumor activity via inhibiting synthesis of HIF-1α, it has
additive toxicity which needs to be reduced by further research.

Furthermore, Celastrol (tripterine) (SL.4, Table 1) is another phytochemical, isolated
from the root extracts of Tripterygium wilfordii (Thunder god vine) and Celastrus regelii,
used to improve apoptosis of cancer cells by targeting HIF-1α and inhibit HIF-1α mediated
angiogenesis and metastasis. Growth, migration, and invasion of U87 and U251, human ma-
lignant glioblastoma cell lines, are inhibited by Celastrol [136]. Under hypoxic conditions,
Celastrol inhibits HIF-1α mRNA levels and the hypoxia-induced accumulation of nuclear
HIF-1α protein levels which subsequently resulted in the reduction of the transcriptional
activities of HIF-1 target genes including VEGF. Celastrol also down-regulates the activi-
ties of PI3K, Akt, and mTOR signaling pathways which are the prominent regulators of
HIF-1α synthesis. The expression of HIF-1 and vascular endothelial growth factor (VEGF)
is promoted by LMP1 dependent JNK activation in Epstein-Barr virus (EBV)-associated
nasopharyngeal carcinoma (NPC), which ultimately contributed toward radio-resistance
in NPC patients. Phosphorylation of p38 MAPK and JNK1/2 in Cisplatin-resistant hu-
man NPC-039 and NPC-BM cells is increased by the treatment with Celastrol, increasing
cytotoxicity by activation of caspase-mediated apoptotic pathways in these cells. The
activation of JNK and p38 MAPK by LMP1 is related to the development of radio-resistance
in NPC, but the mechanism remains to be unstated. A platelet-derived endothelial cell
growth factor thymidine phosphorylase (TP) is related with poor prognosis in EBV as-
sociated NPC and expression of TP can be induced by triggering p38 MAPK pathway
via the CTAR1 and CTAR2 domains of LMP1. In addition, anti-metastatic protein tissue
inhibitor of metalloproteinase-3 (TIMP-3) through transcriptional repression via the p38
MAPK pathway is inhibited by LMP1 to promote metastasis [137]. As JNK and p38 MAPK
pathway activation regulates HIF-1α expression, inhibition of these pathways by Celastrol
may infer a negative effect on HIF-1α mediated cancer progression. To overcome the
limitations of Celastrol, different derivatives of it were generated by Michael addition and
ring-opening polymerization, which helps to make a compound with better solubility and
pharmacological activities [138].
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2-Phenethyl isothiocyanate (PEITC) (SL.5, Table 1) is another natural dietary HIF-1α
synthesis blocker which is reported to have inhibitory effects on expression of HIF-1α
target genes such as CAIX, GLUT1, BNIP3, and VEGF-A. PEITC does not depend on the
activity of PHD and VHL, rather it inhibits phosphorylation of translational regulator
4E-BP1 resulting in attenuation of HIF-1α protein translation [139,140]. PEITC entered
clinical trials for leukemia, whereas a phase II clinical trial has been completed for lung
cancer [127]. PEITC has already completed phase I & II trials as a dietary supplement
in oral cancer with mutant p53 [133]. However, it will be fascinating if PEITC could be
developed as an anticancer drug by improving its narrow therapeutic window against a
few types of cancer.

4.1.2. HIF-1α Activity Blocker

Other than inhibition of HIF-1α synthesis, its activity could also be regulated by
transcriptional inhibition of HIF-1α target genes. There are several compounds which
inhibit HIF-1α directly by interfering its binding to the DNA or its cofactor. After hypoxia,
HIF-1α binds to its other subunits and forms HIF complex. There are some coactivators of
HIF-1α like CBP/p300 helping transactivation of the genes. Some HIF-1α inhibitors target
the binding of HIF-1α to the HRE element or they may hinder interaction of HIF-1α and
CBP/p300.

Echinomycin (SL.6, Table 1) is such a cyclic peptide from the quinoxaline antibi-
otic family that inhibits HIF-1α activity by restricting HIF-1α-HRE or HIF-1α-CBP/p300
interaction. It is extracted from a bacterium Streptomyces echinatus [141]. Chromatin im-
munoprecipitation assay by Kong et al., showed that Echinomycin specifically hampers
the HIF-1α binding to the promoter of VEGF in U251, human glioma and MCF-7, breast
cancer cell lines. The main recognition sites of Echinomycin are 5′-ACGT-3′ and 5′-TCGT-3′

of VEGF promoter which possess common central 2-bp sequence 5′-CG-3′ that serves
as strong binding sequence [142]. Echinomycin was introduced in phase I–II clinical tri-
als for B16 melanoma and the P388 leukemia, but it was rejected because of side effects
and low antitumor effects. A recent study by Vlaminck et al., explained the dual role of
Echinomycin on HIF-1α activity [143]. They proposed that under normoxic conditions, it
increases HIF-1α level. According to them, this drug is not efficient enough as an antitumor
agent down-regulating HIF-1α. In the recent studies by Bailey et al., Echinomycin is used
as liposomal nanoparticle against HIF-1α in triple negative breast cancer to improve its
efficacy [144]. They proposed that liposomal Echinomycin shows more therapeutic efficacy
and less toxicity than cremophor formulated Echinomycin. In another study, Wang et al.,
proved the therapeutic effects of Echinomycin by targeting HIF-1α in TP53 mutated acute
myeloid leukemia (AML) [145]. TP53 mutation occurs in AML with 10% frequency and as-
sociated with poor prognosis. According to Wang et al., PEGylated liposomal Echinomycin
prolongs the drug circulation time in the bloodstream [145]. Additionally, they showed
that Echinomycin not only inhibits AML cell metastasis but also it targets CD34+CD38-
stem cell population by inhibiting HIF-1α. These findings claim the reformulation and
reintroduction of Echinomycin in clinical trial for cancer therapy.

Looking for an alternative, Min et al., discussed the anticancer role of Chetomin, (SL.7,
Table 1), an antimicrobial metabolite extracted from the mesophilic saprophytic fungus
Chaetomium globosum [146]. They reported the Chetomin-attenuated sphere forming ability
of CSC and proliferation ability of non-CSC in Non-small cell lung cancer (NSCLC) [147].
The Co-Immunoprecipitation analysis by Min et al., demonstrated the interaction between
the HIF-1α and HSP90 proteins in hypoxia mediated-activation of HIF-1α [147]. HSP90
(Heat shock protein 90) is a chaperone, frequently overexpressed in some cancers leading
to chemoresistance and lower survivability of patients. Binding to the PAS-B domain
of HIF-1α, HSP 90 stabilizes it and helps in the activity of HIFs [148,149]. Chetomin
significantly affects the binding between HSP90 and HIF-1α without affecting the level
of HSP90 or HSP70. They tested the inhibitory role of Chetomin on adhered monolayer
cultures and spheroid cultures in a dose-dependent manner. Chetomin exposure inhibits
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survival promoting factors such as mitogen-activated protein kinase 1/2 (MEK1/2), insulin-
like growth factor 1 (IGF1 R), epidermal growth factor receptor (EGFR), SRC, activation
of protein kinase B (AKT) and mammalian target of rapamycin (mTOR), basic fibroblast
growth factor (bFGF), platelet-derived growth factor (PDGF), etc. in monolayer cultures.
Immunohistochemical analysis of lung revealed lower intensity of HIF-1 α and CD34 in
Chetomin treated group. Thus, Chetomin alters the CSC mediated chemoresistance via
attenuation of the activity of HIF-1α. In another study by Kung et al., it is shown that
Chetomin constrains HIF-1α activity, precluding the binding of HIF-1α to p300 [150]. HIF-
1α interacts with p300 through CH1(cysteine/histidine-rich 1) domain of p300. The CH1
domain is a zinc-containing transcription adapter zinc-binding (TAZ) domain. Chetomin
disrupts this CH1 domain and prevents the interaction between HIF-1α and its coactivator
p300. From these observations, it can be inferred that Chetomin inhibits HIF-1α directly
and it can be a potent inhibitor of HIF-1α.

Apart from these, Gliotoxin (SL.8, Table 1) is a sulfur containing mycotoxin which me-
diates same kind of activity such as Chetomin. It is extracted from the marine Trichoderma
species Gliocladium fimbriatum. It is the most effective member of epidithiodioxopiperazine
fungal toxin family and exerts its anti-HIF-1α activity, down-regulating the transcription of
VEGF-A, LDHA, and ENO1 genes. Reece et al., studied the antitumor activity of Gliotoxin
in prostate cancer and proposed that it can disrupt the HIF-1α/p300 complex in vitro and
in vivo [151]. Using a fluorescence binding assay, they confirmed that Gliotoxin disrupts
the CTAD domain of HIF-1α and the CH1 domain of p300 which in turn interrupts their
binding. Despite having such negative effects against HIF-1α, it has not started clinical trials
because of its high toxicity. In earlier studies, it was observed that Gliotoxin treatment leads
to death of experimental mice [152]. Therefore, further studies are going to need to reduce
the toxic effects of Gliotoxin. In this context, Hubmann et al., proposed that lower dose of
Gliotoxin shows no significant toxicity [153]. However, Comas et al., delivered Gliotoxin in
cancer cell via nanoparticle and showed its antitumor activity with low toxicity [154]. The
effects of Gliotoxin are also studied in combination with other chemotherapeutic agents in
very low dose for reducing its toxic effects.

However, to overcome such toxic effects of therapeutics and to establish a new effective
drug, Xia et al., introduced Sulforaphane (SL.9, Table 1), which is a nitrogen containing
isothiocyanate compound that can be found in cruciferous vegetables such as broccoli,
kale, cabbage, and watercress [155]. Xia et al., enlightened the anti HIF-1α activity of
Sulforaphane in the case of non-muscle invasive bladder cancer cell line [155]. They
explained that Sulforaphane blocks translocalization of HIF-1α to nucleus and suppresses
hypoxia mediated glycolysis. In another study by Kim et al., Sulforaphane is introduced as
an anti-HIF-1α component against human colon cancer and gastric cancer cells [156]. At
first, Kim and his colleagues thought that inhibition of HIF-1α by Sulforaphane may be
due to degradation by 26S proteasomal pathway. Further studies by Kim et al., confirmed
that inhibitory effect of Sulforaphane against HIF-1α is neither 26S proteasomal pathway
dependent nor Akt/mTOR signal mediated, rather they observed lysosomal degradation of
HIF-1α [156]. Sulforaphane promotes lysosomal activity and degrades HIF-1α in hypoxia.
There is no significant toxicity in Sulforaphane treatment and it is easily metabolized
via the mercapturic acid pathway [156]. Although Sulforaphane undergoes phase IV
clinical trials for treating Human immune deficiency virus (HIV) infection and phase II
trial sfor combating autistic disorders, neurodevelopmental disorders, diabetes mellitus,
and schizoaffective disorders, in the case of cancer there are only a few reports which
mention phase II clinical trials for adenocarcinoma and recurrent prostate cancer [127,133].
Therefore, Sulforaphane could be inspected further as an anti-HIF-1α molecule.

One of the most potent inhibitors of HIF-1α activity is Acriflavin (ACF) (SL.10, Table 1).
It is extracted from coal tar and was first introduced in medical science in 1972 by the
German researcher Paul Ehrlich. ACF was generally used as antiseptic, trypanocides,
anti-viral, and anti-bacterial agent. In recent years, ACF is repurposed in cancer to develop
new therapeutic strategies [157]. Nehme et al., and Cheloni et al., demonstrated the anti-
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oncogenic properties of ACF against chronic myeloid leukemia [158,159]. Even though
ACF is an FDA approved drug for urinary tract infections, recent research proved its anti-
cancer efficacy which involves inhibition of HIF-1α activity [127,133,159]. Mangraviti et al.,
demonstrated that ACF down-regulates proangiogenic protein VEGF, PGK-1 by inhibiting
the formation of HIF-1α and HIF-1β heterodimer in brain cancer [160]. According to
Mangraviti and his colleagues, ACF can inhibit transcriptional activity of HIF-1α not only
in brain cancer but also in cholangiocarcinoma (SK-ChA-1), ovarian (A2780), or breast
cancer (MCF-7) cell lines [160]. They also explained that ACF has cytotoxic effects on glioma
stem cells (GSCs) and reduces chemoresistance. ACF inhibits HIF-1α through binding
to the PAS-B domain which in turn restricts its binding to HIF-1β subunit necessary for
its transcriptional activity. The expression of hypoxia-induced GLUT1, a typical HIF-1α
target gene, is reduced by the treatment with ACF [161]. Therefore, ACF could be used
individually or in combination with other drugs as an antiangiogenic agent or a CSC
inhibitor in cancer treatment.

In addition, Huang et al., proposed another phytochemical Emodin (SL.11, Table 1) as
a HIF-1α inhibitor, enhancing antineoplastic effects of other chemotherapeutic drugs [162].
Emodin is an anthraquinone derivative extracted from the Chinese herbs such as Rheum pal-
matum and Polygonam multiflorum. Cancer cells explore multiple drug resistance against
chemotherapeutic drug by MDR1 gene. MDR1 is a downstream targeted gene of HIF-1α.
Generally, in cancer cells, ROS and HIF-1α maintain a balance. Increasing the ROS concen-
tration causes the activation of HIF-1α and other members of the HIF family [163]. As a
result, MDR1 gene becomes transcriptionally activated by HIF-1α and produces multidrug
resistance. On the other hand, Huang and his colleagues showed that in combination
therapy of Emodin with Cisplatin, ROS becomes increasingly relative to control and exerts
ROS mediated HIF-1α suppression. By in vitro and in vivo study of Emodin cotreatment,
it is documented that multiple drug resistance becomes altered as a result of the down-
regulated MDR gene. As Emodin is a ROS generator, it suppresses transactivation of
HIF-1α in combination therapy with Cisplatin to DU-145 cells [162]. Despite the fact that
Emodin has failed to prove its clinical efficacy against polycystic kidney disease, its signifi-
cant anti-neoplastic effects are encouraging researchers to include it in the preclinical study
list of anticancer therapeutics.

Other than these phytochemicals, the lactone ring containing group of steroids, Car-
denolides (SL.12, Table 1) also show attenuation of HIF-1α transcriptional activity. The
latex containing Cardenolides are extracted from various medicinal plants belonging to the
family Asclepidaceae and Apocynaceae, native to India, Africa, southern China, and southeast
Asia. Parhira et al., isolated cardenolides from Calotropis gigantea and demonstrated their
anticancer activity [164]. They isolated 20 Cardenolides, among which Digoxin has started
clinical trials for breast cancer, colon cancer, rectal cancer, and sarcoma therapy. Although
Digoxin has either completed or started phase IV clinical trials for arterial fibrillation,
cardiac failure, Dilated Cardiomyopathy, and acute kidney injuries, the addition of these
compounds to clinical trials is comparatively new [127,133]. Zheng et al., isolated six new
non-classical Cardenolides, including 17 known ones [165]. 19-dihydrocalotoxinis one of
those 23 compounds, which has more potential as an anti-HIF-1α component compared to
Digotoxin. Further studies are necessary to verify its toxic effects and anti-HIF-1α activity
in different cancers.

4.1.3. HIF-1α Degradation Enhancer

Degradation of an oncogenic protein by drug treatment could be a promising method
for anticancer therapy. There are several HIF-1α inhibitors which can act by proteasomal
degradation of the protein; thus, they represent a different approach compared with the
other two mechanisms of HIF-1α inhibition stated earlier. 3,3′-Diindolylmethane or DIM
(SL.13, Table 1) is one of those compounds, which exerts its anticancer effect by executing
proteasomal degradation of HIF-1α. DIM is a phytochemical derived from Indole-3-carbinol
(I3C), present in cruciferous vegetables [166]. Riby et al., demonstrated the inhibitory effects
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of DIM on HIF-1α in a dose-dependent manner [166]. They explained that DIM has a dual
role in both synthesis and degradation of HIF-1α in MDAMB-231 cell line. To assure the
effects of DIM on synthesis of HIF-1α they inhibited proteasomal degradation of HIF-1α
using MG132, a proteasome inhibitor, and measured accumulation of HIF-1α protein level
which became significantly reduced after DIM treatment. Furthermore, the rate of HIF-1α
degradation was halted at a certain concentration of DIM which suggests the saturation of
its activity. From this study, it was concluded that DIM significantly reduces the synthesis
of HIF-1α and it mediates the degradation of HIF-1α with a concentration independent
mechanism. Furin and VEGF are two HIF-1α regulated proangiogenic endogenous genes
which are inhibited by DIM treatment in hypoxic tumor cells in concentration-dependent
manner. Due to proven preclinical efficiency of DIM, it started different phases of clinical
trials against different cancers such as cervical and prostate cancer [127,133]. As DIM is a
natural compound and it was previously proved that DIM has no side effects in patients
and it has a profound effect on HIF-1α, it could be one of the potent therapeutics against
cancer targeting HIF-1α [167,168].

Additional studies of Li et al., displayed antiangiogenic role of pseudolaric acid B(PAB)
(SL.14, Table 1) via proteasomal degradation of HIF-1α in MDAMB-468 cell line [169]. PAB
is a natural diterpenoid antifungal compound occurring from Pseudolarix kaempferi. Li et al.,
stated that PAB inhibits paracrine secretion of VEGF via lowering the level of HIF-1α [169].
However, transcription of HIF-1α is not affected by PAB. On the contrary, HIF-1α level
becomes decreased via ubiquitin proteasomal degradation mechanism. PAB has a dual
effect as an antiangiogenic agent, i.e., not only has it an inhibitory effect on HIF-1α but also
has a negative effect on the endothelial cell directly. PAB can also indirectly target HIF-1α
stabilization by targeting c-Jun, cellular proliferation marker [170]. PAB phosphorylates
c-Jun at Ser63/73 which causes destabilization of HIF-1α protein. This activity of PAB leads
to premature degradation of HIF-1α protein and transcriptional attenuation of VEGF and
MDR1 genes. For these antiangiogenic effects of PAB, it can be novel anticancer therapeutics
for clinical studies.

Bavachinin (SL.15, Table 1) is another HIF-1α degrader and a natural prenylated fla-
vanone, present in the Chinese herb Psoralea corylifolia. It has potent anti-angiogenic activity
and an anti-inflammatory function. Under hypoxic conditions, Bavachinin decreases the
activity of HIF-1α in a concentration-dependent manner in human KB carcinoma and HOS
osteosarcoma cells, mainly by raising the interaction between VHL and HIF-1α followed
by proteasomal degradation. Moreover, the downstream genes of HIF-1α (e.g., VEGF,
GLUT-1, and hexokinase-2), which block angiogenesis and reduce energy metabolism, are
suppressed by Bavachinin. Additionally, Bavachinin prohibits tube formation by HUVECs
and also prevents the migration of KB cells. In KB cells, Bavachinin reduces the expression
of CD31 [171]. As there is no significant toxicity is shown in Bavachinin treatment, it can be
further investigated.

Aside from these, Ma et al., showed that Andrographolide (AGL) (SL. 16, Table 1)
promotes proteasomal degradation of HIF-1α and hinders the nuclear localization of it in
Hep3B and HepG2 liver cancer cell lines [136]. AGL is a bioactive diterpenoid isolated
from Andrographis paniculate belonging to family Acanthaceae [136,172]. Inhibition of nuclear
localization of HIF-1 α by AGL leads to transcriptional down-regulation of HIF-1α targeted
genes. Cui et al., reported that the AGL is a HIF-1α and VEGF inhibitor targeting the
PI3K/AKT signaling pathway and preventing choroidal neovasculature [173]. Therefore,
despite having efficacy against acute exacerbation of chronic bronchitis and acute tonsil-
litis, these anti-oncogenic preclinical data support repurposing of AGL against different
cancers [127,133]. Although the compound is in a phase III clinical study for squamous cell
carcinoma, more research needs to be carried out to improve the activity of AGL [127,133].

Isoliquiritigenin or ILTG (SL.17,Table 1) facilitates its anticancer activity via the protea-
somal degradation of HIF-1α and inhibits kinase activity of VEGFR-2(VEGF receptor 2) [174].
It is a chalcone type dietary flavonoid turned out from the roots of licorice plants such
as Glycyrrhiza uralensis, Mongolian glycyrrhiza, and Glycyrrhiza glabra [175]. In vitro and
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in vivo study of Wang et al., validated that ILTG treatment inhibits cancer neo-angiogenesis
in breast cancer and showed no significant toxicity. However, establishment of ILTG as
anticancer therapeutics claims needs more research [174].

Wondonin (SL.18, Table 1) as a HIF-1α degrader, has significant potential in clinical
applications against cancer. It is a bis-imidazole compound isolated from the sponge, Poecil-
lastra wondoensis. Jun et al., proposed that Wondonin down-regulates the immunoreactivity
of CD31 and VEGF, whereas it increases the affinity of binding of pVHL to HIF-1α, which
leads to proteasomal degradation of HIF-1α [176]. Therefore, Wondonin has a prominent
antiangiogenic role as it controls both HIF-1α and VEGF. Thus, Wondonin can be a novel
anticancer therapeutic agent against HIF-1α.

Lee et al., introduced Thymoquinone (SL.19, Table 1) as another HIF-1α targeting antineo-
plastic benzoquinone phytochemical isolated from the seed of black cumin (Nigella sativa) [177].
Thymoquinone is a popular compound in phase II or phase III clinical trials for COVID-19
and polycystic ovarian syndrome [127,133]. In the case of cancer, researchers conducted
phase II clinical trials of Thymoquinone against premalignant lesion [127,133]. However,
according to the preclinical studies, Thymoquinone destabilizes the binding between HIF-
1α and HSP90 and helps in pVHL-mediated polyubiquitination of HIF-1α protein, which
is independent of prolyl hydroxylation in renal cancer cells [177]. Recent research by
Homayoonfal et al., showed that targeting microRNAs with thymoquinone could be a new
approach for cancer therapy [182]. PEGylated Thymoquinone up-regulates expression of
miR-361 which suppresses proinflammatory and proangiogenic genes including HIF-1α.
Thus, Thymoquinone could be a potent HIF-1α inhibitor which enhances proteasomal
degradation of HIF-1α. Hence, it is an intriguing field of research where more drugs
degrading the oncogenic HIF-1α are yet to be discovered.

4.1.4. Degrader of HIF-1α Interacting HIF Subunits

Earlier in this review, we discussed the natural compounds that target HIF-1α by
blocking its synthesis, inhibiting its activity, and degrading the protein. Here another mech-
anism of HIF-1α inhibition is discussed, which is about down-regulation of its interacting
subunits. As discussed in this review, HIF-2α and ARNT are the key interacting subunits
of HIF-1α, expressing changes which can be noticed in hypoxia.

Strofer et al., suggested that at higher Curcumin (SL.20, Table 1) concentration, HIF-1α,
HIF-2α and ARNT level decline in Hep3B, HepG2, and MCF-7 cancer cell lines [179].
Curcumin ((1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a polyphenol
compound extracted from rhizomatous herbaceous plant Curcuma longa (turmeric). For
thousands of years, turmeric has been renowned for its medicinal value. At present, it
is considered to be one of the FDA approved drugs in autosomal dominant polycystic
kidney disease (ADPKD), chronic schizophrenia, major depressive disorder, periodontitis
and type-2 diabetes mellitus [127,133]. Curcumin has been introduced into phase II and
III clinical trials against various cancers such as breast, colorectal, and head and neck
cancers [127,133]. Prolyl hydroxylase is an enzyme that hydroxylates HIF-1α and helps
in proteasomal degradation in the presence of oxygen. Oxidation of iron is required for
this oxygen mediated regulation of HIF-1α protein degradation. Curcumin acts as an
iron chelator and disrupts enzymatic activity of the enzyme prolyl hydroxylase. Thus,
Curcumin has miscellaneous effects on HIF-1α regulation [179]. In another study, the
inhibitory role of Curcumin against HIFs was studied by Sarighieh et al., on MCF-7 cells
and cancer stem- cells (CSCs) [180]. Presently, researchers focus on therapeutic efficacy
of different synthetic drugs and natural compounds against CSCs (cancer stem cells).
Sarighieh and his colleagues studied the role of curcumin on HIF-1α and HIF-2α in a
dose-dependent manner. They revealed that Curcumin could not inhibit HIF-1α directly,
rather it mediates antiangiogenic and antiproliferative effect via inhibiting HIF-2α and
ARNT in both normoxic and hypoxic conditions, whereas HIF-1α level was not affected.
Therefore, Curcumin interferes with metastasis by indirectly targeting HIF-1α by degrading
HIF-2α and ARNT in CSCs of MCF7 and MDAMB-231 cell line [180]. Although, Curcumin
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is a well-known and effective natural compound with no side effects, it also has negative
effects on CSCs, the momentous element of cancer cell metastasis, drug resistance and
recurrence. Therefore, Curcumin could be a coercive element against HIF-1α mediated
CSC progression.

The aforementioned natural compounds not only have fewer side effects, but they
can also possess alternative anti-oncogenic response which involves targeting inflammatory
marker such as NF-κB, a prominent pathway modulator of HIF-1α. Out of these natural com-
pounds, Emodin has the ability to reduce the expression of NF-κB, whereas most of the natural
compounds such as Silibinin, Celastrol, PEITC, DIM, Andrographolide, Thymoquinone and
Curcumin can act as a inhibitor of IκBα degradation, which in turn cause suppression of
phosphorylation, acylation, and nuclear translocation of NF-κB [178,183–192]. On the other
hand, Gliotoxin is a natural compound that inhibits NF-κB activity by up-regulation of ROS,
whereas, Sulforaphane decreases NF-κB activity by preventing the interaction between
NF-κB and its consensus sequence [193,194].

Further research is going on for proving anticancer as well as anti-HIF-1α efficacy
of different nontoxic and novel phytochemicals which need to be scrutinized for their
better functionality.

4.2. Synthetic Compounds as HIF-1α Inhibitors

Conventional chemotherapy mostly includes synthetic drugs which have a specific
effect on different cancers. Although synthetic drugs possess cytotoxic effects, they can
interfere with cancer cell division, metastasis, proliferation, etc. Therefore, targeting onco-
genic protein-like HIF-1α with synthetic drugs with low toxicity is a fascinating part of
anticancer drug discovery. The common chemotherapeutic synthetic drugs able to regulate
HIF-1α are listed in Table 2.

4.2.1. HIF-1α Synthesis Blocker

Some synthetic compounds also act as HIF-1α synthesis blockers that have different
modes of action. 1-benzyl-3-(5′-hydroxymethyl-2′-furyl)-indazole or YC-1 (SL.1, Table 2) is
such a compound which is introduced as HIF-1α inhibitor by Chun et al. [195]. Earlier stud-
ies demonstrated that YC-1 is a soluble guanylate cyclase inducer used in cardiopulmonary
disease [196]. From the current research of Sun et al., it was proved that YC-1 can exert an-
ticancer effect by targeting HIF-1α expression and activity through PI3K/AKT/mTOR/4E-
BP axis regulation [197]. A recent study reported that YC-1 is able to block the induction
of erythropoietin (EPO) and VEGF mRNA by inhibiting HIF-1α during hypoxia [198].
Along with these, several inflammation markers such as IL-6 and IL-8 are also significantly
decreased by YC-1 treatment in vivo [199]. YC1 displayed excellent anti-cancer effects in
different cancer cells including lung cancer, bladder cancer, breast cancer, canine lymphoma,
colorectal cancer, gastric carcinoma, hepatocellular carcinoma cancer (HCC), preeclampsia,
ovarian cancer, and non-small cell lung cancer (NSCLC) [200]. Another study stated that
YC-1 can reverse the acquired resistance to gefitinib by inhibiting HIF-1α in HCC827 GR
cells [201]. Additionally, Li et al., proposed that YC-1 exerts FIH dependent inhibition of
p300 recruitment to HIF-1α and inhibits hypoxia mediated activation of NFκB, a down-
stream target of HIF-1α [202]. As NFκB is a key regulator of CSC maintenance and cancer
cell proliferation, YC-1 could be a novel anticancer drug which may target cancer stem cell
propagation as well as several other hallmarks of cancer such as angiogenesis and metastasis.

Another example of an HIF-1α inhibitor is PX-478 (S-2-amino-3- [40-N, N-bis(2-chloroethyl)
amino] phenyl propionic acid N-oxide dihydrochloride) (SL.2, Table 2). PX-478 started clinical
trials against lymphoma and other advanced metastatic cancer. VHL mediated ubiqui-
tination has no role in PX-478 dependent down-regulation of HIF-1α expression, rather
it was observed that it can cause a reduction of the HIF-1α m-RNA level. PX-478 also
affects transcription of HIF-1α without altering eIF-4E/4E-BP axis [203]. According to
Welsh et al., the transcription of VEGF and GLUT-1 are decreased in vitro and in vivo after
PX-478 treatment in colon cancer [203].
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Table 2. List of various potential synthetic HIF-1α inhibitors based on their mode of action in different
cancers.

Serial
No. Name Structure Mode of

Action
Effective against Cancer

Type Clinical Trial Reference

1 YC-1 HIF-1α
synthesis
blocker

Hepatoma, gastric cancer,
lung cancer, prostate

cancer, pancreatic cancer,
Human Bladder

Transitional Carcinoma

—– [127,133,195–202]

2 PX-478

Colon carcinoma, Lung
Adenocarcinoma,
pancreatic ductal
adenocarcinoma

Phase I [127,133,203,204]

3 DJ12 HIF-1α activity
blocker

Breast cancer, Melanoma,
Renal cancer —– [127,133,205]

4 Bortezomib

Human hepatoma,
multiple myeloma, human

embryonic kidney and
human multiple myeloma

Approved [127,133,206–208]

5 Amphotericin
B (AmB) Hepatocellular carcinoma, Approved [127,133,209]

6 Polyamides Adenocarcinoma —– [127,133,210]

7

ENMD-
1198

(Analog of
2ME2)

HIF-1α
degradation

enhancer

Prostate cancer, breast
cancer, human

hepatocellular carcinoma
—– [127,133,211–213]

8 Zebularine Oral squamous cell
carcinoma —– [127,133,214]

9

17-AAG
(Analog of

Gel-
danamycin)

Prostate cancer, renal cell
carcinoma, papillary
thyroid carcinoma

Phase III [127,133,215,216]

10 Flavopiridol Leukemia, human glioma,
neuroblastoma Phase II [127,133,217–222]

Furthermore, PX-478 helps in radiosensitization of hypoxic C6 glioma, HN5, and
UMSCCa10 squamous cells and Panc-1 pancreatic adenocarcinoma cells by inhibiting
HIF-1α in vitro. Along with these, PX-478 showed excellent radiosensitization of tumors
by down-regulating post-radiation HIF-1α signaling pathways. PX-478 showed promising
anti-cancer effects in phase I clinical trials with 41 patients at two sites in the USA. PX-478
is reported to be a well-tolerable drug in a relatively high proportion of patients. These
pre-clinical and clinical studies decipher that PX-478 could be a potent anti-cancer agent by
targeting HIF-1α in the near future [204].

4.2.2. HIF-1α Activity Blocker

Generally, the synthetic chemotherapeutic HIF-1α inhibitors may have specific and unique
mechanism. For the development of an HIF-1α targeting cancer therapy, pathway-based
regulation of HIF-1α with DNA-binding small molecules may represent an important approach.
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Cisplatin is such a common synthetic anticancer agent that can down-regulate the
expression of HIF-1 α in the Cisplatin-sensitive cell line by inducing apoptosis via elevating
the expression of the cleaved PARP in dose and time dependent manner. Ai et al., tested
the inhibitory role of Cisplatin against HIF-1α with two pairs of genetically matched
Cisplatin-sensitive and Cisplatin-resistant ovarian cancer cell lines [223]. However, in
normal conditions, the Cisplatin-resistant cell line showed inhibition in apoptosis, which
was altered with low expression of HIF-1α. As discussed earlier, HIF-1α can regulate CSC
properties that are responsible for drug resistance and cancer recurrence. For the researchers
it is intriguing to find therapeutic modalities that can overcome HIF-1α mediated CSC
dependent cancer resistance and recurrence. In this context, Zhihong and his colleagues
showed that cancer recurrence and metastasis occurred in patient after Cisplatin treatment
and PEO4 cells were derived from that patient after acquiring Cisplatin resistance, whereas
PEO1 is the Cisplatin-sensitive primary ovarian cancer cells from the same patient before
Cisplatin treatment [223]. A2780/CP is a Cisplatin-resistant ovarian cancer cell line which is
derived from A2780, Cisplatin-sensitive ovarian cancer cell line., HIF-1α is down-regulated
in A2780 and PEO1 cell line after Cisplatin treatment and the cancer cells undergo apoptosis,
whereas Cisplatin sensitivity restores after HIF-1α knockdown and induces apoptosis in
Cisplatin-resistant cell line A2780/CP and PEO4. From this study, it is confirmed that
HIF-1α is an important factor in drug resistance and it can be targeted by Cisplatin [223].

Along with these, we focus on some other synthetic chemotherapeutic drugs which
inhibit HIF-1α directly by interfering its binding to DNA. Jones and Harris explored the role
of three suppositional molecules DJ12 (SL.3, Table 2), DJ15, and DJ30 against HIF-1α where
DJ12 is more effective [205]. The effect of DJ15 and DJ30 is cell line specific. They studied
the role of DJ12 in breast cancer cell lines MDA-MB-468 and ZR-75, melanoma cell line
MDA-MB-435, and pVHL mutant renal cancer cell lines RCC4 and 786-O and concluded
that DJ12 not only blocks the binding of HIF-1α to HRE region of DNA but also interferes
with its transactivation. This leads to a reduction of mRNA expression of VEGF and BNIP3.
With a HRE binding assay of nuclear and cytoplasmic extract of MDA-MB-468 cell line, it
is confirmed that DJ12 did not affect DNA protein-binding directly, rather it inhibited the
formation of HIF-1α, HIF-1β, and CBP/p300 transcription complex or folding of HIF-1α.
Therefore, DJ12 can be used as a significant HIF-1α inhibitor in various cancer types.

Furthermore, Sung et al., studied the role of another synthetic drug Bortezomib (PS-341)
(SL.4, Table 2) against HIF-1α in Hep3B (human hepatoma), ARH77 (human multiple
myeloma), and U299 (human multiple myeloma) cell lines [206]. Bortezomib is a clinically
approved proteasome inhibitor for myeloma and different solid tumors. Bortezomib medi-
ates its effect on HIF-1α via interacting with CAD (C -terminal transactivation domain) and
inhibits recruitment of p300 coactivator. In some cases, inhibition of HIF-1α by Bortezomib
is improved by FIH (factor inhibiting HIF-1) hydroxylation. Bortezomib helps in prolyl
hydroxylation at Pro402 and Pro564 by PHD (HIF-1 prolyl hydroxylases) and hydroxyla-
tion at Asn803 by FIH in hypoxic conditions [207]. These activities lead to repression of
transcriptional activity of HIF-1α and inhibition of erythropoietin (EPO), vascular endothe-
lial growth factor (VEGF), and carbonic anhydrase IX (CAIX) genes, downstream target
of HIF-1α. Bortezomib is introduced to 15 clinical trials as monotherapy and 17 clinical
trials as combinatorial therapy with other drugs. Bortezomib monotherapy showed poor
and minimal effects in clinical studies. These results reported that Bortezomib offered no
hope as a single agent as anti-cancer drug. Other clinical trials reported that Bortezomib
with other drugs showed fewer anti-cancer activities with no statistical significance. In a
phase I/II dose escalation study, it was observed that Bortezomib has anti-cancer effects
and it has been tolerated by Advanced Androgen-Independent Prostate Cancer patients
when combined with Docetaxel. However, further clinical trials using combinatorial ther-
apy of Bortezomib with other drugs are needed for better understanding of its anti-cancer
effects [208].

Additionally, several antimicrobial and antifungal agents play an antiangiogenic role
targeting HIF-1α. Amphotericin B (AmB), (SL.5, Table 2) an FDA approved a polyene
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macrolide antifungal agent is one of them [127,133]. In the field of oncology, liposomal
AmB is used in cancer patients with persistent unexplained fever [127,133]. Yeo et al.,
explained antitumor activity of AmB along with therapeutic efficacy against systemic
mycoses [209]. AmB inhibits the transcriptional activity of HIF-1α, not the expression or
nuclear translocation. From co-immunoprecipitation assay, it is concluded that after AmB
treatment, FIH binding to CAD is increased and interaction between CAD and the C/H1
domain of p300 coactivator is blocked. Therefore, AmB treatment leads to anemia as a result
of EPO (Erythropoietin) suppression. EPO is a glycoprotein, which stimulates red blood
cell production from bone marrow and it is downstream target of HIF-1α. In the absence of
EPO, patients suffer from chronic renal failure. Therefore, there might be nephrotoxicity
in prolonged AmB treatment which may exhibit adverse side effects to cancer patients.
Therefore, AmB is restricted for use as chemotherapeutic agents in medical oncology.

Polyamides (SL.6, Table 2) are another synthetic sequence specific DNA-binding
oligomers, which exert restricted activity of HIF-1α. These are a new type of pyrrole imida-
zole compounds comprising of two and three aromatic N-methylpyrrole (Py) rings. The
architecture of these Polyamides is inspired by the structure of Distamycin and Netropsin.
Distamycin and Netropsin are two natural pyrrole-amidine antibiotic compounds orig-
inated from actinobacterium Streptomyces netropsis. Olenyuk et al., studied the antian-
giogenic effects of Polyamides and the competitive inhibition of binding between HIF-
1α/ARNT heterodimer to HRE [210]. Polyamides hinder HIF-1α binding to the promoter
of proangiogenic protein VEGF and inhibit its transcription. As there are some sequence
variations in VEGF splicing variants, Polyamides should be programmed for different
sequence binding. Olenyuk and his colleagues designed two different Polyamides specific
for 5′-WTWCGW-3′ and 5′-WGGWCW-3′ (where W = A or T) DNA sequences. Therefore,
out of these different Polyamides, identification of the best one with prominent anti-cancer
activity is dependent on further in vitro and in vivo investigations as well as clinical studies.

Other than these mechanisms, inhibition of nuclear translocation of HIF-1α is another
approach for suppressing the transcription of HIF-1α target genes. A good example of an in-
hibitor that acts using this method is ENMD-1198 (SL.7, Table 2). ENMD-1198 is an analogue
of 2-Methoxyestradiol (2ME2) synthesized by Lavallee et al. [211]. 2-Methoxyestradiol
(2ME2) is a natural metabolite of estradiol compound with potential anti-HIF-1α activ-
ity [211]. Mabjeesh et al., explained that 2ME2 inhibits nuclear translocation of HIF-1α and
promotes microtubule disruption [212]. However, according to Moser et al., ENMD-1198 is
a tubulin binding agent and it reduces HIF-1α level [213]. Additionally, phosphorylation
of MAPK/ERK, PI-3K/AKT and FAK are inhibited by ENMD-1198. Although, 2ME2
and ENMD-1198 have potential to inhibit the transcriptional ability of HIF-1α, further
investigations into its anti-HIF-1α activity are required. Although, 2ME2 and ENMD-1198
are in phase II/phase I clinical trials, more investigations to identify their efficiency as
HIF-1α inhibitor are needed.

In consideration of different mechanisms of targeting HIF-1α, another approach of
HIF-1α regulation through destabilization or degradation by synthetic drugs is discussed
in the following section.

4.2.3. HIF-1α Degradation Enhancer

Zeburaline (Zeb) (SL.8, Table 2) is a synthetic DNA methyl transferase inhibitor that
also degrades HIF-1α by chemotherapeutic agent, which degrades HIF-1α by enhancing
polyubiquitination. Suzuki et al., proved that nuclear localization of HIF-1α is interfered
with in oral squamous cell carcinoma (OSCC) by Zeb [214]. It is a synthetic cytidine
analogue with antitumor activity. Zeb mediates proteasomal degradation of HIF-1α in a
dose-dependent manner whereas the HIF-1α level becomes increased after Zeb treatment in
the presence of MG132, a potent proteasome inhibitor [214]. Zebularine affects angiogenesis
through various mechanisms. In one case, Zebularine targets the HSP70/HSP90/HIF-1α
axis and averts proper folding of HIF-1α leading to premature degradation of HIF-1α.
On the other hand, Zebularine prevents nuclear localization of HIF-1α and represses its
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transcriptional activity. Moreover, Zebularine modulates epigenetic regulation of VEGF
and acts as a DNA Methyl Transferase, leading to hypermethylation of proangiogenic
genes. Despite having such targets, Zebularine cannot be a novel antiangiogenic drug in
clinical use because of its miscellaneous targets and side effects.

Geldanamycin (GA), a natural benzoquinone ansamycin, represses transcription of
VEGF, glucose transporters 1 and 3, most of the glycolytic enzymes, and erythropoietin
inducing proteasomal degradation of HIF-1α. GA inhibits proper folding of HIF-1α by
targeting HSP90. GA blocks ATPase activity of HSP90 by binding its N-terminal ATP
binding pocket. Mabjeesh et al., proposed that in GA treatment transcriptional activity of
HIF-1α cannot be restored even after use of LCN and MG-132, proteasome inhibitor [215]. In
some cases, GA treatment leads to hepatotoxicity in cancer patients [216]. To overcome this
toxicity, researchers have synthesized 17-allylamino-17-demethoxygeldanamycin (17-AAG)
(SL.9, Table 2), a chemical derivative of Geldanamycin partaking anticancer role in blood,
prostate, colonic, hepatic, ovarian, brain, skin, thyroid, renal, and breast cancers, which is
supported by several clinical trial as well [127,133]. Geldanamycin and its derivatives are
the novel inhibitor with promising pharmacology.

Another HIF-1α inhibitor, Flavopiridol (SL.10, Table 2) is the first semi-synthetic
cyclin-dependent kinase (CDK) inhibitor to enter clinical trials [217]. Flavopiridol is a
flavonoid compound which possess structural similarities with the alkaloid isolated from
Indian endogenous plant Dysoxylum binectariferum. Newcomb et al., demonstrated that
Flavopiridol mediates proteasomal degradation of HIF-1α [217]. Flavopiridol is used in
combination therapy with bortezomib in human leukemia cell lines and induced apoptosis
of cell. Proteasome inhibitors potentiate leukemic cell apoptosis induced by the cyclin-
dependent kinase inhibitor Flavopiridol through a SAPK/JNK and NF-kβ-dependent
process [218]. Along with these, Flavopiridol has a significant effect on regulating cell
cytoskeleton, cell cycle components, and cell motility in CSCs. In the case of lung cancer,
it was observed that Flavopiridol decreases CD133high/CD44high population which is
considered to be CSCs [219]. However, it will be fascinating to find the regulation of
CD133 and CD44 by HIF-1α in the presence of Flavopiridol as HIF-1α is known to regulate
these CD markers [220]. Interestingly, Flavopiridol passed a phase II clinical trial in acute
myeloid leukemia, gastric cancer, pancreatic cancer, where it was proved that Flavopiridol
is a safe drug with no acute toxicity [127,133,221]. Now, this promising synthetic anti-cancer
compound is in phase III clinical trials [222].

Other than the aforesaid mode of action of the HIF-1α targeted synthetic compounds,
an alternative mechanism of HIF-1α inhibition is present which targets NF-κB/HIF-1α
axis. Figueroa et al., showed that YC-1 represses HIF-1α via inhibition of NF-κB which
leads to a significant decrease of EPO expression [224]. Other than this, YC-1 inhibits
NF-κB translocation and the mechanistic link between Akt/NF-κB and HIF-1α [225]. Out
of the synthetic compounds mentioned in this review, Bortezomib is another one that
restricts the degradation of NF-κB inhibitor, i.e., IκBα. Therefore, stabilization of IκBα
causes cytoplasmic accumulation and degradation of NF-κB which controls a variety of
subsequent oncogenic events, including angiogenesis [206,226–228]. Flavopiridol also has
similar alternative mode of action such as Bortezomib, which comprises inflammatory
response by inhibiting degradation of IκBα. It also inhibits tumor necrosis factor (TNF)
mediated NF-κB activation and NF-κB downstream gene expression [229]. Apart from
these, 17-AAG also has an alternative mode of action, which includes attenuation of the
transcriptional activity of NF- κB by targeting HSP90 protein and preventing its coactivator
recruitment [230]. Hence, identification of these alternative mode of actions of different
synthetic compounds targeting oncogenic pathways such as NF-κB and/PI3K-Akt could
be a promising approach for HIF-1α targeted cancer therapy.

Therefore, to follow the particular avenue of HIF-1α targeting, we believe more natural
or synthetic compounds are worth exploring to enhance the possibility of successful clinical
trial of better anticancer therapeutics. Further studies including combinatorial treatments
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with natural and synthetic compounds could provide an alternative platform to study
HIF-1α targeting therapy.

5. Conclusions

Mounting data suggest that HIF-1α is one of the main culprits in the regulation of
various hallmarks of cancer. Given the basic role of HIF-1α in the presence of hypoxia,
which leads to tumorigenesis, several HIF-1α inhibitors were developed to efficiently treat
cancer. Furthermore, the use of natural and synthetic products as HIF-1α inhibitors need
more research to reduce their side effects and to decrease their toxicity. Although in clinical
studies, until now only few HIF-1α inhibitors have been studied, failure in other cases
exerts a major barrier in the development of HIF-1α-targeting anti-cancer therapeutics.
As there are very few reports on efficient usage of some HIF-1α targeting drugs against
certain type of cancers by clinicians, the pharmacological potential of common and newly
proposed HIF-1α inhibitors should be properly documented. In addition, synergistic
relationship between the phytochemicals and synthetic HIF-1α inhibitors could prove
effective in managing different cancers. Therefore, studies on the synergistic mode of
action of natural and synthetic compounds could pave a novel path in HIF-1α targeting
anti-cancer therapy.
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HIF-1α hypoxia-inducible factor-1 α

CSCs cancer stem cells
ROS reactive oxygen species
HRE hypoxia response element
VEGF vascular endothelial growth factor
PDGF-β platelet-derived growth factor-β
PAI-1 plasminogen activator-1
EPO erythropoietin
ESA epithelial-specific antigen
ALDH1 aldehyde dehydrogenase1
HSCs hematopoietic stem cells
NOD nonobese diabetic
SCID severe combined immunodeficiency
OCT4 Octamer-binding transcription factor 4
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BHLH basic helix loop helix
PHD Proline hydroxylase
pVHL von Hippel-Lindau protein
CREB cAMP-response-element-binding protein
CBP CREB-binding protein
CTAD carboxy-terminal transactivation domain
EGF epidermal growth factor
ADM adrenomedullin
eIF-4E eukaryotic translation initiation factor 4E
4E-BP1 eIF-4E binding protein
PDK1 pyruvate dehydrogenase kinases 1
GLUT1 glucose transporter 1
PDH pyruvate dehydrogenase
HK2 Hexokinase II
LDHA lactate dehydrogenase A
MCT4 monocarboxylate transporter 4
TFAM mitochondrial transcription factor A
MAP mitogen-activated protein
NF-κβ Nuclear Factor Kappa Beta
NOS Nitric oxide synthases
NO nitric oxide
PDGFR platelet-derived growth factor receptor
EGFR epidermal growth factor receptor
EMT Epithelial to mesenchymal transitions
HDAC3 histone deacetylase 3
JUP junction plakoglobin
LOX Lysyl oxidase
MMPs Matrix metalloproteinases
HGF Hepatocyte growth factor; KLF4
KLF4 Krüppel-like factor 4
WNT wingless and INT-1
ALDH1A1 Aldehyde Dehydrogenase 1 Family Member A1
HGSOC high-grade serous ovarian cancer
HDACis histone deacetylase inhibitors
GS glutamine synthetase
NPC nasopharyngeal carcinoma
NSCLC Non-small cell lung cancer
HSP90 heat shock protein 90
I3C Indole-3-carbinol
sGC soluble guanylate cyclase
HCC hepatocellular carcinoma cancer
AmB Amphotericin B
2ME2 2-Methoxyestradiol
OSCC oral squamous cell carcinoma
GA Geldanamycin
17-AAG 17-allylamino-17-demethoxygeldanamycin
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Abstract: Liver cancer is a leading cause of cancer death globally. Marine mollusc-derived drugs have
gained attention as potential natural-based anti-cancer agents to overcome the side effects caused
by conventional chemotherapeutic drugs during cancer therapy. Using liquid chromatography-
mass spectrometry, the main biomolecules in the purple ink secretion released by the sea hare,
named Bursatella leachii (B. leachii), were identified as hectochlorin, malyngamide X, malyngolide
S, bursatellin and lyngbyatoxin A. The cytotoxic effects of B. leachii ink concentrate against human
hepatocarcinoma (HepG2) cells were determined to be dose- and time-dependent, and further explo-
ration of the underlying mechanisms causing the programmed cell death (apoptosis) were performed.
The expression of cleaved-caspase-8 and cleaved-caspase-3, key cysteine-aspartic proteases involved
in the initiation and completion of the apoptosis process, appeared after HepG2 cell exposure to the
B. leachii ink concentrate. The gene expression levels of pro-apoptotic BAX, TP53 and Cyclin D1 were
increased after treatment with the B. leachii ink concentrate. Applying in silico approaches, the high
scores predicted that bioactivities for the five compounds were protease and kinase inhibitors. The
ADME and cytochrome profiles for the compounds were also predicted. Altogether, the B. leachii ink
concentrate has high pro-apoptotic potentials, suggesting it as a promising safe natural product-based
drug for the treatment of liver cancer.

Keywords: ADME; apoptosis; Bursatella leachii ink; caspase; target prediction; TP53; liver cancer

1. Introduction

Liver cancer is the sixth most frequently diagnosed cancer and third leading cause of
cancer death globally, with a high incidence observed in Asian and African countries [1].
The variable geographical distribution of liver cancer overlaps with the geographic inci-
dence of viral hepatitis (i.e., hepatitis B and C viruses) and of the human immunodeficiency
virus (HIV) [2]. This viral infection results in the onset of liver cancer and the progression
from chronic hepatitis, liver cirrhosis to heterogeneous hepatocellular carcinoma (HCC) [3].

39



Molecules 2022, 27, 826

The onset of liver cancer can also be due to aging, exposure to toxic compounds, autoimmu-
nity and metabolic diseases [4]. Conventional treatments such as surgery, radiotherapy and
chemotherapy, as well as gene- and immune-based therapeutic drugs are currently used [5].
Cytotoxic chemotherapy is not the first-line treatment (i.e., protein kinase inhibitor, So-
rafenib) for HCC, the main type of primary liver cancer, which is a chemotherapy-refractory
tumour [6]. However, there is ongoing discovery of natural bioactive compounds as neo-
adjuvant agents, which inhibit liver cancer cell growth and enhance liver cancer prevention,
as well as overcome hepatotoxicity side effects from conventional therapy and liver cancer
recurrence [7].

An alternative treatment for liver cancer prior to transplantation is urgently required.
Natural product extracts have been investigated for their bioactive compounds with anti-
proliferative activity and pro-apoptotic effects, revealed by tyrosine kinase inhibition [8]
and by caspase activation, cell cycle- and apoptosis-related gene up-regulation [9]. The
main advantage of the induction of apoptosis is the absence of the inflammatory reaction
triggered by necrotic cells [10]. Some natural bioactive compounds with anti-inflammatory
and anti-angiogenic effects, which prevent cancer progression, have been discovered [11].

Molluscs are the second largest animal phylum on earth and provide a rich source of
medicinal natural bioactive molecules [12]. The opisthobranch molluscs are a subclass of
the Gastropoda family Aplysiidae, order Anaspide, genus and species Bursatella (B.) leachii,
commonly known as sea hares [13]. Sea hare-derived bioactive compounds with anti-cancer
activity, including soblidotin (dolastatin 10 derivative), synthadotin/ILX651, cemadotin and
kahalalide F, have been in clinical trials, and brentuximab vedotin Adcetris® (dolastatin 10),
an antibody drug conjugate, has been approved by the Food and Drug Administration for
the treatment of Hodgkin lymphoma and systemic anaplastic large cell lymphoma [14–16].
Similar to a squid, sea hares release a purple ink to fend off predators which contains
secondary metabolites with potential cytotoxicity [16]. We previously reported B. leachii
purple ink-derived anti-HIV protein [17], 7,9-di-tert-butyl-1-oxaspiro [4,5], deca-6,9-diene-
2,8-dione and digoxigenin acetate as potent anti-inflammatory compounds [18]. However,
B. leachii purple ink-derived concentrate, including the anti-inflammatory compounds
identified, has not been studied for its potential anti-cancer activity. We chemically analysed
B. leachii ink concentrate to identify secondary metabolites and evaluated the potential
cytotoxic effects of a crude ink concentrate of B. leachii against the growth of the human
hepatocellular carcinoma (HCC) cell line HepG2. Protein and gene expression levels of
apoptosis and cell cycle regulatory markers in the B. leachii ink concentrate-treated HepG2
cells were assessed and several biological target predictions were performed.

2. Results
2.1. Chemical Identification of B. leachii Ink Concentrate Using Liquid
Chromatography-Quadrupole Time of Flight (LC-QTOF)

The crude ink concentrate of the B. leachii was subjected to total ion current spectra raw
data (See Figure 1). Qualitative and quantitative analysis software from the data analysis
program MassHunter (Agilent Technologies) were also used. After conducting a mass
screening on the spectra (Figure 1), the chemical features were extracted from the LC-QTOF
data using the Molecular Features Extraction algorithm and the recursive analysis workflow.
Features were extracted by screening the detected nodes at various retention times per
minute, with a minimum intensity of 6000 counts, and aligned with previously detected
compounds considering adducts ([M + K]+ and [M − H]−). The tentatively identified
compounds were hectochlorin (A), malyngamide X (B), bursatellin (C), malyngamide S (D)
and lyngbyatoxin A (E).
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Figure 1. Base peak chromatogram of Bursatella leachii ink concentrate. Tentatively identified sec-
ondary metabolites are hectochlorin (A) [19], malyngamide X (B) [20], bursatellin (C) [21], malyn-
gamide S (D) [22] and lyngbyatoxin A (E) [23]. Means m/z implies measured m/z.

2.2. Cytotoxic Effect of the B. leachii Ink Concentrate

The effect of B. leachii ink concentrate on HepG2 cell proliferation was tested at different
concentrations and time periods. The increasing concentrations (from 10 to 1000.0 µg/mL)
of the B. leachii ink concentrate and the lengthening of the exposure times (from 24 to 72 h)
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resulted in a decrease in the viability of the HepG2 cells, based on the ATP generated by
the living cells, compared to the control cells, which described a dose- and time-dependent
effect (Figure 2). The half-maximal inhibitory concentration (IC50) values of B. leachii ink
concentrate required in order to inhibit 50% of HepG2 cell growth were determined at each
exposure time. The treatment of HepG2 cells with B. leachii ink concentrate for 72 h of
exposure displayed the lowest IC50 value of 242.9 µg/mL, followed by 48 h exposure with
an IC50 value of 447.5 µg/mL, and the IC50 value for 24 h was more than 1000 µg/mL of
B. leachii ink concentrate.

Figure 2. Effects of B. leachii concentrate on HepG2 cell viability. The cell viability was determined
using CellTiter-Glo® kit and expressed as percentage of the control, the untreated cell viability,
corresponding to 100%. * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001 signify a statistically
significant difference compared with the control, from three independent experiments.

2.3. Induction of Apoptosis by B. leachii Ink Concentrate

As one of the cell death mechanisms, the potential induction of apoptosis in HepG2
cells treated with 100 µg/mL and 400 µg/mL of the B. leachii ink concentrate was in-
vestigated using Western blot analysis. After 24 h of exposure, the expression levels of
pro-apoptotic proteins, such as the cleaved caspase-8 (key enzyme prompting extrinsic
apoptotic pathway) and cleaved-caspase-3 (key enzyme resulting in apoptosis), were evalu-
ated in the B. leachii ink concentrate-treated cells compared with the untreated cells. Used as
a positive control, staurosporine (STS) led to a cleavage of both caspase-8 and caspase-3 in
HepG2 cells, and, as expected, a quasi-absence of cleaved-caspase-8 and cleaved-caspase-3
expression was detected in the untreated cells (Figure 3). A cleavage of both caspase-8 and
caspase-3 was observed in B. leachii ink concentrate-treated HepG2 cells (Figure 3). Higher
levels of expression of the cleaved-caspase-8 were observed in the HepG2 cells treated with
400 µg/mL of B. leachii ink concentrate compared with the cells treated with 100 µg/mL
of B. leachii ink concentrate (Figure 3). A similar expression level of cleaved-caspase-3
was noticed in the HepG2 cells exposed to the two tested concentrations of B. leachii ink
concentrate (Figure 3).

2.4. Modulation of Gene Expression Levels of Apoptotic and Cell Cycle Regulatory Genes by B.
leachii Ink Concentrate

The pro-apoptotic effect of B. leachii ink concentrate on the HepG2 cells was evaluated
by monitoring the expression levels of apoptosis and cell cycle-related genes, including BCL-
2, BCL-xL, TP53, BAX, CDKN1A, CCNA (Cyclin A), CCND1 (Cyclin D1) and Survivin using
reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The treatment of
the HepG2 cells with 400 µg/mL of B. leachii ink concentrate significantly enhanced the
expression levels of the pro-apoptotic genes BAX (2.6-fold, p = 0.000012), TP53 (2.3-fold,
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p = 0.00023) and CCND1 (2.1-fold, p = 0.0012), compared with the basal gene expression
level detected in the untreated cells (Figure 4). A significant up-regulation of the gene
expression level of the anti-apoptotic BCL-xL (2.0-fold, p = 0.0043) was noticed in the B.
leachii ink concentrate-treated HepG2 cells (Figure 4). Of note, the up-regulation of the
pro-apoptotic CCNA (1.77-fold) and anti-apoptotic Survivin (1.64-fold) gene expression
levels remained non-significant (Figure 4).

Figure 3. B. leachii ink concentrate triggers caspase-8 and caspase-3 cleavage in HepG2 cells.
(A) Representative Western blot gels showing the detection of cleaved-caspase-8 and of cleaved-
caspase-3 in HepG2 cells after 24 h of treatment with 100 and 400 g/mL of B. leachii ink concentrate
along with 1 M STS, used as a positive control. Quasi-absence of the cleavage of caspase was observed
in untreated HepG2 cells, the control (C). (B) Bar graphs indicating the relative expression levels of
caspase-8 (top) and of caspase-3 (bottom), calculated as a ratio of the expression to GAPDH, used as
a loading control. * p < 0.05 and ** p < 0.01 signify a statistically significant difference compared with
the control, from three independent experiments.

2.5. B. leachii Ink Concentrate Bioactivity Predictions

In this study, we sought to determine the bioactivity score of each bioactive metabolite
identified in the B. leachii ink concentrate. These bioactivity predictions provided more
information about which molecule in the ink concentrate could contribute to the observed
anti-cancer activity. The bioactivity score of the five bioactive molecules was investigated
using the PASS online webserver. Our results showed that hectochlorin and malyngamide
S had the highest bioactivity scores (Table 1), with Pa 0.933 and Pa 0.747, respectively,
suggesting a promising anti-neoplastic activity for these two molecules. Additionally,
the anti-cancer activity of B. leachii ink concentrate could be attributed to the presence of
hectochlorin and malyngamide S metabolites. The remaining molecules exhibited lower
bioactivity scores, and no predicted score was identified for bursatellin.
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Figure 4. Effects of B. leachii ink concentrate on apoptosis and cell cycle regulatory gene expression
detected in HepG2 cells. The bar graph shows the relative gene expression of apoptotic (Bax, Bcl2,
Bcl-xL, Survivin), tumour suppressor TP53 and cell cycle (cyclin A, cyclin D1, cyclin-dependent kinase
inhibitor CDKN1A) regulatory transcripts determined by RT-qPCR analysis in HepG2 cells treated
with 400 g/mL of B. leachii ink concentrate, as compared with the basal level of gene expression
monitored in untreated HepG2 cells, the control. * p < 0.05, ** p < 0.01, and *** p < 0.001 signify a
statistically significant difference compared with the control, from three independent experiments.

Table 1. The bioactivity scores of identified metabolites from B. leachii ink concentrate using the PASS
online webserver.

Anti-Neoplastic Activity Probability of Being Active
(Pa)

Probability of Being Inactive
(Pi)

Hectochlorin 0.933 0.002
Malyngamide X 0.295 0.231
Malyngamide S 0.747 0.019

Bursatellin not applicable not applicable
Lyngbyatoxin A 0.169 0.075

2.6. Molecular Target Predictions of B. leachii Ink Concentrate

Molinspiration was used to investigate the possible molecular targets that could medi-
ate the observed and predicted anti-cancer activity. Each bioactive molecule was evaluated
as a G protein-coupled receptor (GPCR) ligand, ion channel modulator, kinase inhibitor,
nuclear receptor ligand and protease and enzyme inhibitor. Interestingly, almost all of
the five molecules exhibited a positive bioactivity score as protease inhibitors, and malyn-
gamide X, malyngamide S and lyngbyatoxin A had the highest scores (0.46, 0.32 and 0.36,
respectively). Malyngamide X, malyngamide S and lyngbyatoxin A had high bioactivity
scores as enzyme inhibitors with values of 0.32, 0.32 and 0.35, respectively. Other possible
targets such as the ion channels, GPCR and kinase inhibition were seen with malyngamide
X, malyngamide S and lyngbyatoxin A, suggesting that these bioactive molecules could
regulate several molecular targets. Additional target mapping was conducted with Swis-
sTargetPrediction and the results were comparable with the Molinspiration webserver with
a high probability of targeting proteases and kinases (Table 2).
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Table 2. Molecular Target Predictions for bioactive molecules identified from B. leachii ink concentrate
using Molinspiration and SwissTargetPrediction.

Name Target Prediction
(Molinspiration)

Target Prediction
(SwissTargetPrediction)

Hectochlorin

GPCR ligand −0.09
Ion channel modulator −0.46
Kinase inhibitor −0.46
Nuclear receptor-ligand −0.18
Protease inhibitor 0.1
Enzyme inhibitor −0.08

Malyngamide X

GPCR ligand 0.19
Ion channel modulator −0.44
Kinase inhibitor −0.42
Nuclear receptor-ligand −0.29
Protease inhibitor 0.46
Enzyme inhibitor 0.01

Malyngamide S

GPCR ligand 0.17
Ion channel modulator 0.24
Kinase inhibitor −0.28
Nuclear receptor ligand 0.23
Protease inhibitor 0.32
Enzyme inhibitor 0.32

Bursatellin

GPCR ligand 0.04

NA

Ion channel modulator −0.22
Kinase inhibitor −0.36
Nuclear receptor-ligand −0.21
Protease inhibitor 0.01
Enzyme inhibitor 0.32

Lyngbyatoxin A

GPCR ligand 0.49
Ion channel modulator 0.2
Kinase inhibitor 0.42
Nuclear receptor ligand 0.06
Protease inhibitor 0.36
Enzyme inhibitor 0.35
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2.7. Pharmacokinetics Absorption, Distribution, Metabolism and Excretion (ADME) Predictions
and Cytochrome (CYP) P450 Enzyme Inhibition Profiling

To assess the potential pharmaceutical properties of the B. leachii ink concentrate-
derived bioactive molecules, SwissADME (Swiss Institute of Bioinformatics, Lausanne,
Switzerland) was used to evaluate several parameters important for drug discovery. Of the
five bioactive metabolites, malyngamide S, bursatellin and lyngbyatoxin A demonstrated
a molecular weight of fewer than 500 daltons. All the compounds that demonstrated a
high lipophilicity, except for bursatellin, exhibited a low Log p value. The solubility of
the compounds was poor, with the exception of bursatellin, which demonstrated excellent
solubility (Log S −2.39). Most of the compounds were predicted to have a peripheral
effect (no blood–brain barrier (BBB) penetration except for lyngbyatoxin A) and high
gastrointestinal (GI) absorption (Table 3).

Table 3. The predicted ADME properties for the bioactive molecules identified in B. leachii
ink concentrate.

Compound
Name

Molecular
Weight

Log Po/w
(WLOGP) Log S (SILICOS- IT) BBB

Permeant
GI Absorp-

tion Rule of Five (ROF)

Hectochlorin 665.60 g/mol 5.09 −6.86
Poorly soluble No Low No; 2 violations: MW >

500, NorO > 10
Malyngamide X 607.82 g/mol 3.98 −5.07

Moderately soluble No High Yes; 1 violation: MW > 500

Malyngamide S 484.07 g/mol 4.73 −6.25
Poorly soluble No High Yes; 0 violations

Bursatellin 264.28 g/mol −0.21 −2.39
Soluble No High Yes; 0 violations

Lyngbyatoxin A 437.62 g/mol 4.09 −6.69
Poorly soluble Yes High Yes; 0 violations

We determined and qualitatively predicted the possibility of CYP enzyme inhibition
that could be associated with these bioactive molecules using the SWISS webserver. Our
results showed that hectochlorin and bursatellin did not exhibit any CYP enzyme inhibi-
tion. Malyngamide X demonstrated only two inhibitions for CYP2C19 and CYP3A4, and
the malyngamide S was predicted to inhibit CYP2C19, CYP2D6 and CYP3A4 enzymes.
Lyngbyatoxin A inhibited three CYP enzymes, including CYP2C19, CYP2C9 and CYP3A4
(Table 4).

Table 4. The CYP enzyme inhibition profile of the bioactive molecules identified in B. leachii
ink concentrate.

Compound
Name

CYP1A2
Inhibitor

CYP2C19
Inhibitor

CYP2C9
Inhibitor

CYP2D6
Inhibitor

CYP3A4
Inhibitor

Hectochlorin No No No No No
Malyngamide X No Yes No No Yes
Malyngamide S No Yes No Yes Yes

Bursatellin No No No No No
Lyngbyatoxin A No Yes Yes No Yes

3. Discussion

Intensive exploration of the marine ecosystem has provided a valuable source of
diverse bioactive compounds. Recently, the purple ink concentrate released by the sea hare
B. leachii was studied, and anti-HIV and anti-inflammatory activities were identified [17,18],
two prominent properties required for a potential liver cancer treatment. To widen the
biological activities of this B. leachii purple ink-derived concentrate as a promising natural
neo-adjuvant for the treatment of liver cancer, we investigated its potential cytotoxic
effects against HCC HepG2 cells and established molecular target and pharmacokinetic
predictions of the identified metabolites-derived B. leachii purple ink concentrate.

In this study, the chemical analysis was performed using high-resolution Q-TOF
analysis, which supports the tentative identification of the chemicals more accurately
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and the comparison with previous structure identification studies for the B. leachii ink
concentrate biomolecules. For example, the m/z value at retention time (0.164–0.661) was
correlated with the parent compound hectochlorin [19], with m/z [M + K]+ 703.5708 daltons
and a molecular formula of [C27H34Cl2N2O9S2]+, in the positive ion mode [M + H]+ m/z
666.236 and [M − H]– with m/z 664.163 daltons in the negative mode, indicating that the
compound had a molecular weight of 665.603 g·mol−1. The m/z value at retention time
(0.164–0.661) was correlated with the parent compound malyngamide X [20], with m/z
[M + K]+ 646.5302 daltons and a molecular formula of [C33H57N3O7]+, in the positive ion
mode [M + H]+ m/z 607.420 and [M − H]– with m/z 606.822 daltons in the negative mode,
indicating that the compound had a molecular weight of 607.420 g·mol−1. The m/z value
at retention time (3.398–4.559) was correlated with the parent compound bursatellin [21],
with m/z [M + 2H]+ 266.9169 daltons and a molecular formula of [C13H16N2O4]+, in the
positive ion mode [M + H]+ m/z 264.111 and [M − H]– with m/z 263.210 daltons in the
negative mode, indicating that the compound had a molecular weight of 264.277 g·mol−1.
The m/z value at retention time (1.176–2.071) was correlated with the parent compound
malyngamide S [22], with m/z [M + K]+ 522.4386 daltons and a molecular formula of
[C26H42ClNO5]+, in the positive ion mode [M + H]+ m/z 483.279 and [M − H]– with m/z
482.109 daltons in the negative mode, indicating that the compound had a molecular weight
of 484.069 g·mol−1. The m/z value at retention time (9.634–13.382) was correlated with
the parent compound lyngbyatoxin A [23], with m/z [M − CH3]+ 426.4968 daltons and a
molecular formula of [C27H39N3O2]+, in the positive ion mode 437.304 and [M − H]− with
m/z 437.304 daltons in the negative mode, indicating that the compound had a molecular
weight of 437.617 g·mol−1.

The human HCC cell line HepG2 exposed to the B. leachii purple ink secretion concen-
trate led to an inhibition of the cell proliferation in a dose- and time-dependent manner. An
induction of apoptosis in B. leachii ink concentrate-treated HepG2 cells was observed at
intermediate concentrations (100 and 400 µg/mL) of B. leachii ink concentrate after 24 h
exposure. B. leachii ink concentrate added to the HepG2 cells for 72 h of treatment resulted
in the lowest IC50 value of 242.9 µg/mL compared with IC50 values determined after 24
and 48 h of exposure. A study conducted by Suntornchashwej and colleagues [19] reported
the cytotoxicity exhibited by the ethyl acetate-derived ink extract of B. leachii against the
human small cell lung cancer (NCI-H187), oral human epidermoid carcinoma (KB) and
breast cancer (BC) cell lines with half-maximal effective dose (ED50) values of 16.2, 7.2 and
6.6 µg/mL, respectively. The protective effect of B. leachii ink extract against neuroblastoma
cell line SH-SY5Y pre-treated with hydrogen peroxide and against microglia cells stimu-
lated by a bacterial lipopolysaccharide was studied [24]. B. leachii ink extract was effective
against microglia cells by decreasing the intracellular nitric oxide production with an IC50
value of 5.74 µg/mL; however, the SH-SY5Y cells had no cell response to the concentration
of the B. leachii ink extract studied. The determination of different IC50 values reflecting the
anti-proliferative activity of B. leachii ink extract indicate the specificity of the ink extract to
exert cytotoxicity against various cancer cell lines.

Similarly, the anti-cancer potential of B. leachii ink concentrate at 100 and 400 µg/mL
through apoptosis induction in HepG2 cells treated for 24 h was confirmed using Western
blot technology by quantitatively detecting the expression of the most important pro-
apoptotic proteins, namely the initiator caspase-8 and the effector/executioner caspase 3.
Apoptosis is initiated and achieved by the cleavage of the initiator and executioner pro-
caspases into cleaved-caspases, the activated form of the enzymes. In the present study,
the cleavage of caspase-8 and caspase-3 was observed in the HepG2 cells after 24 h of cell
exposure to B. leachii ink concentrate. An equal level of cleaved-caspase-3 was observed
at both concentrations (100 and 400 µg/mL) of B. leachii ink concentrate, confirming the
slight decrease in HepG2 cell growth noticed at similar conditions. Tested at the same
intermediate concentrations, a concomitant cleavage of pro-caspase-3 would be expected
after 72 h of exposure, due to the decrease in the B. leachii ink concentrate-treated HepG2 cell
growth. However, the degree of pro-caspase-8 cleavage increased with the concentrations
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of B. leachii ink concentrate, confirming the role of caspase-8 as the initiator of apoptosis. In
addition, the expression of cleaved-caspase-8 and cleaved-caspase-3 detected in B. leachii
ink concentrate-treated HepG2 cells may reveal that the induction of apoptosis occurs via
the activation of the extrinsic death receptor pathway by transmitting the death signal from
the cell surface to the intracellular signalling pathways through the tumour necrosis factor
receptor gene family [25]. Active caspase-8 either initiates apoptosis directly by cleaving
pro-caspase-3 into activated cleaved-caspase-3 or through the mitochondria by the cleavage
of BID to induce cell death [26]. An investigation of the involvement of the mitochondrial-
dependent intrinsic apoptosis pathway, such as monitoring the mitochondrial membrane
potential or release of cytochrome and other apoptotic proteins, in B. leachii ink concentrate-
treated HepG2 cells would be of interest.

The quantitative expression of cell cycle and apoptotic regulatory genes in the HepG2
cells treated with 400 µg/mL of B. leachii after 48 h of exposure was analysed using
RT-qPCR. The expressions of the predominant pro-apoptotic BAX, TP53 and CCND1
(Cyclin D1) genes were significantly up-regulated over the increased expression of the
anti-apoptotic BCL-xL gene. The gene expression of the anti-apoptotic BCL-2, belonging to
the main Bcl-2 family protein regulators of apoptosis that are endowed with pro- and anti-
apoptotic activities, was not modulated even after the HepG2 cell exposure to B. leachii ink
concentrate. The tumour suppressor p53 is a transcriptional protein activated by a variety of
oncogenic/hyperproliferative stimuli, including DNA damage or chemotherapeutic drugs,
and can regulate downstream pro-apoptotic (i.e., BAX and p53 upregulated modulator of
apoptosis PUMA up-regulation) and anti-apoptotic genes (i.e., BCL-2 repression) [27,28]. Of
note, concerning the observed up-regulation of BCL-xL and CCND1 gene expression, both
the BCL-xL and CCND1 promoters contain signal transducer and activators of transcription
(STAT) binding sites [29], suggesting a possible STAT transcription factor activation in
B. leachii ink concentrate-treated HepG2 cells. The protein p53 located in the cytosol induces
the activation of pro-apoptotic Bax by protein–protein interactions and with Bcl-xL and Bcl-
2 by p300/CBP binding [30]. Bax protein homodimerization results in pore formation in the
outer mitochondrial membrane, facilitating the release of pro-apoptotic proteins, and Bax-
Bcl-2 heterodimerization results in the neutralization of Bcl-2 anti-apoptotic activity [25].
The elevated gene expression levels of TP53 and BAX in B. leachii ink concentrate-treated
HepG2 cells endorses that cell death might be due to p53-dependent apoptosis.

The analysis of the bioactivity predictions indicates that of the five identified com-
pounds, hectochlorin and malyngamide S had the highest scores as anti-neoplastic agents.
This is important for lead optimization and development. The prediction supports the
observed anti-cancer activity of the B. leachii ink concentrate that could be attributed to
the presence of hectochlorin and malyngamide S. The molecular target predictions estab-
lished from the B. leachii ink concentrate suggest the involvement of proteases and kinase
inhibitors as potential targets that could explain the observed up-regulation of several
apoptotic markers. Several studies reported the modulation of proteases and kinases by
marine bioactive molecules, which induced apoptosis in cancer cells [23,31–33].

The in silico ADME predictions for the identified molecules are useful for the potential
use of these compounds as a lead for the discovery of a novel anti-cancer therapy. The
ADME properties data showed that most of the bioactive molecules have acceptable
pharmaceutical properties and follow Lipinski’s rule-of-five for drugability related to
absorption/permeation, molecular weight and solubility [34,35], except for hectochlorin,
which had two violations of this rule. Moreover, the CYP enzyme inhibition profile suggests
that some of the compounds could inhibit CYP2C19 and CYP3A4 activities. However, this
inhibition profile could be overcome with future optimization of the lead compound.

4. Materials and Methods
4.1. Collection of B. leachii Ink Concentrate

The adult B. leachii sea hares were collected from intertidal waters of Pulicat lake, posi-
tion Lat. 13.452523◦ N Long. 80.319133◦ E +/− 0.03◦ N/E, and brought to the laboratory in
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live condition. The accession number was M-1697, obtained from the Zoological Survey
of India, Marine Biology Regional Centre (MBRC), Chennai, India and dated 23 July 2015.
Obtained by disturbing the B. leachii, the purple fluid ink was filtered through Whatman®

filter paper (Sigma-Aldrich, St. Louis, MO, USA). All the aqueous ink-derived samples
were centrifuged at 15,000× g for 15 min as described by Vennila and colleagues [36] and
the supernatant was kept and lyophilized to purple ink residue using a freeze dryer and
stored at 4 ◦C for further use.

4.2. Chemicals and Reagents

Dulbecco’s Modified Eagles Medium (DMEM), foetal bovine serum (FBS), penicillin,
streptomycin and L-glutamine were obtained from Gibco™ (Waltham, MA, USA). Stau-
rosporine (STS) (>99%) was obtained from Santa Cruz biotechnology (Dallas, TX, USA).
High-purity methanol (99.9%) was procured from Honeywell (Charlotte, NC, USA). Formic
acid (>95.0%) was purchased from Sigma-Aldrich. Ultrapure water was produced using a
Millipore (Billerica, MA, USA) system with a resistivity reading of 18.2 MΩ·cm at 25 ◦C.

4.3. Chemical Analysis Using LC-QTOF

The fingerprinting of B. leachii secretion of aqueous ink concentrate was performed
using the Agilent (Santa Clara, CA, USA) 1260 Infinity high performance liquid chromatog-
raphy system coupled to Agilent 6530 Q-TOF. The analysis was performed using an Agilent
SB-C18 column (4.6 mm × 150 mm, 1.8 µm) with the following elution gradient: 0–2 min,
5% B; 2–17 min, 5–100% B; 17–21 min, 95% B; 21–25 min, 5% B, using mobile phase A (0.1%
formic acid in water) and mobile phase B (0.1% formic acid in methanol). The injection
volume was 10 µL and the flow rate was set at 250 µL/min. The scanning range was set at
50–800 (m/z) and the remaining parameters were set as follows: gas temperature at 300 ◦C,
gas flow at 8 L/min, nebulizer pressure at 35 psi, sheath gas temperature at 350 ◦C and
sheath gas flow rate at 11 L/min. The data were generated by the Agilent MassHunter
qualitative analysis software (version B.06.00).

4.4. Cell Line and Culture Medium

The human HCC cell line HepG2 (#HB-8065, American Type Culture Collections,
Manassas, VA, USA) was cultured in DMEM, supplemented with 10% FBS, 100 IU/mL of
penicillin, 100 µg/mL of streptomycin and 2 mM of L-glutamine. The cells were maintained
at 37 ◦C in a 5% humidified CO2 incubator.

4.5. Cell Proliferation Assay

The HepG2 cells (5000/0.1 mL) were seeded in white flat-bottom 96-well plates
(Costar®, Thermo Fisher Scientific, Waltham, MA, USA). After 24 h of incubation, the cells
were independently treated 3 times in triplicate with various concentrations of B. leachii
ink concentrate (10, 100, 200, 400, 500 and 1000 µg/mL). The wells containing the culture
media and the cells without treatment served as blank and control, respectively. The cell
proliferation was measured after 24, 48 and 72 h using the CellTiter-Glo® Luminescent Cell
Viability Assay (Promega Corporation Inc., Fitchburg, WI, USA) and we determined the
half-maximal inhibitory concentration (IC50) value as described in [37].

4.6. Western Blot Analysis

The HepG2 cells (5 × 105/mL) were seeded in Nunc™ 12-well plates (Thermo Fisher
Scientific, Inc.). After 24 h of incubation, the cells were treated in triplicate with B. leachii ink
concentrate at 100 and 400 µg/mL along with 1 µM STS, used as a positive control. Western
blot technology and image analysis were employed as described in [38]. Polyvinylidene
difluoride membranes (Millipore, Thermo Fisher Scientific) were probed with (1:1000
dilution) mouse anti-pro/cleaved-caspase-3, rabbit anti-pro-caspase-8 and mouse anti-
cleaved-caspase-8 antibodies (Cell Signalling Technology, Danvers, MA, USA) and mouse
anti-GAPDH antibody (Abcam, Cambridge, UK).
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4.7. Gene Expression Analysis

The HepG2 cells (1.5 × 106) were seeded in Nunc™ 6-well plates. After 24 h of incuba-
tion, the cells were treated in triplicate with or without 400 µg/mL of B. leachii ink concen-
trate and incubated for 48 h. From the total RNA ink concentrate ion to reverse-transcribed
cDNA, RT-qPCR was performed as described in [39]. The relative quantifications of the
mRNA expression level for the target genes are listed in the Table 1.

4.8. Activity Prediction Using PASS Online Webserver

The anti-neoplastic activity of the bioactive metabolites identified from B. leachii ink
concentrate was assessed using Pass online webserver (Way2Drug, Moscow, Russia Version
2.0) [40]. For each compound, the SMILES (Simplified Molecular Input Line Entry System)
was generated and entered in the webserver to perform the assessment. The results were
classified based on the compound probability of being active (Pa) and inactive (Pi) for the
specified activity.

4.9. Target Predictions Using Molinspiration and SwissTargetPrediction Tools

To investigate the possible molecular targets for these metabolites identified from
B. leachii ink concentrate, Molinspiration (Molinspiration Cheminformatics, Slovenský
Grob, Slovakia) [41] and SwissTargetPrediction (Swiss Institute of Bioinformatics, Lausanne,
Switzerland) were used [42]. For both webservers, SMILES was applied to generate the
data. The Molinspiration web server produced a score that reflected the bioactivity of the
compound. Positive values indicated the highest probability that the compound was active
at the molecular target. For the SWISS target predictions, a general mapping of the possible
molecular targets was provided for any compound, which facilitated the identification of
the biological targets of uncharacterized molecules [39–42].

4.10. Pharmacokinetic ADME Predictions and Cytochrome P450 Profiling Using SWISS Tool

The pharmacokinetics concerning the ADME of the identified bioactive metabolites
from B. leachii ink concentrate was explored using the SwissADME web server (Swiss
Institute of Bioinformatics, Lausanne, Switzerland), which provided detailed, fast, in silico
predictions of the pharmaceutical profiles of the bioactive compounds [43]. The selected
ADME parameters for the analysis were molecular weight, lipid solubility (Log P), water
solubility (Log S), BBB penetration and GI absorption. After data generation, the results
were compared with the established drug-likeness properties (rule-of-five, ROF) important
for drug discovery [44].

Additional investigations were conducted to assess the CYP inhibition profile of the
bioactive molecules using the SWISS web server. Each compound was evaluated against
several CYP enzymes, including CYP1A2, CYP2C19, CYP2C9, CYP2D6 and CYP3A4.
The CYP enzyme inhibition profile was important for the early identification of possible
significant drug interactions.

4.11. Statistical Analysis

All the data are expressed as mean ± SD of three independent experiments. The IC50
values were calculated by a nonlinear dose/response regression model using GraphPad
Prism software version 6 for Windows (San Diego, CA, USA, http://www.graphpad.com/,
accessed on 10 February 2020). The relative changes in the expression of the gene were
analysed by the 2−∆∆Ct method [37]. The Student’s paired t-test was used to calculate the
p value and the significance was considered if p < 0.05.

5. Conclusions

The ink concentrate of B. leachii exerts anti-proliferative and pro-apoptotic activities in
the human liver cancer HepG2 cell line, suggesting B. leachii ink concentrate as a promising,
safe, natural-based, neo-adjuvant drug for liver cancer treatment. Our computational
predictions for the B. leachii ink concentrate-derived identified bioactive molecules suggest
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that these compounds have promising anti-cancer properties with acceptable drug-likeness
profiles and minimal CYP enzyme inhibitions, which warrants further optimization and
development to discover novel drug entities from marine-derived natural resources. Addi-
tional chemical isolation and in vivo studies are still required.
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ADME absorption distribution metabolism excretion
ATP adenosine triphosphate
BBB blood–brain barrier
cDNA complementary deoxyribonucleic acid
CO2 carbon dioxide
DMEM Dulbecco’s Modified Eagles Medium
FBS foetal bovine serum
GAPDH glyceraldehyde 3-phosphate dehydrogenase
GI gastrointestinal
HCC hepatocellular carcinoma
HIV human immunodeficiency virus
IC50 half-maximal inhibitory concentration
Log P lipid solubility
Log S water solubility
mRNA messenger ribonucleic acid
QTOF quadrupole time of flight
ROF rule-of-five
RT-qPCR reverse transcription-quantitative polymerase chain reaction
STS staurosporine
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Abstract: The incidence of gastrointestinal pathologies (cancer in particular) has increased progres-
sively, with considerable morbidity and mortality, and a high economic impact on the healthcare
system. The dietary intake of natural phytochemicals with certain bioactive properties has shown
therapeutic and preventive effects on these pathologies. This includes the cruciferous vegetable
derivative phenylethyl isothiocyanate (PEITC), a bioactive compound present in some vegetables,
such as watercress. Notably, PEITC has antioxidant, anti-inflammatory, bactericidal, and anticar-
cinogenic properties. This review summarized the current knowledge on the role of PEITC as a
potential natural nutraceutical or an adjuvant against oxidative/inflammatory-related disorders in
the gastrointestinal tract. We also discussed the safe and recommended dose of PEITC. In addition,
we established a framework to guide the research and development of sustainable methodologies for
obtaining and stabilizing this natural molecule for industrial use. With PEITC, there is great potential
to develop a viable strategy for preventing cancer and other associated diseases of the gastrointestinal
tract. However, this topic still needs more scientific studies to help develop new PEITC products for
the nutraceutical, pharmaceutical, or food industries.

Keywords: gastrointestinal health; natural anti-inflammatory; natural antioxidant; natural anti-cancer;
nutraceutical; watercress

1. Introduction

Over time, gastrointestinal tract diseases, or disorders, have increased in incidence
and prevalence, becoming a huge problem for society, with millions of people affected.
Gastrointestinal disorders also have a high economic impact and lead to decreased life
quality [1–3]. Among gastrointestinal tract diseases, the burden of inflammatory bowel
disease (IBD) is increasing worldwide. In 2015, in the United States of America, about
3.1 million people were diagnosed with IBD [4]. This disorder is characterized by the
non-infectious chronic inflammation of the mucosa, and conditions such as fatigue and
weight loss [5]. IBD includes various illnesses, namely, Crohn’s disease and ulcerative
colitis, which may later progress to small intestine cancer and colorectal cancer, respec-
tively [6]. In the last few decades, we have witnessed significant progress in cancer research,
namely, in its understanding, prevention, and treatment. According to the World Health
Organization (WHO), in 2018, cancer was the second principal cause of death globally,
with one in six deaths being caused by this pathology [7]. In fact, in a WHO statistical
analysis, colorectal cancer was found to be one of the deadliest, corresponding, annually, to
940 thousand deaths, with a mortality rate above 50%.
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The WHO estimates that about 30% to 50% of cancers can be prevented by changing
or avoiding the main risk factors. Thus, cancer prevention represents an ideal strategy
to reduce the burden of this disease, while also offering a more economical treatment
strategy in the long term for cancer control [7]. Epidemiological studies established a
positive correlation between the increased consumption of vegetables and a reduced risk of
chronic degenerative diseases. This was attributed to the wide range of phytochemicals
with important physiological properties [8,9]. Among the most promising compounds,
phytochemicals from cruciferous vegetables stand out. As a clear example, a compound
that is awakening a significant interest is phenylethyl or phenethyl isothiocyanate (PEITC),
which, within what has been studied so far, exhibits interesting potential bioactivities
(antioxidant, anti-inflammatory, anti-cancer). Indeed, this isothiocyanate is the target of
this review article.

Here, we briefly review the current state of knowledge on the implications of PEITC for
cancer prevention in the gastrointestinal tract. Simultaneously, we propose a framework to
guide the research and development of sustainable nutraceutical solutions for prophylactic
action on this global health system’s priority problem. Figure 1 provides a general outline
of the ideas put forward for this article.

Figure 1. Outline of the general ideas for the literature review.

2. What Are Isothiocyanates and Their Natural Sources?

Isothiocyanates are the most abundant products of the natural enzymatic degradation
of glucosinolates by the enzyme myrosinase [10,11]. These phytochemical molecules come
from cruciferous vegetables (the Brassicaceae family), including plants such as watercress,
cauliflower, broccoli, and brussels sprouts, among others [11]. Isothiocyanates lead to the
characteristic spicy and bitter taste experienced when consuming these plants [12]. To date,
a significant number of observational and intervention studies in humans have evaluated
the benefits and safety of cruciferous vegetables and isothiocyanate intake [13]. Glucosino-
lates and their isothiocyanates are compounds proposed to be important contributors to
the health benefits of these vegetables, with the anti-cancer effect being one of the main
research focuses [13,14]. Phytochemicals from cruciferous plants protect against cancer by
modulating the metabolism of carcinogens [13].

The metabolism of glucosinolates can occur with two different types of the stated
enzyme: plant myrosinase, which coexists separately with glucosinolates in plants, being
activated when the plant is damaged; and bacterial myrosinase, which acts mainly in the
colon (comes from gut microbiota) [10]. This metabolism of glucosinolates by gut microbiota
can occur when plant myrosinase is denatured. Indeed, the thermal inactivation of plant
myrosinase can result in the preservation of some glucosinolates. This is particularly
interesting in cooked cruciferous vegetables, as the glucosinolates, when ingested, can be
partially absorbed in the stomach, and the remaining intact glucosinolates transit to the
colon (due to their hydrophilic nature), where they can be extensively hydrolyzed by the
intestinal microbiota and absorbed and/or excreted as isothiocyanates [10,13,14].
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Glucosinolates are inert, anionic organic compounds, characterized by β-D-thioglucose,
a sulfated oxime group (C=NOSO3

−), and a variable side chain (-R), which will classify the
glucosinolate as aliphatic, aromatic, or indole [15]. In response to mechanical or chemical
stress, the glycosidic bond of the β-D-thioglucose present in glucosinolates is broken by the
enzyme myrosinase, after which this compound converts to isothiocyanates, thiocyanates,
and nitriles [16]. The amount of each product formed in this reaction can vary according to
the specific proteins, pH, and/or temperature [12,16]. In Figure 2a, the described process
is outlined.

Figure 2. Glucosinolate hydrolysis and PEITC. Glucosinolate reaction catalyzed by the enzyme
myrosinase (a). Phenylethyl isothiocyanate (b).

Regarding the chemical structure of isothiocyanates, a highly electrophilic carbon
establishes two double bonds, one with sulfur and the other with nitrogen, and the radical
is linked to the atom of nitrogen. This radical dictates the chemical properties of the active
compound [11,17].

The production of isothiocyanates may vary depending on the conditions to which
the plant is subjected, namely, the temperature and pH at which the reaction occurs, as well
as the availability of ferrous ions and specifying proteins in the medium. Other factors will
also determine the reaction’s course and its final metabolites, such as plant species and age,
place of cultivation, climatic conditions, storage, and processing [15].

3. Phenylethyl Isothiocyanate

Watercress (Nasturtium officinale) is a very accessible garden vegetable highly rich in
glucosinolates [18]. The most characteristic glucosinolate is gluconasturtiin, an aromatic
glucosinolate with an ethyl chain linked to benzene in its radical [19]. PEITC (Figure 2b)
results from the hydrolysis of gluconasturtiin by the action of myrosinase. The final product
is an isothiocyanate with a phenylethyl radical attached to a nitrogen atom [20].

PEITC is a bioactive compound involved in several biological mechanisms that are
naturally related to protecting the plant against external factors. The plant produces PEITC
in response to specific stress situations, since it presents biocidal activity against various
pathogens, such as bacteria, fungi, insects, and other biotic stressors [11,21]. However, the
physiological properties of PEITC are not limited to those exerted at the source of origin.
In this way, PEITC can act in humans, combining a series of biological properties with
antioxidant, anti-inflammatory, and anti-cancer action. PEITC’s activity on the organism is
justified by different bioactive mechanisms, namely, the generation of free radicals, reducing
inflammation, and blocking the stages of carcinogenesis [22,23]. PEITC is also known to
inhibit cell proliferation, stop the cell cycle, reduce the expression of carcinogenesis, or
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even tumor suppression via apoptosis and autophagy induction [15,24,25]. Since 2000,
PEITC has been one of the main pure glucosinolate derivatives (9.1%) used in clinical trials,
particularly to study its anti-cancer effects [10,26].

3.1. Antioxidant Action

Oxidative stress is an imbalance between antioxidant and oxidant species, in which the
latter prevails over the others, causing an increase in the amount of reactive oxygen species
(ROS) in the cell. When ROS concentration is high, damage may occur at the DNA level,
increasing the carcinogenesis probability [15]. These ROS come from endogenous sources,
such as mitochondrial reactions and cellular inflammatory mechanisms, and exogenous
sources, such as exposure to UV radiation and electrophilic molecules [27]. ROS is related
to the pathogenesis of diverse gastrointestinal diseases, including gastroesophageal reflux
disease, gastritis, enteritis, colitis, associated cancers, pancreatitis, and liver cirrhosis [28].

As a chemo-preventive and antioxidant agent, PEITC may modulate the unregulated
ROS concentration in cells, activating antioxidant defense mechanisms through the in-
creased expression of detox enzymes, to lower ROS to basal levels [21,29]. Likewise, PEITC
may act as a “selective” antagonist compound for tumor cells, since it acts simultaneously
as an oxidizer, inducing ROS production and oxidative damage in tumor cells [17].

3.2. Anti-Inflammatory Action

In the gastrointestinal tract, cancer development is closely dependent on energy intake
and nutrient availability, but it is also characterized by low-grade inflammation (a slight
but chronic increase in the number of various inflammatory markers in the blood and
organs) [30]. Inflammation is an immune response caused by several factors, such as
infections or tissue damage, which can be subdivided into acute and chronic. Chronic
inflammation, which results from an imbalance between pro- and anti-inflammatory cy-
tokines, is closely associated with the pathogenesis of cancer diseases [31].

The excessive expression of a pro-inflammatory factor results in the damage of the
epithelial barrier, initiating apoptosis of epithelial cells and the secretion of chemokine. Sev-
eral researchers have demonstrated the anti-inflammatory properties of PEITC through the
reduced expression of this protein by inhibiting NF-κB expression [17,32–34]. Pikarsky et al.
(2004) and Greten et al. (2004) unequivocally demonstrated that NF-κB plays an essential
role in developing liver and intestinal carcinogenesis, respectively [35,36]. In this sense, the
prevention of NF-κB activation in hepatocytes was sufficient to inhibit the development
of cancers in the livers of mice that were exposed to chronic liver inflammation for seven
months [35]. On the other hand, classical colitis-induced carcinogenesis was abolished in
mice when targeted to the NF-κB pathway [36]. Therefore, by preventing the activation of
NF-κB, PEITC would inhibit cell proliferation and differentiation, and promote apoptosis,
leading to cancer prevention.

3.3. Anti-Cancer Action

The consumption of the Brassicaceae family’s cruciferous vegetables is associated with
human health benefits, such as the reduced risk of chronic diseases and several types of
cancer, including gastric and colon cancers [11,37]. Based on the literature available so far,
PEITC exhibited its anti-cancer effects by inhibiting cell proliferation through cell cycle ar-
rest and tumor cell apoptosis, as well as by resisting metastasis [15,23,24]. Moreover, cancer
prevention comes from the effects described above (antioxidant and anti-inflammatory),
since its action reduces the risk of developing these pathologies associated with cancer.

Carcinogens are subjected to metabolism and elimination, mainly by phase I and phase
II biotransformation enzymes. In general, carcinogenesis occurs due to the bioactivation of
carcinogens by phase I enzymes. Hence, phase I metabolism products are highly reactive
intermediates that can be harmful by binding to critical macromolecules, such as DNA.
In contrast, phase II enzymes play an essential role in the detoxification and excretion of
carcinogens from the body. PEITC is involved in the inhibition of phase I enzymes and
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the induction of phase II enzymes, especially CYP enzymes and transferases, which may
explain the chemo-preventive activity [38].

Moreover, it is known that cancer risk can be modified by the dietary intake of bioactive
phytochemicals, such as PEITC, which can have epigenetic effects through the modulation
of DNA/histone modification. However, currently, studies about the epigenetic mech-
anisms of these anti-tumor effects in human cells are so far very limited. Indeed, the
future development of effective dietary regimes for cancer prevention will require a bet-
ter understanding of the ingested phytochemicals’ effects on DNA methylation, histone
modification, and/or chromatin remodeling in developing tumors [23]. Concerning this
topic, Park et al. (2017) reported that PEITC could exhibit chemo-preventive effects and
inhibit colorectal cancer progression by inducing pro-apoptotic genes in tumor cells. In
particular, PEITC induced stable changes in the tumor cell expression of epigenetic writ-
ers/erasers, the chromatin-binding of histone deacetylases, and the hypomethylation of
the Polycomb group proteins, as well as other genes that are usually methylated in cancer,
which contributed to restricting tumor development [23]. Furthermore, PEITC can be
used as an adjunct to increase the potential for other cancer treatments. Giallourou et al.
(2019) reported that the compounds extracted from watercress and PEITC improved the
therapeutic results of radiotherapy, increasing the DNA damage caused by radiation in
cancer cells and protecting non-tumorigenic cells from collateral damage [39].

Despite the encouragement of the foregoing, what is known so far is based on purely
empirical studies conducted in controlled laboratory environments. According to the vague
epidemiological studies carried out so far, the anticancer properties of PEITC are still under
investigation. Up to date, just inverse proportionality correlations have been established
between the consumption of PEITC-containing vegetables and the risk of chronic diseases,
which makes clear the need to expand the study focus to more in-depth epidemiological
studies to have a more complete understanding of the effect of PEITC consumption on
cancer relations [15].

3.4. Microbial Interaction

Although the antimicrobial capacity of isothiocyanates to control the proliferation
of plant and foodborne pathogens has been well documented, currently, there are still
few studies that assess the action of these compounds to combat human infections. Fur-
thermore, the information that exists mainly refers to the in vitro antimicrobial activity
against bacterial pathogens, and little is known about the in vivo antimicrobial effects
of isothiocyanates [14]. In this sense, there is little information about the interaction of
PEITC with the microorganisms associated with human gastrointestinal infections and/or
commensal flora.

PEITC may act as a potential bactericidal compound against some bacterial pathogens
responsible for gastrointestinal infections through the disruption of the plasma membrane,
the dysregulation of the enzymatic machinery, and cell death [40]. It is also able to reduce
inflammation and inhibit urease activity from Helicobacter pylori, blocking its carcinogenic
effects in the stomach [11]. These PEITC effects are very important because H. pylori
infection is difficult to eradicate, and it is a major cause of gastritis and peptic ulcers, a
condition that may be associated with the development of gastric cancer [14]. Concerning
the antibacterial activities of PEITC against harmful intestinal bacteria, this phytochemical
can strongly inhibit the growth of Clostridium difficile and Clostridium perfringens, two
pathogenic agents of the genus Clostridium that can threaten human health [14,41]. Thus, it
would be interesting to develop further studies to describe the potential clinical efficacy of
PEITC as a therapeutic or preventive agent for the treatment of diseases caused by harmful
gastrointestinal bacteria.

Furthermore, it is of particular interest to understand its interaction with the intestinal
microbiota. Isothiocyanates, as products of myrosinase−based glucosinolate hydrolysis in
the human gut, are important to health, particularly their anti-cancer properties and other
beneficial roles in human health mentioned above [42]. Even though this is an emerging
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topic, the research studies on the impact of glucosinolates and their isothiocyanates on gut
microbiota are still very scarce. However, a close relationship between the consumption of
glucosinolates, their metabolism, and the intestinal microbiota composition has been sug-
gested [10]. Indeed, in vitro studies have demonstrated the potential of Bifidobacterium sp.,
one of the common bacteria belonging to the human intestinal microflora, in the hydrol-
ysis of glucosinolates [10,43]. Kellingray et al. (2017) examined whether a Brassica-rich
diet in healthy adults was associated with changes in the gut microbiota composition.
The study concluded that a diet rich in Brassica did not significantly alter the relative
proportions of intestinal lactobacilli, but was associated with a reduction in the relative
abundance of SRB [44]. Further studies about bacterial strains involved in the degradation
of glucosinolates in the colon, the characterization of degradation products (particularly
isothiocyanates), and their physiological effects on the intestinal microbiota are needed
to understand the modulation of the gut microbiota by the metabolites of the cruciferous
vegetables [43,44].

According to Kim and Lee (2009), PEITC showed not to have an antimicrobial action
against commensal bacteria (Bifidobacterium bifidum, Bifidobacterium breve, Bifidobacterium
longum, Lactobacillus acidophilus, and Lactobacillus casei), and thus did not negatively affect
the intestinal microbiota [41]. This opens potential opportunities to explore whether these
compounds can also contribute to health by interacting with the gut microbiota through
several pathways, such as prebiotics.

In addition, PEITC exhibits strong antimicrobial potential against pathogens that com-
promise food safety, an essential public health issue that continues to be a significant concern
for consumers, regulators, and food industries worldwide [45]. PEITC can interact with cell
surface constitutes and consequently compromise the integrity of the cytoplasmatic mem-
brane of bacteria, causing foodborne diseases such as Escherichia coli, Listeria monocytogenes,
Pseudomonas aeruginosa, Staphylococcus aureus, and Vibrio parahaemolyticus [45–47].

4. Biocompatibility of PEITC

Currently, clinical trials have been carried out to prove the chemo-preventive prop-
erties of PEITC, for which it was necessary to analyze the toxicity in humans in order to
establish limit values. In a study conducted in 2018, a dose of 40 to 80 mg of PEITC per
day was administered to humans orally for 30 days, with no adverse effects [29]. However,
when the dose consumed was increased to values between 120 and 160 mg of PEITC per
day, during the same experimental period, some toxicity was observed, although it was
not lethal [29]. Other authors concluded that the acceptable daily dose is only 40 mg in
humans, which is consistent with the study previously presented [48]. Thus, there is still
no definitive range of concentrations for levels of toxicity in humans. However, it is known
that after specific doses, PEITC can be considered to be toxic and interact with other drugs
that are being taken simultaneously. According to Abbaoui et al. (2018), for therapeutic
effects, non-toxic doses of PEITC are sufficient, being safe for human consumption [16].

5. Dosages of PEITC

Knowing the dosages of a product is essential for its formulation, since it is essential to
know which quantities should be ingested for a given purpose. In this article, we analyzed
two aspects of the application in which the dose–effect is different, leading, on the one hand,
to the prevention of pathologies that culminate in more severe problems, such as cancer,
and, on the other hand, to the therapeutic effect of PEITC. To assess the best way forward,
PEITC dosages for different cancer types were tested out on cell lines. Thus, the effects
caused by tumor cells when exposed to different concentrations of PEITC were studied. A
range of PEITC performance values was also established, from the more preventive to the
most curative phase, ranging from 5 to 30 µM, corresponding to 0.82 to 4.90 mg L−1. This
information is gathered in Table 1.
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Table 1. PEITC doses for different types of cancer and their mechanisms of action.

PEITC 1 PEITC 2 Effect References

Colon cancer

10.0 1.63 Attenuation of inflammation and cell
proliferation [17]

10.0–40.0 1.63–6.53

Suppression of cell proliferation and
loss of viability of tumor cells [49]

Apoptosis and anti-inflammatory action [50]

10.0 1.63 Tumor regression

[38]

2.5–15.0 0.4–2.45 Inhibition of proliferation

1.0–5.0 0.16–0.82 Apoptosis

10.0 1.63 Anti-inflammatory action

Gastric cancer 1.5 0.24 Apoptosis

Cervical cancer
5.0–10.0 0.82–1.63 Cell proliferation inhibition and

apoptosis induction [24]

15.0 2.45 Apoptosis [51]

Breast cancer 20.0–30.0 3.26–4.90 Inhibition of cell proliferation and cell
cycle arrest [39]

Prostate cancer 5.0–7.5 0.82–1.22 Decreased expression of the NF-kB
factor (anti-inflammatory action)

[50]Lung cancer 12.5–20.0 2.04–3.26 Cell cycle arrest and apoptosis

Laryngeal carcinoma 0.0–10.0 0.00–1.63 Inhibition of cell growth, cell cycle
arrest, and apoptosis

Leukemia
4.0 0.65 Beginning of apoptosis

[52]
6.0–8.0 0.98–1.31 Significant increase in apoptosis

1 Values in µM. 2 Values in mg L−1.

Thus, we can establish that an effective dose for prevention corresponds to a concen-
tration of PEITC between 5 and 10 µM, equivalent to between 0.82 and 1.63 mg L−1, since
these dosages cause an anti-inflammatory action and the inhibition of cell proliferation.
For PEITC to have a more therapeutic effect, the dosage must be higher. A concentration
between 10 and 30 µM, which corresponds to between 1.63 and 4.90 mg L−1, would be the
most suitable, since there is an induction of apoptosis and a loss of viability for tumor cells.

As we have already established, in this article, the analysis of the state of the art on
prophylactic and therapeutic properties of PEITC is focused on the gastrointestinal tract. In
this sense, the most information on the chemo-active properties of PEITC comes from the
study of colon cancer, being almost nil for gastric cancer. However, most of the studies are
only at exploratory stages in vitro, which clarifies the need for progress to other phases to
validate the findings.

6. PEITC Extraction

We have already discussed what is known so far about the potential properties of
PEITC to prevent gastrointestinal disorders. PEITC is also a natural and sustainable
compound, since it can be extracted from the by-products of watercress, a raw material
that is not crucial to human needs [53]. This reasoning guarantees the preservation of
ecosystems, allowing the label of “environmentally friendly” to be affixed. Additionally, it
has a very high dose–effect relationship, since for the PEITC to have a preventive action,
the necessary dose can be obtained through a tiny amount of watercress, which can be
considered to be an economically viable process.

So far, the reported work on obtaining PEITC is scarce. Furthermore, few studies apply
a sustainable approach [53–56]. The applied methodologies, in general, are analytical, and
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use polluting organic solvents that are not feasible at an industrial level, even more so
when considering their use in the gastrointestinal tract. The few works with sustainable
methodologies apply more complex and expensive techniques and are not easily scalable,
e.g., the use of microwave-assisted ethanol extraction or supercritical fluids [37,54,57]. In
Table 2, works with different methodologies and their advantages/disadvantages are re-
ported. Through the analysis of Table 2, it appears that the extraction with aqueous micellar
systems with non-ionic and biodegradable surfactants is the most advantageous. With
this extraction method, the final product has no additives, does not contain toxic products,
and is extracted sustainably. Likewise, it is a technique that needs to be further explored
and optimized to increase its yield, with, for example, its incorporation in the process of
external myrosinase to increase the conversion of glucosinolates, as was performed with
the other methodologies. Simultaneously, by observing Table 2, it is possible to establish a
range of values for PEITC in mg per 100 g of fresh watercress, between 10.5 and 68.8 mg.

Table 2. Advantages and disadvantages of the PEITC extraction methods.

Extraction Method. Amount of Extracted PEITC 1 Advantages Disadvantages References

Aqueous micellar systems
with autolysis 10.5–14.0

It does not involve toxic
solvents; reduced cost;
sustainable; stabilized

PEITC; “clean
label” product

Depends on the amount of
endogenous myrosinase
present in the watercress

[53]

Organic solvent 23.3–68.8 Direct and ready-to-use
technique; reduced costs

Toxic organic solvents;
addition of external

myrosinase; loss of active
compound through

filtration and evaporation

[57–59]

Pressurized fluid 33.5

A higher amount of
extracted PEITC; does not

involve toxic solvents;
preserves the bioactivity

of the compound

The use of high pressures;
requires more

sophisticated equipment
[37,57]

1 Values in mg PEITC 100 g−1 fresh watercress.

7. Conclusions and Future Perspectives

In summary, PEITC, a product of glucosinolate hydrolysis found in cruciferous veg-
etables, has been extensively studied for its preventive and therapeutic effects in chronic
diseases due to its antioxidant, anti-inflammatory, and anti-cancer properties. Moreover,
PEITC can exhibit antibacterial activity against harmful bacteria in the gastrointestinal
tract. Therefore, studying this compound as a potential natural antimicrobial agent against
human infections might be interesting. Moreover, this topic is a promising area of study,
especially considering the need to develop new antibacterial products, since drug-resistant
infections are a significant threat to people’s health [14]. Another emerging topic also
includes the effects of PEITC on gut microbiota interactions, in line with the growing
study of the gut–brain axis, which different bioactive compounds can modulate in different
ways. This opens an opportunity for further investigation, as there is still a lot of lack of
information on the subject.

The bioactive properties of PEITC are still under investigation, which creates a need
for clinical studies to prove the safety and effectiveness of PEITC in humans. After vali-
dating its biological properties in vivo, PEITC could achieve promising integration in the
pharmaceutical industry. Thus, the use of PEITC as an adjunct to existing medication for
cancer treatment would reduce the amounts of drug administered, thus reducing its side
effects [60]. Even so, for gastrointestinal disorders PEITC performance is underexplored. Its
in-depth exploration would help the development of new products for the pharmaceutical
and food industries with their nutraceutical lines.

Even though PEITC has great potential as a health-promoting compound, its indus-
trial use has been limited because of its relative instability [56]. PEITC is a highly reactive
electrophile, susceptible to attack by nucleophilic molecules [61]. Furthermore, PEITC is a
compound with low molecular weight (MW = 163.2 g mol−1) and considerable hydropho-
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bicity (logP = 3.47). Its pharmacokinetic features include first-order linear absorption with
a high protein binding nature [62]. Therefore, its stabilization becomes a technological
challenge. An option to stabilize PEITC, and even increase its bioavailability in a food
matrix, is micro/nanoencapsulation. However, PEITC and ITCs micro/nanoencapsulation
has been poorly studied [63]. Till now, cyclodextrin and chitosan microparticles were
reported to be plausible carriers for isothiocyanates [64,65]. Besides, PEITC was already
stabilized with vegetable oils that protect non-polar isothiocyanates from decomposition
or volatilization [56]. This opens a relevant research line aiming to identify the process
conditions that could be used at an industrial level and explore or design different food
and pharmaceutical matrices in which it can be incorporated. That is why the greatest
opportunities for progress in the field are found in the search for alternatives, and the opti-
mal stability of PEITC through different strategies for its use in the most diverse products
remains possible. It is important to note that, in the pharmaceutical market, PEITC-based
products are non-existent, while in the nutraceutical market, we hardly find low-purity
watercress extracts. Therefore, after filling these gaps that still exist, an innovative strategy
to respond to market needs would be the development of PEITC-based products associated
with its biological properties as a preventive agent or as an adjuvant to existing treatments
for cancer.
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Abstract: Mussel production generates losses and waste since their commercialisation must be
aligned with target market criteria. Since mussels are rich in proteins, their meat can be explored as a
source of bioactive hydrolysates. Thus, the main objective of this study was to establish the optimal
production conditions through two Box–Behnken designs to produce, by enzymatic hydrolysis (using
subtilisin and corolase), hydrolysates rich in proteins and with bioactive properties. The factorial
design allowed for the evaluation of the effects of three factors (hydrolysis temperature, enzyme
ratio, and hydrolysis time) on protein/peptides release as well as antioxidant and anti-hypertensive
properties of the hydrolysates. The hydrolysates produced using the optimised conditions using
the subtilisin protease showed 45.0 ± 0.38% of protein, antioxidant activity via ORAC method of
485.63 ± 60.65 µmol TE/g of hydrolysate, and an IC50 for the inhibition of ACE of 1.0 ± 0.56 mg of
protein/mL. The hydrolysates produced using corolase showed 46.35 ± 1.12% of protein, antioxi-
dant activity of 389.48 ± 0.21 µmol TE/g of hydrolysate, and an IC50 for the inhibition of ACE of
3.7 ± 0.33 mg of protein/mL. Mussel meat losses and waste can be used as a source of hydrolysates
rich in peptides with relevant bioactive properties, and showing potential for use as ingredients in
different industries, such as food and cosmetics, contributing to a circular economy and reducing
world waste.

Keywords: antioxidant; anti-hypertensive; proteins; sustainability; marine species; marine hy-
drolysates

1. Introduction

Mussels are highly consumed in several countries. Asia and Europe are considered
the leading producers, estimated to produce about 1.05 and 0.5 million tonnes of mussel
per year, respectively [1,2]. Mussel consumption has several advantages, for both the
environment and consumers. Environmentally, mussel farming can be done with min-
imal greenhouse gas emissions, and thus low carbon footprint and few environmental
impacts [3]. Mussels farming produces about 0.6 kg of CO2 emission/kg edible product,
while beef produces about 19.0–36.7 kg of CO2 emission/kg edible product [3]. For con-
sumers, mussel meat has low fat and low calories. Still, more importantly, mussels are a
rich source of sodium, selenium, vitamin B twelve, zinc [1], and an interesting source of
proteins since they are composed of about 58.7% of protein on a dry weight basis [4]. Due
to their protein-rich meat, mussels have been described as a source of bioactive peptides
with relevant biological properties. Bioactive peptides are fragments that are inert when
inside proteins but show different properties when broken from the original protein [5].
Thus, enzymatic hydrolysis with proteases seems an interesting approach for obtaining
bioactive extracts since these enzymes may break mussel proteins into smaller peptides,
which may be associated with other biological and functional properties [6]. Different
enzymes have been used to produce bioactive peptides from mussels, such as pepsin [7],
flavourzyme [8], papain [8], and trypsin [9]. Marine species have often been described
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as a source of bioactive peptides, and some bioactivities have been associated to mussel
peptides, such as antioxidant [10], anti-hypertensive [11], antimicrobial [12], anticancer [7],
anti-inflammatory [13], anticoagulant [14], antidiabetic [15], and antiviral [16]. As far as
we know, Mytilus galloprovincialis bioactive extracts are not so extensively explored, with
the main studies being developed with Mytilus coruscus and Mytilus edulis. The farming of
M. galloprovincialis, also known as the Mediterranean mussel, has mainly been developing
along the Spanish Atlantic coast and in the Mediterranean area [2].

Mussel commercialisation generates losses and waste since they are submitted to a
pre-selection before being delivered for sale, resulting in the rejection of broken mussels
or those which fail to meet established criteria in the target market [17–20]. It is estimated
that about 27% of produced mussels are discarded [4,20]. Thus, mussel meat waste can
be used to produce bioactive hydrolysates with interesting properties for food, cosmetic,
pharmaceutical, and nutraceutical industrial applications.

In this work, Mytilus galloprovincialis meat was submitted to different conditions
according to two factorial designs to produce hydrolysates with a maximum level of
soluble rich proteins/peptides and bioactive properties, more specifically antioxidant
and anti-hypertensive. The hydrolysates were produced by enzymatic hydrolysis using
two different enzymes, subtilisin and corolase. Therefore, this study aims to valorise mussel
meat by creating bioactive hydrolysates with potential for various industries.

2. Results
2.1. Mytilus Galloprovincialis Characterisation

The mussel’s meat was received under refrigeration on the day of capture. It was
characterised before being minced according to a few nutritional characteristics, showing a
protein content of 70.50 ± 13.44%, 90.30 ± 4.24% moisture, and 5.00 ± 0.00% lipids.

2.2. Optimisation of the Production of Hydrolysates Rich in Proteins and Bioactive Properties

Enzymatic hydrolysis is one of the main used methods to produce bioactive extracts,
and is described for the mussel species M. coruscus, M. edulis, and M. galloprovincialis.
Several enzymes have been used in the mussel species, such as papain [8], flavourzyme [21],
and the digestive enzymes pepsin [7] and trypsin [9]. In this work, two different proteases,
subtilisin and corolase, were used to produce hydrolysates rich in proteins/peptides
and with antioxidant and anti-hypertensive properties. To understand the conditions
that allow to achieve the production of hydrolysates with a better protein% and higher
bioactive properties, two experimental designs were made, one for each protease. Different
combinations of factors in an enzymatic hydrolysis may lead to differing effectiveness.
Thus, we have used a factorial design with 15 combinations of the enzyme (%), temperature
(◦C), and hydrolysis time (h) for each protease.

Mussel meat was initially minced until homogenised, thus creating uniformed biomass
used for all the 60 hydrolysis reactions performed. Then, all the hydrolysis were per-
formed using ultrapure water as the solvent, at 7.5 pH, with a ratio of 1:2 (w:v) (mussel
biomass:water). The 60 hydrolysis reactions were performed using the factors combinations
matrix generated by the experimental design, and protein/peptides and bioactivities were
measured in the resulting supernatants.

In an enzymatic reaction, different factors combinations may lead to the production of
extracts with different characteristics. Thus, the factorial designs allowed us to understand
the best combination for optimising protein/peptide bioactive extract production. For
both designs, the matrix and obtained results are presented as well as the Pareto charts
obtained for each evaluated response, indicating the factors with the greatest influence for
each variable studied. For each evaluated response, a multiple regression analysis of the
experimental data allowed to obtain a model that can predict the responses and these are
shown as Equations (1)–(6). An analysis of variance (ANOVA) was performed to evaluate
the significance of each effect and to determine the factors that significantly affected protein
% as well as antioxidant and anti-hypertensive properties.
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2.2.1. Experimental Design with Subtilisin Protease

Table 1 shows the experimental design matrix and the results obtained for the Box–
Behnken factorial design performed with the subtilisin protease. Figure 1 shows the Pareto
charts obtained for the design performed with the subtilisin protease. Figure 2 illustrates
the response surface graphics obtained for the independent variables tested, showing their
interactions when studying each dependent variable.

Table 1. Box-Behnken factorial design matrix for three factors and three responses obtained for the subtilisin protease.

Run
Factors Response 1

% Enzyme Hydrolysis
Temperature (◦C)

Hydrolysis
Time (h)

Protein
Content (%)

ORAC (µmol
TE/mg)

ACE
Inhibition (%)

1 0.5 40 2 45.56 ± 0.38 0.49 ± 0.08 49.89 ± 18.86
2 0.5 50 3 49.11 ± 0.41 0.60 ± 0.05 56.21 ± 2.39
3 1.5 40 2 47.17 ± 0.98 0.55 ± 0.06 44.51 ± 17.37
4 1.5 60 2 45.87 ± 2.79 0.72 ± 0.07 65.55 ± 1.77
5 0.5 50 1 48.83 ± 0.93 0.59 ± 0.02 63.86 ± 0.07
6 1 50 2 48.97 ± 1.86 0.60 ± 0.04 59.97 ± 3.64
7 1.5 50 3 48.03 ± 2.18 0.60 ± 0.05 72.74 ± 2.24
8 1 60 3 47.66 ± 2.21 0.66 ± 0.00 66.30 ± 0.41
9 1 40 1 45.04 ± 2.80 0.54 ± 0.02 61.31 ± 0.57
10 1 40 3 46.68 ± 2.71 0.56 ± 0.04 47.59 ± 3.73
11 1 60 1 45.66 ± 2.94 0.61 ± 0.07 69.48 ± 0.85
12 1.5 50 1 46.86 ± 1.25 0.59 ± 0.01 67.67 ± 0.48
13 0.5 60 2 48.80 ± 0.60 0.56 ± 0.04 67.62 ± 3.53
14 1 50 2 49.02 ± 0.02 0.64 ± 0.06 51.62 ± 2.04
15 1 50 2 49.12 ± 0.14 0.62 ± 0.04 60.41 ± 1.65

1 Values expressed as mean ± SD of two replicates.
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factors. The vertical lines in the pareto charts represent the level of significance (p = 0.05). XA—Enzyme %; XB—Hydrolysis
temperature; XC—Hydrolysis time.

Protein content did not show significant variations among all the combinations tested
since the range of variation for results was 45.05–49.12% of protein in the final hydrolysate.
The Pareto chart (Figure 1A) and the ANOVA analysis (Table 2) show that protein release
was not influenced by the linear factors, but only by the quadratic effect of the temperature.
The temperature quadratic coefficient showed a negative effect, indicating an increase in
protein % at intermediate values. Since none of the factors had a significant effect, the
model was adjusted to best fit. Thus, only the linear effect of enzyme% and time, as well
as the linear interaction between enzyme% and temperature and the quadratic effect of
temperature were considered (Table 2). By multiple regression, the predicted response for
the protein % could be expressed by the model in Equation (1).

Protein % = −13.1089 + 10.2225 × XA + 0.635 × XC − 0.22625 × XAXB − 0.0200714 × XB
2 (1)
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Table 2. Analysis of variance (ANOVA) for protein % obtained for the subtilisin Box-Behken design.

Model Sum of Squares DF Mean Square F Value p-Value

XA (Enzyme %) 4.7524 1 4.7524 1.80 0.1955
XC (Time) 6.4516 1 6.4516 2.44 0.1345

XAXB 10.2378 1 10.2378 3.88 0.0637
XB

2 30.0804 1 30.0804 11.39 0.0032

Lack of fit 7.94221 6 1.3237 0.50 0.7995
Pure error 50.16 19 2.64

Total 109.624 29

R2 = 47.00, Adj − R2 = 38.52, CV = 1.62

The final adjusted model showed a significant fit (p > 0.050). However, the R2 = 38.52%,
indicating that only 38.52% of the variability observed may be explained by the model. This
indicates that, for obtaining hydrolysates rich in proteins/peptides, the minimum studied
variables could be used (0.5% enzyme, 40 ◦C, 1 h) to achieve protein release superior to
40%. Although, since this work aims to produce hydrolysates with bioactive properties,
the antioxidant and anti-hypertensive properties must be analysed.

The antioxidant property, measured in the soluble hydrolysates by ORAC, was only
significantly influenced by the linear effect of the hydrolysis temperature (XB) and enzyme
% (XA) (p < 0.050), with hydrolysis time (XC) not showing a significant effect on this
property (Figure 1B). Temperature and enzyme % positively affected antioxidant property,
meaning that the response is directly proportional to the tested values. For ORAC, the
interactions between variables did not show a significant effect, the same being verified for
the quadratic effect of the three studied variables. By multiple regression, the predicted
response for the ORAC could be obtained by the model in Equation (2).

ORAC = −0.0333894 − 0.0436106 × XA + 0.0206284 × XB (2)
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Analysing the ANOVA results (Table 3), the final adjusted model showed a significant
fit (p > 0.050). However, the R2 = 45.65%, indicating that only about 45.65% of the variability
in the antioxidant activity may be explained by the model.

Table 3. Analysis of variance (ANOVA) for ORAC results obtained for the subtilisin Box-Behken design.

Model Sum of Squares DF Mean Square F Value p-Value

XA (Enzyme %) 0.0120506 1 0.0120506 6.20 0.0212
XB (Temperature) 0.0422508 1 0.0422508 21.75 0.0001

Lack of fit 0.0124529 3 0.00415097 2.14 0.1259
Pure error 0.0407955 21 0.00194264

Total 0.118375 29

R2 = 55.02, Adj − R2 = 45.65, CV = 0.044

The ACE inhibition % was evaluated using a concentration of 10 mg hydrolysate/mL.
The linear effects of the three studied factors (XA, XB and XC) were significant for the
variations observed on the ACE inhibition %, as well as the linear interaction between
all the variables (XAXB, XAXC, and XBXC) and the quadratic effect of the hydrolysis time
(XC

2) (Figure 1C). Thus, seven effects showed a p < 0.050, while the other two effects (XA
2

and XB
2) were not significant and consequently removed from the model. Temperature

and enzyme % showed a high impact on the response. The linear effect of hydrolysis time
(XC) and the linear interaction between temperature and enzyme % showed a negative
contribution, which means that there is an increase of the ACE inhibition at intermediate
values. Thus, the longer the reaction, the lower the inhibition of ACE will be, which can
mean that the higher extension of the hydrolysis leads to the formation of peptides with
less activity against ACE. The quadratic effect of hydrolysis time (XC

2) showed a positive
effect on the response, which means that, considering the negative effect verified for XC,
higher values of iACE were achieved near the minimum values studied. The other linear
factors with a significant contribution positively affected the results, meaning that the
anti-hypertensive potential is enhanced by the increase in enzyme % and by the higher
temperatures.

By multiple regression, the predicted response for the iACE could be obtained by the
model in Equation (3).

iACE = −24.3485 + 38.3047 × XA + 3.41606 × XB − 45.3303 × XC − 1.13715 × XA × XB + 6.3675
× XA × XC − 0.0200471 × XB

2 + 0.2635 × XB × XC + 5.83804 × XC
2 (3)

Analysing the ANOVA results (Table 4), the final adjusted model showed a significant
fit (p > 0.050) and an R2 = 81.30%, indicating the variability observed in terms of ACE
inhibition is highly explained by the model.

Table 4. Analysis of variance (ANOVA) for ACE inhibition (%) obtained for the subtilisin Box-Behken design.

Model Sum of Squares DF Mean Square F Value p-Value

XA (Enzyme %) 315.868 1 315.868 29.62 0.0001
XB (Temperature) 855.895 1 855.895 80.27 0.0000

XC (Time) 94.9163 1 94.9163 8.90 0.0093
XA XB 184.73 1 184.73 17.32 0.0008
XA XC 81.0901 1 81.0901 7.60 0.0147
XB XC 55.5458 1 55.5458 5.21 0.0375

XC
2 230.418 1 230.418 21.61 0.0003

Lack of fit 85.5525 3 28.5175 2.67 0.0848
Pure error 159.948 15 10.6632

Total 1969.71 27

R2 =87.54, Adj − R2 = 81.30, CV = 3.26
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After analysing the results for each variable, we intended to maximise the hydrolysis
in order to achieve higher protein content and antioxidant and anti-hypertensive properties.
For that, a Derringer’s desirability analysis was performed [22] (Table 5). The optimum
conditions predicted were 52.5 ◦C, 1.5% of subtilisin, and an hydrolysis time of 3 h (Table 5).

Table 5. Optimal conditions predicted by the experimental design to maximise protein/peptide
release and antioxidant and anti-hypertensive activities of the hydrolysates, and Derringer desirability
to predict the optimal conditions for a multiple response.

Factors
Response

Protein ORAC iACE Erringer Desirability

Temperature (◦C) 52.8 60.0 59.9 52.5
Protease (%) 0.5 1.5 1.5 1.5

Hydrolysis time (h) 3.0 2.0 3.0 3.0

The experiments were validated in triplicate, using the same biomass quantities and
solvent volumes but adapting temperature to 52 ◦C, to work practically. The obtained
protein content, ORAC, and ACE inhibition values were 46.70 ± 0.36%, 0.54 ± 0.029 µmol
TE/mg hydrolysate and 70.21 ± 2.9%, respectively (Table 6). When comparing the results
predicted by the factorial design, the obtained results were similar to those predicted by
the design.

Table 6. Results predicted by the model, and results obtained in a validation and a scaled-up enzymatic hydrolysis,
performed with the optimal conditions described in Table 5.

Evaluated Characteristics Predicted Results
Obtained Results

Validation Scaled-Up

Protein (%) 48.22 46.70 ± 0.36 45.0 ± 0.38
Antioxidant activity (ORAC)
(µmol TE/mg hydrolysate) 0.64 0.54 ± 0.029 0.49 ± 0.061

Anti-hypertensive activity
(% inhibition at 2.5 mg/mL) 71.87 70.21 ± 2.9 _____

Anti-hypertensive activity
(IC50 mg of protein/mL) _____ _____ 1.0 ± 0.56

After optimising the enzymatic hydrolysis reaction, a scale-up was performed, in
triplicate, increasing the amount of mussel biomass and solvent by 15 times and maintain-
ing the tested ratio. The temperature was adjusted to 50 ◦C, to be easily adapted to an
industrial scale. The obtained protein content, ORAC, and IC50 for ACE inhibition values
were 45.0 ± 0.38, 0.49 ± 0.061 µmol TE/mg hydrolysate, and 1.0 ± 0.56 mg protein/mL,
respectively (Table 6). The obtained results indicated that the increase in the proportions
seems to influence the evaluated responses negatively. Nevertheless, the obtained hy-
drolysates showed interesting protein/peptide values and antioxidant potential, making
these extracts an interesting protein source and a potential ingredient for functional food
or cosmetic formulations focused on anti-ageing properties.

2.2.2. Experimental Design with the Corolase Protease

The experimental design matrix and the responses obtained for the Box–Behnken
factorial design performed with the corolase protease are shown in Table 7. Figure 3
shows the Pareto charts, and Figure 4 shows the response surface graphics obtained
for the independent variables tested, showing their interactions when studying each
dependent variable.
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Table 7. Box-Behnken factorial design matrix for three factors and three responses obtained for the corolase protease.

Run
Factors Response 1

% Enzyme Hydrolysis
Temperature (◦C)

Hydrolysis
Time (h)

Protein
Content (%)

ORAC (µmol
TE/mg)

ACE
Inhibition (%)

1 3 40 2 47.27 ± 0.21 0.76 ± 0.04 61.10 ± 5.43
2 2 50 3 47.38 ± 1.37 0.46 ± 0.06 46.79 ± 7.94
3 2 40 2 45.84 ± 0.28 0.57 ± 0.02 46.13 ± 6.34
4 2 60 2 48.33 ± 0.65 0.59 ± 0.01 48.44 ± 2.09
5 3 50 1 47.39 ± 0.02 0.55 ± 0.00 59.40 ± 1.36
6 2 50 2 45.56 ± 2.40 0.57 ± 0.01 43.43 ± 9.55
7 3 50 3 49.77 ± 0.49 0.60 ± 0.17 49.34 ± 17.73
8 1 60 3 47.26 ± 2.29 0.52 ± 0.02 38.80 ± 4.13
9 1 40 1 46.42 ± 1.28 0.42 ± 0.06 40.40 ± 8.85
10 1 40 3 44.64 ± 0.99 0.63 ± 0.11 32.19 ± 3.76
11 2 60 1 47.38 ± 1.09 0.67 ± 0.16 49.66 ± 7.55
12 2 50 1 45.85 ± 0.74 0.67 ± 0.15 50.21 ± 4.48
13 2 60 2 48.23 ± 0.91 0.72 ± 0.00 52.33 ± 4.90
14 1 50 2 44.30 ± 0.41 0.46 ± 0.04 45.72 ± 4.09
15 3 50 2 47.85 ± 0.85 0.59 ± 0.02 54.23 ± 3.00

1 Values expressed as mean ± SD of two replicates.
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The protein content of the hydrolysates showed a variation in the range of 44.30–49.77%.
By analysing the Pareto chart (Figure 3A), protein% was positively influenced by the
linear effect of enzyme% (XA) and temperature (XB), meaning that the increase in enzyme
concentration and temperature leads to an increase of protein release from the mussel
biomass. The time of the hydrolysis did not significantly affect the protein % (p > 0.050).
The quadratic effect of the temperature was also positively significant (p < 0.050). By
multiple regression, the predicted response for the protein % could be obtained by the
model in Equation (4).

Protein % = 61.4391 + 1.20687 × XA − 0.846161 × XB + 0.00951786 × XB
2 (4)

The final adjusted model showed a significant fit (p > 0.050) (Table 8). Still, the R2

indicates that only about 60% of the variability observed in relation to the protein content
is explained by the model, indicating that the increase of corolase %, temperature, and
hydrolysis time is not beneficial to produce protein-rich hydrolysates.

Table 8. Analysis of variance (ANOVA) for protein % obtained for the corolase Box-Behken design.

Model Sum of Squares DF Mean Square F Value p-Value

XA (enzyme %) 23.3048 1 23.3048 16.79 0.0008
XB (Temperature) 17.8506 1 17.8506 12.86 0.0023

XB
2 6.76402 1 6.76402 4.87 0.0413

Lack of fit 3.91492 8 0.489365 0.35 0.9315
Pure error 23.5968 17 1.38805

Total 79.8516 29

R2 = 65.54, Adj − R2 = 60.03, CV = 1.17

The antioxidant activity was significantly influenced by the linear effect of enzyme%
(XA) and temperature (XB) (p < 0.050), while the hydrolysis time (XC) did not show a
significant effect (p > 0.050). Enzyme% showed a positive effect, meaning that the increase
in enzyme concentration results in higher ORAC values. On the other hand, temperature
had a negative effect. Thus, the higher the temperature the lower the ORAC values will
be. Furthermore, the quadratic effect of both factors also showed a significant effect. The
linear interaction between temperature and hydrolysis time had a significant negative
effect (Figure 3B).

By multiple regression, the predicted response for the ORAC could be obtained by the
model in Equation (5).

ORAC = 4.11383 + 0,158065 × XA − 0.153981 × XB − 0.0548188 × XA
2 + 0.00154318 × XB

2 − 0.0045× XB × XC (5)

The final adjusted model highly explains the antioxidant activity, showing a significant
fit (p > 0.050) and R2 = 87.09% (Table 9).

Table 9. Analysis of variance (ANOVA) for ORAC obtained for the corolase Box-Behken design.

Model Sum of Squares DF Mean Square F Value p-Value

XA (enzyme%) 0.0781744 1 0.0781744 43.67 0.0000
XB (Temperature) 0.0293709 1 0.0293709 16.41 0.0014

XA
2 0.0181707 1 0.0181707 10.15 0.0072

XB
2 0.152151 1 0.152151 85.00 0.0000

XB XC 0.01215 1 0.01215 6.79 0.0218

Lack of fit 0.00655055 5 0.00131011 0.73 0.6122
Pure error 0.02327 13 0.00179

Total 0.320938 25

R2 = 90.71, Adj − R2 = 87.09, CV = 0.04
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The ACE inhibition (iACE) % was evaluated in a concentration of 10 mg hydrolysate/mL.
The only variable that showed a significant effect on iACE was the enzyme% (XA), with
a positive effect (Figure 3C). Thus, the increase in enzyme concentration increases the
anti-hypertensive potential of the hydrolysates, which may be explained by the formation
of more peptides with the ability to inhibit the ACE.

By multiple regression, the predicted response for the iACE could be obtained by the
model in Equation (6).

iACE = 4.11383 + 0.158065 × XA (6)

The ANOVA results for the adjusted model was verified to have a significant fit
(p > 0.050) (Table 10). However, the model only explained 57.90% of the variability in the
anti-hypertensive results.

Table 10. Analysis of variance (ANOVA) for ACE inhibition (%) obtained for the corolase Box-Behken design.

Model Sum of Squares DF Mean Square F Value p-Value

XA (enzyme %) 1120.74 1 1120.74 26.62 0.0001

Lack of fit 58.3703 6 9.72839 0.23 0.9612
Pure error 799.952 19 42.1027

Total 2364.9 29

R2 = 63.71, Adj − R2 = 57.90, CV = 6.49

The Box–Behnken design allowed to optimise the conditions that would enable higher
results for the individual responses (Table 11). However, a Derringer’s desirability analysis
was performed to optimise multiple responses of the design (Table 11). Thus, the hydrolysis
of the minced mussel meat with 3% of the enzyme, at 40 ◦C for 3 h, seems to represent
the best conditions to obtain the higher results in terms of hydrolysate proteins/peptides
content as well as antioxidant and anti-hypertensive properties.

Table 11. Optimal conditions predicted by the experimental design to maximise protein/peptide release and antioxidant
and anti-hypertensive activities of the hydrolysates, and Derringer desirability to predict the optimal conditions for a
multiple response.

Factors
Response

Protein ORAC iACE Derringer Desirability

Temperature (◦C) 60.0 40.0 40.0 40.1
Protease (%) 3.0 2.7 3.0 3.0

Hydrolysis time (h) 3.0 3.0 1.0 3.0

An enzymatic hydrolysis was performed, in triplicate, using the optimised conditions
according to the design for the purpose of validation. The experiment was performed
using the exact quantities used in the design experiments. The temperature was adjusted to
40 ◦C to work practically. The obtained hydrolysates were freeze-dried and then evaluated
regarding their protein content and antioxidant and anti-hypertensive potential. The
hydrolysates showed a mean of 47.36 ± 1.02% of protein content, antioxidant activity
of 0.65 ± 0.062 µmol TE/mg hydrolysate, and ability to inhibit the activity of ACE in
55.36 ± 2.12% (at 10 mg hydrolysate/mL). The obtained results, although slightly lower,
were not so different from the predicted ones. Furthermore, a scale-up hydrolysis was
performed, in triplicate, with an increase of 15 times the amount of mussel biomass and
solvent, maintaining the ratio used in the experimental design. The final hydrolysates
showed a mean of 46.35 ± 1.12% of protein content, antioxidant activity of 0.389 ± 0.021,
and IC50 for ACE inhibition of 3.7 ± 0.33 mg protein/mL (Table 12). The scaled-up
results were verified to be slightly lower than the predicted ones and the validation
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hydrolysates regarding protein content. However, the antioxidant activity showed a
pronounced decrease.

Table 12. Results predicted by the model, and results obtained in a validation and scaled-up enzymatic hydrolysis,
performed with the optimal conditions described in Table 11.

Evaluated Characteristics Predicted Results
Obtained Results

Validation Scaled-Up

Protein (%) 48.01 47.36 ± 1.06 46.35 ± 1.12
Antioxidant activity (ORAC)
(µmol TE/mg hydrolysate) 0.82 0.65 ± 0.062 0.389 ± 0.021

Anti-hypertensive activity
(% inhibition at 5 mg/mL) 61.10 55.36 ± 2.12 _____

Anti-hypertensive activity
(IC50 mg of protein/mL) _____ _____ 3.7 ± 0.33

3. Discussion

Mussel meat has a high protein content, making it interesting to produce bioactive
hydrolysates rich in proteins and bioactive peptides. However, the mussel Mytilus gal-
loprovincialis is less exploited regarding its bioactive potential when compared to other
mussel species, such as M. coruscus and M. edulis. Since we wanted to create a food-grade
method, we chose two food-grade proteases to carry out enzymatic hydrolysis. Thus, to
explore this mussel potential, we have performed two Box–Behken experimental designs,
with two different proteases, aiming to obtain hydrolysates with interesting potential for
industrial applications. Furthermore, we have not found studies with mussels from the
genus Mytilus performing enzymatic hydrolysis with subtilisin or corolase. The most
frequent enzymes found were mainly gastric enzymes, such as pepsin and trypsin, and
non-gastric enzymes, such as papain and flavourzyme.

The mussel meat biomass used showed 70.50 ± 13.44% of protein on a dry weight
(DW) basis and a moisture content of 90.30 ± 4.24%. These results show higher values
of protein when compared to other studies with Mytilus sp. from Portugal and Spain
that showed protein content variation from 39.17–42.94 (DW) and moisture % of 81.71–
87.59% [23]. However, these results are in line with the possible variations in protein
content that can occur in different months, as shown by Çelik [24] in a study with Mytilus
galloprovincialis indicating higher protein levels (74.64%) in February.

The protein % of the hydrolysates does not seem to be highly influenced by the
determined models, indicating that enzymatic hydrolysis with both enzymes can produce
hydrolysates with protein contents in the range of 40–48% (DW). So, to obtain mussel
hydrolysates with a content of above 40%, the most economical and fastest conditions can
probably be used.

The subtilisin protease optimised method was an enzymatic hydrolysis with 1.5%
of enzyme with a duration of 3 h at 52 ◦C. In a scale-up test with these conditions, the
final hydrolysates showed protein content, ORAC, and IC50 for ACE inhibition values of
45.0 ± 0.38, 0.49 ± 0.061 245 µmol TE/mg hydrolysate, and 1.0 ± 0.56 mg protein/mL, re-
spectively. With the corolase, the optimised method was an enzymatic hydrolysis with 3.0%
of enzyme with a duration of 3 h at 40 ◦C, obtaining scale-up hydrolysates with protein con-
tent, ORAC, and IC50 for ACE inhibition values of 46.35± 1.12, 0.389 ± 0.021 µmol TE/mg
hydrolysate, and 3.7 ± 0.33 mg protein/mL, respectively. The experimental design re-
sponses were not highly explained by the models, indicating that the system is highly
variable, as necessary to enhance the process, or a plateau may have been quickly reached,
which challenges the explanation of the variability in the models. However, the hy-
drolysates showed potential as proteins/peptides sources with antioxidant properties,
bringing interest to the results. In both experiments, interesting protein values were ob-
tained with a few hours of hydrolysis, which is in line with other studies showing that
enzymatic hydrolysis with papain for 2 h was enough for achieving the maximum protein
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extraction [25]. The obtained protein content (450 and 463 mg protein/g hydrolysate)
was close to those obtained for Mytilus edulis by Vareltzis and Undeland (430 and 580 mg
protein/g with acid and alkaline process, respectively) [26], but lower than those obtained
by Neves et al. (735.45 ± 11.45 mg protein/g hydrolysate) [15]. The subtilisin method
needs a lower enzyme% to obtain higher bioactive properties than the corolase, with
the main difference being observed for the anti-hypertensive potential. Even though the
corolase hydrolysate shows a higher protein %, this does not bring much potential for
this hydrolysate due to the small difference compared to the subtilisin hydrolysate. So,
mussel meat hydrolysate produced with the subtilisin protease appears to have more
potential for further studies as an active ingredient, at least regarding the antioxidant
and anti-hypertensive potential. However, it is important to highlight that the obtained
values for the anti-hypertensive property are not very significant since IC50 ≥ 1000 µg
protein/mL [27]. The hydrolysate produced with corolase shows the lowest potential with
an IC50 = 3700 µg protein/mL. The subtilisin hydrolysate seems to be more promising,
with an IC50 = 1000 µg protein/mL. Bioactive peptides usually have a molecular weight
(MW) less than 6 KDa [28], and the most efficient anti-hypertensive peptides are usu-
ally associated with MW lower than 3 KDa [29]. Several marine derived peptides with
MW lower than 3 KDa have been described, such as the microalgae Chlorella vulgaris
VECYGPNRPQF peptide (1.3 KDa; IC50 of 29.6 µM) [30] and C. ellipsoidea VEGY pep-
tide (467 Da; IC50 of 128.4 µM) [31]; the macroalgae Gracilariopsis lemaneiformis TGAPCR
peptide (604 Da; IC50 of 23.94 µM) [32] and Nannochloropsis oculata LEQ peptide (369 Da;
IC50 of 173 µM) [33]. Thus, to increase the anti-hypertensive potential of the produced
hydrolysates, a future approach may be to submit them to a ultrafiltration system using
3-KDa cut-offs, to concentrate peptides with lower MW [34]. Furthermore, the production
of low MW peptides may also increase the antimicrobial potential of hydrolysates, thus
presenting new possible pplications.

All the hydrolysis performed used the same mussel batch, initially minced and stored
at −20 ◦C. The main goal was to assure that all the hydrolysis were performed with mini-
mum mussel internal variations, since we wanted to compare a large number of extracts
to optimize the hydrolysate production. The validation and scaled-up hydrolysis were
also performed with the same batch, allowing us to precisely compare these extracts with
those obtained using the experimental design, excluding possible mussel internal chemical
variations. However, it is important to point out that mussel meat biochemical compo-
sition varies with the harvesting season, due to their reproductive cycle, environmental
conditions, growth, and food availability [24]. Çelik et al. [24] showed that mussel pro-
tein content is highly related with the spawning seasons, with decreased protein levels
being observed during this season, which increases after spawning time. So, different
harvesting seasons lead to variations in the biochemical composition, which may be re-
flected in differences in mussel protein and amino acids, not only in terms of quantity, but
also quality. Consequently, the enzyme action will produce different peptides over the
seasons. Therefore, it would be expected that the ORAC and iACE results obtained for
hydrolysates produced with the presented methods may differ between different mussel
batches, depending on their harvesting season and other external factors. Furthermore,
the mussel’s digestive gland produces proteases, which also seems to be influenced by
their diet [35], and mussels seem able to modulate their digestive enzyme activities in
response to limited feeding and thermal stress [36]. Since endogenous proteases may also
have either a proteolytic effect or serve as an enzymatic substrate in the hydrolysis, the
amount of endogenous proteases may also contribute to the variability of results. Thus, in
the future, it would be of great interest to perform the same hydrolysis in different mussel
batches, harvested in different months, and perhaps from different locations, to examine
the variability of the produced hydrolysates when influenced by the expected biochemical
composition differences.

The production of multifunctional extracts from mussels may be an interesting ap-
proach for food applications since they are not only a source of proteins, but also present
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bioactivities that can enhance consumer health, useful for the creation of functional food.
Moreover, they may also be used as nutraceuticals or as cosmetic ingredients. Antioxidant
food and nutraceuticals may help reduce levels of radical oxygen species that are constantly
produced by the human organism, especially during high exposure to external factors, such
as alcohol, tobacco smoke, and stress [37]. Hypertension has been associated as one of the
main causes of cardiovascular diseases [38], with the angiotensin-converting enzyme (ACE)
being one of the major enzymes involved in the process of blood pressure regulation [39].
Thus, multifunctional extracts may be incorporated in food matrices with health claims,
to facilitate sale as functional food. However, for claiming health benefits, it is important
to study the bioavailability of food matrices incorporating these hydrolysates [40], by
analysing their resistance to the gastrointestinal (GI) tract enzymes and conditions, to
verify if their properties are maintained throughout the GI tract passage [41]. In cosmetics,
antioxidants are especially important for anti-ageing purposes since free radicals are highly
associated with skin ageing. Thus, natural antioxidant hydrolysates used as active cosmetic
ingredients may help decrease free radical damage and work as an alternative for synthetic
antioxidant ingredients.

Furthermore, mussel protein and peptide hydrolysates are frequently associated
with other properties, especially antimicrobial properties [42,43], but also anticancer [44],
anti-inflammatory [45], anticoagulant [14], antidiabetic [15], and antiviral [46]. Thus, in
the future, it would be interesting to study these hydrolysates for other bioactivities.
Additionally, the water-soluble nature of these extracts makes it easy to incorporate them
in several matrices. Although the freeze-drying process may lead to a loss of bioactivity, it
is important for a better preservation of the hydrolysates, facilitating their incorporation in
both solid and liquid matrices.

4. Materials and Methods
4.1. Materials

The enzymes used were subtilisin kindly supplied by Aquitex, and the commercial
digestive-enzyme complex Corolase PP purchased from AB Enzymes GmbH (Darmstadt, Ger-
many). The mussels were kindly supplied by Testa & Cunhas (Gafanha da Nazaré, Portugal).

4.2. Mytilus Galloprovincialis Meat Characterisation

The Mytilus galloprovincialis meat used was characterised, in triplicate, before being
minced, according to a few nutritional characteristics. Total fat, protein, and moisture
content were measured in accordance with the established standards PE.Q.AC.04 Ed.06,
PE.Q.AC.03 Ed.07 (ISO 1871:2009), and PE.Q.AC.01 Ed.06 (NP 2282:2009), respectively.

4.3. Enzymatic Hydrolysis Procedures

When received, mussels were clean, and the meat was separated from the shell.
Mussel meat was then minced until homogenised and stored at −20 ◦C for further analysis.
A preliminary study was performed with different conditions, with variations on the
enzymes concentration (0.5–4%), hydrolysis time (from 30 min to 4 h), and mussel/water
ratio (w:v) (1:1, 1:2, 1:3), to understand the limits to be established for the experimental
design. Concerning the experimental design, all the hydrolysis reactions for both enzymes
were prepared using the previously stored mussel meat minced biomass. Briefly, mussel
biomass was mixed with ultrapure water in a ratio of mussel:water of 1:2 (w:v) and pH was
adjusted to 7.5. Then, the enzyme was added in the intended test concentration and the
mixtures were incubated at the test temperature in an orbital shaker (Thermo Scientific™
MaxQ™ 6000) (conditions tested at Tables 1 and 7). The pH was verified and adjusted to
7.5 every 15 min. To stop the hydrolysis reaction, the samples were incubated at 90 ◦C for
10 min to inactivate the enzymes. Samples were centrifuged at 5000× g for 30 min, and the
supernatant was collected and freeze-dried for further analysis.
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4.4. Experimental Design

Two experimental designs, one with corolase and the other with the subtilisin protease,
were implemented to establish the most influential factors that could produce a hydrolysate
rich in proteins and bioactive properties. For that, a Box–Behnken design was selected.
The factors evaluated were enzyme %, hydrolysis temperature (◦C), and hydrolysis time
(hours). Enzyme % and hydrolysis time were chosen according to single-factor experiments
(data not shown). The ORAC assay was performed for each hydrolysate. The temperature
and the pH tested were selected according to the functioning range of the enzymes. The
levels of the factors coded as −1, 0, and 1 were established and are shown in Table 13.
The selected response variables were protein content as well as antioxidant and anti-
hypertensive potential. Each design resulted in an arrangement of 15 treatments, executed
in duplicate (a total of 30 runs). Each hydrolysis was performed as described before.

Table 13. Levels for 3 experimental factors for the two experimental designs.

Factors
Subtilisin Corolase

−1 0 1 −1 0 1

% Enzyme (XA) 0.5 1 1.5 1 2 3
Hydrolysis temperature (◦C) (XB) 40 50 60 40 50 60

Hydrolysis time (h) (XC) 1 2 3 1 2 3

4.5. Statistical Analysis and Statistical Model

The optimisation analysis was performed using Statgraphic Centurion software. All
data were expressed as means ± standard deviation (S.D.). Means were considered sta-
tistically significant using a significance level of 0.05. Responses were adjusted to the
second-order polynomial model (Equation (7)):

Y = β0 + βAXA + βBXB + βCXC + βA,BXAXB + βA,CXAXC + βB,CXBXC + βA,AXA
2 + βB,BXB

2 + βC,CXC
2 + ε (7)

where Y is the measured response; β0 is the constant; βA–βC are the coefficients
associated with linear, quadratic, and interaction effects of the variables XA (enzyme %), XB
(Temperature), and XC (Time), respectively, and ε is the residual error. In the final models
for each variable, only the significant effects appear (p < 0.05). To optimise the multiple
responses obtained, a Derringer’s desirability function was applied to the results of each
design [22].

4.6. Protein Quantification

Total nitrogen content was determined by the micro-Kjeldahl method. Briefly, 0.2 g of
freeze-dried hydrolysate were digested with 1 g of Kjeldahl catalyst and 4 mL of H2SO4
(ρ20 = 1.84 g/mL) at 400 ◦C for 2 h. The reaction was stopped with 20 mL of deionised
water. The samples were distilled using 30 mL of NaOH 10 M. A boric acid solution with
bromocresol and methyl red was used as indicator. The resulting solution was titrated
with HCl 0.1 M. The total nitrogen and protein percentage were determined using the
Equations (8) and (9), respectively, where f (HCl 0.1 m) = 0.0014 and Kjeldahl factor = 6.25.

Total nitrogen (%) = f × (Vsample − Vblank) × (100/sample weight) (8)

Protein content (%) = Total nitrogen (%) × 6.25 (9)

4.7. Antioxidant Activity

The antioxidant activity was measured by the Oxygen radical absorbance capacity
(ORAC) assay, performed in a black 96-well microplate (Nunc, Denmark) according to the
method described by Coscueta et al. (2020) [47]. Briefly, the reaction was carried out in
75 mM phosphate buffer (pH 7.4) at 40 ◦C. The final assay mixture was 200 µL, containing
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fluorescein (70 nM, final concentration in well), 2′-Azobis (2-methylpropionamidine) dihy-
drochloride (AAPH) (12 mM, final concentration in well), and either Trolox (1–8 µM, final
concentration in well), for the calibration curve, or sample. A control with PBS instead of
the antioxidant solution was used. Before adding AAPH, the mixture was pre-incubated
for 10 min at 37 ◦C. AAPH solution was added rapidly. The fluorescence was recorded at
intervals of 1min for 80 min in a multidetection plate reader (Synergy H1; BioTek, Winooski
VT, USA) with excitation and emission wavelengths of 485 nm and 528 nm, respectively.
The equipment was controlled by the Gen5 BioTek software version 3.04. Antioxidant
curves (fluorescence versus time) were first normalised to the curve of the blank corre-
sponding to the same assay by multiplying original data by the factor fluorescence blank,
t = 0/fluorescence control, t = 0. The area under the fluorescence decay curve (AUC) was
calculated according to the trapezoidal method from the normalised curves. The final AUC
values were calculated by subtracting the AUC of the blank from all the results. Regression
equations between net AUC and antioxidant concentration were calculated.

4.8. Anti-Hypertensive Activity

The ACE-inhibitory activity was performed in a black 96-well microplate (Nunc, Den-
mark) according to the method described by Sentandreu & Toldrá (2006) [48] with some
modifications [27]. This method is based on the ability of the angiotensin-I converting en-
zyme (ACE) to hydrolyse a specific substrate (o-aminobenzoylglycyl-p-nitrophenylalanyl-
proline (Abz–Gly–Phe(NO2)–Pro)), generating the fluorescent product o-aminobenzoylgly-
cine (Abz–Gly). A commercial Angiotensin-I converting enzyme (EC 3.4.15.1, 5.1 U/mg),
purchased from Sigma Chemical (St. Louis, MO, USA), was previously diluted in 5 mL of
a glycerol solution in 50% ultra-pure water. Then, ACE was diluted 1:24 with a 150 mM
Tris buffer solution (pH 8.3), containing 1 µM of ZnCL2, reaching a final concentration
of 42 mU/mL). A total of 40 µL of ultrapure water or ACE working solution was added
to each microtiter-plate well, then adjusted to 80 µL by adding ultrapure water to blank,
control, or samples. The reaction was initiated with the addition of 160 µL of the substrate
solution (0.45 mM solution of ABz-Gly-Phe(NO2)-Pro (Bachem Feinchemikalien, Buben-
dorf, Switzerland) dissolved in 150 mM Tris buffer (pH 8.3) containing 1.125 M NaCl). The
mixture was incubated at 37 ◦C for 30 min, and the fluorescence generated was measured
using a multidetection plate reader (Synergy H1; BioTek, Winooski VT Vermont, USA) with
excitation and emission wavelengths of 350 nm and 420 nm, respectively. To obtain the
IC50 of the inhibitory activity, which is the concentration of the sample that is required to
inhibit the original ACE activity by 50%, serial dilutions of each sample were performed
(1/1 to 1/32). A non-linear modelling of the obtained data was used to calculate the IC50
values, using the 5 Parameter curve fit method and the Interpolate function from Gen5
software (BioTek Instruments).

5. Conclusions

Although marine species have often been described as a source of bioactive hy-
drolysates and bioactive peptides, the mussel Mytilus galloprovincialis has been less ex-
ploited. Due to its high protein level, this marine specie seems to be an interesting potential
source of bioactive peptides. Thus, in this work, the factorial designs allowed to con-
firm the combination of experimental factors that leads to the production of the most
efficient hydrolysate from the mussel Mytilus galloprovincialis, with the highest levels of
proteins/peptides as well as antioxidant and anti-hypertensive activity. The use of en-
zymatic hydrolysis with food-grade enzymes presents the opportunity to create active
ingredients that can be further explored to produce functional food, nutraceuticals, and
cosmetics. Furthermore, the use of discarded mussels to produce functional ingredients for
food, cosmetic, and pharmaceutic industries may contribute to the valorisation of world
waste in a circular economy context.
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Abstract: Presently, biopreservation through protective bacterial cultures and their antimicrobial
products or using antibacterial compounds derived from plants are proposed as feasible strategies
to maintain the long shelf-life of products. Another emerging category of food biopreservatives are
bacteriophages or their antibacterial enzymes called “phage lysins” or “enzybiotics”, which can be
used directly as antibacterial agents due to their ability to act on the membranes of bacteria and
destroy them. Bacteriophages are an alternative to antimicrobials in the fight against bacteria, mainly
because they have a practically unique host range that gives them great specificity. In addition to
their potential ability to specifically control strains of pathogenic bacteria, their use does not generate
a negative environmental impact as in the case of antibiotics. Both phages and their enzymes can
favor a reduction in antibiotic use, which is desirable given the alarming increase in resistance to
antibiotics used not only in human medicine but also in veterinary medicine, agriculture, and in
general all processes of manufacturing, preservation, and distribution of food. We present here an
overview of the scientific background of phages and enzybiotics in the food industry, as well as food
applications of these biopreservatives.
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1. Introduction

Food preservation by suitable means is key in food safety and quality. There are
several traditional and well-known physical preservation techniques such as refrigeration
and pasteurization, but the modern industry is always looking for new procedures for food
preservation to increase the product’s shelf-life by minimizing the loss of nutritional quality
and organoleptic properties. Presently, some modern biopreservation techniques rely on
naturally occurring microorganisms (i.e., lactic acid bacteria) and their metabolites. These
food preservatives are mainly used to produce safer food for the consumer, preventing
the action of pernicious microbes which can cause food deterioration or even toxicity and
therefore be dangerous to human health.

Moreover, bacteria -including multidrug-resistant bacteria- can reach food at differ-
ent points in the food supply chain, from farm to postharvest, and processing such as
slaughtering, fermentation, packaging and storage [1–5].

As most natural foods are highly perishable, by extending their half-life we can also
control their native microbiota for proper preservation, maintaining their safety and quality.
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As microorganisms produce a long list of molecules ranging from classic antibiotics to
antibacterial enzymes, the control of indigenous populations in food can be achieved by
adding these products directly. The paradigm of bacterial molecules used in the food in-
dustry as biopreservatives is Nisin, a bacteriocin produced by the Gram-positive bacterium
Lactococcus lactis, one of the lactic acid bacteria most extensively used for the manufacture of
dairy products [6]. Other well-known bacteriocins, such as Pediocin, Natamycin, Enterocin,
and Leucocin [7], also have inhibitory properties against other microorganisms which
makes them very interesting for use in the food industry. Some bacteria that produce these
compounds have been used as probiotics. Current research on probiotics is quite promising
and modern fashion trends push probiotics and bacteriocins from modulation of the gut
microbiota toward a wide range of other health-promoting activities away from food, such
as cancer treatment, skin health care, periodontal health, or allergies [8–11].

In addition, the use of bacteriocin producing strains or those that can compete against
pathogens in the context of the food industry needs new approaches, mainly due to the
increase in foodborne infections, the appearance of new production processes, the massive
demand for food, and the changing consumer trends. Moreover, the extensive use of
antibiotics against animal and human pathogens has also led to an increase in foodborne
pathogens resistant to antibiotics, which makes the picture not reassuring at all [12–14].

Goodridge and Abedon published an article in 2003 where they proposed to use the
terms “phage biocontrol” and “phage bioprocessing” to differentiate the application of
bacteriophages in the farm or crops from their use in the food industry [15]. Several years
later, Greer published a review of the control of foodborne bacteria using phages, including
the effects of these microorganisms on food storage and preservation [16].

At that time, the excellent properties of endolysins to kill bacteria were already known,
but their use to protect food from foodborne pathogens had not yet been effectively tested.
One of the first murein hydrolases to be studied concerning food-related bacteria was
that of the Lactobacillus helveticus bacteriophage 0303 [17]. This endolysin exhibited a
broad spectrum of activity, killing different bacterial species such Pediococcus acidilactici,
Lactobacillus delbrueckii subsp. bulgaricus, Lactobacillus delbrueckii subsp. lactis, Lactobacillus
acidophilus, Bacillus subtilis, Enterococcus faecium, and several strains of Lactobacillus helveticus.

Problems of deterioration of the organoleptic properties have been described after
physical treatments; also, consumers are increasingly demanding low-processed foods. One
of the advantages of phages over the usual physical treatments is that phages do not modify
any organoleptic properties of foods. Moreover, even with common treatments such as heat,
team and UV light, a relatively high percentage of food products are lost due to subsequent
microbial spoilage or microbial contamination; when food becomes contaminated, it will
lead to food spoilage, and such food will no longer be fit for consumption.

Thanks to their ability to control or to inactivate spoilage and/or foodborne bacteria
selectively, bacteriophages have great potential as food biopreservatives. Additionally, in
terms of food biopreservation, enzybiotics are beginning to be increasingly studied in the
field of food microbiology, taking advantage of the pull that in vitro successes have dis-
played against very important multidrug-resistant human and animal pathogens [18–20].

In this review, we discuss the use of phages and their lytic enzymes as a tool to
eliminate or reduce spoilage bacteria and common foodborne bacterial pathogens.

2. Why Bacteriophages?

Bacteriophages are an alternative to antimicrobials in the fight against bacteria, mainly
because they have a practically unique host range, which gives them great specificity. Apart
from their selective activity, bacteriophages have been successfully tested to eliminate or
weaken biofilms formed by different classes of both Gram-negative and Gram-positive
pathogens in the food industry [21–24]. Biofilms are consortia of bacteria that persist on
different surfaces or pipelines within the food industries that contaminate food at some
point in the processing or packaging chain.
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In addition to their potential ability to specifically control strains and biofilms of
pathogenic bacteria, their use does not generate a negative environmental impact like in the
case of antibiotics or disinfectants [25]. Other advantages of these viruses are: (i) safety—as
they are not toxic to eukaryotic cells, (ii) the preservation of the organoleptic properties of
food, and (iii) the control of multi-resistant bacteria since the tolerance of some strains to
phages can often be overcome with the use of phage cocktails [14]. In addition, phages can
be used in combination with antibiotics, bacteriocins, or even with probiotics.

The main limitations of bacteriophages as biopreservative tools in foods derive from
the scarce knowledge of their genetics since the use of strains that may contain virulence
factors, lysogeny, or antibiotic resistance genes is inadvisable. As an example, studies prior
to this decade did not have the modern and inexpensive sequencing techniques that almost
all laboratories can afford today. Furthermore, in some cases, it is necessary to use phage
cocktails that are more difficult to characterize than individual strains. Additionally, we
need to learn much more about their behavior within solid and liquid food matrices to
optimize the amount of phage to be used in each case. The method of releasing phages
on food is also important, since the phages must reach the largest number of bacteria
possible so that they can effectively control them and reduce their number to safe values. In
other words, phages and bacteria must be in contact with liquid but also with solid foods;
moreover, as much bacterial contamination occurs initially at low numbers (a minimum
bacterial density is a prerequisite) sometimes we must apply a large number of phages
to those foods. Knowing the optimal number of viral particles (multiplicity of infection,
MOI) to use for each food, as well as their infection kinetics in each food matrix, it is
essential to understand how these phages are acting on their target pathogens [26–32].
Minimum host threshold requirement has been demonstrated for phages of different food
pathogens [33,34]. As successful biopreservative agents, it is also important to consider
phages’ stability in food matrices under different environmental conditions such as water
activity, salinity, temperature, pH, osmotic shock, and light (visible and UV). According to
several authors, phages have a remarkable stability in foods [35–37]. Phage propagation
on a susceptible host, purification, and phage or cocktail formulation are very relevant
parameters too.

In some studies, in which a high number of phages are used, the bacterial lysis ‘from
without’ can occur because many viral particles bind to the bacterial surface, leading to the
production of numerous holes in the cell wall [38,39]. All these concepts must be better
studied and understood in order to apply phages to food pathogens.

Although the application of phages will continue, there is a phenomenon that must
always be kept in mind, the emergence of phage-resistant strains. When infecting bacterial
cells, phages already face a range of antiviral mechanisms (i.e., restriction modification
systems/enzymes), and they have evolved multiple tactics to avoid these mechanisms.
In this co-evolution between bacteria and phages, most authors agree that phages can
effectively raise a counter-resistance. Therefore, finding a new phage that can infect a
bacterium will always be easier than finding an entirely novel family of antibiotics.

We do not know much about how often these resistant variants of phages used in the
food industry appear, as few publications include assays to study this phenomenon. It
is likely that researchers prioritize the study of efficacy over safety. Moreover, multidrug
resistance, where a bacterium has obtained resistance mechanisms against several different
families of antibiotics, is increasingly common, but this phenomenon does not occur when
phages are used. Additionally, many studies suggest that phage combinations can be
optimized to limit the emergence and persistence of resistance, therefore promoting the
long-term usefulness of phage therapy. With regards to this issue, enzybiotics offer the
advantage that they do not generate resistance because they act on essential targets for the
bacteria’s viability, so, it is difficult for bacteria to modify them.

The other most important issue in addition to the development of phage-resistant
strains is phage spread. As bacteriophages applied to food can be easily transferred
between facilities in the food industry, we must pay particular attention to the number of
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phages used, and above all, to how they are applied to food. An undesirable effect would
be the inactivation of starter cultures that initiate the fermentation processes. Despite the
narrow spectrum of a specific phage, the problem of the phages spread within the food
industries is real because it is not convenient; for example, to collaterally eliminate some
species of lactic acid bacteria that confer characteristic properties to the products in which
they are present [40].

As with isolated phages, phage cocktails can be used directly on food or surfaces and
food handling tools in chain processing plants. Another advantage of phage cocktails is
that they can be modified quickly and conveniently to deal with specific strains that may
appear in a particular food manufacturing facility [41]. No articles were reviewed here
where more than three bacteriophages or cocktails containing undefined strains were used
because in the last few years there have been excellent reviews on that scope [26,41–43].
Moreover, Theuretzbacher’s recent article in the currently available weaponry against
superbugs indicates that more than 20 different bacteriophage-based products have been
approved for the control of pathogenic bacteria related to the food industries or direct food
contamination [44].

Our review of approximately 100 bacteriophages indicates that three families (Myoviridae,
Siphoviridae, and Podoviridae) account for the majority of virulent phages for the most
common food-borne pathogen species. Much work has focused on the biocontrol or
biopreservation of foods with six of the most important food-borne pathogens: E. coli
(mainly serotype 015:H7), Listeria monocytogenes, Staphylococcus aureus, Clostridium spp.,
Campilobacter jejuni, and Salmonella spp., (Table 1). In addition to those six important food
pathogens, phages against many other bacteria capable of causing foodborne infections
should begin to be studied. This would allow us to identify not only new phages but also
interesting enzybiotics.
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According to the articles analyzed, the phages of the family Myoviridae were preferen-
tially used to control E. coli. Other important food pathogens such as C. jejuni, Salmonella,
L. monocytogenes, and S. aureus were controlled by Siphoviridae and Myoviridae. The an-
alyzed studies showed that the Podoviridae family can infect all these species, but fewer
phage strains of this family have been found to control bacteria in the different foods
tested. Comparative genomics and morphological observation by transmission electron
microscopy revealed that the phage LPSEYT, able to infect Salmonella, represents a new
genus within the Myoviridae family [42]. This last example shows that if we go a little
deeper into the genomic characterization of the isolated strains, we will be able to advance
in the knowledge of the taxonomy of phages. Most of the phages used to control these
pathogen species in food were isolated from wastewater, sewage, or other environmen-
tal samples; but many have also been isolated from different foods. One phage strain
(EcpYZU01) of the Corticoviridae family was isolated from sewage samples and tested
against Enterobacter cloacae in cucumber juice [43]. Finally, a phage (LPST94) from the Acker-
mannviridae family isolated from water was effective against Salmonella in foods [108,109].
This newly assigned family was recently added to the list of the International Committee
on Taxonomy of Viruses ICTV catalog. The isolation of phages from sewage and water
samples is common due to their abundance in these ecosystems. However, Scattolini et al.,
pointed out that the search and characterization of phages isolated in the same foods in
which the pathogens can hide could be a good way “to integrate this control measure in an
innovative, cost-effective, safe and environmentally friendly way” [86]. Therefore, it seems
like a good idea to use phages in food safety which in turn come from food, especially for
the consumer, who can identify fewer drawbacks than when consuming phages or their
genetically manipulated enzybiotics.

Bacteriophages can also be used to prevent or to reduce colonization of domesticated
livestock with bacterial pathogens before they enter the production chain [148]. After that,
phages can be used to decontaminate inanimate surfaces made, for example, of stainless
steel or to fight bacterial biofilms. Finally, phages can be used directly on food, both in
unprocessed or ready-to-eat foods as well as processed foods, even stored at temperatures
ranging from 4 ◦C to 20 ◦C.

Several cofactors tested with phages used in the control of L. monocytogenes in the
food industry have been recently reviewed by Kawacka and coworkers [26,149]. Among
those factors, we can find other bacterial cultures such as Lactobacillus spp., Gluconocbacter
assii, the bacteriocins Nisin, Enterocin and Pediocin, and several compounds such as lauric
arginate, potassium lactate, sodium diacetate, sucrose monolaurate.

3. Spatial Distribution of Phages

Bacteriophages’ ubiquity is another advantage. It is estimated that there are 10 bacte-
riophages for every bacterium present on our planet, representing a virtually unlimited
source, not only of virions but also of lytic enzymes. Phages are especially abundant
in seawater and soil and have also been found in large quantities in wastewater. The
potential use of bacteriophages as indicators of environmental contamination has also been
investigated in the last few decades [150–155]. Perhaps the most impressive figures are
that phages kill bacteria at rates of up to 40% of the total population of marine bacteria per
day and that carbon flux through phage biomass is estimated at 145 gigatonnes per year,
playing a crucial role in our planet’s global carbon cycle [156,157]. They are also easily
found on any animal or plant surfaces as they are part of the microbiota of most living
things. Phages have also been isolated from a variety of foods, including ready-to-eat
foods, fish and shellfish, milk products, meat, and vegetables [33,158–162]. Because of
this, consumers are already in contact with food bacteriophages every day. Therefore, if
researchers could offer an adequate explanation, it would help consumers to increase their
acceptance of the use of food bacteriophages. In other words, they should accept their use
as biopreservatives if we can explain well what this class of virus really is and how exactly
they are used to fight “bad” bacteria in food.
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4. Morphology and Classification

Initially, phages were characterized by transmission electron microscopy (TEM), fol-
lowed by pulse-field gel electrophoresis and restriction endonuclease analysis. However,
although TEM continues to be essential in publications on bacteriophage viruses, the
quality of the images in many of the articles is questionable [163]. Most studies use the
work of Ackermann or the criteria of the International Committee on Taxonomy of Viruses
(ICTV) [164] to identify their phage isolates [165–167]. For further taxonomic classification
and phage characterization, more detailed information, such as genomic data, has begun
to be included in scientific publications [168–171].

Most phages belong to the order Caudovirales. Based on the tail morphology, Caudovi-
rales are divided into three families: Myoviridae, Siphoviridae, and Podoviridae. Myoviridae
phages are characterized by long straight contractile tails, Siphoviridae phages possess long
flexible non-contractile tails, and Podoviridae phages have short, non-contractile tails [172].

Alternatively, we can also use the PCR technique and subsequent sequencing to
partially characterize the isolated phages. For example, some authors used specific primers
to detect the Major Capsid Protein (MCP) of reported Salmonella phages [158,159].

Augustine et al., also used PCR or multiplex PCR to perform a screening of virulence
factors in DNA obtained from phages [35]. Tomat et al. used PCR to detect virulence factor
genes (from diarrheagenic E. coli toxins) in two phages (DT1 and DT6) isolated from stool
samples of patients with diarrhea [72].

Presently, full genome sequencing and analysis provide the key tool for taxonomic
classification and for alerting the presence of “dangerous” genes that phage genomes may
contain. We believe that it is necessary to sequence phage genomes to obtain information
on the presence of antibiotic-resistant genes or virulence factors before determining their
suitability for food applications. An outline with the steps followed for the isolation and
characterization of phages for food biopreservation is shown in Figure 1.
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Figure 1. Steps followed for the isolation and characterization of phages.

DNA genomes of Caudovirales range in size from about 15 up to 500 kbp [173].
The study of the genome of phages is crucial today, but most investigations analyzed
before to the last 10 years do not include the sequencing or annotation of these genomes.
The complete genomes of phages are already included as a technique of characterization
and phylogeny, but the in-depth analysis of these genomes has only been carried out
very recently; this even allows us to discover new subfamilies and new genera of phages
infecting food pathogens [43,125].
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5. Phage’s Life Cycle

To perpetuate themselves, phages must infect their host bacteria by binding to specific
receptors on them. After injecting their nucleic acid into the bacterium’s cytoplasm, phages
can hijack the bacterium’s cellular machinery to induce their own replication, through a
process called the “lytic cycle”, giving rise to hundreds or thousands of complete viral
particles that will leave the cell after killing it (Figure 2). Alternatively, if the phage nucleic
acid is inserted into the chromosome or within a plasmid of the bacterium, it can remain
in a kind of dormant state known as the “lysogenic cycle,” which will not produce new
virus particles until conditions are favorable, or their genes are activated by some external
stimulus. Lytic bacteriophages are the first choice to selectively kill bacteria in foods
because lysogenic phages remain in the bacterial chromosome and will not multiply until
the environment in which the bacterium is found allows for it, making lysogenic phages
difficult to control.
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Figure 2. Gram-negative bacterium after lysis by phages. Numerous complete or incomplete phage
heads and tails can be seen in the image. Inset: Detail of the boxed area showing two phages of the
Siphoviridae family. Original magnification ×25,000.

6. Enzybiotics

There are three classes of bacterial cell wall hydrolases: animal lysozymes, bacterial
autolysins, and phage lysins. All animal lysozymes share the ability to hydrolyze the β-(1,4)-
glycosidic bond between the alternating N-acetylmuramic acid and N-acetylglucosamine
residues of the bacterial cell wall polymer called peptidoglycan. Their biological role is
mainly antibacterial defense, but some lysozymes also work as food digestive enzymes
in animal guts [174]. Bacterial cell wall hydrolases are involved in carefully remodeling
the cell wall to maintain cell integrity but also participate actively in processes such as cell
division, bacterial surface appendages’ assembly, and the facilitation of bacterial secretion
systems’ stabilization [175,176]. Most of these autolysins are peptidoglycan hydrolases
(PGHs) that can provoke bacterial autolysis, so their expression and activity need to be
tightly regulated.

The third class of cell wall hydrolases are phage endolysins, enzymes that directly
target bonds in the peptidoglycan of the bacterial cell wall. These so-called enzybiotics
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(for ENZYme antiBIOTICS) are synthesized at the end of the bacteriophage lytic cycle
to lyse the bacterium they parasitize, producing a lysis “from within” in Gram-negative
bacteria [177]. Most endolysins contain one or two enzymatically active domains (EAD) in
the N-terminus (which cleave one of the bonds in the bacterial peptidoglycan) and one cell
wall-binding domain (CBD) in the C-terminal region (which is involved in host bacterial
recognition). Based on their EAD, enzybiotics can be broadly divided into three types:
endopeptidases, amidases, and glycosidases.

On the other hand, in Gram-positive bacteria, endolysins are also able to lyse bacteria
“from outside” during the phage adsorption at the bacterial surface [178,179].

Endolysins have an extensive structural variation and a diverse cleavage predilec-
tion for the molecules with glycosidic, amide, or peptide bonds present in the bacterial
peptidoglycan [180,181]. The structure of endolysins can be either globular or modular.
Globular endolysins are unique for phages infecting Gram-negative bacteria, whereas
modular endolysins are found in phages with a Gram-positive host. Another class of
phage enzymes is virion-associated peptidoglycan hydrolases which share a similar mode
of action on the bacterial peptidoglycan [182–185]. A good example of these newly stud-
ied antibacterial molecules is the virion-associated peptidoglycan hydrolase HydH5 of
Staphylococcus aureus bacteriophage vB_SauS-phiIPLA88 [186]. Additionally, some phages
can produce depolymerases to overcome bacterial protective layers such as proteinaceous
S-layers [187] or polysaccharide capsules [188].

Among the advantages of enzybiotics, we include the possibility of totally or partially
breaking the structure of bacterial biofilms. A biofilm can be defined as a structured com-
munity of bacterial cells enclosed in a self-produced polymeric matrix and adherent to an
inert or living surface. Growth in biofilms enhances the survival of bacterial populations in
the food industry environments, increasing the probability of causing food-borne infections.
Due to the presence of extracellular material that protects biofilms, many phages have
limited access to bacteria inside these structures. This can be solved using phages ex-
pressing exopolysaccharide depolymerases and endolysins. Endolysins can act effectively
irrespective of the metabolic status of the cells (exponential and stationary phase cells) and
are capable of killing planktonic cells as well as sessile cells. In this way, phage endolysins
have been shown to be effective in eliminating biofilms formed by tenacious pathogens on
different surfaces commonly used in the food industry [189–192]. Moreover, endolysins
can be evaluated in combination with depolymerases or even with antibiotics to kill the
underlying pathogen that formed the biofilm. On the other hand, as many pathogens
build their biofilms based on different substances that form the biofilm matrix, it would
be advisable to evaluate the activity of endolysins against biofilms that present a different
proportion of proteins, nucleic acids, sugars or lipids.

Additionally, endolysins can kill “persister” bacteria that escape conventional antibi-
otics and even can kill the dreaded multi-resistant strains. Although there are not many
studies in this regard, endolysins also offer the possibility of being used in combination
with other molecules or with other solutions for the food industry, such as bacteriocins or
probiotics. Furthermore, as gene-encoded proteins, enzybiotics are amenable to bioengi-
neering strategies, both to optimize specificity and to increase yields [193,194]. An example
is the construction of hybrid proteins consisting of LysSA11 -an endolysin of the S. aureus
phage SA11 and the enzymatically active domain of LysB4- and endolysin from the Bacillus
cereus phage B4 [195].

The search, characterization, and practical use of these phage-derived lysins have
received less attention than phages, basically because they are more difficult for many
laboratories to study. However, there is a growing body of work on these enzymes,
particularly in the field of human and animal pathogens, which has encouraged researchers
in other fields, including food safety, to begin promising work with enzybiotics. Not
surprisingly, many enzybiotics have been successfully tested as biopreservatives or have
been proposed by their discoverers as good candidates to be used in food against Gram-
negative and Gram-positive bacteria (Table 2). The study of these enzymes in phages that
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do not belong to the “selective group” of food pathogens could provide a wide range of
new proteins with different properties and varied spectra.

Table 2. Enzybiotics tested against food-borne pathogens and their proposed use in foods.

Target Bacteria Enzybiotic Source Food Application Reference

Bacillus cereus, B. subtilis and
L. monocytogenes LysB4 B. cereus phage B4 antibacterial agent to control

foodborne pathogens. [196]

Clostridium tyrobutyricum and
C. sporogenes Ctp1L Bacteriophage CTP1 isolated from

landfill
Cheese manufacture, reduction of

clostridial activity in cheese [56,197]

C. tyrobutyricum
C. acetobutylicum CS74L Lytic bacteriophage (ATCC®

8074-B1TM) of C. sporogenes
Biocontrol of clostridia strains in foods [198]

C. perfringens Ply3626 C. perfringens ATCC 3626 Control of anaerobic spore-formers [199]

C. perfringens LysCPAS15 C. perfringens phage CPAS-15 Inhibition of C. perfringens in
sterilized milk [200]

Bacillus subtilis
B. megaterium

L. monocytogenes
PLY118, PLY500

PLY 511 Phages from Listeria monocytogenes Production of airy starter cultures with
biopreservation properties [201–203]

E. coli O157:H7 PlyEc2 Phage from E. coli Reduction of E. coli O157:H7 on
contaminated lettuce [204]

Lactococcus lactis, Pediococcus
acidilactici and P. pentosaceus LysA2 L. casei bacteriophage A2 Ripening of fermented products [205]

Lactobacilli, lactococci,
pediococci,
B. Subtilis

Brevibacterium linens
Enterococcus faecium

Mur-LH Phage 0303 from Lactobacillus helveticus
CNRZ 303

Preventing the growth of
spoilage microbes [17]

L. monocytogenes
B. subtilis PlyP100 Phage from L. monocytogenes Antimicrobial biopreservative in

fresh cheese. [206]

L. monocytogenes LysZ5 Phage from L. monocytogenes Control pathogens in soya milk [207]

L. monocytogenes PlyLM Phage from L. monocytogenes strain 4b Proposed control of L. monocytogenes in
food matrices and processing facilities [208]

L. monocytogenes
HPL118 HPL500

HPL511
HPLP35

Recombinant endolysins from
L. monocytogenes phages

Reduction of L. monocytogenes viable
counts in iceberg lettuce. Promising

perspectives in production and
packaging environments

[201,209,
210]

Methicillin-resistant
Staphylococcus aureus LysGH15 Phage isolated from Sewage samples Biopreservative in whole and

skim milk [211,212]

methicillin-resistant S. aureus LysSA11 Staphylococcus aureus
phage SA11

Biocontrol of S. aureus on strain in
pasteurized milk or ham and utensils [213]

S. aureus
Bacillus cereus

Hybrid
LysB4EAD-

LysSA11

Phage SA11 from S. aureus phage B4 S
from B. cereus

Biocontrol of S. aureus and B. cereus in
boiled rice [195]

S. aureus LysH5 Staphylococcal bacteriophage
phi-SauS-IPLA88

Disinfection process of industrial food
facilities. Elimination of S. aureus in

pasteurized milk
[190,214]

S. aureus CHAPSH3b

Chimeric protein (CHAP domain from
peptidoglycan hydrolase HydH5 and

the SH3b cell wall-binding domain
from lysostaphin)

S. aureus biofilm elimination [215]

S. aureus CHAPK

Truncated derivative of the phage
lysin LysK from the staphylococcal

bacteriophage K

Reduction of biofilm formation in
processing systems [189]

S. aureus

HydH5
HydH5Lyso
HydH5SH3b

CHAPSH3b and
lysostaphin

S. aureus bacteriophage
vB_SauS-phiIPLA88

Biocontrol of S. aureus
in dairy products [216]

Streptococcus spp. λSA2 Streptococcus agalactiae (serotype III
GBS strain 3330) bacteriophage B30

Inactivation of Strepcococcus spp. in
cow milk [217,218]

S. Typhimurium LysSTG2 Salmonella-lytic bacteriophage STG2 Combating S. Typhimurium biofilms
in food industries [219]

Salmonella strains LysSE24 Salmonella phage LPSE1 Food Control of Salmonella strains [220]

Several Gram-negative
pathogens, particularly against

Salmonella Typhimurium
Lys68 Salmonella phage phi68 isolated from

feces from a poultry farm
Combat Gram-negative pathogens in

the food industry [221]
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Furthermore, enzybiotics can improve the narrow host spectrum of phages against
both Gram-positive and Gram-negative bacteria. Therefore, the narrow host range of
phages should be used to control specific spoilage or pathogenic bacteria, while the broadest
spectrum of enzybiotics can be used to control different strains or species. Some of the
newly isolated and characterized endolysins have a broad spectrum so they could be
candidates for use in the food industry. An example is endolysin M4Lys, which has a
peculiar mosaic structure [222].

The main limitation in the use of phage enzybiotics in food is their complicated
production and purification, since relatively large amounts of proteins are needed even to
be studied in in vitro assays. Another problem is their low resistance to high temperatures
used in different processes in the food industry, such as disinfection. However, the search
for new enzymes with new properties will make it possible to find thermostable and easy-to-
produce forms in heterologous hosts such as E. coli and Lactococcus lactis [21,221,223–225].

7. Concluding Remarks

Many natural and eco-friendly methodologies for food preservation have been pro-
posed in the last few years, but only limited data are available about the usefulness of
most of them under industrial scale conditions, which needs proper attention to satisfy
the requirements of the industry as well as the demand of the consumers [226–230]. Con-
sequently, studies about the ability of the reported biopreservative agents to control the
development of undesirable microorganisms when applied at the industrial scale are
greatly required.

Studies on the biocontrol of food-borne pathogens in foods have generally produced
very good results. However, not all are lights in the use of phages against pathogenic
bacteria in food, there are also shadows. There are assays in which it was not possible to
reduce the number of pathogenic bacteria in food using bacteriophages [136,231,232].

The use of phages in human and veterinary medicine has received much more atten-
tion than their use in the food industry; but the increasing appearance of antibiotic-resistant
strains in the food industry has begun to make these viruses be seriously taken into account
when seeking their (application for food safety), also in this context. Similarly, their lytic
enzymes have not been sufficiently exploited in the food industry to date. However, this
is beginning to change; indeed, after the successful use of lysozyme (animal) or Nisin
(bacteria), enzymes are beginning to be seriously valued in the food industry. Phages offer
new and interesting possibilities when planning the control of annoying microorganisms
in food manufacturing, food biopreservation, or food processing. Additionally, their lytic
enzymes, easily modifiable through molecular biology processes, offer a very wide range
of possibilities both for direct application against bacteria, as well as for inclusion in food
matrices or the preparation of antibacterial surfaces generated by biotechnology [233].

Virulent bacteriophages are naturally present in foods, therefore both phages and their
enzybiotics would be exploited in different ways for food safety as the consumer demand
for the use of ecofriendly biopreservatives is increasing. Contamination of ready-to-eat
products with pathogenic bacteria is a more serious problem than the contamination of food
that will then be cooked before being consumed since many of the cooking methods reduce
the number of these bacteria. In this context, both phage and enzybiotics have been tested
in ready-to-eat meals. However, not only is the use of phages and their enzymes in food
is not only an area of incipient research, but the whole biology of phages is experiencing
a new boom in all domains of research, mainly in human and veterinary health, where
spectacular achievements have already been reached in some patients and farm animals.

Along with this increasing amount of isolation and characterization of phage strains
capable of controlling important food-borne pathogens—it is always desirable to increase
our armament against superbugs—we must make a parallel effort to understand more in-
depth their interaction with target pathogens, as well as their biology and ecology in food
if we want to apply them in the different stages of the production chain, increasing their
biopreservation capacity. At the molecular level, we must better characterize enzybiotics,
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study the possibility of applying them in different processes, and optimize their production
so that their application is profitable for food producers and does not raise the price too
much for consumers.

Furthermore, the safety and ubiquity of phages must be well explained to both food
producers and consumers to avoid rejection of “the unknown” [234,235]. Bacteriophages
are the most abundant microorganisms on the planet and even in our guts, with approxi-
mately 1014 phage particles in our body [236]. As we have seen in this review, phages and
their enzybiotics can be found in the environment, in animals, and in food we eat every
day. Finally, some phage-based products for the control of pathogens in food are already
being used in different countries after being approved by competent authorities, even in
ready-to-eat products. Those products mainly include a cocktail of phages, for example
against E. coli (EcoShield™), L. monocytogenes (ListShield™ and PhageGuard Listex™), and
Salmonella spp. (SalmoFresh™) [237].

Author Contributions: Conceptualization, J.R.-V.; writing—original draft preparation, J.R.-V., M.E.-Z.,
M.L.S.; writing—review and editing, J.R.-V., M.E.-Z., M.L.S., A.P.B.; Visualization: T.Y.F.-H.; supervi-
sion F.G., M.B. All authors have read and agreed to the published version of the manuscript.

Funding: Research in our group was supported by SODERCAN (Project RH20-XX-032, FAGOFOOD).

Acknowledgments: Tamara Y. Forbes-Hernández is supported by a “Juan de la Cierva-Formación”
post-doctoral contract.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the
design of the study, or in the writing of the manuscript.

References
1. Lundén, J.; Björkroth, J.; Korkeala, H. Contamination Routes and Analysis in Food Processing Environments. In Handbook of

Hygiene Control in the Food Industry; Lelieved, H.L.M., Holah, M.A., Eds.; Woodhead Publishing Series in Food Science, Technology
and Nutrition; Woodhead Publishing: Cambridge, UK, 2005; pp. 539–555.

2. Alegbeleye, O.O.; Singleton, I.; Sant’Ana, A.S. Sources and Contamination Routes of Microbial Pathogens to Fresh Produce
during Field Cultivation: A Review. Food Microbiol. 2018, 73, 177–208. [CrossRef]

3. Olaimat, A.N.; Holley, R.A. Factors Influencing the Microbial Safety of Fresh Produce: A Review. Food Microbiol. 2012, 32, 1–19.
[CrossRef]

4. Kim, N.H.; Cho, T.J.; Rhee, M.S. Current Interventions for Controlling Pathogenic Escherichia coli. Adv. Appl. Microbiol. 2017, 100,
1–47. [CrossRef] [PubMed]

5. Rajan, K.; Shi, Z.; Ricke, S.C. Current Aspects of Salmonella Contamination in the US Poultry Production Chain and the Potential
Application of Risk Strategies in Understanding Emerging Hazards. Crit. Rev. Microbiol. 2017, 43, 370–392. [CrossRef] [PubMed]

6. Laroute, V.; Tormo, H.; Couderc, C.; Mercier-Bonin, M.; Le Bourgeois, P.; Cocaign-Bousquet, M.; Daveran-Mingot, M.-L. From
Genome to Phenotype: An Integrative Approach to Evaluate the Biodiversity of Lactococcus Lactis. Microorganisms 2017, 5, 27.
[CrossRef] [PubMed]

7. Klaenhammer, T.R. Genetics of Bacteriocins Produced by Lactic Acid Bacteria. FEMS Microbiol. Rev. 1993, 12, 39–85. [CrossRef]
8. Kang, M.-S.; Lee, D.-S.; Lee, S.-A.; Kim, M.-S.; Nam, S.-H. Effects of Probiotic Bacterium Weissella cibaria CMU on Periodontal

Health and Microbiota: A Randomised, Double-Blind, Placebo-Controlled Trial. BMC Oral Health 2020, 20, 243. [CrossRef]
[PubMed]

9. Jeong, J.H.; Lee, C.Y.; Chung, D.K. Probiotic Lactic Acid Bacteria and Skin Health. Crit. Rev. Food Sci. Nutr. 2016, 56, 2331–2337.
[CrossRef] [PubMed]

10. Esber, N.; Mauras, A.; Delannoy, J.; Labellie, C.; Mayeur, C.; Caillaud, M.-A.; Kashima, T.; Souchaud, L.; Nicolis, I.; Kapel, N.; et al.
Three Candidate Probiotic Strains Impact Gut Microbiota and Induce Anergy in Mice with Cow’s Milk Allergy. Appl. Environ.
Microbiol. 2020, 86, e01203-20. [CrossRef] [PubMed]

11. Paparo, L.; Nocerino, R.; Di Scala, C.; Della Gatta, G.; Di Costanzo, M.; Buono, A.; Bruno, C.; Berni Canani, R. Targeting Food
Allergy with Probiotics. Adv. Exp. Med. Biol. 2019, 1125, 57–68. [CrossRef]

12. de Dapkevicius, M.L.E.; Sgardioli, B.; Câmara, S.P.A.; Poeta, P.; Malcata, F.X. Current Trends of Enterococci in Dairy Products: A
Comprehensive Review of Their Multiple Roles. Foods 2021, 10, 821. [CrossRef]

13. De Silva, L.a.D.S.; Wickramanayake, M.V.K.S.; Heo, G.-J. Virulence and Antimicrobial Resistance Potential of Aeromonas Spp.
Associated with Shellfish. Lett. Appl. Microbiol. 2021, 73, 176–186. [CrossRef]

14. Luque-Sastre, L.; Arroyo, C.; Fox, E.M.; McMahon, B.J.; Bai, L.; Li, F.; Fanning, S. Antimicrobial Resistance in Listeria Species.
Microbiol. Spectr. 2018, 6. [CrossRef]

100



Molecules 2021, 26, 5138

15. Goodridge, L.; Abedon, S.T. Bacteriophage Biocontrol and Bioprocessing: Application of Phage Therapy to Industry. Soc. Ind.
Microbiol. News 2003, 53, 254–262.

16. Greer, G.G. Bacteriophage Control of Foodborne Bacteriat. J. Food Prot. 2005, 68, 1102–1111. [CrossRef] [PubMed]
17. Deutsch, S.-M.; Guezenec, S.; Piot, M.; Foster, S.; Lortal, S. Mur-LH, the Broad-Spectrum Endolysin of Lactobacillus helveticus

Temperate Bacteriophage Phi-0303. Appl. Environ. Microbiol. 2004, 70, 96–103. [CrossRef]
18. Röhrig, C.; Huemer, M.; Lorgé, D.; Luterbacher, S.; Phothaworn, P.; Schefer, C.; Sobieraj, A.M.; Zinsli, L.V.; Mairpady Shambat, S.;

Leimer, N.; et al. Targeting Hidden Pathogens: Cell-Penetrating Enzybiotics Eradicate Intracellular Drug-Resistant Staphylococcus
aureus. mBio 2020, 11, e00209-20. [CrossRef]

19. Dams, D.; Briers, Y. Enzybiotics: Enzyme-Based Antibacterials as Therapeutics. Adv. Exp. Med. Biol. 2019, 1148, 233–253.
[CrossRef]

20. Gerstmans, H.; Rodríguez-Rubio, L.; Lavigne, R.; Briers, Y. From Endolysins to Artilysin®s: Novel Enzyme-Based Approaches to
Kill Drug-Resistant Bacteria. Biochem. Soc. Trans. 2016, 44, 123–128. [CrossRef]

21. Gutiérrez, D.; Rodríguez-Rubio, L.; Martínez, B.; Rodríguez, A.; García, P. Bacteriophages as Weapons Against Bacterial Biofilms
in the Food Industry. Front. Microbiol. 2016, 7, 825. [CrossRef]

22. Ganegama Arachchi, G.J.; Cridge, A.G.; Dias-Wanigasekera, B.M.; Cruz, C.D.; McIntyre, L.; Liu, R.; Flint, S.H.; Mutukumira, A.N.
Effectiveness of Phages in the Decontamination of Listeria monocytogenes Adhered to Clean Stainless Steel, Stainless Steel Coated
with Fish Protein, and as a Biofilm. J. Ind. Microbiol. Biotechnol. 2013, 40, 1105–1116. [CrossRef]

23. Soni, K.A.; Nannapaneni, R. Removal of Listeria monocytogenes Biofilms with Bacteriophage P100. J. Food Prot. 2010, 73, 1519–1524.
[CrossRef]

24. Sillankorva, S.; Neubauer, P.; Azeredo, J. Phage Control of Dual Species Biofilms of Pseudomonas fluorescens and Staphylococcus
lentus. Biofouling 2010, 26, 567–575. [CrossRef]

25. Ghosh, C.; Sarkar, P.; Issa, R.; Haldar, J. Alternatives to Conventional Antibiotics in the Era of Antimicrobial Resistance. Trends
Microbiol. 2019, 27, 323–338. [CrossRef]

26. Kawacka, I.; Olejnik-Schmidt, A.; Schmidt, M.; Sip, A. Effectiveness of Phage-Based Inhibition of Listeria monocytogenes in Food
Products and Food Processing Environments. Microorganisms 2020, 8, 1764. [CrossRef]

27. Zaburlin, D.; Quiberoni, A.; Mercanti, D. Changes in Environmental Conditions Modify Infection Kinetics of Dairy Phages. Food
Environ. Virol. 2017, 9, 270–276. [CrossRef] [PubMed]

28. Payne, R.J.; Phil, D.; Jansen, V.A. Phage Therapy: The Peculiar Kinetics of Self-Replicating Pharmaceuticals. Clin. Pharmacol. Ther.
2000, 68, 225–230. [CrossRef] [PubMed]

29. Shao, Y.; Wang, I.-N. Bacteriophage Adsorption Rate and Optimal Lysis Time. Genetics 2008, 180, 471–482. [CrossRef] [PubMed]
30. Gáspár, S.; Rontó, G.; Müller, G. Determination of the Biological Parameters of Bacterium-Phage Complexes. Z. Allg. Mikrobiol.

1979, 19, 163–169. [CrossRef] [PubMed]
31. Abedon, S.T. Kinetics of Phage-Mediated Biocontrol of Bacteria. Foodborne Pathog. Dis. 2009, 6, 807–815. [CrossRef]
32. Abedon, S.T.; Katsaounis, T.I. Basic Phage Mathematics. Methods Mol. Biol. 2018, 1681, 3–30. [CrossRef] [PubMed]
33. Hudson, J.A.; Billington, C.; Carey-Smith, G.; Greening, G. Bacteriophages as Biocontrol Agents in Food. J. Food Prot. 2005, 68,

426–437. [CrossRef]
34. Hudson, J.A.; Billington, C.; Wilson, T.; On, S.L.W. Effect of Phage and Host Concentration on the Inactivation of Escherichia coli

O157:H7 on Cooked and Raw Beef. Food Sci. Technol. Int. 2015, 21, 104–109. [CrossRef] [PubMed]
35. Augustine, J.; Louis, L.; Varghese, S.M.; Bhat, S.G.; Kishore, A. Isolation and Partial Characterization of ΦSP-1, a Salmonella

Specific Lytic Phage from Intestinal Content of Broiler Chicken. J. Basic Microbiol. 2013, 53, 111–120. [CrossRef] [PubMed]
36. Bigwood, T.; Hudson, J.A.; Billington, C. Influence of Host and Bacteriophage Concentrations on the Inactivation of Food-Borne

Pathogenic Bacteria by Two Phages. FEMS Microbiol. Lett. 2009, 291, 59–64. [CrossRef]
37. Sváb, D.; Falgenhauer, L.; Rohde, M.; Chakraborty, T.; Tóth, I. Identification and Characterization of New Broad Host-Range

RV5-like Coliphages C203 and P206 Directed against Enterobacteria. Infect. Genet. Evol. 2018, 64, 254–261. [CrossRef] [PubMed]
38. Tarahovsky, Y.S.; Ivanitsky, G.R.; Khusainov, A.A. Lysis of Escherichia coli Cells Induced by Bacteriophage T4. FEMS Microbiol.

Lett. 1994, 122, 195–199. [CrossRef]
39. Delbrück, M. The growth of bacteriophage and lysis of the host. J. Gen. Physiol. 1940, 23, 643–660. [CrossRef]
40. Sommer, J.; Trautner, C.; Witte, A.K.; Fister, S.; Schoder, D.; Rossmanith, P.; Mester, P.-J. Don’t Shut the Stable Door after the Phage

Has Bolted-The Importance of Bacteriophage Inactivation in Food Environments. Viruses 2019, 11, 468. [CrossRef]
41. Molina, F.; Simancas, A.; Ramírez, M.; Tabla, R.; Roa, I.; Rebollo, J.E. A New Pipeline for Designing Phage Cocktails Based on

Phage-Bacteria Infection Networks. Front. Microbiol. 2021, 12, 564532. [CrossRef] [PubMed]
42. Yan, T.; Liang, L.; Yin, P.; Zhou, Y.; Sharoba, A.M.; Lu, Q.; Dong, X.; Liu, K.; Connerton, I.F.; Li, J. Application of a Novel Phage

LPSEYT for Biological Control of Salmonella in Foods. Microorganisms 2020, 8, 400. [CrossRef]
43. Zheng, X.-F.; Yang, Z.-Q.; Zhang, H.; Jin, W.-X.; Xu, C.-W.; Gao, L.; Rao, S.-Q.; Jiao, X.-A. Isolation of Virulent Phages Infecting

Dominant Mesophilic Aerobic Bacteria in Cucumber Pickle Fermentation. Food Microbiol. 2020, 86, 103330. [CrossRef] [PubMed]
44. Theuretzbacher, U.; Outterson, K.; Engel, A.; Karlén, A. The Global Preclinical Antibacterial Pipeline. Nat. Rev. Microbiol. 2020, 18,

275–285. [CrossRef]
45. Duarte, J.; Pereira, C.; Costa, P.; Almeida, A. Bacteriophages with Potential to Inactivate Aeromonas hydrophila in Cockles: In Vitro

and In Vivo Preliminary Studies. Antibiotics 2021, 10, 710. [CrossRef] [PubMed]

101



Molecules 2021, 26, 5138

46. Kong, M.; Kim, M.; Ryu, S. Complete Genome Sequence of Bacillus cereus Bacteriophage PBC1. J. Virol. 2012, 86, 6379–6380.
[CrossRef] [PubMed]

47. Kong, M.; Ryu, S. Bacteriophage PBC1 and Its Endolysin as an Antimicrobial Agent against Bacillus cereus. Appl. Environ. Microbiol.
2015, 81, 2274–2283. [CrossRef]

48. Greer, G.G. Psychrotrophic Brocothrix thermosphacta Bacteriophages Isolated from Beef. Appl. Environ. Microbiol. 1983, 46, 245–251.
[CrossRef] [PubMed]

49. Carey-Smith, G.V. The Use of Bacteriophages as a Biocontrol Mechanism for Campylobacter and Salmonella Contaminants of Food.
Master’s Thesis, School of Biological Sciences, University of Canterbury, Christchurch, New Zealand, 2004.

50. Atterbury, R.J.; Connerton, P.L.; Dodd, C.E.R.; Rees, C.E.D.; Connerton, I.F. Application of Host-Specific Bacteriophages to the
Surface of Chicken Skin Leads to a Reduction in Recovery of Campylobacter jejuni. Appl. Environ. Microbiol. 2003, 69, 6302–6306.
[CrossRef] [PubMed]

51. Sails, A.D.; Wareing, D.R.; Bolton, F.J.; Fox, A.J.; Curry, A. Characterisation of 16 Campylobacter jejuni and C. coli Typing
Bacteriophages. J. Med. Microbiol. 1998, 47, 123–128. [CrossRef]

52. Siringan, P.; Connerton, P.L.; Payne, R.J.H.; Connerton, I.F. Bacteriophage-Mediated Dispersal of Campylobacter jejuni Biofilms.
Appl. Environ. Microbiol. 2011, 77, 3320–3326. [CrossRef]

53. Loc Carrillo, C.; Atterbury, R.J.; el-Shibiny, A.; Connerton, P.L.; Dillon, E.; Scott, A.; Connerton, I.F. Bacteriophage Therapy to
Reduce Campylobacter jejuni Colonization of Broiler Chickens. Appl. Environ. Microbiol. 2005, 71, 6554–6563. [CrossRef] [PubMed]

54. Goode, D.; Allen, V.M.; Barrow, P.A. Reduction of Experimental Salmonella and Campylobacter Contamination of Chicken Skin by
Application of Lytic Bacteriophages. Appl. Environ. Microbiol. 2003, 69, 5032–5036. [CrossRef]

55. Kropinski, A.M.; Arutyunov, D.; Foss, M.; Cunningham, A.; Ding, W.; Singh, A.; Pavlov, A.R.; Henry, M.; Evoy, S.; Kelly, J.;
et al. Genome and Proteome of Campylobacter jejuni Bacteriophage NCTC 12673. Appl. Environ. Microbiol. 2011, 77, 8265–8271.
[CrossRef]

56. Mayer, M.J.; Payne, J.; Gasson, M.J.; Narbad, A. Genomic Sequence and Characterization of the Virulent Bacteriophage PhiCTP1
from Clostridium tyrobutyricum and Heterologous Expression of Its Endolysin. Appl. Environ. Microbiol. 2010, 76, 5415–5422.
[CrossRef]

57. Kim, K.-P.; Klumpp, J.; Loessner, M.J. Enterobacter sakazakii Bacteriophages Can Prevent Bacterial Growth in Reconstituted Infant
Formula. Int. J. Food Microbiol. 2007, 115, 195–203. [CrossRef]

58. Son, H.M.; Duc, H.M.; Masuda, Y.; Honjoh, K.-I.; Miyamoto, T. Application of Bacteriophages in Simultaneously Controlling
Escherichia coli O157:H7 and Extended-Spectrum Beta-Lactamase Producing Escherichia coli. Appl. Microbiol. Biotechnol. 2018, 102,
10259–10271. [CrossRef] [PubMed]

59. McLean, S.K.; Dunn, L.A.; Palombo, E.A. Phage Inhibition of Escherichia coli in Ultrahigh-Temperature-Treated and Raw Milk.
Foodborne Pathog. Dis. 2013, 10, 956–962. [CrossRef]

60. Liao, Y.-T.; Salvador, A.; Harden, L.A.; Liu, F.; Lavenburg, V.M.; Li, R.W.; Wu, V.C.H. Characterization of a Lytic Bacteriophage as
an Antimicrobial Agent for Biocontrol of Shiga Toxin-Producing Escherichia coli O145 Strains. Antibiotics 2019, 8, 74. [CrossRef]
[PubMed]

61. Hong, Y.; Pan, Y.; Ebner, P.D. Meat Science and Muscle Biology Symposium: Development of Bacteriophage Treatments to Reduce
Escherichia coli O157:H7 Contamination of Beef Products and Produce. J. Anim. Sci. 2014, 92, 1366–1377. [CrossRef]

62. Hong, Y.; Pan, Y.; Harman, N.J.; Ebner, P.D. Complete Genome Sequences of Two Escherichia coli O157:H7 Phages Effective in
Limiting Contamination of Food Products. Genome Announc. 2014, 2, e00519-14. [CrossRef]

63. O’Flynn, G.; Ross, R.P.; Fitzgerald, G.F.; Coffey, A. Evaluation of a Cocktail of Three Bacteriophages for Biocontrol of Escherichia
coli O157:H7. Appl. Environ. Microbiol. 2004, 70, 3417–3424. [CrossRef]

64. Akusobi, C.; Chan, B.K.; Williams, E.S.C.P.; Wertz, J.E.; Turner, P.E. Parallel Evolution of Host-Attachment Proteins in Phage PP01
Populations Adapting to Escherichia coli O157:H7. Pharmaceuticals 2018, 11, 60. [CrossRef] [PubMed]

65. Morita, M.; Tanji, Y.; Mizoguchi, K.; Akitsu, T.; Kijima, N.; Unno, H. Characterization of a Virulent Bacteriophage Specific for
Escherichia coli O157:H7 and Analysis of Its Cellular Receptor and Two Tail Fiber Genes. FEMS Microbiol. Lett. 2002, 211, 77–83.
[CrossRef] [PubMed]

66. Hudson, J.A.; Billington, C.; Cornelius, A.J.; Wilson, T.; On, S.L.W.; Premaratne, A.; King, N.J. Use of a Bacteriophage to Inactivate
Escherichia coli O157:H7 on Beef. Food Microbiol. 2013, 36, 14–21. [CrossRef] [PubMed]

67. Kudva, I.T.; Jelacic, S.; Tarr, P.I.; Youderian, P.; Hovde, C.J. Biocontrol of Escherichia coli O157 with O157-Specific Bacteriophages.
Appl. Environ. Microbiol. 1999, 65, 3767–3773. [CrossRef] [PubMed]

68. Sharma, M.; Ryu, J.-H.; Beuchat, L.R. Inactivation of Escherichia coli O157:H7 in Biofilm on Stainless Steel by Treatment with an
Alkaline Cleaner and a Bacteriophage. J. Appl. Microbiol. 2005, 99, 449–459. [CrossRef]

69. Abuladze, T.; Li, M.; Menetrez, M.Y.; Dean, T.; Senecal, A.; Sulakvelidze, A. Bacteriophages Reduce Experimental Contamination
of Hard Surfaces, Tomato, Spinach, Broccoli, and Ground Beef by Escherichia coli O157:H7. Appl. Environ. Microbiol. 2008, 74,
6230–6238. [CrossRef]

70. Ferguson, S.; Roberts, C.; Handy, E.; Sharma, M. Lytic Bacteriophages Reduce Escherichia coli O157: H7 on Fresh Cut Lettuce
Introduced through Cross-Contamination. Bacteriophage 2013, 3, e24323. [CrossRef]

71. Tomat, D.; Mercanti, D.; Balagué, C.; Quiberoni, A. Phage Biocontrol of Enteropathogenic and Shiga Toxin-Producing Escherichia
coli during Milk Fermentation. Lett. Appl. Microbiol. 2013, 57, 3–10. [CrossRef]

102



Molecules 2021, 26, 5138

72. Tomat, D.; Migliore, L.; Aquili, V.; Quiberoni, A.; Balagué, C. Phage Biocontrol of Enteropathogenic and Shiga Toxin-Producing
Escherichia coli in Meat Products. Front. Cell Infect. Microbiol. 2013, 3, 20. [CrossRef]

73. Snyder, A.B.; Perry, J.J.; Yousef, A.E. Developing and Optimizing Bacteriophage Treatment to Control Enterohemorrhagic
Escherichia coli on Fresh Produce. Int. J. Food Microbiol. 2016, 236, 90–97. [CrossRef]

74. Deasy, T.; Mahony, J.; Neve, H.; Heller, K.J.; van Sinderen, D. Isolation of a Virulent Lactobacillus brevis Phage and Its Application
in the Control of Beer Spoilage. J. Food Prot. 2011, 74, 2157–2161. [CrossRef] [PubMed]

75. Greer, G.G.; Dilts, B.D.; Ackermann, H.-W. Characterization of a Leuconostoc gelidum Bacteriophage from Pork. Int. J. Food
Microbiol. 2007, 114, 370–375. [CrossRef]

76. Hibma, A.M.; Jassim, S.A.; Griffiths, M.W. Infection and Removal of L-Forms of Listeria monocytogenes with Bred Bacteriophage.
Int. J. Food Microbiol. 1997, 34, 197–207. [CrossRef]

77. Klumpp, J.; Loessner, M.J. Listeria Phages: Genomes, Evolution, and Application. Bacteriophage 2013, 3, e26861. [CrossRef]
[PubMed]

78. Roy, B.; Ackermann, H.W.; Pandian, S.; Picard, G.; Goulet, J. Biological Inactivation of Adhering Listeria monocytogenes by
Listeriaphages and a Quaternary Ammonium Compound. Appl. Environ. Microbiol. 1993, 59, 2914–2917. [CrossRef] [PubMed]

79. Ackermann, H.W.; DuBow, M.S. Viruses of Prokaryotes: General Properties of Bacteriophages; CRC Press Inc.: Boca Raton, FL, USA,
1987; pp. 49–85.

80. Zink, R.; Loessner, M.J. Classification of Virulent and Temperate Bacteriophages of Listeria Spp. on the Basis of Morphology and
Protein Analysis. Appl. Environ. Microbiol. 1992, 58, 296–302. [CrossRef] [PubMed]

81. Loessner, M.J.; Goeppl, S.; Busse, M. Comparative Inducibility of Bacteriophage in Naturally Lysogenic and Lysogenized Strains
of Listeria Spp. by u.v. Light and Mitomycin C. Lett. Appl. Microbiol. 1991, 12, 196–199. [CrossRef]

82. Guenther, S.; Huwyler, D.; Richard, S.; Loessner, M.J. Virulent Bacteriophage for Efficient Biocontrol of Listeria monocytogenes in
Ready-to-Eat Foods. Appl. Environ. Microbiol. 2009, 75, 93–100. [CrossRef]

83. Klumpp, J.; Dorscht, J.; Lurz, R.; Bielmann, R.; Wieland, M.; Zimmer, M.; Calendar, R.; Loessner, M.J. The Terminally Redundant,
Nonpermuted Genome of Listeria Bacteriophage A511: A Model for the SPO1-like Myoviruses of Gram-Positive Bacteria. J.
Bacteriol. 2008, 190, 5753–5765. [CrossRef]

84. Guenther, S.; Loessner, M.J. Bacteriophage Biocontrol of Listeria monocytogenes on Soft Ripened White Mold and Red-Smear
Cheeses. Bacteriophage 2011, 1, 94–100. [CrossRef]

85. Bigot, B.; Lee, W.-J.; McIntyre, L.; Wilson, T.; Hudson, J.A.; Billington, C.; Heinemann, J.A. Control of Listeria monocytogenes
Growth in a Ready-to-Eat Poultry Product Using a Bacteriophage. Food Microbiol. 2011, 28, 1448–1452. [CrossRef] [PubMed]

86. Scattolini, S.; D’Angelantonio, D.; Boni, A.; Mangone, I.; Marcacci, M.; Battistelli, N.; D’Agostino, K.; Pomilio, F.; Camma, C.;
Migliorati, G.; et al. Characterization and In Vitro Efficacy against Listeria monocytogenes of a Newly Isolated Bacteriophage,
ΦIZSAM-1. Microorganisms 2021, 9, 731. [CrossRef]

87. Aprea, G.; D’Angelo, A.R.; Prencipe, V.A.; Migliorati, G. Bacteriophage Morphological Characterization by Using Transmission
Electron Microscopy. J. Life Sci. 2015, 9, 214–220.

88. Carlton, R.M.; Noordman, W.H.; Biswas, B.; de Meester, E.D.; Loessner, M.J. Bacteriophage P100 for Control of Listeria monocyto-
genes in Foods: Genome Sequence, Bioinformatic Analyses, Oral Toxicity Study, and Application. Regul. Toxicol. Pharmacol. 2005,
43, 301–312. [CrossRef]

89. Oliveira, M.; Viñas, I.; Colàs, P.; Anguera, M.; Usall, J.; Abadias, M. Effectiveness of a Bacteriophage in Reducing Listeria
monocytogenes on Fresh-Cut Fruits and Fruit Juices. Food Microbiol. 2014, 38, 137–142. [CrossRef] [PubMed]

90. Iacumin, L.; Manzano, M.; Comi, G. Phage Inactivation of Listeria monocytogenes on San Daniele Dry-Cured Ham and Elimination
of Biofilms from Equipment and Working Environments. Microorganisms 2016, 4, 4. [CrossRef]

91. Soni, K.A.; Nannapaneni, R. Bacteriophage Significantly Reduces Listeria monocytogenes on Raw Salmon Fillet Tissue. J. Food Prot.
2010, 73, 32–38. [CrossRef]

92. Soni, K.A.; Nannapaneni, R.; Hagens, S. Reduction of Listeria monocytogenes on the Surface of Fresh Channel Catfish Fillets by
Bacteriophage Listex P100. Foodborne Pathog. Dis. 2010, 7, 427–434. [CrossRef]

93. Ellis, D.E.; Whitman, P.A.; Marshall, R.T. Effects of Homologous Bacteriophage on Growth of Pseudomonas fragi WY in Milk. Appl.
Microbiol. 1973, 25, 24–25. [CrossRef]

94. Whitman, P.A.; Marshall, R.T. Isolation of Psychrophilic Bacteriophage-Host Systems from Refrigerated Food Products. Appl.
Microbiol. 1971, 22, 220–223. [CrossRef]

95. Whitman, P.A.; Marshall, R.T. Characterization of Two Psychrophilic Pseudomonas Bacteriophages Isolated from Ground Beef.
Appl. Microbiol. 1971, 22, 463–468. [CrossRef] [PubMed]

96. Greer, G.G. Homologous Bacteriophage Control of Pseudomonas Growth and Beef Spoilage 1, 2. J. Food Prot. 1986, 49, 104–109.
[CrossRef]

97. Greer, G.G. Psychrotrophic Bacteriophages for Beef Spoilage Pseudomonads 1. J. Food Prot. 1982, 45, 1318–1325. [CrossRef]
[PubMed]

98. Tanaka, C.; Yamada, K.; Takeuchi, H.; Inokuchi, Y.; Kashiwagi, A.; Toba, T. A Lytic Bacteriophage for Controlling Pseudomonas
lactis in Raw Cow’s Milk. Appl. Environ. Microbiol. 2018, 84, e00111-18. [CrossRef] [PubMed]

99. Sillankorva, S.; Neubauer, P.; Azeredo, J. Pseudomonas fluorescens Biofilms Subjected to Phage PhiIBB-PF7A. BMC Biotechnol. 2008,
8, 79. [CrossRef]

103



Molecules 2021, 26, 5138

100. Sillankorva, S.; Neubauer, P.; Azeredo, J. Isolation and Characterization of a T7-like Lytic Phage for Pseudomonas fluorescens. BMC
Biotechnol. 2008, 8, 80. [CrossRef]

101. Kang, H.-W.; Kim, J.-W.; Jung, T.-S.; Woo, G.-J. Wksl3, a New Biocontrol Agent for Salmonella Enterica Serovars Enteritidis
and Typhimurium in Foods: Characterization, Application, Sequence Analysis, and Oral Acute Toxicity Study. Appl. Environ.
Microbiol. 2013, 79, 1956–1968. [CrossRef]

102. Kim, J.H.; Kim, H.J.; Jung, S.J.; Mizan, M.F.R.; Park, S.H.; Ha, S.-D. Characterization of Salmonella Spp.-Specific Bacteriophages
and Their Biocontrol Application in Chicken Breast Meat. J. Food Sci. 2020, 85, 526–534. [CrossRef]

103. Fiorentin, L.; Vieira, N.D.; Barioni, W. Oral Treatment with Bacteriophages Reduces the Concentration of Salmonella Enteritidis
PT4 in Caecal Contents of Broilers. Avian Pathol. 2005, 34, 258–263. [CrossRef]

104. Fiorentin, L.; Vieira, N.D.; Barioni, J.W.; Barros, S. In Vitro Characterization and in Vivo Properties of Salmonellae Lytic
Bacteriophages Isolated from Free-Range Layers. Braz. J. Poult. Sci. 2004, 6, 121–128. [CrossRef]

105. Fiorentin, L.; Vieira, N.D.; Barioni, J.W. Use of Lytic Bacteriophages to Reduce Salmonella Enteritidis in Experimentally Contami-
nated Chicken Cuts. Braz. J. Poult. Sci. 2005, 7, 255–260. [CrossRef]

106. Berchieri, A.; Lovell, M.A.; Barrow, P.A. The Activity in the Chicken Alimentary Tract of Bacteriophages Lytic for Salmonella
Typhimurium. Res. Microbiol. 1991, 142, 541–549. [CrossRef]

107. Sonalika, J.; Srujana, A.S.; Akhila, D.S.; Juliet, M.R.; Santhosh, K.S. Application of Bacteriophages to Control Salmonella Enteritidis
in Raw Eggs. Iran J. Vet. Res. 2020, 21, 221–225. [PubMed]

108. Islam, M.S.; Zhou, Y.; Liang, L.; Nime, I.; Liu, K.; Yan, T.; Wang, X.; Li, J. Application of a Phage Cocktail for Control of Salmonella
in Foods and Reducing Biofilms. Viruses 2019, 11, 841. [CrossRef]

109. Islam, M.S.; Zhou, Y.; Liang, L.; Nime, I.; Yan, T.; Willias, S.P.; Mia, M.Z.; Bei, W.; Connerton, I.F.; Fischetti, V.A.; et al. Application
of a Broad Range Lytic Phage LPST94 for Biological Control of Salmonella in Foods. Microorganisms 2020, 8, 247. [CrossRef]

110. Huang, C.; Virk, S.M.; Shi, J.; Zhou, Y.; Willias, S.P.; Morsy, M.K.; Abdelnabby, H.E.; Liu, J.; Wang, X.; Li, J. Isolation, Characteriza-
tion, and Application of Bacteriophage LPSE1 Against Salmonella Enterica in Ready to Eat (RTE) Foods. Front. Microbiol. 2018, 9,
1046. [CrossRef] [PubMed]

111. Whichard, J.M.; Sriranganathan, N.; Pierson, F.W. Suppression of Salmonella Growth by Wild-Type and Large-Plaque Variants of
Bacteriophage Felix O1 in Liquid Culture and on Chicken Frankfurters. J. Food Prot. 2003, 66, 220–225. [CrossRef]

112. Whichard, J.M.; Weigt, L.A.; Borris, D.J.; Li, L.L.; Zhang, Q.; Kapur, V.; Pierson, F.W.; Lingohr, E.J.; She, Y.-M.; Kropinski, A.M.;
et al. Complete Genomic Sequence of Bacteriophage Felix O1. Viruses 2010, 2, 710–730. [CrossRef] [PubMed]

113. Felix, A.; Callow, B.R. Typing of Paratyphoid B Bacilli by Vi Bacteriophage. Br. Med. J. 1943, 2, 127–130. [CrossRef]
114. Guenther, S.; Herzig, O.; Fieseler, L.; Klumpp, J.; Loessner, M.J. Biocontrol of Salmonella Typhimurium in RTE Foods with the

Virulent Bacteriophage FO1-E2. Int. J. Food Microbiol. 2012, 154, 66–72. [CrossRef]
115. Higgins, J.P.; Higgins, S.E.; Guenther, K.L.; Huff, W.; Donoghue, A.M.; Donoghue, D.J.; Hargis, B.M. Use of a Specific Bacterio-

phage Treatment to Reduce Salmonella in Poultry Products. Poult. Sci. 2005, 84, 1141–1145. [CrossRef] [PubMed]
116. Wall, S.K.; Zhang, J.; Rostagno, M.H.; Ebner, P.D. Phage Therapy to Reduce Preprocessing Salmonella Infections in Market-Weight

Swine. Appl. Environ. Microbiol. 2010, 76, 48–53. [CrossRef] [PubMed]
117. Zhang, J.; Hong, Y.; Harman, N.J.; Das, A.; Ebner, P.D. Genome Sequence of a Salmonella Phage Used to Control Salmonella

Transmission in Swine. Genome Announc. 2014, 2, e00521-14. [CrossRef] [PubMed]
118. Hong, Y.; Schmidt, K.; Marks, D.; Hatter, S.; Marshall, A.; Albino, L.; Ebner, P. Treatment of Salmonella-Contaminated Eggs and

Pork with a Broad-Spectrum, Single Bacteriophage: Assessment of Efficacy and Resistance Development. Foodborne Pathog. Dis.
2016, 13, 679–688. [CrossRef] [PubMed]

119. Zhang, Y.; Ding, Y.; Li, W.; Zhu, W.; Wang, J.; Wang, X. Application of a Novel Lytic Podoviridae Phage Pu20 for Biological
Control of Drug-Resistant Salmonella in Liquid Eggs. Pathogens 2021, 10, 34. [CrossRef] [PubMed]

120. Li, Z.; Ma, W.; Li, W.; Ding, Y.; Zhang, Y.; Yang, Q.; Wang, J.; Wang, X. A Broad-Spectrum Phage Controls Multidrug-Resistant
Salmonella in Liquid Eggs. Food Res. Int. 2020, 132, 109011. [CrossRef]

121. Ahn, J.; Kim, S.; Jung, L.-S.; Biswas, D. In Vitro Assessment of the Susceptibility of Planktonic and Attached Cells of Foodborne
Pathogens to Bacteriophage P22-Mediated Salmonella Lysates. J. Food Prot. 2013, 76, 2057–2062. [CrossRef]

122. Susskind, M.M.; Botstein, D. Molecular Genetics of Bacteriophage P22. Microbiol. Rev. 1978, 42, 385–413. [CrossRef]
123. Zorn, G.A.; Gough, M. Morphology of Bacteriophage P22 as Seen in Thin Sections of Pelleted Phage. Virology 1976, 71, 434–443.

[CrossRef]
124. Zinno, P.; Devirgiliis, C.; Ercolini, D.; Ongeng, D.; Mauriello, G. Bacteriophage P22 to Challenge Salmonella in Foods. Int. J. Food

Microbiol. 2014, 191, 69–74. [CrossRef]
125. Islam, M.S.; Hu, Y.; Mizan, M.F.R.; Yan, T.; Nime, I.; Zhou, Y.; Li, J. Characterization of Salmonella Phage LPST153 That Effectively

Targets Most Prevalent Salmonella Serovars. Microorganisms 2020, 8, 1089. [CrossRef]
126. Spricigo, D.A.; Bardina, C.; Cortés, P.; Llagostera, M. Use of a Bacteriophage Cocktail to Control Salmonella in Food and the Food

Industry. Int. J. Food Microbiol. 2013, 165, 169–174. [CrossRef] [PubMed]
127. Bardina, C.; Colom, J.; Spricigo, D.A.; Otero, J.; Sánchez-Osuna, M.; Cortés, P.; Llagostera, M. Genomics of Three New Bacterio-

phages Useful in the Biocontrol of Salmonella. Front. Microbiol. 2016, 7, 545. [CrossRef] [PubMed]
128. Bardina, C.; Spricigo, D.A.; Cortés, P.; Llagostera, M. Significance of the Bacteriophage Treatment Schedule in Reducing Salmonella

Colonization of Poultry. Appl. Environ. Microbiol. 2012, 78, 6600–6607. [CrossRef] [PubMed]

104



Molecules 2021, 26, 5138

129. Augustine, J.; Bhat, S.G. Biocontrol of Salmonella Enteritidis in Spiked Chicken Cuts by Lytic Bacteriophages ΦSP-1 and ΦSP-3. J.
Basic Microbiol. 2015, 55, 500–503. [CrossRef] [PubMed]

130. Augustine, J.; Varghese, S.M.; Bhat, S.G. ΦSP-3, a Salmonella-Specific Lytic Phage Capable of Infecting Its Host under Nutrient-
Deprived States. Ann. Microbiol. 2013, 63, 381–386. [CrossRef]

131. Modi, R.; Hirvi, Y.; Hill, A.; Griffiths, M.W. Effect of Phage on Survival of Salmonella Enteritidis during Manufacture and Storage
of Cheddar Cheese Made from Raw and Pasteurized Milk. J. Food Prot. 2001, 64, 927–933. [CrossRef]

132. Bao, H.; Zhang, P.; Zhang, H.; Zhou, Y.; Zhang, L.; Wang, R. Bio-Control of Salmonella Enteritidis in Foods Using Bacteriophages.
Viruses 2015, 7, 4836–4853. [CrossRef]

133. Bao, H.; Zhou, Y.; Shahin, K.; Zhang, H.; Cao, F.; Pang, M.; Zhang, X.; Zhu, S.; Olaniran, A.; Schmidt, S.; et al. The Complete
Genome of Lytic Salmonella Phage VB_SenM-PA13076 and Therapeutic Potency in the Treatment of Lethal Salmonella Enteritidis
Infections in Mice. Microbiol. Res. 2020, 237, 126471. [CrossRef] [PubMed]

134. Duc, H.M.; Son, H.M.; Yi, H.P.S.; Sato, J.; Ngan, P.H.; Masuda, Y.; Honjoh, K.-I.; Miyamoto, T. Isolation, Characterization and
Application of a Polyvalent Phage Capable of Controlling Salmonella and Escherichia coli O157:H7 in Different Food Matrices. Food
Res. Int. 2020, 131, 108977. [CrossRef]

135. Kocharunchitt, C.; Ross, T.; McNeil, D.L. Use of Bacteriophages as Biocontrol Agents to Control Salmonella Associated with Seed
Sprouts. Int. J. Food Microbiol. 2009, 128, 453–459. [CrossRef] [PubMed]

136. Pao, S.; Rolph, S.P.; Westbrook, E.W.; Shen, H. Use of Bacteriophages to Control Salmonella in Experimentally Contaminated
Sprout Seeds. J. Food Sci. 2006, 69, 127–130. [CrossRef]

137. Li, J.; Li, Y.; Ding, Y.; Huang, C.; Zhang, Y.; Wang, J.; Wang, X. Characterization of a Novel Siphoviridae Salmonella Bacteriophage
T156 and Its Microencapsulation Application in Food Matrix. Food Res. Int. 2021, 140, 110004. [CrossRef] [PubMed]

138. Kelly, D.; McAuliffe, O.; Ross, R.P.; Coffey, A. Prevention of Staphylococcus aureus Biofilm Formation and Reduction in Established
Biofilm Density Using a Combination of Phage K and Modified Derivatives. Lett. Appl. Microbiol. 2012, 54, 286–291. [CrossRef]

139. Gill, J.J. Revised Genome Sequence of Staphylococcus aureus Bacteriophage K. Genome Announc. 2014, 2, e01173-13. [CrossRef]
140. Bueno, E.; García, P.; Martínez, B.; Rodríguez, A. Phage Inactivation of Staphylococcus aureus in Fresh and Hard-Type Cheeses. Int.

J. Food Microbiol. 2012, 158, 23–27. [CrossRef]
141. Garcia, P.; Madera, C.; Martinez, B.; Rodriguez, A. Biocontrol of Staphylococcus aureus in Curd Manufacturing Processes Using

Bacteriophages. Int. Dairy J. 2007, 17, 1232–1239. [CrossRef]
142. García, P.; Martínez, B.; Obeso, J.M.; Lavigne, R.; Lurz, R.; Rodríguez, A. Functional Genomic Analysis of Two Staphylococcus

aureus Phages Isolated from the Dairy Environment. Appl. Environ. Microbiol. 2009, 75, 7663–7673. [CrossRef] [PubMed]
143. Duc, H.M.; Son, H.M.; Ngan, P.H.; Sato, J.; Masuda, Y.; Honjoh, K.-I.; Miyamoto, T. Isolation and Application of Bacteriophages

Alone or in Combination with Nisin against Planktonic and Biofilm Cells of Staphylococcus aureus. Appl. Microbiol. Biotechnol.
2020, 104, 5145–5158. [CrossRef] [PubMed]

144. Chang, Y.; Bai, J.; Lee, J.-H.; Ryu, S. Mutation of a Staphylococcus aureus Temperate Bacteriophage to a Virulent One and Evaluation
of Its Application. Food Microbiol. 2019, 82, 523–532. [CrossRef] [PubMed]

145. Yang, Z.-Q.; Tao, X.-Y.; Zhang, H.; Rao, S.-Q.; Gao, L.; Pan, Z.-M.; Jiao, X.-A. Isolation and Characterization of Virulent Phages
Infecting Shewanella baltica and Shewanella putrefaciens, and Their Application for Biopreservation of Chilled Channel Catfish
(Ictalurus Punctatus). Int. J. Food Microbiol. 2019, 292, 107–117. [CrossRef] [PubMed]

146. Zhang, H.; Wang, R.; Bao, H. Phage Inactivation of Foodborne Shigella on Ready-to-Eat Spiced Chicken. Poult. Sci. 2013, 92,
211–217. [CrossRef]

147. Zhang, H.; Yang, Z.; Zhou, Y.; Bao, H.; Wang, R.; Li, T.; Pang, M.; Sun, L.; Zhou, X. Application of a Phage in Decontaminating
Vibrio parahaemolyticus in Oysters. Int. J. Food Microbiol. 2018, 275, 24–31. [CrossRef]

148. Cooper, I.R. A Review of Current Methods Using Bacteriophages in Live Animals, Food and Animal Products Intended for
Human Consumption. J. Microbiol. Methods 2016, 130, 38–47. [CrossRef] [PubMed]

149. Gray, J.A.; Chandry, P.S.; Kaur, M.; Kocharunchitt, C.; Bowman, J.P.; Fox, E.M. Novel Biocontrol Methods for Listeria monocytogenes
Biofilms in Food Production Facilities. Front. Microbiol. 2018, 9, 605. [CrossRef]

150. Hsu, F.C.; Shieh, Y.S.C.; Sobsey, M.D. Enteric Bacteriophages as Potential Fecal Indicators in Ground Beef and Poultry Meat. J.
Food Prot. 2002, 65, 93–99. [CrossRef] [PubMed]

151. Wongsuntornpoj, S.; Moreno Switt, A.I.; Bergholz, P.; Wiedmann, M.; Chaturongakul, S. Salmonella Phages Isolated from Dairy
Farms in Thailand Show Wider Host Range than a Comparable Set of Phages Isolated from U.S. Dairy Farms. Vet. Microbiol. 2014,
172, 345–352. [CrossRef] [PubMed]

152. Muniesa, M.; Jofre, J. Abundance in Sewage of Bacteriophages Infecting Escherichia coli O157:H7. Methods Mol. Biol. 2004, 268,
79–88. [CrossRef]

153. DePaola, A.; Motes, M.L.; Chan, A.M.; Suttle, C.A. Phages Infecting Vibrio vulnificus Are Abundant and Diverse in Oysters
(Crassostrea virginica) Collected from the Gulf of Mexico. Appl. Environ. Microbiol. 1998, 64, 346–351. [CrossRef]

154. Muniain-Mujika, I.; Calvo, M.; Lucena, F.; Girones, R. Comparative Analysis of Viral Pathogens and Potential Indicators in
Shellfish. Int. J. Food Microbiol. 2003, 83, 75–85. [CrossRef]

155. Leclerc, H.; Edberg, S.; Pierzo, V.; Delattre, J.M. Bacteriophages as Indicators of Enteric Viruses and Public Health Risk in
Groundwaters. J. Appl. Microbiol. 2000, 88, 5–21. [CrossRef]

105



Molecules 2021, 26, 5138

156. Luo, E.; Aylward, F.O.; Mende, D.R.; DeLong, E.F. Bacteriophage Distributions and Temporal Variability in the Ocean’s Interior.
mBio 2017, 8, e01903-17. [CrossRef]

157. Suttle, C.A. Marine Viruses–Major Players in the Global Ecosystem. Nat. Rev. Microbiol. 2007, 5, 801–812. [CrossRef]
158. Kennedy, J.E.; Wei, C.I.; Oblinger, J.L. Distribution of Coliphages in Various Foods. J. Food Prot. 1986, 49, 944–951. [CrossRef]

[PubMed]
159. Kennedy, J.E.; Oblinger, J.L.; Bitton, G. Recovery of Coliphages from Chicken, Pork Sausage and Delicatessen Meats. J. Food Prot.

1984, 47, 623–626. [CrossRef]
160. Kennedy, J.E.; Wei, C.I.; Oblinger, J.L. Methodology for Enumeration of Coliphages in Foods. Appl. Environ. Microbiol. 1986, 51,

956–962. [CrossRef] [PubMed]
161. Gautier, M.; Rouault, A.; Sommer, P.; Briandet, R. Occurrence of Propionibacterium freudenreichii Bacteriophages in Swiss Cheese.

Appl. Environ. Microbiol. 1995, 61, 2572–2576. [CrossRef] [PubMed]
162. Hagens, S.; Loessner, M.J. Bacteriophage for Biocontrol of Foodborne Pathogens: Calculations and Considerations. Curr. Pharm.

Biotechnol. 2010, 11, 58–68. [CrossRef]
163. Ackermann, H.-W. Sad State of Phage Electron Microscopy. Please Shoot the Messenger. Microorganisms 2013, 2, 1–10. [CrossRef]
164. Available online: https://talk.ictvonline.org (accessed on 1 August 2021).
165. Ackermann, H.W. Classification of Bacteriophages. In The Bacteriophages, 2nd ed.; Calendar, R., Abedon, S.T., Eds.; Oxford

University Press: Oxford, UK, 2006.
166. Ackermann, H.-W. Phage Classification and Characterization. Methods Mol. Biol. 2009, 501, 127–140. [CrossRef]
167. Ackermann, H.-W. 5500 Phages Examined in the Electron Microscope. Arch. Virol. 2007, 152, 227–243. [CrossRef]
168. Adriaenssens, E.M.; Edwards, R.; Nash, J.H.E.; Mahadevan, P.; Seto, D.; Ackermann, H.-W.; Lavigne, R.; Kropinski, A.M.

Integration of Genomic and Proteomic Analyses in the Classification of the Siphoviridae Family. Virology 2015, 477, 144–154.
[CrossRef]

169. Lavigne, R.; Darius, P.; Summer, E.J.; Seto, D.; Mahadevan, P.; Nilsson, A.S.; Ackermann, H.W.; Kropinski, A.M. Classification of
Myoviridae Bacteriophages Using Protein Sequence Similarity. BMC Microbiol. 2009, 9, 224. [CrossRef]

170. Lavigne, R.; Seto, D.; Mahadevan, P.; Ackermann, H.-W.; Kropinski, A.M. Unifying Classical and Molecular Taxonomic
Classification: Analysis of the Podoviridae Using BLASTP-Based Tools. Res. Microbiol. 2008, 159, 406–414. [CrossRef]

171. Dion, M.B.; Oechslin, F.; Moineau, S. Phage Diversity, Genomics and Phylogeny. Nat. Rev. Microbiol. 2020, 18, 125–138. [CrossRef]
172. Fokine, A.; Rossmann, M.G. Molecular Architecture of Tailed Double-Stranded DNA Phages. Bacteriophage 2014, 4, e28281.

[CrossRef] [PubMed]
173. Casjens, S.R. Comparative Genomics and Evolution of the Tailed-Bacteriophages. Curr. Opin. Microbiol. 2005, 8, 451–458.

[CrossRef] [PubMed]
174. Callewaert, L.; Michiels, C.W. Lysozymes in the Animal Kingdom. J. Biosci. 2010, 35, 127–160. [CrossRef] [PubMed]
175. Vollmer, W.; Joris, B.; Charlier, P.; Foster, S. Bacterial Peptidoglycan (Murein) Hydrolases. FEMS Microbiol. Rev. 2008, 32, 259–286.

[CrossRef] [PubMed]
176. Vermassen, A.; Leroy, S.; Talon, R.; Provot, C.; Popowska, M.; Desvaux, M. Cell Wall Hydrolases in Bacteria: Insight on the

Diversity of Cell Wall Amidases, Glycosidases and Peptidases Toward Peptidoglycan. Front. Microbiol. 2019, 10, 331. [CrossRef]
177. Young, I.; Wang, I.; Roof, W.D. Phages Will out: Strategies of Host Cell Lysis. Trends Microbiol. 2000, 8, 120–128. [CrossRef]
178. Loessner, M.J. Bacteriophage Endolysins–Current State of Research and Applications. Curr. Opin. Microbiol. 2005, 8, 480–487.

[CrossRef]
179. Abedon, S.T. Lysis from Without. Bacteriophage 2011, 1, 46–49. [CrossRef]
180. Catalão, M.J.; Gil, F.; Moniz-Pereira, J.; São-José, C.; Pimentel, M. Diversity in Bacterial Lysis Systems: Bacteriophages Show the

Way. FEMS Microbiol. Rev. 2013, 37, 554–571. [CrossRef] [PubMed]
181. Gutiérrez, D.; Fernández, L.; Rodríguez, A.; García, P. Are Phage Lytic Proteins the Secret Weapon To Kill Staphylococcus aureus?

mBio 2018, 9, e01923-17. [CrossRef] [PubMed]
182. Rodríguez-Rubio, L.; Martínez, B.; Donovan, D.M.; Rodríguez, A.; García, P. Bacteriophage Virion-Associated Peptidoglycan

Hydrolases: Potential New Enzybiotics. Crit. Rev. Microbiol. 2013, 39, 427–434. [CrossRef] [PubMed]
183. Oliveira, H.; São-José, C.; Azeredo, J. Phage-Derived Peptidoglycan Degrading Enzymes: Challenges and Future Prospects for In

Vivo Therapy. Viruses 2018, 10, 292. [CrossRef]
184. Latka, A.; Maciejewska, B.; Majkowska-Skrobek, G.; Briers, Y.; Drulis-Kawa, Z. Bacteriophage-Encoded Virion-Associated

Enzymes to Overcome the Carbohydrate Barriers during the Infection Process. Appl. Microbiol. Biotechnol. 2017, 101, 3103–3119.
[CrossRef] [PubMed]

185. Tan, J.-X.; Dao, F.-Y.; Lv, H.; Feng, P.-M.; Ding, H. Identifying Phage Virion Proteins by Using Two-Step Feature Selection Methods.
Molecules 2018, 23, 2000. [CrossRef] [PubMed]

186. Rodríguez, L.; Martínez, B.; Zhou, Y.; Rodríguez, A.; Donovan, D.M.; García, P. Lytic Activity of the Virion-Associated Peptidogly-
can Hydrolase HydH5 of Staphylococcus aureus Bacteriophage VB_SauS-PhiIPLA88. BMC Microbiol. 2011, 11, 138. [CrossRef]

187. Pires, D.P.; Oliveira, H.; Melo, L.D.R.; Sillankorva, S.; Azeredo, J. Bacteriophage-Encoded Depolymerases: Their Diversity and
Biotechnological Applications. Appl. Microbiol. Biotechnol. 2016, 100, 2141–2151. [CrossRef] [PubMed]

188. Yan, J.; Mao, J.; Mao, J.; Xie, J. Bacteriophage Polysaccharide Depolymerases and Biomedical Applications. BioDrugs 2014, 28,
265–274. [CrossRef] [PubMed]

106



Molecules 2021, 26, 5138

189. Fenton, M.; Keary, R.; McAuliffe, O.; Ross, R.P.; O’Mahony, J.; Coffey, A. Bacteriophage-Derived Peptidase CHAP(K) Eliminates
and Prevents Staphylococcal Biofilms. Int. J. Microbiol. 2013, 2013, 625341. [CrossRef]

190. Gutiérrez, D.; Ruas-Madiedo, P.; Martínez, B.; Rodríguez, A.; García, P. Effective Removal of Staphylococcal Biofilms by the
Endolysin LysH5. PLoS ONE 2014, 9, e107307. [CrossRef]

191. Sass, P.; Bierbaum, G. Lytic Activity of Recombinant Bacteriophage Phi11 and Phi12 Endolysins on Whole Cells and Biofilms of
Staphylococcus aureus. Appl. Environ. Microbiol. 2007, 73, 347–352. [CrossRef] [PubMed]

192. Son, J.-S.; Lee, S.-J.; Jun, S.Y.; Yoon, S.J.; Kang, S.H.; Paik, H.R.; Kang, J.O.; Choi, Y.-J. Antibacterial and Biofilm Removal Activity
of a Podoviridae Staphylococcus aureus Bacteriophage SAP-2 and a Derived Recombinant Cell-Wall-Degrading Enzyme. Appl.
Microbiol. Biotechnol. 2010, 86, 1439–1449. [CrossRef] [PubMed]

193. Gerstmans, H.; Criel, B.; Briers, Y. Synthetic Biology of Modular Endolysins. Biotechnol. Adv. 2018, 36, 624–640. [CrossRef]
194. Yang, H.; Yu, J.; Wei, H. Engineered Bacteriophage Lysins as Novel Anti-Infectives. Front. Microbiol. 2014, 5, 542. [CrossRef]
195. Son, B.; Kong, M.; Cha, Y.; Bai, J.; Ryu, S. Simultaneous Control of Staphylococcus aureus and Bacillus cereus Using a Hybrid

Endolysin LysB4EAD-LysSA11. Antibiotics 2020, 9, 906. [CrossRef]
196. Son, B.; Yun, J.; Lim, J.-A.; Shin, H.; Heu, S.; Ryu, S. Characterization of LysB4, an Endolysin from the Bacillus cereus-Infecting

Bacteriophage B4. BMC Microbiol. 2012, 12, 33. [CrossRef] [PubMed]
197. Garde, S.; Calzada, J.; Sánchez, C.; Gaya, P.; Narbad, A.; Meijers, R.; Mayer, M.J.; Ávila, M. Effect of Lactococcus lactis Expressing

Phage Endolysin on the Late Blowing Defect of Cheese Caused by Clostridium tyrobutyricum. Int. J. Food Microbiol. 2020, 329,
108686. [CrossRef]

198. Mayer, M.J.; Gasson, M.J.; Narbad, A. Genomic Sequence of Bacteriophage ATCC 8074-B1 and Activity of Its Endolysin and
Engineered Variants against Clostridium sporogenes. Appl. Environ. Microbiol. 2012, 78, 3685–3692. [CrossRef]

199. Zimmer, M.; Vukov, N.; Scherer, S.; Loessner, M.J. The Murein Hydrolase of the Bacteriophage Phi3626 Dual Lysis System Is
Active against All Tested Clostridium perfringens Strains. Appl. Environ. Microbiol. 2002, 68, 5311–5317. [CrossRef]

200. Cho, J.-H.; Kwon, J.-G.; O’Sullivan, D.J.; Ryu, S.; Lee, J.-H. Development of an Endolysin Enzyme and Its Cell Wall-Binding
Domain Protein and Their Applications for Biocontrol and Rapid Detection of Clostridium perfringens in Food. Food Chem. 2021,
345, 128562. [CrossRef] [PubMed]

201. Loessner, M.J.; Wendlinger, G.; Scherer, S. Heterogeneous Endolysins in Listeria monocytogenes Bacteriophages: A New Class of
Enzymes and Evidence for Conserved Holin Genes within the Siphoviral Lysis Cassettes. Mol. Microbiol. 1995, 16, 1231–1241.
[CrossRef] [PubMed]

202. Gaeng, S.; Scherer, S.; Neve, H.; Loessner, M.J. Gene Cloning and Expression and Secretion of Listeria monocytogenes Bacteriophage-
Lytic Enzymes in Lactococcus lactis. Appl. Environ. Microbiol. 2000, 66, 2951–2958. [CrossRef]

203. Turner, M.S.; Waldherr, F.; Loessner, M.J.; Giffard, P.M. Antimicrobial Activity of Lysostaphin and a Listeria monocytogenes
Bacteriophage Endolysin Produced and Secreted by Lactic Acid Bacteria. Syst. Appl. Microbiol. 2007, 30, 58–67. [CrossRef]
[PubMed]

204. Xu, S.; Campisi, E.; Li, J.; Fischetti, V.A. Decontamination of Escherichia coli O157:H7 on Fresh Romaine Lettuce Using a Novel
Bacteriophage Lysin. Int. J. Food Microbiol. 2021, 341, 109068. [CrossRef] [PubMed]

205. Ribelles, P.; Rodríguez, I.; Suárez, J.E. LysA2, the Lactobacillus casei Bacteriophage A2 Lysin Is an Endopeptidase Active on a Wide
Spectrum of Lactic Acid Bacteria. Appl. Microbiol. Biotechnol. 2012, 94, 101–110. [CrossRef]

206. Van Tassell, M.L.; Ibarra-Sánchez, L.A.; Hoepker, G.P.; Miller, M.J. Hot Topic: Antilisterial Activity by Endolysin PlyP100 in Fresh
Cheese. J. Dairy Sci. 2017, 100, 2482–2487. [CrossRef]

207. Zhang, H.; Bao, H.; Billington, C.; Hudson, J.A.; Wang, R. Isolation and Lytic Activity of the Listeria Bacteriophage Endolysin
LysZ5 against Listeria monocytogenes in Soya Milk. Food Microbiol. 2012, 31, 133–136. [CrossRef] [PubMed]

208. Simmons, M.; Morales, C.A.; Oakley, B.B.; Seal, B.S. Recombinant Expression of a Putative Amidase Cloned from the Genome of
Listeria monocytogenes That Lyses the Bacterium and Its Monolayer in Conjunction with a Protease. Probiotics Antimicrob. Proteins
2012, 4, 1–10. [CrossRef] [PubMed]

209. Schmelcher, M.; Waldherr, F.; Loessner, M.J. Listeria Bacteriophage Peptidoglycan Hydrolases Feature High Thermoresistance and
Reveal Increased Activity after Divalent Metal Cation Substitution. Appl. Microbiol. Biotechnol. 2012, 93, 633–643. [CrossRef]

210. Dorscht, J.; Klumpp, J.; Bielmann, R.; Schmelcher, M.; Born, Y.; Zimmer, M.; Calendar, R.; Loessner, M.J. Comparative Genome
Analysis of Listeria Bacteriophages Reveals Extensive Mosaicism, Programmed Translational Frameshifting, and a Novel
Prophage Insertion Site. J. Bacteriol. 2009, 191, 7206–7215. [CrossRef] [PubMed]

211. Yan, J.; Yang, R.; Yu, S.; Zhao, W. The Application of the Lytic Domain of Endolysin from Staphylococcus aureus Bacteriophage in
Milk. J. Dairy Sci. 2021, 104, 2641–2653. [CrossRef]

212. Gu, J.; Xu, W.; Lei, L.; Huang, J.; Feng, X.; Sun, C.; Du, C.; Zuo, J.; Li, Y.; Du, T.; et al. LysGH15, a Novel Bacteriophage Lysin,
Protects a Murine Bacteremia Model Efficiently against Lethal Methicillin-Resistant Staphylococcus aureus Infection. J. Clin.
Microbiol. 2011, 49, 111–117. [CrossRef]

213. Chang, Y.; Kim, M.; Ryu, S. Characterization of a Novel Endolysin LysSA11 and Its Utility as a Potent Biocontrol Agent against
Staphylococcus aureus on Food and Utensils. Food Microbiol. 2017, 68, 112–120. [CrossRef] [PubMed]

214. García, P.; Martínez, B.; Rodríguez, L.; Rodríguez, A. Synergy between the Phage Endolysin LysH5 and Nisin to Kill Staphylococcus
aureus in Pasteurized Milk. Int. J. Food Microbiol. 2010, 141, 151–155. [CrossRef] [PubMed]

107



Molecules 2021, 26, 5138

215. Duarte, A.C.; Fernández, L.; De Maesschalck, V.; Gutiérrez, D.; Campelo, A.B.; Briers, Y.; Lavigne, R.; Rodríguez, A.; García,
P. Synergistic Action of Phage PhiIPLA-RODI and Lytic Protein CHAPSH3b: A Combination Strategy to Target Staphylococcus
aureus Biofilms. NPJ Biofilms Microbiomes 2021, 7, 39. [CrossRef]

216. Rodríguez-Rubio, L.; Martínez, B.; Donovan, D.M.; García, P.; Rodríguez, A. Potential of the Virion-Associated Peptidoglycan
Hydrolase HydH5 and Its Derivative Fusion Proteins in Milk Biopreservation. PLoS ONE 2013, 8, e54828. [CrossRef]

217. Schmelcher, M.; Powell, A.M.; Camp, M.J.; Pohl, C.S.; Donovan, D.M. Synergistic Streptococcal Phage ΛSA2 and B30 Endolysins
Kill Streptococci in Cow Milk and in a Mouse Model of Mastitis. Appl. Microbiol. Biotechnol. 2015, 99, 8475–8486. [CrossRef]

218. Pritchard, D.G.; Dong, S.; Baker, J.R.; Engler, J.A. The Bifunctional Peptidoglycan Lysin of Streptococcus agalactiae Bacteriophage
B30. Microbiology 2004, 150, 2079–2087. [CrossRef]

219. Zhang, Y.; Huang, H.-H.; Duc, H.M.; Masuda, Y.; Honjoh, K.-I.; Miyamoto, T. Endolysin LysSTG2: Characterization and
Application to Control Salmonella Typhimurium Biofilm Alone and in Combination with Slightly Acidic Hypochlorous Water.
Food Microbiol. 2021, 98, 103791. [CrossRef]

220. Ding, Y.; Zhang, Y.; Huang, C.; Wang, J.; Wang, X. An Endolysin LysSE24 by Bacteriophage LPSE1 Confers Specific Bactericidal
Activity against Multidrug-Resistant Salmonella Strains. Microorganisms 2020, 8, 737. [CrossRef]

221. Oliveira, H.; Thiagarajan, V.; Walmagh, M.; Sillankorva, S.; Lavigne, R.; Neves-Petersen, M.T.; Kluskens, L.D.; Azeredo, J.
A Thermostable Salmonella Phage Endolysin, Lys68, with Broad Bactericidal Properties against Gram-Negative Pathogens in
Presence of Weak Acids. PLoS ONE 2014, 9, e108376. [CrossRef] [PubMed]

222. Bai, J.; Lee, S.; Ryu, S. Identification and in Vitro Characterization of a Novel Phage Endolysin That Targets Gram-Negative
Bacteria. Microorganisms 2020, 8, 447. [CrossRef]

223. Skorynina, A.V.; Piligrimova, E.G.; Kazantseva, O.A.; Kulyabin, V.A.; Baicher, S.D.; Ryabova, N.A.; Shadrin, A.M. Bacillus-
Infecting Bacteriophage Izhevsk Harbors Thermostable Endolysin with Broad Range Specificity. PLoS ONE 2020, 15, e0242657.
[CrossRef] [PubMed]

224. Ha, E.; Son, B.; Ryu, S. Clostridium perfringens Virulent Bacteriophage CPS2 and Its Thermostable Endolysin LysCPS2. Viruses
2018, 10, 251. [CrossRef]

225. Stentz, R.; Bongaerts, R.J.; Gunning, A.P.; Gasson, M.; Shearman, C. Controlled Release of Protein from Viable Lactococcus lactis
Cells. Appl. Environ. Microbiol. 2010, 76, 3026–3031. [CrossRef] [PubMed]

226. Singh, B.K.; Tiwari, S.; Dubey, N.K. Essential Oils and Their Nanoformulations as Green Preservatives to Boost Food Safety
against Mycotoxin Contamination of Food Commodities: A Review. J. Sci. Food Agric. 2021, 101, 4879–4890. [CrossRef]

227. Tavakoli, S.; Regenstein, J.M.; Daneshvar, E.; Bhatnagar, A.; Luo, Y.; Hong, H. Recent Advances in the Application of Microalgae
and Its Derivatives for Preservation, Quality Improvement, and Shelf-Life Extension of Seafood. Crit. Rev. Food Sci. Nutr. 2021,
1–14. [CrossRef] [PubMed]

228. Beya, M.M.; Netzel, M.E.; Sultanbawa, Y.; Smyth, H.; Hoffman, L.C. Plant-Based Phenolic Molecules as Natural Preservatives in
Comminuted Meats: A Review. Antioxidants 2021, 10, 263. [CrossRef] [PubMed]

229. Davies, C.R.; Wohlgemuth, F.; Young, T.; Violet, J.; Dickinson, M.; Sanders, J.-W.; Vallieres, C.; Avery, S.V. Evolving Challenges
and Strategies for Fungal Control in the Food Supply Chain. Fungal Biol. Rev. 2021, 36, 15–26. [CrossRef] [PubMed]

230. Ritota, M.; Manzi, P. Natural Preservatives from Plant in Cheese Making. Animals 2020, 10, 749. [CrossRef] [PubMed]
231. Dykes, G.A.; Moorhead, S.M. Combined Antimicrobial Effect of Nisin and a Listeriophage against Listeria monocytogenes in Broth

but Not in Buffer or on Raw Beef. Int. J. Food Microbiol. 2002, 73, 71–81. [CrossRef]
232. Leverentz, B.; Conway, W.S.; Camp, M.J.; Janisiewicz, W.J.; Abuladze, T.; Yang, M.; Saftner, R.; Sulakvelidze, A. Biocontrol of

Listeria monocytogenes on Fresh-Cut Produce by Treatment with Lytic Bacteriophages and a Bacteriocin. Appl. Environ. Microbiol.
2003, 69, 4519–4526. [CrossRef] [PubMed]

233. Rohde, C.; Wittmann, J. Phage Diversity for Research and Application. Antibiotics 2020, 9, 734. [CrossRef]
234. Sulakvelidze, A. Safety by Nature: Potential Bacteriophage Applications. Microbe 2011, 6, 122–126. [CrossRef]
235. Naanwaab, C.; Yeboah, O.-A.; Ofori Kyei, F.; Sulakvelidze, A.; Goktepe, I. Evaluation of Consumers’ Perception and Willingness

to Pay for Bacteriophage Treated Fresh Produce. Bacteriophage 2014, 4, e979662. [CrossRef]
236. Dalmasso, M.; Hill, C.; Ross, R.P. Exploiting Gut Bacteriophages for Human Health. Trends Microbiol. 2014, 22, 399–405. [CrossRef]

[PubMed]
237. Moye, Z.D.; Woolston, J.; Sulakvelidze, A. Bacteriophage Applications for Food Production and Processing. Viruses 2018, 10, 205.

[CrossRef] [PubMed]

108



molecules

Article

Physicochemical Properties, Antioxidant Capacity, Prebiotic
Activity and Anticancer Potential in Human Cells of Jackfruit
(Artocarpus heterophyllus) Seed Flour

Ibna Suli Trejo Rodríguez 1,2, Luz Eugenia Alcántara Quintana 2 , Paola Algara Suarez 2,
Miguel Angel Ruiz Cabrera 1 and Alicia Grajales Lagunes 1,*

Citation: Trejo Rodríguez, I.S.;

Alcántara Quintana, L.E.;

Algara Suarez, P.; Ruiz Cabrera, M.A.;

Grajales Lagunes, A. Physicochemical

Properties, Antioxidant Capacity,

Prebiotic Activity and Anticancer

Potential in Human Cells of Jackfruit

(Artocarpus heterophyllus) Seed Flour.

Molecules 2021, 26, 4854. https://

doi.org/10.3390/molecules26164854

Academic Editors: Manuela Pintado,

Ezequiel Coscueta and

María Emilia Brassesco

Received: 13 June 2021

Accepted: 20 July 2021

Published: 11 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 Faculty of Chemical Sciences, Autonomous University of San Luis Potosí, Universitaria,
San Luis Potosí 78210, Mexico; ibna.trejo@uaslp.mx (I.S.T.R.); mruiz@uaslp.mx (M.A.R.C.)

2 Faculty of Nursing and Nutrition, Autonomous University of San Luis Potosí, San Luis Potosí 78240, Mexico;
luz.alcantara@uaslp.mx (L.E.A.Q.); paola.algara@uaslp.mx (P.A.S.)

* Correspondence: grajales@uaslp.mx

Abstract: The general aim of this study was to evaluate physicochemical properties, prebiotic activity
and anticancer potential of jackfruit (Artocarpus heterophyllus) seed flour. The drying processes of
jackfruit seeds were performed at 50, 60 and 70 ◦C in order to choose the optimal temperature
for obtaining the flour based on drying time, polyphenol content and antioxidant capacity. The
experimental values of the moisture ratio during jackfruit seed drying at different temperatures were
obtained using Page’s equation to establish the drying time for the required moisture between 5 and
7% in the flour. The temperature of 60 ◦C was considered adequate for obtaining good flour and for
performing its characterization. The chemical composition, total dietary fiber, functional properties
and antioxidant capacity were then examined in the flour. The seed flour contains carbohydrates
(73.87 g/100 g), dietary fiber (31 g/100 g), protein (14 g/100 g) and lipids (1 g/100 g). The lipid profile
showed that the flour contained monounsaturated (4 g/100 g) and polyunsaturated (46 g 100 g) fatty
acids. Sucrose, glucose, and fructose were found to be the predominant soluble sugars, and non-
digestible oligosaccharides like 1-kestose were also found. The total polyphenol content was 2.42 mg
of gallic acid/g of the sample; furthermore, the antioxidant capacity obtained by ferric reducing
antioxidant power (FRAP) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) was 901.45 µmol Trolox/100 g
and 1607.87 µmol Trolox/100 g, respectively. The obtained flour exhibited good functional properties,
such as water and oil absorption capacity, swelling power and emulsifier capacity. Additionally, this
flour had a protective and preventive effect which is associated with the potential prebiotic activity
in Lactobacillus casei and Bifidobacterium longum. These results demonstrate that jackfruit seed flour
has good nutritional value and antioxidant and prebiotic activity, as well as potential protective
effects and functional properties, making it an attractive food or ingredient in developing innovative
functional products.

Keywords: jackfruit seeds flour; functional properties; antioxidant activity; dietary fiber; prebiotic;
anticancer activity

1. Introduction

The jackfruit (Artocarpus heterophyllus) is highly produced and consumed in the south-
east of Asia and Brazil [1]. In Mexico, the production and consumption of jackfruit is recent
and has increased in the last years because of its flavor and nutritional properties. The
seeds however, have no use and are considered waste products, although they are rich
in starch, proteins, crude fiber [2,3] and phytonutrients, such as lignans and isoflavones,
which have wide-ranging health benefits [4]. In some countries to extend shelf life seeds
are boiled or roasted are eaten as a snack [5]. Obtaining flour from these seeds has been
considered another alternative for their use, but the conditions of the drying process for
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obtaining it are very variable [1,2,6–8]. The nutrients composition and some functional
properties of seeds flour of jackfruit have been reported [1,2,8]. These studies, however,
have only reported the global chemical composition of the jackfruit seeds flour, but the
type of carbohydrates, lipids and total fiber have not been reported. Additionally, the an-
tioxidant capacity in the flour has not been reported either. Regarding to biological activity
as prebiotic effect and colon anti-cancer activity of jackfruits flour there are no report in
the literature. The prebiotics component in jackfruits seeds has been reported, yet its effect
has not been evaluated [9]. The prebiotic activity plays an important role in the health of
intestinal microbiota which is associated with the prevention of the gastrointestinal diseases
including colon cancer. Gastrointestinal diseases are a global health problem that has been
increasing in recent years [10], and prebiotic consumption can active immune components
from the gut lumen, and with intraepithelial lymphocytes, which modulate the innate
immune barrier by secretion of IgA [11–13]. Additionally, it has also been demonstrated
that prebiotic fermentation by anaerobic bacteria produces short-chain fatty acids (SCFAs),
mainly acetic, propionic and butyric acids, whose increase antagonizes the growth of some
pathogenic bacterial strains and favors mucin production in the colon [11]. For this reason,
the objectives of this work were (1) to perform the drying kinetics of jackfruit seeds at
different temperatures and to use a mathematical model to calculate the time required for
obtaining a flour with a desired moisture content based on drying time, polyphenol content
and antioxidant capacity, (2) to determine chemical composition and techno-functional
properties and (3) in vitro evaluation of prebiotic effect and anti-cancer activity on human
colon epithelial cell.

2. Materials and Methods
2.1. Jackfruit Seeds

The seeds were obtained in the Huasteca Potosina region (Huichihuayán, in the state
of San Luis Potosí, Mexico) from 15 jackfruits. The weight of each seeds was obtained,
and the seeds were then cleaned and stored in resealable bags at −20 ◦C until later use
and analysis.

2.2. Drying Kinetics of Jackfruit Seeds

Because of the variability that exists in seed drying to obtain the flour, drying kinetics
studies were performed to control the drying process. Seed samples were stored overnight
at 4 ◦C before starting the experiments. At the start of each experiment, the seeds were cut
into eight pieces, including the shell or aryl, with dimensions of 10 × 7 × 5 mm. About 50 g
of these samples were spread in a square tray in a single layer. Drying experiments were
performed using three replicates at the temperatures of 50, 60 and 70 ◦C in a forced air oven
(model ULM 500, Memmert, Schwabach, Germany) with an air velocity of 1 m/s in all the
experiments. The weight reduction of the samples during the drying process was recorded
every 30 min with an electronic balance (±0.0001 g, Explorer model E12140, Ohaus, NJ,
USA). Drying was stopped when consecutive weight measurements gave constant values.
Average data are reported in drying curves.

When the drying was complete, the samples were ground separately in a food proces-
sor (NutriBullet Rx) and then placed in Tyler sieves in order to obtain flour with a particle
size of ≤250 µm. The flour was stored in airtight, amber bottles at room temperature
until use.

The best temperature of drying was selected based on average drying time, polyphenol
content and antioxidant capacity.
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2.3. Mathematical Modeling of Drying Curves

Moisture content (X) was transformed to a dimensionless form referred to as the
moisture ratio (X*) and was then related to the time for deriving the drying curves. The
drying curves were then analyzed with Page’s model given by the following equation:

X∗ =
Xt − Xe

X0 − Xe
= exp(−kt)n

(1)

where X (t), X0 and Xe are the moisture content at any time, at t = 0 and t = ∞ respectively;
k is the drying constant (min−1), which is a phenomenological property representative of
mass and heat transport phenomena; t is the drying time (min); and n is the dimensionless
parameter of the Page equation. The goodness of fit was estimated by the coefficient
of determination (r2).

2.4. Analysis Performed in Jackfruit Seeds Flour

Polyphenols content and antioxidant activity tests were performed on flour obtained at
the three temperatures with an average moisture content of 6.5 g/100 g. Chemical composi-
tion, techno-functional properties, prebiotic and anticancer activity assays were carried out
only on the flour obtained at 60 ◦C because at this temperature, it was possible to achieve a
short drying time without affecting the polyphenol content and antioxidant capacity.

2.5. Chemical Composition

Proximate analyses of moisture, proteins, lipids, ash, total carbohydrates and reducing
sugars were performed based on established techniques [14]. The total dietary fibers
(TDF) was determined using the enzymatic-gravimetric method [985.29 of the AOAC].
This methodology consists of the simulation of the digestion of the sample with the use
of enzymes. One gram of defatted flour was gelatinized with α-amylase (at 95 ◦C, pH 6,
for 15 min) and afterward was digested with protease at 60 ◦C, pH 7.5 for 30 min. Finally,
the sample was incubated with amyloglucosidase (at 60 ◦C, pH 4.5, for 30 min). After
the enzymatic treatment, the sample was filtered and simultaneously washed with 95%
ethanol and acetone. The recovered filtrate was dried, and the protein and ash content were
determined for calculating the TDF content. The TDF was determined in quadruplicate.

2.6. FTIR Infrared Spectroscopy

In order to determine the main functional groups in the flour, a Nicolet iS 10 FTIR
spectrometer (Thermo Scientific, Madison, WI, USA) equipped with a universal attenuated
total reflection (ATR) detector was used. The spectrum of the sample and its duplicate were
recorded in transmittance mode with a 4 cm−1 resolution in the region of 4000–300 cm−1

at room temperature [15].

2.7. Carbohydrates Characterization by HPLC

Carbohydrates characterization was performed using the methodology reported
by [16]. 20 µL of sample were analyzed using an 1100 Series HPLC chromatography
system (Agilent Technologies, Santa Clara, CA, USA). The equipment includes a degassing
device, a quaternary pump and a refractive index detector (Waters 410, Waters Corporation,
Milford, MA, USA). An ion exchange column was used as a stationary phase (model HPX-87C,
7.8 mm internal diameter × 300 mm, Aminex, Hercules, CA, USA). The mobile phase was
deionized HPLC grade water with a flow rate of 0.5 mL/min at 75 ◦C. The program Empower
QuickStart 5.0 was used as a control and data analysis system. Arabinose, fructose, galactose,
glucose, lactose, maltose, mannose, ribose, sucrose and xylose, as well as chicory inulin, all
with purities greater than 98% and from Sigma-Aldrich (St. Louis, MO, USA) were used as
standards. The resolution time was 20 min, and carbohydrates were identified by comparing
the retention times with the corresponding references standards. Quantification was obtained
according to the reference carbohydrate calibration curve (r = 0.99).

111



Molecules 2021, 26, 4854

2.8. Lipids Characterization

The lipids were extracted using the Soxhlet extraction method with analytical grade
ether as the reflux solvent for 4 h. At the end of the extraction, the oil was recovered from
the mixture by distillation on a rotary evaporator. Sodium sulfate was added to remove
moisture from the extract which was stored at 4 ◦C until use.

2.9. Sample Derivatization and Fatty Acid Profiles

Fatty acid methyl esters (FAME) were prepared according to the AOAC 969.33 method.
A methanol solution was prepared with NaOH (0.1 g) in methanol (5 mL), and the mixture
was heated to dissolve the sodium hydroxide. The extract was placed in a test tube (900 mg)
after, 0.8 mL of the methanol solution was added and the mixture subjected to a microwave
cycle method using a Discover System Model 908005 (CEM, Watertown, MA, USA) with
the following conditions: 100 ◦C, 150 W, 290 Psi, with a running time of 3 min and a
warm-up time of 10 min, with high agitation. Subsequently, 1 mL of boron trifluoride in
methanol was added, and a microwave cycle was applied to the same conditions. Finally,
1 mL of trimethylpentane was added, and again a microwave cycle was applied. The
sample obtained had two phases, and the organic phase was used for the injection into
the chromatograph.

The FAME were analyzed on a 6890N gas chromatograph of an Agilent Technologies
model 5973 system, equipped with a ZB-WAX column (30 m in length, 320 µm internal
diameter and 0.50 µm of thickness) and an FID detector. The carrier gas was helium. The
temperature of the column was initially 100 ◦C (for 5 min) and was gradually increased to
240 ◦C for 4 ◦C/min. This temperature was maintained for 20 min. The injector temperature
was 240 ◦C, and 1 µL of the organic phase was injected twice. The identification was
performed by comparing the retention times of the FAME standards, which consist of a
mixture of 37 fatty acid methyl ester.

2.10. Total Polyphenols Content and Antioxidant Capacity

The total polyphenol content was evaluated in the flour obtained from the seeds. For
extraction, the sample was allowed to stand for 24 h in the methanol (80%) at 4 ◦C. The
solution was filtered for evaluating the total phenolic content following the Folin-Ciocalteau
reagent assay [17].

The antioxidant capacity was measured using two methods. The first was 2,2-diphenyl-
1-picrylhydrazyl (DPPH) radical assay following the protocol from Santos-Zea [18], and
the results were expressed in µmoles of Trolox/100 g. The second was the ferric reducing
antioxidant power (FRAP) assay following the method [17] and the results were expressed
as µmoles of Trolox/100 g.

2.11. Techno-Functional Properties
2.11.1. Water and Oil Absorption Capacity

One g of sample was dispersed in 10 mL of deionized water or in 6 mL of soybean oil
in a centrifuge tube. After stirring, the sample for water and oil absorption was centrifuged
at 4280× g for 60 min and 3077× g for 25 min, respectively, the measurements were
performed at room temperature (25 ◦C). The supernatant was decanted, and the water and
oil absorption were calculated as a percentage [19].

2.11.2. Emulsifying Capacity

One g of flour was suspended in 20 mL of deionized water, and then 7 mL of soybean
oil was added to it. The mixture was emulsified with a T 25 digital ULTRA-TURRAX (IKA,
Wilmington, NC, USA) at 192× g for 1 min. The emulsion obtained was centrifuged at
1731× g for 60 min. the measurements were performed at room temperature (25 ◦C). The
emulsifying capacity was calculated as a percentage of the height of emulsified layer/the
height of the whole layer in the tube) × 100 [20].
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2.11.3. Swelling Power and Water Solubility Capacity

The 500 mg of flour (W1) were placed in a tube with 20 mL of distilled water and
weighed (W2). The sample was heated in a water bath at 40, 50, 60 and 70 ◦C for 30 min,
then a centrifugation was performed at 2292× g for 10 min. The supernatant was separated
and used to determine the solubility, and the tube and its contents were weighed (W3). For
solubility, 10 mL of each supernatant (Vs) were taken and placed in a crucible at constant
weight (W4). The crucible with the sample was dried in a forced air oven at 105 ◦C for
12 h [8]. After constant weight (W5) of the sample, these properties were calculated with
the following equations:

Swelling power (g/g) =
W3 − W2

W1
(2)

Solubility (%) =
W5 − W4

Vs
× 100

W1
(3)

2.11.4. Viscosity Evaluation

To evaluate the viscosity of the flour, a RheoPlus/32 rheometer (Anton Paar, Ostfildern-
Scharnhausen, Germany) was used, which is equipped with a parallel stainless steel plates
(θ = 60 mm) geometry. The temperature was increased from 30 to 80 ◦C. A gap of 0.5 mm
between the plates was used. The concentrations evaluated were 1, 3 and 5 g/100 mL, and
the amount of sample used was 1.5 mL. The viscosity Pa·s was determined as a function of
the increase in the shear rate (γ) from 10 to 600 s−1.

2.12. Prebiotic Extracted from Jackfruit Seed

The prebiotic extraction was carried out according to a published procedure [9] with
some modifications. Fresh jackfruit seeds were cut and mixed with 80% ethanol and then
ground in a processor to obtain smaller particles. This mixture was allowed to stand
24 h at 4 ◦C. The sample was then filtered and centrifuged at 1000 rpm/1 h at 4 ◦C. The
supernatant was concentrated on a heating plate at 60 ◦C with shaking until the content
was reduced to half. The concentrate was dehydrated in a silicone tray at 60 ◦C for 24 h in
a forced air oven.

2.13. Prebiotic Effect of Jackfruits Seed Flour and Jackfruits Seeds Extracted

The prebiotic effect of flour and prebiotic extracted was performed using the method-
ology [21] with some modifications. The growth of Lactobacillus casei and Bifidubacterium
longum was evaluated using a MRS culture medium (Difco, San José, CA, USA) with the
same composition but replacing the carbohydrates source. Different sources of carbohy-
drates such as Agave salmiana fructans, commercial inulin and whole wheat flour were
used because they are already recognized as prebiotics and we consider it important to
compare them with the prebiotic effect of jackfruit flour. The growth of these bacterial
was also evaluated in commercial MRS media and MRS without carbohydrates source and
were used as control. All carbohydrates source including jackfruit flour were evaluated to
20 g/L of concentration. The broth MRS for B. longum were supplemented with 0.05 g/L
of L-cysteine. L. casei was inoculated was 0.06% (v/v) corresponding to approximately
1 × 108 CFU/mL in all culture media (25 mL) and incubated at 37 ◦C/24 h. The concen-
tration of each inoculum was verified through plate count with MRS agar using the Miles
and Misra methods [22] the bacteria were incubated anaerobically at 37 ◦C for 48 h and the
growth was expressed as CFU/mL.

2.14. Anticancer Activity in Human Colon Epithelial Cells
2.14.1. Cell Cultures

The human colon epithelial cell lines (normal) CRL1831, (cancerous, grade 1–2) HT29
and (cancerous, grade 3–4) SW480 were transferred to 25-cm2 culture flasks and grown in
Dulbecco’s modified Eagle medium (DMEM, Gibco, Invitrogen Corp., Carlsbad, CA, USA)
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supplemented with 10 % of fetal bovine serum (FBS) (Gibco) and antibiotics (100 U/mL
penicillin, 100 µg/mL streptomycin, 0.25 µg/mL amphotericin). The cells were cultured in
a humidified incubator with 5 % CO2 and 95 % air atmosphere at 37 ◦C. When the cells
grew to 80 to 90 % confluence, they were washed with PBS and were trypsinized with 0.5%
trypsin-EDTA (Gibco). In addition, the cells were used in subsequent experiments.

2.14.2. Treatments

The HT29, and SW480 cells were seeded in 96-well plates at a density of 1 × 105/well
with PBS. The PBS was replaced with DMEM supplemented only for the control for
the treatments, PBS was replaced with DMEM-supplemented with jackfruit flour at a
concentration of 50 µg/mL, 100 µg/mL, 500 µg/mL and 1 mg/mL. The cells were incubated
in a humidified incubator with 5% CO2 at 37 ◦C for 24 h.

2.14.3. Cytotoxicity Assay

Viability was assessed with a thiazolyl blue tetrazolium bromide (MTT) assay at
5 mg/mL, at 24, 48 and 72 h, measuring absorbance with a spectrophotometer at a wave-
length of 570 nm.

2.14.4. Antioxidant Assay

The CRL1831, HT-29, SW480 colon epithelial cells stored in PBS (100 µL) were homog-
enized adding proteinase k (2 µg/µL, Sigma-Aldrich, placed in a water bath for 24 h at
25 ◦C. After this period, proteinase k was inactivated, the samples were centrifuged at
3000× g at 4 ◦C for 5 min. The cell-free supernatants from all the treatments and controls
were collected in new sterile tubes. The activities of superoxide dismutase (SOD) and
catalase (CAT) enzymes were measured using a colorimetric assay kit according to the
manufacturer’s protocol: SOD (EC 1.15.11) Assay kit item no. 19160, CAT (EC 1.11.1.6)
Assay kit item no. CAT100 (Sigma-Aldrich), using a plate reader.

2.15. Statistical Analysis

All analyses were carried out in triplicate, and the data are given as the mean ± stan-
dard deviation. An analysis of variance (ANOVA) and Fisher’ least significant difference
(LSD) test were performed at a level of p < 0.05 and p < 0.01 for all response and colon cell
respectively using the GraphPad Prism 9.1 software (GraphPad, San Diego, CA, USA).

3. Results and Discussion
3.1. Jackfruit Seeds

The individual weight of each seed was between 6 and 8 g, and these seeds represent
8.5% of the total weight (0.56 ± 0.3 kg) of jackfruit, which is an attractive percentage for
use in flour manufacturing. This value was similar to that reported by [23] who indicated
that the percentage of seed weight in jackfruit is between 8 and 15%.

3.2. Drying Kinetics of Seeds

The experimental values of the moisture ratio during the drying of jackfruit seeds at
different temperatures are shown in Figure 1. The shape of these curves is typical for food
products with a drying process that is controlled by internal water transfer. Significant
differences (p < 0.05) were observed between samples dried at 50, 60 and 70 ◦C to reach
the equilibrium moisture. In Figure 1, the curves predicted with Page’s equation are also
shown. The values of r2, n and k (min−1) calculated with Page’s equation are given in
Table 1. A good correlation between experimental and predicted values of the moisture
ratio with r2 values higher than 0.99 was observed. Therefore, Page’s equation is a good
model for describing the drying of jackfruit seeds and can be used to calculate the required
or desired moisture content of samples at 50, 60 and 70 ◦C. These results suggest that
using any of these temperatures is not required long term to obtain a stable product with
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a moisture content of less than 10% of the flour. For example, from this figure the time
required to obtain a flour with 6.5% of moisture at 60 ◦C was 8.5 h.

Figure 1. Experimental evolution and the predicted moisture ratio of jackfruit seeds’ flour with drying times at 50, 60 and 70 ◦C.

Table 1. Coefficients obtained from the Page model according to experimental data evaluated at
different temperatures.

Model 50 ◦C 60 ◦C 70 ◦C

Page
Coefficients r2 Coefficients r2 Coefficients r2

k = 0.0129
0.999

k = 0.0402
0.996

k = 0.0248
0.999n = 0.9618 n = 0.7956 n = 0.9593

3.3. Chemical Composition

The chemical composition values of flour are presented in Table 2. The mean values
of moisture and total ash content were of 6.54 g/100 g and 3.25 g/100 g, respectively.
With this moisture content, the flour was stable for 12 months at 25 ◦C and a relative
humidity of 50%. This confirms that a moisture content of less than 10% is required for
stable powdered products. With respect to the other biomolecules, the carbohydrates were
the major highest component of jackfruit seeds’ flour (73.8 ± 1.06 g/100 g), which coincides
with other studies reported [1,2,7]. The values of this study, however, were lower than
those reported by Ocloo et al. [2] (79.3 g/100 g). The protein content of the flour was
14 ± 0.15 g/100 g; this value is similar to [2,7]) but [1] reported higher values. According to
those reported by Lima et al. [1], the protein content of this flour is usually higher than that
obtained from wheat flour with an approximate protein content of 10 g/100 g. This value
qualifies jackfruit flour as a protein-rich product, and it could be used as an ingredient to
prevent malnutrition. The lipids content was the lowest in the flour; the mean value was
1.3 g/100 g and is in the range of [2,8]. The differences observed between the values of
chemical composition reported in the literature and those of this work can be attributed to
the drying process and jackfruit variability.
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Table 2. Proximate composition of jackfruit seed flour in dry basis.

Component g/100 g Means ± Standard Deviation

Moisture 6.54 ± 0.03
Ash 4.19 ± 0.13

Total carbohydrates 73.87 ± 1.06
Reducing sugars 6.11 ± 0.04
Total dietary fiber 31.59 ± 11.14

Proteins ** 14.07 ± 0.15
Lipids 1.3 ± 0.24

** Quantified by the Kjeldahl method. Conversion factor of n = 6.25.

A high content of total dietary fiber (TDF) was found in the flour (31.5 g/100 g), which
suggests that this flour is an ingredient with a high fiber content. The TDF of this flour has
not been reported by other authors; only crude fiber was reported (3.19 and 3.72 g/100 g)
by [2,20], respectively. The TDF value is greater than for whole wheat flour that has a value
ranging from 11 to 14 g/100 g or for flours obtained from quinoa, oats and corn that have
values of 4 to 5 g/100 g in fiber [24].

3.4. FTIR Analysis

Figure 2 shows the FTIR spectra signal and the chemical bonds identified in jackfruit
seed flour. The infrared analysis confirmed the presence of carbohydrates and proteins in
flour samples made from jackfruit seeds. A typical peak appears in the region of 1013 cm−1,
which reflects the presence of carbohydrates. This value is in the range of 1189–953 cm−1

reported by [1], and this band is the result of vibrations, stretching and deformation of
bonds C-C, C-O and C-H, respectively [25]. The value of 1633 cm−1 and 1533 cm−1 have
been related to amide group characteristics of proteins [1]. The range of 2500–2000 cm−1

the bands correspond to double and/or triple bonds and aromatic amino acids [26], which
suggests that these types of component are present in the flour. The spectral region between
3000 and 3600 cm−1 corresponds to OH stretching vibration, which has been associated
with moisture content [13]. No signals were identified in this region because the moisture
content of the flour was below 10%.

Figure 2. Jackfruit seeds flour spectra obtained using FTIR-ATR spectroscopy.
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3.5. Carbohydrates Characterization by HPLC

According to the HPLC analysis, five types of sugars were identified and quantified
in jackfruit seeds flour (Table 3). The main carbohydrates identified were mono- and
disaccharides like sucrose (35 mg/g), glucose (29 mg/g) and fructose (23 mg/g). Accord-
ing to the standard used, 20 mg/g corresponds to carbohydrates with a polymerization
degree greater than 5, which according to the literature [27] could correspond to fructans,
oligosaccharides, inulin, resistant starch, cellulose, hemicellulose, gums and pectin. Thus,
it will be interesting to identify these compounds using the corresponding standard. In
a lower content, 1-kestose (4 mg/g) was identified, which has been described as a non-
digestible oligosaccharide considered a prebiotic because of its structure [28]. These types
of compounds are relevant because they are not absorbed into the gastrointestinal tract and
are not hydrolyzed by human enzymes and thus act as a substrate for endogenous bacteria
of the intestine [28].

Table 3. Carbohydrate composition of jackfruit seed flour.

Carbohydrate Content (mg/g)

Compounds greater than 5 degrees of polymerization 20.0 ± 1.3
1-Kestose 3.8 ± 1.43
Sucrose 35.5 ± 5.4
Glucose 29.4 ± 2.7
Fructose 22.9 ± 6.2

3.6. Lipids Characterization

Table 4 shows the percentages obtained for each fatty acid identified. The average of
saturated fatty acids (SFAs) was 49.13 g/100 g, and the main components of SFAs were
palmitic acid, tricosanoic acid and stearic acid. With respect to monounsaturated fatty
acids (MUFAs), only oleic acid was identified with a total percentage of 4.15 g/100 g. The
average percentage of polyunsaturated fatty acids (PUFAs) was 46.72 g/100 g. Linoleic
acid, which is an omega-6 fatty acid, was the most dominant, with a relative percentage of
35.11 g/100 g. Furthermore, linolenic acid, arachidonic acid, eicosapentaenoic acid (EPA)
and docosadienoic acid were also found. The total of monounsaturated and polyunsatu-
rated fatty acids was 50.87 g/100 g, which is slightly higher than the SFAs. Some of these
fatty acids were previously reported in jackfruit seeds [29], others SFAs such as dodecanoic,
tridecanoic, tetradecanoic, pentadecanoic and heptadecanoic were also reported by these
authors. However, the PUFAs such as arachidonic, eicosapentaeoic and docosadienoic
were not reported by these authors. The high content of these fatty acids is relevant because
they participate in the control and prevention of cardiovascular diseases, in the control
and prevention of rheumatoid arthritis and in the metabolism of HDL lipoproteins [30].
These results suggest that for this flour the unsaturated/saturated fatty acids ratio was 1:1,
which could be considered a good balance between both fatty acid type. The relation of
ω6/ω3 was 5:1, although some studies report that the ideal ratio in a diet of ω6/ω3 to
prevent cardiovascular risk is 1:1 or 1:2 [31]. In contrast, other authors suggest that for the
secondary prevention of cardiovascular diseases a ratio of 4:1 has been associated with a
70% reduction in total mortality [32]. German-Austrian-Swiss recommendations stated
thatω6 andω3 fatty acids together should contribute 7 to 10% of the total energy intake
with a ratio of linoleic acid (ω6) to α-linolenic acid (ω3) of 5:1 [33]. Additionally, this ratio
was also similar to the value obtained for maize pollen (ZP 5557 Lady Fingers, (Maize
Research Institute in Zemun Polje. Belgrade, Serbia) which was considered a good balance
betweenω6 andω3 fatty acids [34].
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Table 4. Fatty acid composition of jackfruit seed flour.

Fatty Acid Content (g/100 g)

Palmitic acid (C16:0) 36.20 ± 2.68

Stearic acid (18:0) 3.54 ± 0.50

Tricosanoate acid (C23:0) 9.39 ± 0.51

Oleic acid (C18:1) 4.15 ± 1.38

Linoleic acid (C18:2) 35.11 ± 0.59

Linolenic acid (C18:3) 2.82 ± 0.25

Arachidonic acid (C20:4) 3.82 ± 0.23

Eicosapentaenoic acid (20:5 (n-3)) 4.01 ± 0.65

Docosadienoic acid (C22:2 (n-6)) 0.97 ± 0.02

Total saturated fatty acids 49.13 ± 4.90

Total monounsaturated fatty acids 4.15 ± 2.30

Total polyunsaturated fatty acids 46.72 ± 2.12

ω6/ω3 5:1

3.7. Total Polyphenol Content and Antioxidant Capacity

The total polyphenol content (TPC) and antioxidant activity were determined in the
three flours obtained at different temperatures. In Table 5, these results are presented,
and the temperature used for the production of flour showed no significant difference
(p > 0.05) in polyphenol content. It was observed, however, that the polyphenol content
decreases when the temperature increases. For this reason and for the process time, we
considered 60 ◦C as the average temperature adequate for obtaining the flour. Information
on polyphenol content in flour obtained from jackfruit seeds is scarce. The TPC has only
been reported in jackfruit seeds (2.12 ± 0.009 µg gallic acid/mg extract) [35], which is
similar to the value reported in this work. [29], however, reported values between 1.31
and 213.41 mg/kg, which were dependent on the solvent and extraction method. The
solvent and extraction method used for the isolation of antioxidants is an important factor
that can affect the polyphenol content value. The polyphenol profile of jackfruit seeds
was also reported by [29], where 12 types of polyphenols were found. Furthermore,
5-caffeoylquinic acid was the main component, and the presence of carotenoids was also
indicated. Additionally, [4] also showed that jackfruits seeds contain polyphenols such
as lignans and flavones. These compounds have benefits in the uptake of free radicals,
protect different cell organelles, can prevent the oxidation of various cellular compounds
and protect the human body against damage by reactive oxygen species [17] therefore, they
could then provide beneficial effects in the prevention of coronary heart disease.

Table 5. Polyphenol content and antioxidant activity of jackfruit seed flour at the three
evaluated temperatures.

Temperature
(◦C)

Polyphenol Content
(mg of Gallic Acid/g of Sample)

DPPH Radical
(µmol Trolox/100 g)

FRAP
(µmol Trolox/100 g)

50 2.65 ± 0.86 a 1579.51 ± 1.91 a 1717.20 ± 3.9 a

60 2.42 ± 0.74 a 1607.87 ± 2.14 b 901.45 ± 5.84 b

70 2.39 ± 0.92 a 1617.48 ± 0.72 b 489.77 ± 2.87 c

Fisher 0.539 0.0211 <0.0001
Means within a column followed by different letters are significantly different (p < 0.05).

The antioxidant capacity of ingredients derived from vegetables has been a relevant
field in the last years. The antioxidant capacity was determined by DPPH radical and
FRAP. DPPH radical is a compound that is capable of generating free radicals and has been
widely used to evaluate the ability to capture free radicals in compounds with antioxidant
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activity. The values of DPPH radical ranged from 1579 to 1617 µmol Trolox/100 g are
shown in Table 5. These results revealed an increasing trend in radical scavenging activity
with an increasing drying temperature. This high antioxidant capacity can be explained
because a high temperature may lead to the formation of new compounds with higher
antioxidant capacity [36]. These authors indicated that the increase in antioxidant capacity
in plums dried at 60 and 85 ◦C was the result of an increase in hydroxymethylfurfural,
which is an intermediate in Maillard reaction products (MRPs) production. The increase in
DPPH radical value was also reported in hot air drying of pumpkin flour [37] and cowpea
seed thermally processed [38]. The DPPH radical values of this study were higher than
okra flour (0.309 mM Trolox/100 g) [39] and that in some drinks such as tea (631 µmol
Trolox/100 mL) and orange juice (249 µmol Trolox/100 mL) but lower than the fiber-rich
fraction of chia (488 µmol Trolox/g) [40]. Higher phenolic compounds and DPPH radical
values were obtained in this study in comparisons to rye flour (0.08 to 0.58 mg gallic
Acid/g d.m. and 235 µg Trolox/100 g d.m, respectively) [41].

The FRAP is a method used to evaluate the ferric reducing capacity by electron transfer.
Antioxidant compounds cause the reduction of the ferric (Fe3+) to the ferrous (Fe2+) because
of their reductive power [42]. The FRAP values are shown in Table 5 and were significantly
(p < 0.05) reduced in the flours obtained at 60 and 70 ◦C, which is correlated with the trend
observed in the polyphenol content. The FRAP and DPPH radical scavenging activity
assays, however, determine antioxidant capacities through a different mechanism; therefore,
these cannot be correlated [38]. It has been reported that thermal processing reduces TPC
and FRAP and increases the DPPH value [38]. The antioxidant power of this flour is a
relevant fact since it could be used to counteract reactive oxygen species, which trigger a
cascade of diseases associated with oxidative stress that can damage human health.

3.8. Techno-Functional Properties of Flour

The techno-functional properties are important in food systems for the development
or implementation of new products.

3.8.1. Water Absorption Capacity (WAC)

The WAC is referred to as the ability of a material to retain water, such as linked,
hydrodynamic and physically trapped water, under centrifugation conditions [40]. The
WAC value of the flour was 463 mL/100 g ± 1.06. This result suggests that the flour
has a good WAC, which can be associated with the increase of porosity, as well as the
exposition of amino acid residues because of protein denaturation, starch gelatinization
and raw fiber swelling during drying [20,43]. Fiber structure and the high proportions of
hemicellulose and lignin may also augment WAC [40]. WAC is an important parameter in
food processing; for example, a high WAC helps to preserve the freshness of bread, cakes
and sausage and can be used as a soup thickener [2,8,19]. However, reported lower values
than this study, this difference could be due to process conditions for obtaining the flour
or to the effect that in our study the whole seed was used, and in the two studies the thin
brown spermoderm was removed.

3.8.2. Oil Absorption Capacity (OAC)

A good oil absorption capacity (OAC) of 34.83 ± 0.001 g/100 mL was obtained in
this flour, which is higher than that reported for chia flour [40]. The high OAC is the
result of protein denaturation during drying because it has been reported that protein
hydrophobicity plays an important role in oil absorption [17], and can also depend on
surface characteristics, total charge density and the hydrophobicity of fiber particles [42,44].
Additionally, it was reported that dietary fiber has the ability to retain fat and has been
related to the capacity to decrease serum cholesterol levels and remove excess fat from
the human body [42,45]. This property is important because fat can improve the flavor of
foods and then, this flour could be a high fat and flavor retainer and may therefore find
useful application in food systems such as ground meat formulations [2].
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3.8.3. Water Solubility Capacity (WSC) and Swelling Power

With respect to the water solubility capacity (WSC) and swelling power, Table 6 shows
the results at different evaluated temperatures. Low WSC values were obtained and were
directly correlated with increasing temperature. The range of WSC was 0.087 to 0.15%, and
no significant differences (p = 0.069) were observed between the evaluated temperatures.
A low solubility value may be related to only a slight degradation of starch and leads to
having few soluble molecules in the flour [46]. This behavior was similar to that reported
in earlier studies when the solubility and swelling power of jackfruits seed starch were
evaluated [5]. These authors reported a significant increase above 75 ◦C; probably because
of this, higher temperatures are required for improving these properties in the flour. Our
results, however, were lower than reported by [7,8].

Table 6. Water solubility and swelling power of jackfruit seed flour evaluated at different temperatures.

Temperature (◦C) Water Solubility (%) Swelling Power (g/g)

25 0.087 ± 0.001 a 4.062 ± 0.010 a

40 0.1586 ± 0.0001 a 4.779 ± 0.012 a

50 0.1527 ± 0.007 a 5.022 ± 0.045 a

60 0.1580 ± 0.001 a 5.163 ± 0.041 a

70 0.1492 ± 0.004 a 5.515 ± 0.088 a

Fisher 0.069 0.112
Means within a column followed by different letters are significantly different (p < 0.05).

The swelling power was also directly proportional to the temperature used, and no
significant difference (p = 0.112) were observed, with the values ranging from 4.06 to 5.15%.
The increase of swelling power caused by temperature can be explained because more
water is retained when the temperature increases, and then the flour begins to swell and
volume augments [20]. Similar results were reported by these last authors when they used
boiled jackfruit seeds meal. WSC and swelling power are the evidence of an interaction
between the amorphous and crystalline areas, and they are influenced by amylose and
amylopectin characteristics [47]. It was reported that WSC and swelling power is related
with amylose content, slow amylose content increases these properties in starches soft
wheat and bean [48]. Swelling power of this flour tends to increase in contrast to its
solubility; this same behavior has been reported for tropical tuber flour [47].

The emulsifying capacity (EC) is a molecule’s ability to act as an agent that facilitates
the solubilization or dispersion of two immiscible liquids [40] and it is also an important
property for the food and pharmaceutical industry. The EC of jackfruit seeds’ flour was
45.27 ± 2.79 g/100 g, which was higher than that of okra flour [39] but lower than that of
chia flour [40]. The higher EC of chia flour may be caused by the protein concentration,
which is higher than that in the jackfruit seeds flour. In addition, it has been reported that
this property may be influenced by protein hydrophobicity, pH, solubility and proteins
concentration [39]. It is important to mention that the swelling value, emulsifying capacity
and fat absorption of flour defines its use and application in food systems or complex
matrices because this can predict whether it will confer flavor, texture or any other property
to food [49].

3.8.4. Dynamic Viscosity Evaluation

The dynamic viscosity results of the three flour concentrations are shown in Figure 3.
Dynamic viscosity was dependent on the shear rate, which is a typical characteristic of
a non-Newtonian fluid, because the flour developed a lower viscosity when the cutting
speed increased. It was observed that there is a gradual increase of the viscosity when
the flour concentration increases. Significant differences were observed between the three
concentrations evaluated (p < 0.05), the viscosity value to 5% was 0.056 ± 0.0002 Pa·s,
while for the concentrations of 1% and 3% the maximum viscosity values reached were

120



Molecules 2021, 26, 4854

0.0013 ± 0.00001 and 0.011 ± 0.00025 Pa·s, respectively. The increases of viscosity values
in dispersions are associated with the higher fiber content, and some components of fiber,
such as β-glucans, pectins, hemicelluloses, and cellulose, can retain more water to form
a high viscosity suspensions [50]. The other components of flour like proteins, starch
and lipids also play an important role in the final viscosity as was demonstrated in rice
flour. This low viscosity was also observed in jackfruit seeds’ starch when compared with
starches from other sources such as native pinion starch and corn starch [5].

Figure 3. Viscosity dispersions of jackfruit seeds’ flour versus the shear rate at different concentrations (•1, �3, N5 g/100 mL).

3.9. Prebiotic Effect of Jackfruit Seed Flour and Prebiotic Jackfruit Seed Extract

One of the main characteristics of prebiotics is the stimulation of microorganism
probiotics to improve the health of the gut microbiota [51]. For this reason, in this study the
prebiotic activity of flour and prebiotic extract of jackfruit seed was evaluated by comparing
it with other prebiotic ingredients. The results are shown in Figure 4 and are expressed
as Log CFU/mL. For L. casei, significant (p < 0.05) differences were observed, commercial
inulin and MRS (control positive) showed the highest bacterial growth: 8.79 ± 0.1 and
8.77 ± 0.1 Log CFU/mL, respectively. The flour from jackfruit seeds and A. salmiana
fructans showed the lowest growth: 8.02 ± 0.1 and 8.08 ± 0.2, respectively. Jackfruit
seed flour and A. salmiana fructans had a positive prebiotic score (higher than 8 Log
CFU/mL), which was similar to that reported in other studies [21,52]. The prebiotic extract
of jackfruit seed was significantly (p < 0.05) better fermented than the flour of jackfruit
seeds by L. casei, which could be associated with the fact that in the prebiotic extract the
non-digestible carbohydrates are better concentrated. B. longum showed a higher growth
(9.07 ± 0.4 Log CFU/mL) in a prebiotic extract of jackfruit seed followed by jackfruit seed
flour and whole wheat, where the value was the same: 8.92 ± 0.25 Log CFU/mL. No
significant differences were observed, however, between them. Nevertheless, the prebiotic
extract was significantly different (p < 0.05) with A. salmiana fructans, commercial inulin,
the positive control (MRS COM) and the negative control (MRS WCS). The A. salmiana
fructans were better (p < 0.05) fermented by B. longum than L. casei, and these results
coincide with [16], where they evaluated the effect prebiotic of A. salmiana fructans on
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Bifidobacterium spp. and Lactobacillus spp. in vivo. For commercial inulin, however, the
same (p > 0.05) behavior was observed in both bacteria. The growth of B. longum was
higher in all tested prebiotics than the controls. The differences observed in bacterial
growth can be associated with the ability that these bacteria have for fermenting non
digestible carbohydrates. According to our results, we can say that B. longum is capable
of degrading prebiotic compounds that are more complex than L. casei because jackfruit
flour has a variety of nutrients like dietary fiber, polyphenols, resistant starch, and ketose.
Additionally, it has been reported that L. casei preferentially degrades fructans with a
low degree of polymerization [21]. These results suggest that jackfruit seed flour and the
prebiotic extract from seeds induce the growth of probiotic bacteria equal to or better than
other sources of prebiotics.

Figure 4. Prebiotic activity of jackfruit seed flour and prebiotic extract of jackfruit seed, compared
with A. salmiana fructans, commercial inulin, whole wheat flour, commercial MRS and MRS without
carbohydrates source (MRS-WCS). The values are the means ± S.E. Data with different letters are
significantly different at p < 0.05.

3.10. Anticancer Activity in Human Colon Epithelial Cells

When natural compounds such as jackfruit flour are analyzed to evaluate cytotoxicity
in normal colon cancer cells, it is expected to find that they have no cytotoxic effect on
cellular stability. In the case of CRL1831 cells, all treatments maintained cellular balance.
Statistically significant differences were only found when comparing the control (50 µg/mL
and 100 µg/mL) against the 1 mg/mL concentration at 72 h, where a slight increase in
absorbance can be observed, which means a greater amount of MTT (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) was transformed by the cell or greater cell viability
(Figure 5A). When these same compounds were analyzed in colon cancer cell lines, however,
as is the case of the HT29 cell line, we found that jackfruit flour has an anticancer effect
at 50 µg/mL, 100 µg/mL, 500 µg/mL and 1 mg/mL at 48 h. Nevertheless, if 500 µg/mL
is added and we wait 24 h more, the effect is the opposite (72 h), higher cell viability
(Figure 5B). In the case of the SW480 cell line, there was no significant difference when
comparing the groups because the advanced stage of this cancer, the cells cannot sense
the extracts of the jackfruit flour. For this reason, they have an exacerbated viability.
During biological processes, chemical species known as free radicals are generated, which
are characterized by having an unpaired electron and by being very reactive. Of all the
radicals, oxygen-derived reactive species (ROS) are of great interest because of the dual
radical structure of these molecules and the large number of processes that generate them
and in which they can be involved. The main ROS are superoxide anion (O2), hydroxyl
radical (OH+), singlet oxygen, and hydrogen peroxide (H2O2). These radical species are
involved in damage cell in such a way that oxidative stresses can lead to carcinogenesis,
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inflammatory diseases, cellular senescence, and neurodegenerative diseases, among other
pathological processes. In the organism, there is an antioxidant protection system formed
by enzymes and low molecular weight compounds. Two of the enzymes involved in
the protection and consequently the maintenance of the oxidant/antioxidant balance are
catalase (CAT) and superoxide dismutase (SOD).

Through the different treatments with jackfruit flour, it was observed that the control
epithelial cells (CRL 1831 from a normal colon) presented a significant difference when
100 µg/mL, 500 µg/mL, and 1 mg/mL of jackfruit flour was added at 24 h, as well as
100 µg/mL and 1 mg/mL of the jackfruit flour at 48 h, and finally 500 µg/mL of proteins
of jackfruit flour at 72 h (Figure 6A). No significant differences were found, however, for
HT29 (Figure 6B) and SW480 (Figure 6C) cells; both lines are colon cancer but at a different
stage: stage 1–2 and stage 3–4, respectively. CAT levels in SW480 cells are tenfold higher
than even in normal and HT29 cells because of the excessive stress that stage 3–4 cells
are under.

For the CRL 1831 cells, in the case of SOD, it was found that the highest concentration
of jackfruit flour (1 mg/mL) at the maximum of 72 h showed significant differences when
compared with the control and even with each treatment (Figure 7A). In the case of the
HT29 cell line, significant differences were found at 100 µg/mL at 72 h, when compared
with the other treatments and even with the control. Similarly, for the concentration of
1 mg/mL at 72 h, differences were found with the four other treatments. (Figure 7B). In the
case of the SW 480 cell line, significant differences were found when comparing 1 mg/mL
at 72 h with the four treatments: 50 µg/mL and 500 µg/mL at 48 h, and 100 ug/mL and
1 mg/mL at 24 h. For that, we consider that the best time to see the effect is at 72 h using
1 mg/mL of concentration (Figure 7C). If we compare only the controls for SOD, we can
see an increase in the SW480 cell line for stage 3–4. Therefore, these colon cancer tumor
cells are under great oxidative stress, which can generate continuous genetic changes that
are manifested as an increase in chromosomal abnormalities and mutations and in turn
can lead to tumor genesis and spreading (metastasis). Colon cancer is one of the most
prevalent malignant diseases and a major health problem throughout the world, causing a
high rate of mortality [53]. Strategies to prevent colon cancer consisting of improved diet
components have become an important tool and need much more understanding for its
proper use. The main finding of this work is that jackfruit flour shows antioxidant and
antiproliferative effects on a colonic cancer cell line. These effects depend on the stage
of cancer progression and were not observed in more advanced stages; they were also
milder in the control epithelial cell line, which shows the potential for jackfruit flour as a
preventive nutraceutical.

 

 Figure 5. Cont.
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Figure 5. Cytotoxicity assay, was assessed with an MTT (thiazolyl blue tetrazolium bromide), at 24,
48 and 72 h. (A) CRL1831, (B) HT29, (C) SW480. (* p < 0.05, ** p < 0.01, **** p < 0.0001).
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Figure 6. Catalase assay, (A) CRL1831, (B) HT29, (C) SW480. (*** p < 0.005, **** p < 0.0001).
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Figure 7. SOD assay. (A) CRL1831, (B) HT29, (C) SW480. (** p < 0.01, *** p < 0.005, **** p < 0.0001).
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Tumorigenesis, as the hallmark of cancer, consists of a dysregulation of cellular prolif-
eration, leading to uncontrolled cell growth. Therefore in this work we tested the effect
of jackfruit flour on cell viability in a control colonic epithelial cell line and in two colonic
cancer cell lines. Jackfruit flour did not alter cell viability in a controlled colonic epithelial
cell line, either by showing cytotoxicity nor by inducing proliferation. It has been reported
that artocarpin, a phenolic compound found in the wood of jackfruit decreased cell viabil-
ity in five different colon adenocarcinoma cell lines (DLD1, HCT15, HCT116, HT29, and
SW480) but not in normal colon fibroblast cells (CCD-18Co). It induced apoptosis and
autophagy, inducing G1 phase cell cycle arrest by targeting Akt1 and Akt 2 kinase activity,
and reduced tumorigenesis in vivo [54].

On the other hand, the flour decreased cell viability in the HT29 cell line, which is a
cancerous cell line, and thus showed anticancer effects. Reference [55] recently reported that
water-soluble polysaccharides obtained from jackfruit did not affect viability in HT29 nor
SW620 colonic cancer cell lines after 24 or 48 h as tested by a neutral red assay. Nevertheless,
an MTT assay of these same cell lines showed a gradual decrease in cell viability with
increasing concentrations of polysaccharide extracts. The anti-proliferative effect was also
supported by a high antioxidant activity of these polysaccharide extracts.

Viability in the SW480 cell line was very high in basal conditions, which is expected
since it is a cell line from advanced cancer stages characterized by Broders’ classification
as grade 4, and shows multiple mitosis and high ROS production [56]. Jackfruit flour
did not alter viability in these cells at any concentration or incubation time. A possible
explanation for this is that this cell line shows a very high basal proliferation rate related to
mutations and a loss of apoptosis, which has been well characterized in this cell line [57].
A very interesting feature of the jackfruit flour treatment was its antioxidant activity
in colonic cells. Oxidative stress consists mainly of the excessive formation of oxygen-
containing chemical species, such as superoxide, hydroxyl and hydrogen peroxide by
enzymatic and non-enzymatic cellular pathways. Oxidative stress in a healthy background
is naturally counterbalanced by specific enzymes (catalase, SOD, etc.) that transform
ROS into harmless chemical species, such as oxygen and water. This process is deeply
involved in the initiation and progression of colorectal cancer [58], given that the colon is
chronically exposed to oxidizing compounds, toxins and iron. An oxidative environment
promotes chromosome damage and thus mutations that lead to increased proliferation
and tumour formation [59]. It is not surprising then that antioxidant strategies have been
widely proposed as a strong preventive tool against cancer. In this work we reported
many compounds found in jackfruit extracts such as polysaccharides and polyphenols
which have antioxidants activity. In this work we measured catalase and SOD activity as
a means of evaluating the effect of jackfruit flour on oxidative stress response in colonic
cell lines. We observed that control epithelial cells showed basal catalase activity, which
significantly decreased after incubation with jackfruit flour at different doses after 24, 48
and 72 h. Nevertheless, SOD activity did not decrease, which might mean that catalase
activity is sufficient in controlling ROS formation. Regarding cancerous cells, in HT-29
cells there was a slight decrease in catalase activity, which was not significant, whereas
SOD activity decreased at 24 h of incubation but increased over longer periods of time.
This might be explained by increased oxidative stress because of the incubation in media
for longer periods of time. Regarding SW480 cells, catalase and SOD activities were high
under all conditions. These high levels of ROS have been previously reported for this cell
line [60], which is highly proliferative and thus very active metabolically, leading to a high
production of ROS that could not be scavenged efficiently by jackfruit flour.

4. Conclusions

Drying curves of jackfruit seeds were satisfactorily described by mathematical models
based on Page’s equation and can be used to calculate the required or desired moisture
content of samples at 50, 60 and 70 ◦C. Jackfruit seeds flour obtained at 60 ◦C is a nutritional
food because of the presence of proteins, monosaccharides, oligosaccharides and polysac-
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charides, as well as omega-3 and omega-6 fatty acids. This flour also provides bioactive
ingredients, such as total dietary fiber, polyphenols and antioxidant properties. Addition-
ally, this flour exhibits good functional properties, such as water and fat absorption capacity,
swelling powder and emulsifier capacity. The flour and prebiotic extract of jackfruits seed
showed a potential prebiotic effect compared with other prebiotic sources. Moreover, jack-
fruit flour has a protective and preventive effect in colon cancer cells. Additional research,
however, is needed to optimize the application of this flour, to assess its effect as a texture
adjuvant in food matrices like meat products, bread, beverages or to develop new food
products with functional ingredients that may prevent intestinal diseases.
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Abstract: Honey is a natural product rich in several phenolic compounds, enzymes, and sugars with
antioxidant, anticarcinogenic, anti-inflammatory, and antimicrobial potential. Indeed, the develop-
ment of honey-based adhesives for wound care and other biomedical applications are topics being
widely investigated over the years. Some of the advantages of the use of honey for wound-healing
solutions are the acceleration of dermal repair and epithelialization, angiogenesis promotion, immune
response promotion and the reduction in healing-related infections with pathogenic microorganisms.
This paper reviews the main role of honey on the development of wound-healing-based applications,
the main compounds responsible for the healing capacity, how the honey origin can influence the
healing properties, also highlighting promising results in in vitro and in vivo trials. The challenges in
the use of honey for wound healing are also covered and discussed. The delivery methodology (direct
application, incorporated in fibrous membranes and hydrogels) is also presented and discussed.

Keywords: honey; wound-healing; antioxidant; antimicrobial; hydrogels; dermal repair; hydrogel

1. Introduction

The skin is composed of three layers (epidermis, dermis, and hypodermis), and is
considered the first physical barrier against external infectious agents. Wounds are defined
as the disruption in the continuity of the skin, induced by mechanical, chemical, or thermal
harms, and resulting in the loss of the defensive functions of this tissue [1].

The wound-healing process has the purpose of recovering the integrity of the damaged
tissue and the regeneration of the epithelium that was lost, and it is a dynamic and complex
process that globally occurs in four overlapping steps: hemostasis, inflammation, tissue
proliferation, and regeneration [1,2] (Figure 1).

The cascade of initial vasoconstriction of blood vessels and platelet aggregation play
a key role in stopping the loss of blood. The initial vasoconstriction is followed by a
vasodilation, which allows an influx of a variety of inflammatory cells which release
several types of mediators and cytokines to promote thrombosis, angiogenesis, and re-
epithelialization. In addition, the fibroblasts release extracellular components which initiate
the formation of collagen fibers that will serve as scaffolding [1,3]. During the inflammatory
phase the hemostasis, chemotaxis, and the increased vascular permeability limit further
damage, close the wound, remove cellular debris and bacteria, and promote cellular
migration [3]. Afterwards, the proliferative phase implicates the formation of granulation
tissue, re-epithelialization, and neovascularization, a process that can last from several
weeks until some months, or even more time in the case of the existence of some co-
morbidities or particular patient situations [4]. In the end, during the maturation period,
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the new tissues are remodeled, the excess of collagen is reduced, and the wound contracts
and reaches the maximum tensile strength [1].
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Acute wounds derived from unexpected accidents or surgical injury commonly heal
within a predictable period depending on the size, depth, and extent of damage. Nev-
ertheless, deficiencies in the wound-healing process cause more than 38 million patients
with chronic wounds worldwide, which reaches epidemic proportions and causes a large
economic weight on healthcare systems [5].

Prolonged chronicity of wounds is normally related to a bacterial injured-tissue colo-
nization, which can progress into a bacterial resistance to topical and systemic antimicrobial
agents, or into biofilm development, which complicates, in both cases, their treatment [6].
In the end, this type of wound can cause sepsis and inflammation in organs and lead to
increased morbidity and mortality.

The clinical considerations in wound-healing management include preventing and
controlling the infection and/or contamination, maintaining the adequate moisture en-
vironment, treating edema, and preventing further injury. Conventional chronic wound
care involves debridement to remove non-viable tissue and bacterial biofilms, followed
by wound dressing. The common wound dressings consist of a standard cotton bandage
or highly absorbent dressings, such as collagen and alginate, or hydrocolloids; however,
this procedure of wound care is often ineffective. Due to this need for new, efficient, and
improved therapies, there has been a revived interest in alternative treatment approaches,
such as honey. The management of wound healing has become the primary field of
therapeutic application of this natural product [7,8].

Honey has been used for wound healing since ancient times, mainly due to its antimi-
crobial activity. In addition to the broad spectrum of antibacterial activity against common
wound-infecting microorganisms, honey has been demonstrated to be effective against
antibiotic-resistant bacteria and was able to restore the efficacy of some antibiotics against
bacteria with previously acquired resistance [8–10]. Furthermore, due to its several antimi-
crobial components and its different antibacterial action mechanisms, the development
of bacterial resistance to honey is unlikely [8,11,12]. Moreover, the wound-healing ability
of honey is also related to its anti-inflammatory and antioxidant activity, as well as its
capacity to promote re-epithelialization and angiogenesis and stimulate skin and immune
cells [13,14]. All these mechanisms act together favoring the regeneration process of the
damaged tissue.

Several case studies and randomized controlled trials provide considerable evidence
of the effectiveness of honey in healing different types of wounds, such as amputation
wounds, burns, skin grafting sites, skin lesions, or skin ulcers including leg, varicose,
malignant, diabetic, and sickle cell ulcers [15–18].
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The resolution time of wounds using honey or honey-derivates varies from some
days to several months depending on the type, the depth, the anatomical location, and
the chronicity of the wound [17,19]. Due to its osmotic effect, honey creates a liquid layer
between the dressing and the wound bed. This liquid layer is an advantage in the removal
and change of wound-dressings by reducing or eliminating the pain of this process and
avoiding damage of the newly grown tissue, reducing the healing time [20].

The use of honey obtained a remarkable improvement of recalcitrant wounds, and has
demonstrated even more efficacy than conventional treatments using commercial wound
dressings or antibiotics (systemic and topical) [19,21,22]. Honey rapidly replaces sloughs
with granulation tissue and promotes a quick epithelialization and absorption of edema
from around the ulcer margins, significantly reducing the healing time [19,23]. In addition,
honey-based products showed excellent cytocompatibility with tissue cell cultures when
compared with conventional treatments, such as silver dressings [24].

Moreover, some studies demonstrated that the combination of honey with other
compounds or in combination with conventional treatment can be beneficial for diabetic
foot ulcer healing, reducing the wound-resolution time, the cost of the hospital stay, and
the rate of amputation when compared to other conventional treatment [17].

However, the use of honey by itself might present some limitations which are being
overcome with the development of different honey formulations and honey wound dressings.

This review aims to highlight the mechanism of honey’s action in wound healing
and gather the literature available regarding the use of honey and modern engineering
templates for promoting modern solutions for wound and skin healing and regeneration.

2. The Mechanisms of Honey in Wound and Burn Healing

Honey is a natural and greatly complex substance with hundreds of compounds in
its composition [8]. Honey bioactivity, and in consequence, its wound-healing potential,
will be influenced by its composition, which depends mainly on the floral source and other
factors, such as seasonal, environmental, as well as processing, manipulation, packaging,
and storage conditions [25,26]. In addition to some inherent characteristics, such as the
acidity and the osmotic pressure, the healing properties of honey in diverse types of
wounds and burns have also been attributed to other components which act through
different mechanisms that work together to restore the structural integrity of the damaged
tissues [6,18,27] (Figure 2).

2.1. Antibacterial Effects

Honey has been traditionally used in the prevention and treatment of wound infec-
tions [28,29]. However, with the arrival of antibiotics, the use of honey gradually decreased.
Nowadays, microbial drug-resistance has become an increasingly common concern, and
honey has regained the scientific interest as an antibacterial agent [8,12,13]. Intrinsic char-
acteristics of honey, such as high osmolarity, low water activity, and acidity, as well as
some compounds, such as hydrogen peroxide, phenolic compounds, methylglyoxal, or
bee defensin-1 peptide, directly affect the bacterial growth and survival [30–32]. In ad-
dition, honey shows an indirect antimicrobial action which involves the promotion of
lymphocyte and antibody production, cytokines and immunomodulation, and nitric oxide
(NO) [6,33–35].

Non-healing wounds, as well as burns, present an elevated risk of infection, which
might increase morbidity and mortality derived from sepsis and inflammation in or-
gans [13]. In addition, drug-resistant infections and wounds with biofilms are particularly
difficult to treat, since bacteria do not respond to the therapy or are protected by a self-
produced matrix of polysaccharide material [36].

Several studies have demonstrated, in vitro and in vivo, the efficacy of different vari-
eties of honey against a broad spectrum of bacteria, including those that commonly caused
wound and burn infections, such as Staphylococcus aureus, Pseudomonas aeruginosa, Escherichia
coli, Acinetobacter baumannii, or Staphylococcus epidermidis [6,18,37–40]. In addition, honey
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has also been demonstrated to be effective against antibiotic-resistant bacteria [19,41–43],
as well as against biofilms by preventing the formation and the development of the
biofilm [31,44–47], by reducing the metabolic activity of already formed biofilms [44,48],
or by altering the gene expression of different genes related to the formation and the
development of biofilms [48,49], and is related to the bacterial quorum sensing [49,50].

Moreover, some studies demonstrated that manuka honey acts synergistically with
several antibiotics, reducing the doses required to inhibit bacterial growth or reverting
the antibiotic resistance previously acquired [9,10,51,52]. These results suggest a potential
application of a combined therapy of honey and antibiotics.
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2.2. Anti-Inflammatory Effects

Inflammation is the response of a living tissue to a local injury and plays a fundamental
role as a defense and protection mechanism to avoid infections and to repair the affected
tissue. The inflammatory phase is a necessary part of wound healing; however, when
this response is not adequate, an overproduction of inflammatory mediators by immune
cells, which do not respond to initial triggers, might be produced, becoming a problem
for wound resolution [53]. The anti-inflammatory activity of honey is a consequence of
different mechanisms.

During the inflammatory phase, the affected tissues release a high concentration of
free radicals. The antioxidant compounds in honey act synergistically and can reduce the
damage caused by these radicals, and therefore prevent tissue necrosis [14].

In addition, in vitro and in vivo studies have demonstrated that honey reduces the
activity of cyclooxygenases 1 and 2 (COX1 and COX2) that intervene in the synthesis
of prostaglandins [54,55]. Prostaglandins participate in the inflammatory response by
producing vasodilation, increasing the permeability of blood vessels and allowing the
passage of leukocytes, acting as an antiplatelet agent, and stimulating the nerve endings of
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pain. The reduction in prostaglandin concentration in plasma may induce a diminution of
inflammation, edema, and pain [56].

Moreover, honey can inhibit the expression of tumor necrosis factor (TNF-α) and
reduce the concentration of pro-inflammatory cytokines through the attenuation of nuclear
factor kappa B (NF-κB) [54]. Furthermore, NF-κB is involved in the activation of the
inducible NO synthase enzyme (iNO). During inflammation, iNO is induced by cytokines,
TNF-α, interleukins, and bacterial endotoxins, producing NO.

NO is a free radical that acts as a mediator in acute and chronic inflammation and
favors the healing process of tissues. However, an excess of NO or an overproduction at the
wrong time can be detrimental and contribute to the development of pathologies related to
inflammation [56].

Another advantage of the anti-inflammatory action of honey is the decrease in edema,
thus reducing the pressure on the microvasculature of wound tissue that allows the avail-
ability of oxygen and nutrients required for growth of tissue and wound repair [20]. This
effect also allows the control of the wounds’ exudate with an appropriate moisture balance,
which is still a constant challenge in the healing processes [39].

The anti-inflammatory activity of honey has been mainly attributed to phenolic com-
pounds [53,57]. However, until now, no correlation was found between the level of anti-
inflammatory activity in different honey samples and the phenolic compound content [58],
which might be due to the distinct types of interactions that can occur among these com-
pounds and other compounds present in honey.

2.3. Antioxidant Activity

The antioxidant activity of honey is due to a wide variety of compounds, such as
flavonoids, phenolic acids, tocopherols, ascorbic acid, and enzymes including catalase
or superoxide dismutase [14,59,60]. In addition, melanoidins, products of the Maillard
reaction, were described as the main components responsible for the radical-scavenging
capacity of honey [61,62]. These substances reduce the adverse effects of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), inhibit the enzymes responsible for
producing superoxide anions, act as metal chelators, and interfere in the chain reactions
of free radicals and can play a preventative role in the process of their formation [63].
Through these antioxidant mechanisms, honey contributes to wound and burn healing by
interfering with abnormal inflammatory response [6].

ROS act as messengers to give feedback amplification of the inflammatory response [20]
and mediate TNF-α induced cytotoxicity [64]. Moreover, in chronic wounds, neutrophils
and macrophages liberate high levels of ROS against invading bacteria [64]. The extended
exposure to ROS causes cell damage of the tissue and might delay wound healing. In addi-
tion, the ROS formed in the inflammatory phase of wound healing stimulate the activity
of the fibroblasts which produce the collagen fibers of scar tissue. If the inflammatory
phase prolongates, it could induce hyper-granulation and fibrosis, so honey minimizes or
prevents hypertrophic scarring [14,64]. In addition, flavonoids protect tissue against RNS,
such as NO and peroxy-nitrite [65].

2.4. Debridement and Anti-Eschar Action

Wound debridement is essential in producing the functional process of tissue repa-
ration. The conventional procedure is the surgical remotion of dead tissue, which is
painful, may cause infections, and produces toxins that can destroy the surrounding
tissues [6,14,27].

The moist environment produced by honey facilitates the wounds’ autolytic debride-
ment process. The high osmotic pressure pulls out lymphatic fluid from the deeper zones,
which automatically remove dead, damaged, or infected scar tissue [27,39]. In addition,
lymph is a rich source of proteases that activated by the hydrogen peroxide produced when
honey is diluted and assists in the debriding activity [6].
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Additionally, honey inhibits the production of plasminogen activator inhibitor (PAI)
by the macrophages derived from its anti-inflammatory activity [39]. PAI blocks the
transformation of plasminogen, the enzymically inactive precursor of plasmin, into active
plasmin. Plasmin is an enzyme that specifically digests fibrin attached to the wound
surface, but does not digest the collagen matrix, which is necessary for tissue reparation,
thus preventing eschar formation [20,66]. Inflammation increases the generation of PAI, so
the mechanism through which honey decreases the production of PAI is probably related
to its anti-inflammatory activity [20].

2.5. Angiogenesis Promoter

Angiogenesis occurs in the proliferative phase of wound healing. The development
of new blood vessels from pre-existing ones supplies the required oxygen in the wound,
which is an important stage in the healing process. This dynamic process is strongly
regulated by signals from serum and the surrounding extracellular matrix environment [67].
Stimulation of angiogenesis by honey was demonstrated in an in vitro study with analogues
of angiogenesis and an endothelial proliferation assay [68], and more recently, in another
in vivo-model study [69].

Hydrogen peroxide (generated from glucose by the action of the enzyme glucose
oxidase present in raw honey) induces the recruitment of leukocytes to wounds through a
concentration gradient mechanism. Due to an oxidant induct, macrophages release vascular
endothelial growth factor (VEGF), which stimulates angiogenesis [67]. In addition, the high
concentration of sugars present in honey, as well as other minor constituents, such as amino
acids, vitamins and trace elements, provide, in a moist environment, a local cellular energy
source, which may improve local nutrition and endothelial cell proliferation [70–72].

On the contrary, another study has demonstrated the anti-angiogenic activity of honey
is mediated by the modulation of prostaglandin E2 and VEGF production [73]. This
disparity among studies might be explained by the honey concentration tested, since the
highest pro-angiogenic effect was found in a low concentration of honey, whereas higher
concentrations demonstrated anti-angiogenic activity [68].

2.6. Immune System Promoter

Some studies have also demonstrated the activity of honey in stimulating some
immune system mediators. Honey can stimulate B- lymphocytes and T-lymphocytes
and activate neutrophil phagocytosis in cell culture [20,74]. In addition, honey induces
monocytes (MM6 cells) to secrete cytokines, tumor necrosis factor-α (TNF-α), interleukin-1
(IL-1), and interleukin-6 (IL-6), which activate the immune response to infection [33–35].

Moreover, honey stimulates antibody production during primary and secondary
immune responses against thymus-dependent and thymus-independent antigens [75]
and increases humoral immunity by the intrinsic NO, which activates specific signal
transduction pathways in monocytes in a concentration-dependent manner [76,77].

2.7. Healing-Rate Promoter

In addition to all the honey effects previously described, honey acts in the regeneration
of the new formed tissue, an essential step in the wound-healing process [78].

The acidification of the wound environment favors the action of macrophages, limits
bacterial growth, and neutralizes the ammonia produced by bacterial metabolisms that
could damage tissues [14]. However, the acidic pH of honey also limits the activity of
proteases; these enzymes might inactivate the tissue growth factors and destroy the plasma
fibronectin and the collagen matrix, which are necessary for fibroblast activity and tissue
re-epithelialization [14,42]. In addition, the diminution of pH in the wound bed makes
more oxygen available from hemoglobin in the blood [42].

Furthermore, all the nutritious components present in honey (sugars, amino acids,
vitamins, and other trace elements) stimulate cell growth and the development of repair
tissues [70–72,79,80]. In addition, re-epithelialization would also be promoted by the incre-
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ment of TNF-α and interleukin-1β (IL-1β) levels. A concentration of 1% of honey has been
found to stimulate the release of the cytokine TNF-α, IL-1β and IL-6 from monocytes [81],
which induce the keratinocyte migration and proliferation, which are the major cellular
components that are involved in the intricate mechanisms of initiation, maintenance, and
completion of wound healing, and may induce collagen synthesis by fibroblasts [14,68,82].

3. Safety of Honey Used for Topical Treatment

The extensive scientific evidence proves that honey may offer distinct advantages over
the chemotherapeutic substances currently used in the wound- and burn- healing processes.
However, this natural product shows a series of limitations, and is not completely free
from adverse effects.

The composition of honey is rather variable, depending primarily on the botanical
origin, and secondarily on other factors such as geographical origin, or harvesting, process-
ing, and storage conditions [38,39]. This variability determines its bioactive properties, and
consequently influences the therapeutic efficacy of the wound treatment [39]. In addition,
the absence of standardization and the incomplete knowledge of the active components,
and the mechanisms through which they interact and act in wound healing, are the major
limitations for the application of honey in medicine. For this reason, is essential to select
the more appropriate varieties of honey, and it is recommended to carry out a previous
screening [38].

In addition, other considerations must be considered before honey application in
wounds. The low pH, derived from the presence of organic acids in honey, may contribute
to a stinging or burning sensation when it is applied to a damaged tissue [83]. Besides
this unpleasant sensation, it is necessary to consider that, although minor, there is a risk of
wound infection, mainly related to the presence of clostridial spores which have occasion-
ally been found in honey [39,84]. This risk can be reduced by using gamma-irradiation,
which inactivates the spores without modifying the original biological activity [85,86].
Nevertheless, no cases of wound infection due to clostridial spores related to the use of
non-irradiated honey on wounds have been reported to date.

Furthermore, the honey used for medical purposes must be free of any chemical con-
tamination, such as pesticides, herbicides, or heavy metals. In this sense, to guarantee the
maximum purity, honey should be collected in areas that meet the requirements for organic
production, as well as following rigorous quality, processing and storage standards [8,19].
In addition, is necessary to consider that some varieties of honey might present toxic
active compounds originating from the nectar of species such as rhododendron, oleanders,
mountain and sheep laurels, or azaleas. However, these effects have been described by
honey ingestion [87,88].

4. Biomedical Application of Honey in Advanced Wound Care
4.1. Medical Grade Honey and Honey Ointments for Topical Application

The safety threats previously described in wound treatment with honey are overcome
by medical-grade honey approved for wound care [18,39]. Indeed, the medical-grade hon-
eys are sterilized by gamma irradiation with the aim to kill Clostridium spores, produced
under rigorous standards of hygiene, without pollutants or contaminating pesticides in
its composition, and standardized under different defined criteria [8]. They have potent
in vitro bactericidal activity against antibiotic-resistant bacteria and are approved for appli-
cation in wound management. Having reproducible antibacterial activity, these honeys are
produced under controlled conditions in greenhouses (i.e., Revamil source honey); medical
grade Leptospermum-derived Manuka honeys are analyzed individually by each batch
to assess the Unique Manuka Factor (UMF) that gives a number based on its bactericidal
activity [89]. Unlike other varieties, the antibacterial activity of Manuka honey is based on
its non-peroxide activity related to compounds which are mainly present in this variety,
such as methylglyoxal, leptosperin, or methyl syringate [38].
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Medical-grade honey can be directly applied to the wound bed and then covered with
conventional dressing. However, in high-exuding wounds, honey can become less viscous
and diluted. The liquid state of honey might complicate its application and its permanence
on wound and burn environments, and in the treatment of excessively exudative lesions,
honey might be diluted to concentrations that present minimal or no effects in short
periods of time [7,39]. Nevertheless, according to [6], even when honey is heavily diluted
by wound exudate, it will still have potent enough antibacterial activity to inhibit the
growth of bacteria (the MIC values were found to be below 11%).

In clinical practice today, several honey-based wound-care commercial preparations
in the form of gels, ointment, and dressings, are approved by the US Food and Drug
Administration (FDA) and registered as medical devices [90]. Most of them are formulated
with medical-grade Manuka honey, since it is one of the most studied varieties of honey
in the world, and it was the first honey type to obtain the status of medical-grade honey.
However, there are also alternatives that use other types of honey, such as buckwheat,
multifloral, and Revamil source honey, among others [8]. For instance, a honey-based gel
formula can be prepared with 100 % medical-grade honey without the addition of other
ingredient (Table 1) or can be mixed with other agents(s) such as natural emollients (e.g.,
lanolin, polyethylene glycol, glycerine, myristil myristrate) or different plant waxes and
gelling agents [90].

Table 1. Commercially available medical-grade honey and honey-based gels and ointments for wound healing.

Product Name Product Type Composition

Manuka Guard® Medical Grade Manuka Honey Honey 100% Manuka honey

Manuka Fill® Honey 100% Manuka honey

Ectocare® Manuka FillTM Honey 100% Manuka honey

ManukaDress–T Honey 100% Manuka honey

Activon® Tube Paste formula 100% Manuka honey

Manuka Health® Wound Gel Gel formula 94% Manuka honey with natural gelling agents

Medihoney® Barrier Cream Cream formula 30% Manuka honey, other non-described components

Medihoney® Gel Wound & Burn Dressing Gel formula 100% Manuka honey in a hydrocolloidal suspension

Melladerm® Plus Gel formula 45% medical-grade multi-flower honey, other
non-described components

Melloxy® Gel formula 40% medical-grade multi-flower honey, 11% ozonated
vegetable olive oil, other non-described components

MANUKApli® Gel formula 100% Manuka honey

L-Mesitran® Soft Gel formula 40% medical-grade honey (not Manuka) with lanolin,
polyethylene glycol, and vitamins C and E

L-Mesitran® Ointment Gel formula
48% medical-grade honey (not Manuka), lanolin, cod

liver oil, sunflower oil, calendula, aloe vera, zinc oxide,
and vitamins C and E

Revamil Gel® Gel formula 100% medical-grade honey (not Manuka)

Revamil Balm® Balm formula 25% medical-grade honey (not Manuka), arachis oleum,
cera alba, glyceryl oleate, aqua.

Surgihoney™RO® Gel formula
Mixture of medical-grade honey from various sites/floral
sources engineered to produce hydrogen peroxide and

reactive oxygen species when diluted in water

Therahoney® Gel Gel formula 100% Manuka honey

The FDA-approved honey-based devices are indicated in the treatment of different
types of wounds, such as low and moderate-to-heavy exuding wounds, diabetic foot ulcers,
leg ulcers, pressure ulcers, burns, traumatic wounds, surgical wounds, chronic wounds, or
colonized acute wounds, among other indications [18]. Despite the availability of these
products, their use in medical practice is still limited, probably due to the misconception
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that there is no evidence to support the use of honey with therapeutic purposes, as well as
the scarce promotion and diffusion of honey products for wound care [20].

Nevertheless, effectiveness of the MedihoneyTM Antibacterial Wound Gel has been
evaluated in eight post-coronary artery bypass graft (CABG) patients. The gel was selected
as the active primary product of choice for all the graft wounds (seven of the eight patients
had wound infections). The honey-based gel was applied directly onto the wound bed
and covered with an adhesive-bordered non-adherent gauze dressing. The wounds all
reduced in size and there was a significant reduction in pain, odor, and exudate. Moreover,
the wound gel had reduced the bioburden of the wounds enabling them to progress to
healing. Finally, the use of medical honey became a regular dressing choice within the
authors’ cardiothoracic unit [91]. Moreover, the combined treatment with honey-based gels
(L-Mesitran Soft) and ointment (L-Mesitran Ointment) has been successfully applied for
treatment of infected ulcers in diabetics patients [19]. Indeed, the use of ointments help
to entrap water, keep the skin moist, and provide an emollient protective film, which are
all crucial elements for wound healing [19,90], while the layer of gel fights infections and
optimizes wound healing [19,90].

The medical-grade honey, as well as the ointments and gels, is applied to the wound
bed and requires a secondary conventional dressing (e.g., cotton wool bandage) to contain
the honey in the wound bed environment, which on removal cause pain [92].

Therefore, recent research focuses on the development of different materials or matrices
to convey honey, control its delivery, and act as absorbent secondary dressings [7,39,93–95].

4.2. Honey-Based Advanced Wound Care Products

Many years ago, wound management was based on covering the wound using con-
ventional dressings (i.e., gauzes, absorbent cotton, bandages). However, they are limited
in terms of influencing/accelerating wound healing and preventing/treating infections.
Currently, wound management has been updated due to a greater understanding of the
molecular and cellular processes involved in wound healing. Additionally, with advance-
ments in technology, the design and functionality of wound dressings has advanced in
the direction of multi-functionality [96]. The modern dressings are designed to maintain
the moist wound environment and promote healing [97]. Moreover, the critical necessi-
ties of modern wound dressings include biocompatibility, no cytotoxic effects, a rate of
biodegradability directly proportional with the rate of formation of new tissue, a release of
incorporated bioactive compounds (drugs), and the control of possible infections [96].

Tissue engineering has recently introduced wound dressings/scaffolds as an alterna-
tive treatment of wounds with advanced properties, suitable for keeping a moist environ-
ment while absorbing exudates, creating a barrier against pathogens, and facilitating drug
delivery systems [96].

The recent in vitro and in vivo research demonstrated that honey is a valuable addition
to many tissue-engineering templates in eliminating bacterial infection, aiding in inflam-
mation resolution and improving tissue integration with the template (Tables 2 and 3) [28].
Currently, hydrogels and electrospun nanofibers are the most researched types of honey-
incorporated scaffolds [98].
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4.2.1. Honey-Based Hydrogels

Hydrogels are high-water-content materials prepared from cross-linked polymers,
such as chitosan, and can provide sustained, local delivery of a variety of therapeutic
agents [106]. Incorporation of honey into the hydrogel system can beneficially affect the
water absorption capacity of the polymer (of the hydrogel) and increase the antibacterial
activity of the scaffold [99].

Noori, Kokabi, and Hassan (2018) investigated a honey-loaded PVA/chitosan/mont
morillonite nanocomposite (PCMH) hydrogel dressing as a drug model for wound healing.
Results demonstrated the ability of the PCMH nanocomposite hydrogel to smart release
honey against pH and temperature changes. The maximum release of honey from the
hydrogel occurred at pH 7, while the minimum was at pH 2. Independently of the pH,
increasing temperature caused higher honey release from the hydrogel matrix. However,
the addition of the nanoclay (montmorillonite) to the hydrogel decreases the hydrogel
swelling and delays the honey release. Nevertheless, the authors suggested that the honey-
loaded nanocomposite hydrogel could be used in low exudate wounds to supply optimized
humidity in the wound bed [102].

Different honey concentrations have different efficacies in the scavenging of free
radicals and promoting epithelial cell proliferation [119]. It has been shown that the
release of honey increases when increasing its concentration in hydrogel, regardless of
the polymeric hydrogel used in the formulation. For instance, the honey 75%-chitosan
formula showed the best healing properties (regeneration of the epidermis tissue and
the formation of new blood capillaries) compared to honey hydrogel formulae with a
lower concentration of honey (up to 50%, w/w). Similarly, an 80%-Manuka/PVA wound
dressing hybrid hydrogel showed sustained release of honey over 24 h with progressively
low adhesion to the wound bed that protects new epithelialization and promotes cell
proliferation. Both dressings demonstrate the high value of cell viability and proliferation
and promoted antibacterial activity, being suitable for wounds with moderate to relatively
high exudate [100].

Further, one of the advantages of using hydrogels instead of conventional designs is
their transparency, which allows us to observe the status of the burn or wound without
removal of the dressing [103]. In vivo study showed that burns treated with honey hydrogel
sheets were completely healed after 12 days with intact epidermis and topical proliferation
of hair follicles. In contrast, burns treated with commercial ointment (MEBO-treated burns)
and non-treated burns presented 15% and 63% unclosed wound areas, respectively [104].

In addition, hydrogel wound scaffolds containing honey do not function merely as
coverage to provide a clean, moist environment for healing, but also directly contribute to
enhanced tissue regeneration and recovery [104].

4.2.2. Honey-Based Electrospun Nanofiber Scaffolds

In biomedical applications, the nanofiber membranes prepared by electro-spinning
are used in wound dressings, biosensing, tissue engineering scaffolds, artificial organs, and
drug delivery [114]. The formulation of the electrospun nanofiber scaffolds contain protein-
based polymers, such as collagen, gelatin, and silk, or/and polysaccharide-based polymers
such as chitosan, hyaluronic acid, and alginate. Prepared stirred polymeric solution is
loaded into a syringe that is attached to a needle of which the tip exhibits voltage [120].

The advantageous properties of nanofibers are a large surface area to volume ratio,
high porosity, and a very small pore size, which lead to high exudate absorption, better
wound permeation, and prevention of further infection [112].

The fabrication of honey-based electrospun nanofibers increases interest due to the
enhanced activity realized upon combining the advantages of the nanofibrous structure,
primarily the increased surface-to-volume ratio with the advantageous properties of honey
(Table 3) [112].

Wound healing scaffolds are expected to absorb body fluids and maintain hydra-
tion, but without increasing infection of the biofilm. Indeed, wounds with biofilm fail
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to re-epithelialize, show vascular granulation tissue, and consist of recalcitrant microbes.
Honey/PVA nanofiber membranes were found to effectively decrease the biofilm forma-
tion [113]. Manuka honey is effective against both Gram-positive and Gram-negative
bacteria; however, results of honey scaffolds containing 1–20% Manuka/PCL nanofibers
indicated that the controlled release of smaller amounts of honey by the scaffold is more
effective against Gram-negative-bacteria-infected wounds. Interestingly, opposite results
have been found for high-concentration honey chitosan electrospun nanofibers. The
honey/PVA/chitosan membrane (30%:7%:3.5%) enhanced antibacterial activity against
S. aureus (complete inhibition after 48 h with 30%: 7%:5.5 %) and showed poor antibac-
terial activity against the Gram-negative E. coli. Moreover, the scaffold showed high
biocompatibility and low cytotoxicity effects [108].

5. Conclusions

The use of honey for biomedical applications has gained special focus over the years,
with the development of novel applications for this natural product, taking advantage of
its unique chemical characteristics. Due to its characteristics, namely, low pH and water
activity, it presents a good microbiological, enzymatic and (bio)chemical stability, which
can be lost if not properly processed for safe use by means of keeping both functionality
and microbiological safety. Thus, the design of proper honey processing methodologies is
of utmost importance for its use. As reviewed, honey presents a very promising potential
to be used in wound-healing processes, either by direct application, incorporated in fibrous
membranes, or in hydrogel, with very promising results in either in vitro and in vivo trials.
Nonetheless, further research is needed to overcome the main challenges on the use of
honey for biomedical applications.
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Abstract: Usually, wine-making by-products are discarded, presenting a significant environmental
impact. However, they can be used as a source of bioactive compounds. Moreover, consumers’
increasing demand for naturally nutritious and healthy products requires new formulations and food
product improvement, together with sustainable, environmentally friendly extraction methods. Thus,
this work aimed to compare ohmic heating (OH) with conventional methodology (CONV), using
food-grade solvents, mainly water, compared to standard methanol extraction of anthocyanins. No
significant differences were found between the CONV and OH for total phenolic compounds, which
were 2.84 ± 0.037 and 3.28 ± 0.46 mg/g DW gallic acid equivalent, respectively. The same tendency
was found for antioxidant capacity, where CONV and OH presented values of 2.02 ± 0.007 g/100 g
and 2.34 ± 0.066 g/100 g ascorbic acid equivalent, respectively. The major anthocyanins iden-
tified were malvidin-3-O-acetylglucoside, delphinidin-3-O-glucoside, petunidine-3-O-glucoside,
cyanidin-3-O-glucoside, and peonidine-3-O-glucoside. These extracts displayed antimicrobial poten-
tial against microorganisms such as Yersinia enterocolitica, Pseudomonas aeruginosa, Salmonella enteritidis,
methicillin-sensitive Staphylococcus aureus, a methicillin-resistant Staph. aureus (MRSA), and Bacillus
cereus. In conclusion, OH provides similar recovery yields with reduced treatment times, less energy
consumption, and no need for organic solvents (green extraction routes). Thus, OH combined with
water and citric acid allows a safe anthocyanin extraction from grape by-products, thus avoiding the
use of toxic solvents such as methanol, and with high biological potential, including antimicrobial
and antioxidant activity.

Keywords: grape by-products; ohmic heating; conventional methods; biological properties; phenolic
compounds; anthocyanins; antimicrobial; antioxidant activity

1. Introduction

The wine-making process produces a large number of by-products that have a sig-
nificant environmental impact. This process generates a high amount of solid organic
waste, namely stalks, pomace (including skins, seeds, grape pulp l) and lees, which may
be disposed of or beneficial use [1,2]. Nevertheless, these by-products can also be used
as a source of bioactive compounds, such as dietary fiber, grape seed oil, hydrocolloids,
and phenolic compounds, which might be applied by the agri-food and feed industries
promoting economic value. Its reuse follows the actual circular economy concept imposed
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by the European Union. According to it, strategies for smart, sustainable, and inclusive
growth must be adopted, promoting environmental protection [3–5].

Directive 2008/98/EC of the European Parliament and of the Council of 19 November
2008 established a legal framework for treating waste in the European Union, emphasiz-
ing the importance of proper waste management, recovery, and recycling techniques to
reduce the environmental and human health impact [6]. Value-added compounds could
be isolated from the by-products to be used either as natural ingredients for the formula-
tions of functional foods or as additives. These by-products have drawn the attention of
scientists and the food industry. Traditionally, grape pomace has been used to produce
wine beverages, nutrient colorants, and grape oil. More recently, research has concentrated
on creating different value-added products, e.g., bioactive compounds, primarily phenols,
healing of tartaric acid, and the production of flours [5,7].

These wine industry by-products are frequently undervalued but represent a possible
source of bioactive compounds, such as polyphenols, that could be applied in many
industries. Phenolic substances from grapes, including anthocyanins, are reduced at the
skin and seeds, more precisely, the portion that remain as pomace after the processing of
grapes [2,7,8].

Anthocyanins belong to the flavonoid class and represent the most significant set of
water-soluble plant pigments [2,9]. Anthocyanin’s color depends on the solvent’s pH; the
red-color anthocyanins are stable at lower pH (3.5–4) [7,9,10].

As they are localized in black grape peels, anthocyanins are usually extracted (30 to
40%) through wine-making operations. However, previous research has shown that the
anthocyanin content of a given cultivar is not necessarily positively linked with antho-
cyanin concentration in the resulting wine. The lack of association was due to the partial
preservation by cell-wall polymers of these anthocyanins in the skin cells [2,11,12].

Various methods have been developed to extract bioactive compounds, and their
effects on the preparation and functionality of extracts from agro-industrial wastes have
been evaluated. These commonly applied methods use harmful and toxic compounds,
restricting the use of grape by-product extracts [2,7,13]. Nevertheless, given the need for
sustainability, the political agenda is fostering the development of “clean label” processes
toward the reduction of environmental impacts and a strong bioeconomy. In addition,
the conversion of wine-making by-products into added-value products could be possible
through the development of environment-friendly technologies. New technologies, such as
microwave-, ultrasound-, and ohmic heating (OH)-assisted extraction, have been used to
improve the recovery of bioactive compounds from food samples [2,8,14]. These methods
have attracted significant attention from the scientific community. In particular, OH is a
thermal process where an alternating electric flow is forced to pass through the food mate-
rials [2]. The thermal effect needed to assist the extraction process is rendered internally
due to the passage of electric flow through the materials (Joule effect). The general purpose
of OH technology is to improve food, cosmetics, and pharmaceutical products that are safe
and beneficial to human health [2,15,16]. Despite these advantages, the OH application
can be impaired by products’ physical and chemical properties, such as poor electrical
conductivity due to higher fat or sugar contents in their composition [16].

El Darra and colleagues performed an assisted extraction by pulsed OH from red
grape pomace. The authors explored the pulsed OH effects on cell membrane damage
to increased polyphenol recovery. They also studied the effects of the electrical field
strength, temperature, and the proportion of ethanol/water used. Pre-treatment caused cell
membrane permeabilization. In addition, pulsed OH, which was used as a pre-treatment,
increased the recovery kinetics of TPC. Other researchers reinforce high yields of recovery
of phytochemicals obtained by OH from black rice bran. They suggest OH as a promising
technology to extract anthocyanins with a future application in the production of natural
colorants [17].

Pereira et al. [18] explore how ohmic heating (OH) influences phytochemical compo-
nents recovery from colored potatoes (Solanum tuberosum L. var. Vitelotte) using moderate
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electric fields. Their results reveal that low-energy electrical fields and thermal effects may
be integrated and adjusted into a single phase of treatment by recovering anthocyanins
and phenolic chemicals from vegetable tissues, which delivers a high recovery rate with
lower treatment duration, decreased energy consumption, and no organic solvents (green
extraction). More recently, the authors [13] have also shown that OH has the potential
to be used as an efficient and environmentally friendly technology toward sustainable
food processes; it has been shown that OH can be used as a pre-treatment for enhanced
aqueous extraction of anthocyanins from grape skins, particularly when high-temperature
short-time (HTST) treatments are applied. There still is scarce information regarding the
effects of combining OH pre-treatments with food-grade solvents to enhance the aqueous
extraction of phenolic compounds, namely anthocyanins, comparing with conventional
methods based on solvent extraction. Accordingly, this study aimed to evaluate the effec-
tiveness of OH pre-treatments in the aqueous extraction of anthocyanins from red grape
pomace by-products using food-grade extraction solvents and compared it with traditional
solvent extraction methodologies.

2. Results
2.1. Total Phenolic Compounds and Antioxidant Capacity

Concerning total phenolic compounds (TPC) (Figure 1), a better recovery yield was
obtained with MeOH acidified in all extraction methods ohmic (OH), negative control
(CN), and positive control (CP). Comparing the extraction methods, OH presented higher
values than CP for all solvents tested. In addition, higher amounts of TPC were obtained
when combined OH with MeOH acidified. Significant differences between extraction
methods were only verified for MeOH extraction (p < 0.001). In addition, values of
423 ± 0.2 mg/100 g DW gallic acid equivalent and 360± 0.8 mg /100 gallic acid equivalent
were observed for MeOH and citric acid, respectively, with OH extraction. These results
are corroborated by results from antioxidant analysis measured by ABTS, where citric
acid showed the highest values of antioxidant capacity (AA) when compared with other
solvents (Figure 2).
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AA was also analyzed by the ORAC method. According to the results of AA with the
ORAC method presented in Figure 3, this method resulted in different patterns compared
with ABTS. Two-way ANOVA showed that there is a significant interaction between
solvent and treatment, p < 0.0001. Methanol CP extract showed ORAC quantities of
0.489 ± 0.0443 µmol/g Trolox equivalents, which were analogous to those in citric extracts
with OH (0.351 ± 0.022 micromol/g Trolox equivalents).
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2.2. Total and Individual Anthocyanins Content

Results showed an increase of anthocyanin recovery (Figure 4) in OH samples when
compared with the CN method for all solvents extraction (p < 0.05), while when compared
with CP, similar results were obtained. This increase could be explained by non-thermal
effects on plant cell permeabilization, which were probably due to electrical disturbances
in the membranes of cells or by electroporation impacts [13,15,19]. However, it is essential
to highlight that compared with CN, OH treatment resulted in a reduced thermal load.
This may have contributed to less degradation of extracted anthocyanins and justify the
presented results. Regarding individual compounds, the malvidin-3-O-glucoside is the
main anthocyanin present for all extracts (Table 1 and Figure 5).
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Figure 5. Chromatogram example of anthocyanins profile detected in samples by HPLC-DAD. (1) delphinidin-3-O-glucoside; (2) cyanidin-3-O-glucoside; (3) petunidin-3-
O-glucoside; (4) peonidin-3-O-glucoside; and (5) malvidin-3-O-glucoside.

Figure 5. Chromatogram example of anthocyanins profile detected in samples by HPLC-DAD. (1) delphinidin-3-O-glucoside;
(2) cyanidin-3-O-glucoside; (3) petunidin-3-O-glucoside; (4) peonidin-3-O-glucoside; and (5) malvidin-3-O-glucoside.
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2.3. Antimicrobial Properties

We tested the antimicrobial effects of the extracts using the disk diffusion test and
performed a screening of the inhibitory effect on halo formation. The results are presented
in Table 2.

Table 2. Antimicrobial activity of extracts (1 mg/mL).

Extraction Microorganism OH CP CN

MeOH

Y. enterocolitica 0 0 0
P. aeruginosa 0 + 0

E. coli 0 0 0
S. enteritidis + 0 0

MRSA + 0 0
MSSA 0 0 0

Listeria monocytogenes 0 0 0

B. cereus + 0 0

H2O

Y. enterocolitica 0 0 0
P. aeruginosa 0 0 0

E. coli 0 0 0
S. enteritidis 0 0 0

MRSA + 0 0
MSSA 0 0 0

Listeria monocytogenes 0 0 0

B. cereus 0 0 0

Lactic acid

Y. enterocolitica 0 0 +
P. aeruginosa 0 0 0

E. coli 0 0 +
S. enteritidis 0 0 +

MRSA 0 0 +
MSSA 0 0 0

Listeria monocytogenes 0 0 0

B. cereus 0 0 0

Citric acid

Y. enterocolitica + 0 +
P. aeruginosa + 0 +

E. coli + 0 0
S. enteritidis + 0 +

MRSA + 0 +
MSSA + 0 +

Listeria monocytogenes 0 0 0
B. cereus ++ 0 +

Extracts halos for each bacterium (mg/mL) and its inhibitory effect upon disk diffusion test. 0—no halo formation;
+—moderate halo formation; ++—strong halo formation.

Both CP and OH with citric acid extracts exhibited significant higher inhibitory activity
against Escherichia coli (E. coli), Salmonella enteritidis (S. enteritidis), a methicillin-resistant
Staphylococcus aureus (MRSA), methicillin-sensitive Staph. aureus (MSSA), Bacillus cereus (B.
cereus), Pseudomonas aeruginosa (P. aeruginosa), and Yersinia enterocolitica (Y. enterocolitica). It
is noteworthy that there are varietal differences involving the phenolic compounds content
of grape by-products and, therefore, of their antioxidant and antimicrobial attributes.

Other authors also described that grape extracts at 2% have antibacterial action toward
P. aeruginosa, Staph. aureus, and E. coli [20–22].

2.4. Cytotoxicity

The cell viability test XTT (2,3-bis(2-methoxy-4-nitro-5-sulphophenyl)-5-carboxanilide-
2H-tetrazolium, monosodium salt), a mucus-secreting line HT29-MTX, was utilized to
evaluate the potential cytotoxicity effect of grape extracts (OH, CP, and CN). The results
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showed that the highest concentration of 1 mg /mL of water extracts tested did not inhibit
the cellular metabolism (negative values of metabolism inhibition), thus not showing
cytotoxicity for these cells (Figure 6). Only citric acid presented an inhibition above 10%
for the CN, which indicates some inhibition of cell viability, but also with no relevance,
since values are lower than 30% cell metabolism inhibition. All extracts obtained by OH
and some from the CN extracts presented negative values, suggesting that they promote
cell growth, mainly the extracts produced by OH with citric acid.
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3. Discussion
3.1. Total Phenolic Compounds and Antioxidant Capacity

The results showed that all treatment and solvents influenced the total polyphenols
extraction. Significant differences were found between OH and the CN. A decrease in TPC
was observed in CN when compared with OH and the CP method. Although OH and
CN treatments use high temperatures in the OH, a maximum of 2 s was required for the
temperature to reach 100 ◦C, while in the CT method, 20 min were necessary to reach the
same temperature.

Both heating processes and solvent used affected the TPC. It can cause leaching, and
consequently, the TPC can decrease, or it could affect the rupture of the cell wall and, as a
result, the release of cell-bound polyphenols. Several studies reported the effect of heating
processes on polyphenols content [13,23–26]. A study carried out by Pereira et al. [13]
showed that it is possible to obtain higher extraction yields of TPC and anthocyanins with
aqueous extracts with an OH pre-treatment. The fast heating prevents the increase of
compounds degradation. Additionally, the polarity of the solution used for polyphenols
extraction affects its cell availability, and it also changes the recovery of the TPC. In
moderate settings (23 ◦C), pre-treatments with limited permeabilization effects and no
organic solvent have only encouraged the diffusion of small molecular weight hydrophilic
components. This explains the differences in the TPC levels across pre-treated OH and
CP (p > 0.05) samples. In general, the flavonoids in which anthocyanins are contained are
low molecular weight molecules and hence easily extracted due to further OH-induced
permeabilization.

A significant impact of the treatment was observed when compared to the impact of
the solvent by the application of the two-way ANOVA and Tukey’s tests. The treatment
accounts for 14.94% of the total variance, with significance p < 0.001, while the solvent
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account for 66.64% of the total variance. The same was observed for AA, according to the
ABTS method (Figure 2). Regarding AA, there were differences between results obtained
by ABTS and ORAC methods, which could be explained by the sensitivity of methods and
the compounds recovered during the extraction processes [27,28]. The ORAC evaluates the
AA and determines the antioxidant status in biological systems, while ABTS measures the
reduction of the specific force. In addition, different solvents and extraction methods could
recover different bioactive compounds, which could justify the differences in values [29].

This result suggested that for TPC and AA, the solvent has more impact than the
treatment used.

Mostly, according to several studies, the inhibition of polyphenol oxidases and acid
hydrolysis could occur; as a result, the TPC increases, and consequently, the AA also
increases [18,30,31]. The differences found in TPC and AA when citric acid (C6H8O7)
or lactic acid (C3H6O3) were used could be explained by its chemical structure and its
pH solution, 2.55 and 2.98, respectively. Studies have shown that the nature of the acid
employed, along with its pka, influences the selectivity of the extracting medium toward
phenolic compounds [32]. Furthermore, the chemical properties of anthocyanins make
them susceptible to reactive oxygen molecules.

3.2. Total and Individual Anthocyanin Content

Significant differences in total anthocyanin in OH extracts were observed compared
to the CP method for food-grade solvents, indicating the greater anthocyanin recovery
capacity of red pigments with OH. Anthocyanins are water-soluble glycosides of polyhy-
droxy and polymethoxy derivatives of 2-phenyl-benzopyryliurn. Furthermore, the pH
solution influences the anthocyanin’s colour due to its ionic structure. They present a
flavylium form in an acidic condition, being highly soluble in water, and they are also
more stable [10,33]. In addition, some studies have shown a disintegration of cell wall
caused by electric fields during OH, which could increase the compound’s availability and,
consequently, their extraction capacity [15,17,34].

Regarding CN, the time to reach 100 ◦C is significant. In this work, higher levels of
anthocyanin degradation were observed in CT samples (exposed to high temperatures
for an extended time). These results showed that higher temperatures could promote the
degradation of anthocyanins compounds. According to results reported with the literature,
the anthocyanins degradation levels could reach 55% with higher temperature usage [35].
Furthermore, some studies also indicate that the heating process and the electric field could
potentiate synergies affecting enzymatic activities, such as the polyphenol oxidase activity,
which indirectly degrades the monomeric anthocyanins during enzymatic browning [36,37].
Eventually, the electric effects can activate or inactivate enzymes, since there are studies
that report effects on the enzymes [38–41]. However, further studies would be needed to
confirm whether the same is true in this case. In addition, the electric fields can promote
a selective extraction or even a change in the structure, similar to what happens with
proteins [42–45]. However, it is not known whether the same is true for anthocyanins, and
further studies are needed to understand at a fundamental level the interactions between
electric fields and anthocyanins molecules.

Regarding individual anthocyanins content, Pereira et al. [13] used water to recover
phenolic compounds, and they obtained higher rate yields using OH as pre-treatment to
anthocyanins extraction. They only compared OH extraction with the heating process
without comparing CONV methods (organic solvents). The authors extracted anthocyanins
with OH, which avoids chemical solvents, by using water and reduced treatment times.
The main anthocyanins found in this study were malvidin-3-O-glucoside, cyanidin-3-O-
glucoside, and delphinidin-3-O-glucoside, which is in agreement with our results. In addi-
tion, they present higher cyanidin-3-O-glucoside values than delphinidin-3-O-glucoside
and petunidin-3-O-glucoside, while we present lesser cyanidin values compared with
delphinidin. The differences found between anthocyanins content could be explained by
the extraction method and solvents used. Rackic et al. [46] showed that an alkaline pH
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increases the cyanidin contents in the extracts, while the opposite happens for pH values
ranging from 2.0 and 4.0.

3.3. Antimicrobial Properties

Polyphenolic compounds, including anthocyanins, have antimicrobial activity against
a wide variety of microorganisms, particularly in inhibiting the development of food-borne
pathogens. Anthocyanins demonstrate antimicrobial action through various mechanisms,
e.g., causing cell damage by damaging the cell wall, membrane, and intercellular ma-
trix [10]. The amounts of phenolic compounds showing antibacterial action correspond
to those previously reported. Polyphenols from Touriga Nacional and Preto Martinho
wine by-products were isolated by Silva et al. [47], and they showed strong antibacterial
action against different pathogens. These are similar to the findings obtained for the non-
conventional extraction OH with water acidified with citric acid, presenting significant
differences compared with CN (p < 0.05). The CP method displayed similar results regard-
ing antibacterial activity. These microorganisms are usually linked with food as indicators
of pathogenic microorganisms. The extraction process of bioactive compounds affects the
antimicrobial activity of the recovered compounds [48,49].

Additional investigations with Staph. aureus showed that doses as low as 1.6 g/100 g
of total phenolics might have a large inhibitory impact on the development of MRSA
and MSSA biofilm, but chlorogenic acid was the primary component in this case rather
than anthocyanin [50]. The possibility that the OH method could be a selective extraction
method for certain compounds, as mentioned above, may potentiate this antimicrobial
effect when compared to CN. According to Table 1, the main anthocyanin present in this
extract is the malvidin 3- O-glucoside. The antibacterial activity of anthocyanin-containing
extracts may be caused by the diverse processes and synergy effects of distinct extract
phytochemicals such as anthocyanin, phenolic acids, and their chemical combinations [10].

In addition, CN uses a longer thermal effect (100 ◦C, 20 min). Therefore, it can degrade
some more sensitive compounds, including anthocyanins, which have this antimicrobial
effect, as described in the literature [51,52]. Other studies have shown that Gram-negative
bacteria but not Gram-positive bacteria are inhibited in anthocyanin-rich extracts. This may
be related to the distinct cell wall structures between Gram-negative and Gram-positive
bacteria in which the outer membrane of Gram-negatives functions as a preventative
barrier for hydrophobic compounds but not on hydrophilic compounds [10]. Côté et al. [53]
showed the antibacterial activity of cranberry extract in vancomycin-resistant Enterococcus
faecium, P. aeruginosa, Staph aureus, and E. coli. The antibacterial action of cranberries extracts
is not related to their low pH, but it is likely to be attributable to bioactive elements, such
anthocyanin and flavonols, in pH-adjusted cranberry extracts.

The results show the potential use of OH extracts against both Gram-negative and
Gram-positive bacteria.

3.4. Cytotoxicity

The XTT method is an excellent technique for measuring cell viability. Only methanol
extracts presented inhibition of cell viability in the case of the CP samples higher than 30%,
demonstrating a cytotoxic effect. The results are following the literature, which reports the
cytotoxicity of methanolic extracts [54]. In addition, no evidence of cytotoxicity was found
with water grape extracts [55].

4. Materials and Methods
4.1. Chemicals

The 2, 20-azo-bis-(2-methylpropionamidine)-dihydrochloride (AAPH), fluorescein, 2,
2-azinobis-3-ethylbenzothiazoline-6-sulphonic acid (ABTS diammonium salt), potassium
sorbate, sodium carbonate, ethylenediaminetetraacetic acid (EDTA), sodium sulfite, and
sodium lauryl sulfate were purchased from Sigma-Aldrich (Sintra, Portugal). Methanol,
acetonitrile, and hydrochloric acid were purchased from Fischer Scientific Portugal. Folin–
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Ciocalteu’s reagent, potassium persulfate, citric acid, and lactic acid were purchased from
Merck (Algés, Portugal). Standards of ascorbic acid, Trolox, and gallic acid were purchased
from Sigma-Aldrich (Sintra, Portugal), while delphinidin-3-O-glucoside, cyanidin3-O-
glucoside, petunidin-3-O-glucoside, peonidin-3-O-glucoside, and malvidin-3-O-glucoside
were purchased from Extrasynthese (Lyon, France).

4.2. Samples

The red grape pomace, obtained from a wine manufacture using Vinhão cultivar, was
used for the study. Grape pomace includes a mixture of pulp, skins, and seeds, which
were separated randomly in aliquots of 50 g and dried in an oven at 50 ◦C ± 3 ◦C. After
samples were milled in a cuisine robot (Bimby Vorwerk, Wuppertal, Germany, TM5),
the powder was sieved manually at 150 µm. The powder was used for the following
phenolic extractions.

4.3. Extraction Procedures

One of the most critical factors that affects the bioactive compounds recovery yields
is the solvents used in the extraction method. Solvents differ in polarity and comprise
methanol, hexane, acetone, chloroform, and diethyl ether [56]. According to the literature,
the traditional solvent for anthocyanins recovery is acidified methanolic solution [57,58].

4.3.1. Pre-Treatments

The grape by-products are non-conductive samples; thus, 2.5 g of grape by-products
were placed in 5 mL sodium chloride (NaCl) 0.1 M solution to increase the conductivity to
4.6 mS/cm at room temperature. Three methodologies were performed with each solvent
described before—ohmic heating (OH), which reaches 100 ◦C in 13 s; a control negative
(CN) reaches 100 ◦C in 20 min; and the control positive (CP) used at room temperature
(Figure 7)—to understand if the effect came from the ohmic heating (OH) and not from the
temperature and solvent during the extraction process. After, all samples were cooled in
ice to stop the reactions and proceed with the solvents’ extractions.
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OH Pre-Treatment

The OH was carried out as a pre-treatment before solvent extraction. A high frequency
of 25 kHz and an electric field of ≈30 V/cm was applied. Within these conditions, the
temperature reached 100 ◦C in 13 s, after which the system was turned off; then, samples
were placed on ice to stop the residual temperature effect and promote a fast decrease
toward room temperature (23 ◦C).

Control Negative

Control of temperature was also performed to observe the temperature effects. It con-
sisted of placing 2.5 g of grape by-products (placed in the same sodium chloride solution
described before) in a bath, and when samples reached 100 ◦C (≈20 min), they were placed
on ice to stop the reaction and also promote a fast decrease toward room temperature (23 ◦C).

4.3.2. Solvent Extraction

Water, acidified water (lactic and citric acid 1%), and methanol/water solution (80:19:1
v/v) acidified with hydrochloric acid usually are used as a conventional method (CONV)
for anthocyanins extractions, as described by Silva et al. [8]. Both lactic and citric acid are
food-grade acids usually used in the food industry.

Extraction solvents (25.0 mL) were added to pre-treated samples (OH and CN) and
directly to 2.5 g of grape by-products pre-treated with NaCl and CP, and the material
suspensions were kept under gentle stirring at room temperature (23 ◦C) for 30 min,
allowing the bioactive compound recovery. Water solution and water acidified with two
food-grade acids (lactic, citric) were used to decrease the pH (pH 3) to favor extraction and
stabilize the color of anthocyanins.

Then, the extract was centrifuged at 4000× g, 4 ◦C for 10 min, and the supernatant
was filtered through a 0.45 mm cellulose acetate filter (Orange Scientific, Braine-l’Alleud,
Belgium), and the pellets were stored at −80 ◦C. This procedure was used for total activi-
ties measurement.

4.4. Total Antioxidant Capacity and Phenolic Content
4.4.1. Total Antioxidant Activity

After the extraction’s procedure, the extracts were evaluated in terms of antioxidant
activity to understand the effects of treatments and solvents extraction.

AA was performed using the ABTS method, according to [14]. The sample was added
to a colored solution of 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid radical cation)
(ABTS•+), with an optical density (OD) measured at 734 nm and adjusted to 0.700 ± 0.020
in a spectrophotometric microplate reader (Sunrise Tecan, Grödig, Austria). After 6 min of
reaction, the final OD was read, and the results were given in ascorbic acid equivalent. The
standard was ascorbic acid (0–500 mg/L), and the regression equation for ascorbic acid
and samples was calculated (R2 = 0.999).

The Oxygen Radical Absorbance Capacity (ORAC-FL) was also measured to evaluate
the AA, according to Ubeda et al. [45]. Briefly, 20 µL of OH, CN, and CP extracts were
mixed with 120 µL of fluorescein (70 nM) in black, untreated 96-well microplates (Nunc,
Roskilde, Denmark) and incubated at 40 ◦C for 10 min. Then, 60 µL of 2,2’-azo-bis-(2-
methylpropionamidine)-dihydrochloride (APPH) solution (12 mM, final concentration),
Sigma-Aldrich, AAPH solution (60 µL; 12 mM, final concentration) was rapidly added
using a multichannel pipet. The microplate was immediately placed in the multidetector
plate reader (Synergy H1, Burlington, VT, USA), and the fluorescence was recorded at
intervals of 1 min for 140 min. The excitation wavelength was set at 485 nm, and the
emission wavelength was set at 528 nm [45]. The microplate was automatically shaken
before each reading. The area under the curve (AUC) was calculated for each sample by
integrating the relative fluorescence curve. Trolox (10–80 µM) was used as the standard,
and regression equations for Trolox and samples were calculated. The ORAC-FL values
were calculated by the ratio of sample slope to Trolox slope obtained in the same assay.
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Final ORAC-FL values were expressed as micromol of Trolox equivalent (TE) per mg
of sample.

4.4.2. Total Phenolic Content

The TPC of extracts was evaluated through the Folin–Ciocalteu spectrophotometric
method as described by Ferreira-Santos et al. [59]. A mixture of the sample (5 µL), Folin–
Ciocalteu reagent (15 µL), sodium carbonate at 75 g/L (60 µL, Sigma-Aldrich) and distilled
water (200 µL) were performed, and the solutions were mixed. Afterwards, samples were
heated at 60 ◦C for 5 min, and the OD was read at 734 nm using a spectrophotometric
microplate reader (Sunrise Tecan, Grödig, Austria). The gallic acid standard (0–500 mg/L)
was used to measure TPC, and regression equations for gallic acid and samples were
calculated (R2 0.997) and expressed as a milligram of gallic acid equivalent per dry weight
material (mg GAE/100 g). The analyses were performed in triplicate, and a standard
deviation was calculated.

4.5. Total Anthocyanins

Total anthocyanins (TA) were assessed using a spectrophotometric analysis, as Pereira
et al. [25] described. The results are expressed in equivalent cyanidine-3-glucoside equiv-
alents (Cy-3-GE) and compared to a range of standards prepared to start from a stock
ethanolic solution of cyanidin-3-glucoside. The analysis was performed in triplicate.

4.6. High-Performance Liquid Chromatography (HPLC) Analysis

Polyphenol profiles (quantitative and qualitative) were assessed according to Coelho
et al. [14]. The analysis was conducted on HPLC-DAD (Waters Series 600. Mildford MA.
USA). A Symmetry® C18 column, 250 × 4.6 mm i.d. 5 µm particle size, and 125 Å pore
size with a guard column (waters) was used, and solvents elution consisted of solvent
A—acetonitrile (100%) with 0.2% TFA; Solvent B—acetonitrile/water (5:95 v/v) (Merck
pure grade and pure water) with 0.2% TFA (Sigma-Aldrich, Darmstadt, Germany). A linear
gradient at a flow rate of 1 mL/min was applied: 0–20 min (100%B); 30–60 min (60% B); and
10 min (100% B). Samples were analyzed in triplicate. Calibration curves were obtained at
a detection wavelength of 520 nm. Standards solutions over the concentration range from
0.10 to 100.00 mg/L were prepared for the identification and quantification of the following
compounds: delphinidin-3-O-glucoside; cyanidin-3-O-glucoside; petunidin-3-O-glucoside;
peonidin-3-O-glucoside; and malvidin-3-O-glucoside expressed as µg per mL of dry weight
(DW) biomass of grape. All calibration curves were linear over the concentration ranges
tested with correlation coefficients of 0.999.

4.7. Antimicrobial Analysis
4.7.1. Microorganisms

A few pathogenic microorganisms were utilized in this study. Clinical bacterial isolates
from urine were kindly given by CHTMAD—Hospital Center of Trás-os-Montes e Alto
Douro (through PhD Maria José Alves). The isolated strains comprised E. coli (E. coli
CI resistant to ampicillin, nalidixic acid, norflaxin, and ciproflaxin), a P. aeruginosa (Ps.
aeruginosa CI intermediately resistant to cefotaxime), a methicillin-resistant Staph. aureus
((MRSA) resistant to oxacillin, ciprofloxacin, and levofloxacin), and a methicillin-sensitive
Staph aureus (MSSA) [60]. Additionally, there were three references (R) strains of food
isolate from ESB collection: S. Enteritidis ATCC 13076, Y. enterocolitica NCTC 10406, and
L. monocytogenes. An inoculum of each bacteria was prepared at a density equivalent to
0.5 on the McFarland scale (~1.5 × 108 CFU mL−1). Next, serial decimal dilutions were
performed in saline solution, obtaining suspensions with about 1.5× 106 CFU mL−1.

4.7.2. Plate Test

The different extracts at (1 mg.mL−1) were used to evaluate their effects on antimicro-
bial properties. The assays were performed after 48 and 72 h of sample preparation. To
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perform these assays, 100 µL of inoculum was transferred to Petri dishes containing the
Nutrient Agar medium by the spread plate method, and each plate was incubated at 37 ◦C
for 48 h. As a positive control, nutrient agar plates containing bacterial suspension and
saline solution were used as well as plaques containing the bacterial suspension, and the
solvents were used to perform the extracts (methanol, water, water acidified with citric and
lactic acid). All tests were performed in triplicate according to the method described by
Ramos et al. [61].

4.8. Cytotoxicity

The colorimetric method using the XTT was performed to assess cell viability as a
function of redox potential, according to Jiang et al. [62]. In the presence of metabolic
activity, the water-soluble XTT is converted to a water-soluble, orange-colored formazan
product. Shortly, 100 µL cell suspension aliquots were seeded in a 96 micro-plating well
(1 µL to 105 cell/mL) (Nucleon Delta Surface, Thermo Scientific, Roskilde, Denmark). Then,
after seeding, the cultivated media was carefully changed and incubated in the dark by
the various test solutions. After 24 h, cell viability was tested as follows: a 10 mmol/L
of PMS solution was prepared in phosphate-buffered saline (PBS, 0.01 M; pH 7.4), and
a 1 mg/mL XTT solution was prepared using the appropriate culture media, previously
heated to 37 ◦C. OH, CN, and CP extracts were used at concentrations of 1.0 mg/mL. Both
solutions were sterilized using sterile membrane filters of 0.22 µm (Millipore, Billerica, MA,
USA) and combined (2.5 µL PMS per mL XTT solution just before application). In each
well, aliquots (25 µL) of mixture were added, and cells were incubated for about 2 h in the
dark. The optical density was measured with a microplate reader at 485 nm (FluoSTAR,
OPTIMA, BMG Labtech, Ortenberg, Germany). The findings were shown as the percentage
of inhibition of cell metabolism. Plain culture media was used as a negative control. All
assays were performed in quintuplicate.

4.9. Statistical Analysis

All experiments were performed in triplicate, and the results were expressed as the
mean ± standard deviation. The SPSS v. 19 (Chicago IL, USA) software was used to eval-
uate the statistical differences within different treatments determined by ANOVA, using
the Shapiro–Wilk for variance homogeneity and Tukey’s test for multiple comparisons.
Differences were considered significant at a 5% confidence level (p < 0.05).

5. Conclusions

The present study assessed the recovery of anthocyanins based on thermal and solvent
treatments of grape by-products by OH, CP, and CT extraction methods. The present study
assessed for the first time the recovery and characterization of anthocyanins based on
thermal treatments of grape by-products by OH combined with acidified food-grade
solvents. OH with water acidified with citric acid allowed higher extraction yields of total
polyphenols content when compared with other methods. Furthermore, it is possible to
obtain extracts with higher AA in the case of OH with water acidified with citric acid
than obtained with MeOH. Total anthocyanins recovery was higher with OH and citric
acid application. This treatment yielded similar results when compared with the CP
method. The main anthocyanins recovery was of malvidin-3-O-glucoside, delphinidin-
3-O-glucoside, and petunidin-3-O-glucoside. No cytotoxicity was found for OH extracts
obtained with citric acid at 1 mg/mL. On the other hand, for the CP method with MeOH at
the same concentrations, there was an inhibition of cell viability of 80%. Additionally, OH
with citric acid at 1 mg/mL exhibited antimicrobial properties against pathogens, namely
P. aeruginosa, Y. enterocolitica, S. enteritidis, MSSA, MRSA, and B. cereus.

OH combined with food-grade solvent (water and citric acid) allows the recovery
of stable anthocyanins, which is in line with the European Union Directive 2009/32/EC.
These results demonstrate a relevant opportunity to valorize red grape by-products in a
circular economy context.
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Abstract: Valonea tannin is a natural product readily extracted from acorn shells that has been
suggested to have potential skin whitening properties. This study investigated the tyrosinase inhi-
bition activity of extracted valonea tannin and the associated structure–function activity. Nuclear
magnetic resonance spectroscopy and molecular weight analysis with gel permeation chromatog-
raphy revealed that valonea tannin could be characterized as a hydrolysable tannin with galloyl,
hexahydroxydiphenoyl and open formed-glucose moieties and an average molecular weight of
3042 ± 15 Da. Tyrosinase inhibition assays demonstrated that valonea tannin was 334 times more
effective than gallic acid and 3.4 times more effective than tannic acid, which may relate to the larger
molecular size. Kinetic studies of the inhibition reactions indicated that valonea tannin provided
tyrosinase inhibition through mixed competitive–uncompetitive way. Stern–Volmer fitted fluores-
cence quenching analysis, isothermal titration calorimetry analysis and in silico molecule docking
showed valonea tannin non-selectively bound to the surface of tyrosinase via hydrogen bonds and
hydrophobic interactions. Inductively coupled plasma-optical emission spectroscopy and free radical
scavenging assays indicated the valonea tannin had copper ion chelating and antioxidant ability,
which may also contribute to inhibition activity. These results demonstrated the structure–function
activity of valonea tannin as a highly effective natural tyrosinase inhibitor that may have commercial
application in dermatological medicines or cosmetic products.

Keywords: valonea tannin; hydrolysable tannin; tyrosinase; enzyme binding; enzyme inhibition;
inhibition mechanism

1. Introduction

Valonea tannin is a hydrolysable tannin [1] with many uses, including as wood
adhesives [2], metal chelating depressants in the mining industry [3], leather tanning
or potentially as a replacement for plastics [4]. Valonea tannin is abundantly present in
the acorn cups of Valonia oak (Quercus ithaburensis subsp. macrolepis (Kotschy, Hedge
and Yaltirik), a common tree throughout Eurasia, and can be readily extracted using hot
water [5]. These properties make it a potentially useful resource for many applications that
might provide greater economic value.

Skin whitening agents are in large demand around the world with almost 15% of the
human population investing in these products and the worldwide market reaching U.S.
$23 billion in 2020 [6]. These agents are commonly used to treat a range of dermatologi-
cal problems caused by the over-production of melanin pigment (known as disordered
melanogenesis), such as melanoma, melasma, solar lentigo, freckles, pigmented acne scars
and age spots [7,8]. Tyrosinase is a reaction rate-limiting enzyme of melanin synthesis
and is also a target enzyme for the treatment of pigmentation related disorders [6,9,10].
Chemicals with tyrosinase inhibition abilities, such as hydroquinone, arbutin, kojic acid,
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corticosteroids, azelaic acid and hydroxyanisole, are widely applied in medicine and cos-
metics as functional ingredients [6,9,10]. However, application of these chemicals is often
associated with drawbacks and side effects, including contact dermatitis, irritation, burn-
ing and hypochromia [11,12]. Thereby, finding new tyrosinase inhibitors, with effective
performance but without safety issues, has become a great concern for both the medical
and cosmetic industries.

Tannins are quantitatively abundant plant secondary metabolites that have protein
binding capabilities. They are classified as either condensed or hydrolysable tannins
depending on their molecular structure. Hydrolysable tannins are composed of glucose,
galloyl, hexahydroxydiphenoyl (HHDP) and other derivatives subdivided into ellagitannin
and gallotannin structures [1]. In contrast, condensed tannins (also known as proantho-
cyanidins) are composed of flavan-3-ol subunits which are linked by covalent bonds [13].
Condensed tannins have tyrosinase inhibition abilities which are comparable to commercial
inhibitors [14,15]. This tyrosinase inhibition activity may be due to structural similarities
between condensed tannin subunits and substrates (tyrosine and L-DOPA) (Figure 1) [15].
The mechanism of action may also be because condensed tannins behave as competitors in
both L-DOPA and DOPA quinone formation processes [16].
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Figure 1. Condensed tannin has structural similarities with tyrosine and L-DOPA and thereby provides tyrosinase inhibition
ability, but the structure of hydrolysable tannin differs from condensed tannin and its tyrosinase inhibition mechanism
remains unknown.

Hydrolysable tannins may also have tyrosinase inhibition activity due to their pro-
tein binding capabilities. Previous studies have shown that the structural subunits of
hydrolysable tannins, ellagic acid and gallic acid, have significant tyrosinase inhibition
abilities [17]; however, the mechanism of action remains unknown. It is therefore likely that
valonea tannin, a hydrolysable tannin, may exhibit tyrosinase inhibition activity, providing
a novel, abundant and natural source of these important medical and cosmetic agents.

In order to provide more theoretical information about the tyrosinase inhibition ability
from hydrolysable tannin, also to extend the potential application of hydrolysable tannins.
In the current study, the structures of valonea tannins extracted from acorn cups were
elucidated and the tyrosinase inhibition activity compared to gallic acid and tannic acid.
The inhibition mechanism was explored on the aspects of: (1) inhibition kinetic analysis;
(2) tyrosinase binding ability; (3) antioxidant activity; and (4) copper ion (coenzyme)
chelating ability, using fluorescence quenching accompanied with Stern–Volmer fitting
analysis, isothermal titration calorimetry (ITC) analysis, as well as in silico molecular
docking (Autodock Vina).
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2. Results and Discussion
2.1. Structure Elucidation of Valonea Tannins

Tannin is a mixture of oligomers and polymers with similar structures and physical
properties [1]. Composition of structural moieties and molecular weights were considered
as crucial structural characteristics because these characters have a substantial impact
on the functions of tannins [18]. The valonea tannin was purified with Sephadex LH-20
because it was proven previously that this method can eliminate the simple phenolics,
proteins and polysaccharides efficiently, therefore it commonly used for tannin purifica-
tion [19]. Then, valonea tannin structure was elucidated using 13C NMR (Figure S1) to
obtain the composition of the structural moieties. Chemical shifts were compared with
those of standard tannic and gallic acids as well as those of similar moieties from previous
reports [20] to give the proposed structure of valonea tannin based on the previous 1D and
2D-NMR research of ellagitannins and isolated flavonoid oligomers; resonances from 170 to
55 ppm were assigned to the carbons on carbonyl, phenyl and alkyl moieties, respectively,
and shown on Table 1.

Table 1. 13C NMR chemical shifts assignment for the Valonea tannin 1.

Chemical Shift (ppm) Assignment Note

Valonea tannin
164.41 C7” Carbonyl C=O, HHDP
163.98 C7 Carbonyl C=O, galloyl
158.50 C7′ Carbonyl C=O, HHDP
144.67 C3 Phenolic –OH, galloyl
143.65 C5, C3′, C5′, C3”, C5” Phenolic –OH, galloyl and HHDP
135.92 C4, C4′, C4” Phenolic –OH, galloyl and HHDP
123.88 C1, C1′, C1” Phenolic carbons, galloyl and HHDP
114.89 C2′ Phenolic C-C bridges, HHDP
113.63 C2” Phenolic C-C bridges, HHDP
109.61 C2, C6 Phenolic carbons, Galloyl
70.04 C-5′′′ Open glucose form
62.71 C-3′′′, C-4′′′, C-6′′′ Open glucose form
57.40 C-2′′′ Open glucose form

Gallic acid
169.1 C7 Carbonyl C=O
144.9 C3, C5 Phenolic –OH
138.2 C4 Phenolic –OH
120.5 C1 Phenolic carbons
109.0 C2, C6 Phenolic carbons

Tannic acid
169.7 C7 Carbonyl C=O
165.4 C7′ Carbonyl C=O
144.9 C3, C5, C3′, C5′ Phenolic –OH
139.2 C4 Phenolic –OH
138.0 C4′ Phenolic –OH
121.3 C1, C1′ Phenolic carbons
109.1 C2, C6, C2′, C6′ Phenolic carbons
92.5 C1” Closed glucoside
71.9 C2” Closed glucoside
67.1 C4” Closed glucoside
66.2 C6” Closed glucoside
63.0 C5” Closed glucoside

1 Spectra were applied in Figure S1, the numbering of carbons was referred to Figure 2.
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Figure 2. Example of the elucidated structure of valonea tannin, 13C NMR spectra indicate that tannic acid and gallic acid
were dominant moieties in valonea tannin.

Resonances from 100 to 170 ppm were used to identify the composition of hydrolysable
tannins [20]. The chemical shifts appeared at 164.41, 158.50, 114.89 and 113.63 ppm were
attributed to the carbonyl C=O and phenolic C-C bridges on hexahydroxydiphenoyl
(HHDP) moieties [20]. These shifts can be considered as direct evidence to prove the
existence of HHDP in valonea tannins. It also implied that valonea tannin belonged to the
typical ellagitannin in the hydrolysable tannin family. This finding is in agreement with
the report from Özgünay et al., who also found the HHDP moieties based on precursor
and fragments ions in MALDI TOF MS spectrum of the valonea tannin [21].

Resonances at 163.98, 144.67 and 109.61 ppm were attributed to the carbonyl C=O,
phenolic –OH and phenolic carbon on galloyl moieties [20]. Similarly, these shifts can be also
found in gallic acid (169.1, 144.9 and 109.0 ppm) and tannic acid (169.7, 144.9 and 109.1 ppm).

The resonances from 70 to 54 ppm, were characteristic resonances from the open
glucose forms [22], while the closed glucose form (95 to 80 ppm) was not detected in the
current study. Other resonances were attributed to the phenolic carbon linked with or
without hydroxyl groups and were attributed to both HHDP and galloyl moieties [20].

These chemical shifts not only confirmed the existence of galloyl and HHDP moieties
in valonea tannins, but also indicated the structural characteristics of the valonea tannins
were significantly different to condensed tannins (composed of flavanol subunits) [23].
Based on the information obtained from 13C NMR analysis, the typical structure of the
valonea tannin was deduced and shown on Figure 2, accompanied with the structure of
tannic acid and gallic acid.

Tannin molecular weight is directly related to the biochemical properties and is a
crucial parameter for protein interaction and enzyme inhibition [15]. Determining the
average molecular weight of a tannin can also assist in elucidating the average size of
the tannins [15,18]. The molecular weight distribution of the isolated valonea tannin was
analysed using gel permeation chromatography (GPC) (Figure 3).

Based on the GPC results, 10%, 50% and 90% elution mass of the valonea tannins were
817 ± 12, 3042 ± 15 and 17,469 ± 257 g/mol, respectively. This indicated that 80% of the
tannin molecules had a mass ranging from 817 to 17,469 g/mol. Furthermore, 50% valonea
tannin molecules eluted earlier than tannic acid and 90% of the valonea tannin showed
higher molecular weight than gallic acid. This indicated the average molecular weight
of valonea tannin should be higher than the other two compounds. Based on the results
from Kennedy’s report, 50% elution mass of tannin is in good agreement with the average
molecular weight determined by other method [19]. Therefore, the 50% elution mass
(3042 ± 15 g/mol) of the valonea tannin was taken for the following analysis.
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2.2. Tyrosinase Inhibition Activity of the Valonea Tannin

Valonea tannin was assessed for tyrosinase inhibition to determine if this natural
product may have value for commercial application as a whitening agent in cosmetic
products or dermatologic medicines. Tannic acid and gallic acid were also assessed for
tyrosinase inhibition for comparison as these compounds were: (1) all composed of pyro-
gallol moieties (Figure 2) that played critical roles in the enzyme inhibition processes [9];
(2) have molecular weights that differ to each other and are lower than valonea tannins
(Figure 3); and (3) accepted as tyrosinase inhibitors with better performances than the
commercial tyrosinase inhibitors [9].

The tyrosinase inhibition activities were assessed across a range of concentrations for
valonea tannins as well as tannic and gallic acids. Inhibition was measured as an increase in
absorbance over time (Figure S2). The IC50 values were calculated as the inhibitor concentration
inducing a 50% reduction in maximum absorbance and are presented in Table 2.

Table 2. Tyrosinase inhibition ability of the valonea tannin, tannic acid and gallic acid.

Sample Valonea Tannin Tannic Acid Gallic Acid Hydroquinone

IC50 (mM) 1 1.15 ± 0.37 4.00 ± 0.10 389.56 ± 4.77 1809.38 ± 5.74
IC50 (g/L) 3.50 ± 0.11 6.80 ± 0.17 66.23 ± 0.81 199.21 ± 0.63

Fold 2 – 3.4 339

1 IC50 was the half maximal inhibitory concentration, data were expressed as mean of 3 replicates ± standard
deviation; Kruskal–Wallis test showed p < 0.05, indicated significant differences between IC50 obtained from different
samples. 2 The fold was calculated through: Fold = IC50 of tannic acid or gallic acid/IC50 of valonea tannin.

The IC50 values of the involved inhibitors followed a trend: valonea tannin < tannic
acid < gallic acid. This suggested that tyrosinase inhibition capability was, positively
related to molecular weight, which is also in agreement with a conclusion obtained by
condensed tannins with different molecular weights [15].

Gallic acid has previously been shown to have excellent tyrosinase inhibition ability
with an IC50 value 100-fold lower than kojic acid [24]. In the current study, the IC50 value
of valonea tannin was 339-fold lower than gallic acid (Table 2), which indicated that the
valonea tannin may has better tyrosinase inhibition ability than the commercial inhibitors.
To explore why the valonea tannin showed such an outstanding tyrosinase inhibition
ability, the inhibition mechanisms were studied and presented in the following sections.
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2.3. The Kinetic Study of Tyrosinase Inhibition Mechanism

To answer why valonea tannin has inhibition ability, kinetic characteristics of the
inhibition reactions were studied to better understand the mechanism of action of valonea
tannin’s tyrosinase inhibition. The kinetic studies were applied and the results are provided
in Figure 4.
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Figure 4. Tyrosinase concentration-reaction rate plots showed the valonea tannin (A), tannic acid
(B) and gallic acid (C) reversibly inhibited tyrosinase activities (1 to 5, gradually increase the concen-
tration of inhibitors); The Lineweaver–Burk plots of valonea tannin (D), tannic acid (E) and gallic
acid (F); the plot of slope (or intercept) versus inhibitor concentrations of valonea tannin (G), tannic
acid (H) and gallic acid (I); the plot of intercept versus valonea tannin concentration for determining
inhibition constants KIS (J).

The tyrosinase concentration-reaction rate plots showed that, with a constant valonea
tannin concentration, the initial velocities linearly fitted with tyrosinase concentrations and
the fitted lines all passed through origin of the axis (Figure 4A). Therefore, a deduction
can be made as: despite varying valonea tannin concentrations, the reactions will continue
proceeding until tyrosinase is eliminated completely from the reaction systems ([E] = 0).
Based on the characteristics mentioned above, referencing the previous reports [16,25], the
valonea tannin inhibition reaction was classified as a reversible type. As for tannic acid
or gallic acid, their tyrosinase concentration-reaction rate plots also showed significant
characteristics of the reversible type as well (Figure 4B,C), in agreement with the results
obtained by previous research [26].

Based on the adjusted Michaelis–Menten equation [27], the Lineweaver–Burk plots
of the reactions were obtained by analysing velocity under different valonea tannin con-
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centrations (Figure 4D). It was evident that the inverse of the velocity (1/v) were all
linearly fitted with the inverse of the substrate concentration (R2 and p-values are shown in
Table S4) while meanwhile it intersected in the second quadrant of the plot. Based on
Waldrop’s finding, these graphical characters indicated the maximum reaction speed
(Vmax = 1/intersect on y-axis) and Michaelis’s constant (KM) of the reactions were all
affected with varying inhibitor concentrations [27]. Thus, the inhibition provided by val-
onea tannins belonged to a competitive−noncompetitive mixed type. In other words, the
valonea tannin presents inhibition through either entering the active centre or binding on
the surface (non-active centre) of tyrosinase. This is similar to the inhibition mechanism
provided by condensed tannins [16]. In contrast to valonea tannins, the Lineweaver–Burk
plots of the tannic acid and gallic acid showed different characteristics (Figure 4E,F). The
fitted lines were intersected on y-axis, which indicated these compounds inhibit tyrosinase
competitively, which is in agreement with a previous report [28].

Slopes and y-axis intercepts of the fitted Lineweaver–Burk lines were taken for sec-
ondary fittings, where they all were linearly fitted with inhibitor concentrations
(Figure 4G–I). The slopes and y-axis intercepts of the new lines were calculated to ob-
tain the inhibition constants of inhibitor-tyrosinase (KI) and inhibitor–tyrosinase–substrate
complexes (KIS) (Figure 4J), respectively [27]. KI is the dissociation constant between
inhibitor and enzyme, and KIS is the dissociation constant between inhibitor and the
enzyme–substrate complex. The smaller the KI or KIS values provided by inhibitor, the
better competition abilities to substrate were indicated [27].

In the current research, the KI and KIS values of the involved inhibitors followed a
trend as: valonea tannin (KI) < valonea tannin (KIS) < tannic acid (KI) < gallic acid (KI)
(Table 3). Indicated in comparison with tannic acid and gallic acid, the valonea tannin
showed better competition ability than substrate. Furthermore, the higher the molecular
weight of tested inhibitors, the better the competition ability that was shown. This trend
is not only in agreement with the results observed from IC50, but also similar to the
conclusions that were obtained from condensed tannins [29]. The results obtained from the
kinetic study are summarized on Table 3.

Table 3. Effects of Valonea tannin on tyrosinase activities 1.

Valonea Tannin Tannic Acid Gallic Acid

Inhibition mechanism Reversible Reversible Reversible
Inhibition type Competitive-noncompetitive mixed Competitive Competitive

Inhibition constants (mM) 2 KIS = 1.68 ± 0.18 KI = 1.97 ± 0.32 KI = 56.58 ± 3.65
KI = 0.51 ± 0.05

1. Data are expressed as mean of 3 replicates ± standard deviation, the model fitting results, including R2 and p values, are shown in
Table S4; Kruskal–Wallis test showed p < 0.05, indicated significant differences between KI and KIS obtained from different samples.
2. KI was the inhibition constant, KIS was the inhibition constant in enzyme−substrate complex, KIS was attribute to the valonea
tannin–tyrosianse-L-DOPA complex.

To find more information to explain why valonea tannin showed a better competition
ability to substrate, the mechanism of valonea tannin–tyrosinase interactions were investigated
using fluorescence and isothermal titration calorimetry (ITC) as described below.

2.4. Fluorescence and Thermodynamic Characters of the Valonea Tannin-Tyrosinase Interaction

The cause of the observed improved competition ability of valonea tannin was explored
using fluorescence quenching (Figure 5) and isothermal titration calorimetry (ITC) (Figure 6).
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Figure 6. Interaction of (A) valonea tannin, (B) tannic acid and (C) gallic acid with tyrosinase studied by ITC at 25 ◦C
showed the thermogram and binding isotherm, the titration curve from valonea tannin was fitted using two sets of sites
binding model while tannic acid and gallic acid were fitted by one set of sites.

The tryptophan inside tyrosinase is the fluorophore that has florescence emitting
with a 280 nm excitation wavelength [30]. The tyrosinase–inhibitor binding process may
lead to a fluorescence quenching induced by the structural changes of the tyrosinase
around tryptophan, consequently, fluorescence quenching was used to provide primary
information about inhibitor–tyrosinase interaction [30].

Figure 5 indicated that, the tyrosinase showed a florescence emission at 340 nm, and
fluorescence quenching appeared after adding inhibitors (valonea tannin, tannic acid or
gallic acid, respectively). Greater concentrations of inhibitors also increased the observed
quenching, which implies that the quenching may be induced by the interaction between
inhibitors and tyrosinase.

The quenching phenomenon can be classified into dynamic and static types, while the
former one does not involve chemical interaction between fluorophore and quencher, only
the static quenching refers to binding interactions [29]. Based on the study provided by
Van De Weert and Stella [29], the Stern–Volmer quenching rate constant (Kq) and apparent
binding constant (Ka) were consequently obtained by linear regressions of the Stem–Volmer
equation and double log Stem–Volmer equation (Figure S3) and shown in Table 4.

The fluorescence analysis results showed that Kq presented by valonea tannin–tyrosinase
complex was significantly higher than the maximum scatter collision quenching rate
constant for dynamic quenching (2 × 1010 L/mol/s) [29], meanwhile their maximum
emission wavelengths were observed as constant at 340 nm (Table 4). This phenomenon
implied a non-covalent bond was formed between valonea tannin and tyrosinase [29],
which is in agreement with the results obtained through hydrolysable tannin–protein
interactions [31]. As for the tannic acid and gallic acid, the tyrosinase showed similar
quenching characters. This further suggests that these interactions were non-covalent as
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previously reported for interactions between tyrosinase and tannic acid [32]. The quenching
efficiency as well as the Ka of the involved inhibitors followed: valonea tannin > tannic
acid > gallic acid. These results preliminary indicated the valonea tannin maybe more
strongly bound to tyrosinase than the other two inhibitors [29].

Table 4. Information of valonea tannin–tyrosinase binding process obtained by fluorescence spectra 1.

Valonea Tannin Tannic Acid Gallic Acid

Maximum emitting wavelength (nm) 340 340 340
Quenching efficiency (%) 2 74.3 ± 0.2 66.5 ± 0.4 24.2 ± 0.4

Kq (×1013) 2.85 ± 0.00 1.94 ± 0.00 0.28 ± 0.00
Quenching type Static Static Static

Linkage type Non-covalent Non-covalent Non-covalent
Ka (L/mol) × 105 2.23 ± 0.00 1.32 ± 0.00 0.73 ± 0.00

1 Data are expressed as mean of 3 replicates ± standard deviation, the model fitting results, including R2 and p values, are shown in
Table S4; Kq and Ka was Stern–Volmer quenching rate constant and apparent binding constant, respectively; Kruskal–Wallis test showed
p < 0.05 for quenching efficiency, Kq and Ka, respectively, indicated significant differences between different samples. 2 Calculated as:
Quenching efficiency = 100 × emission at 340 nm (with 10 µM inhibitor)/emission at 340 nm (without inhibitor).

Further information about the valonea tannin–tyrosinase binding process was further
investigated using ITC analysis. The tyrosinase is a typical globular protein which has
complicated stereochemical structures, and tannin is a natural product with polydisper-
sity, therefore tannin–protein interactions are believed to be complex [33]. ITC enables
measurement of the binding strength of tannin–protein interactions by quantifying the
thermodynamic changes of complex reactions [34]. The ITC curves of valonea tannin, tan-
nic acid and gallic acid titrated into tyrosinase are shown in Figure 6. These negative peaks,
shown on the raw data, were attributed to the negative enthalpy from tannin–tyrosinase
interaction. In other words, the interaction was exothermic [33]. These titration signals
were typical of protein–ligand interactions, resulting from the combination of hydrogen
bonding and hydrophobic interactions as has been previously seen in the initial section of
ITC curves from earlier reports [34].

The rapid reduction of exothermic peaks (∆H < 0) upon titration indicated the valonea
tannins showed a strong affinity to tyrosinase. With increasing valonea tannin addition,
the number of available binding sites decreased, which resulted in the associated enthalpy
changes decreasing. The titration curve was found to better fitted with the “two sets
of binding sites” model, which implied the two kinds of binding sites were occupied
by valonea tannins. On the contrary, the titration curves obtained from tannic acid and
gallic acid showed better fitted with the “one set of binding sites” model. The inhibition
mechanism results classified valonea tannin as a competitive–noncompetitive mixed type,
while classified gallic acid and tannic acid were competitive types (Table 3). This also
indicated the valonea tannin bound on both active and non-active sites of the tyrosinase,
while gallic acid and tannic acid bound on the active sites further confirming the proposed
inhibition mechanism.

Enthalpy change (∆H) was calculated from the area under each ITC curve, and
entropy changes (T∆S), stoichiometry (molar ratio of inhibitor to site, expressed as “n” [34])
and equilibrium binding constants (K) were calculated from the graphical characters of
the curve using the Origin 7.0 software package. Results are shown in Table 5. The
negative ∆H values of valonea tannin–tyrosinase interaction indicating that interactions
on these two sites were exothermic. The negative ∆H and T∆S, observed from inhibitor–
tyrosinase complexes, demonstrate both hydrophobic interactions and hydrogen bonding
were essential for the binding [34].
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Table 5. Information of valonea tannin–tyrosinase binding process obtained by isothermal titration
calorimetry 1.

Valonea Tannin Tannic Acid Gallic Acid

∆H (×104 cal/mol) −1.26 ± 0.44 (site 1) −33.62 ± 1.11 −6.34 ± 0.23
−6.66 ± 0.22 (site 2)

T∆S (×104 cal/mol/deg) −0.33 (site 1) −32.79 −5.67
−5.90 (site 2)

K (×105) 70.6 ± 3.0 (site 1) 2.0 ± 0.5 0.9 ± 0.3
4.3 ± 0.8 (site 2)

n 1.02 ± 0.04 (site 1) 2.50 ± 0.05 8.75 ± 0.21
2.70 ± 0.05 (site 2)

1 Standard deviations were based on the accuracy of the curve fit to the data and obtained by Origin software
package, estimated thermodynamic binding parameters for the interaction of tyrosinase and inhibitors at 298 K,
∆H and T∆S was the change in enthalpy and change in entropy, respectively, while n was the stoichiometry and
K was the binding constant.

The valonea tannin showed K values 70.6 ± 3.0 (×105) at binding site 1 and
4.3 ± 0.8 (×105) at binding site 2, which were significantly higher than the tannic or
gallic acids, suggesting stronger binding. This is likely to relate to the greater molecular
weight of the valonea tannin that enabled quicker and stronger inhibition to tyrosinase. As
expected, the n values of valonea tannins were smaller than (or similar to) tannic acid and
gallic acid. This phenomenon could be attributed to the stronger steric hinderance, larger
hydrodynamic volumes and higher binding strength presented by valonea tannin, which
were obtained from GPC, inhibition kinetic and fluorescence study. This result supports
the trend observed in apparent binding constant (Ka, from Stern–Volmer quenching) and
inhibition constant in enzyme−substrate complex (KIS, from Michaelis–Menten kinetic)
in this study, as well as a previous hypotheses that considers molecular weight as a key
influence of tannin–protein interaction [35].

2.5. Molecular Docking Analysis

Molecular docking modelling was performed to provide insight to the specific tyrosi-
nase inhibition activity of valonea tannin. As revealed by 13C NMR, the valonea tannins
were composed of galloyl and HHDP as structural units. Thereby the gallic acid and HHDP
were chosen as ligand models and applied for molecular docking analysis. For the docking
results from each ligand-tyrosinase interaction, 20 complexes with different docking poses
(also with lowest docking energies) were collected, among which the complexes with
lowest energies are shown on Figure 7.

Molecular docking results indicated the model molecules (including gallic acid and
HHDP) bind with tyrosinase at the active centre via hydrogen bonding [36]. Two hy-
drogen bonds were observed (Asn260 and His61) in the gallic acid–tyrosinase complex.
As for HHDP, six hydrogen bonds were formed via His85, Asn81 and His244 inside the
active centre. As for the tannic acid–tyrosinase complex, more hydrogen bonds were ob-
served (Figure 7C). Thr187, His285, Cys83, His244, Ser282, Tyr65 and Arg268 were shown
participating in the interaction; meanwhile eight hydrogen bonds were formed.

The results from molecular docking not only visualized the active site bindings which
were observed from ITC and fluorescence analyses, but also discovered the interaction
between copper ions and gallic or tannic acid. The valence states of these copper ions
not only determine the type of activity showed by tyrosinase (diphenol or monophenol)
but also believed to influence the activity of tyrosinase in catalytic cycles [37]. Therefore,
the copper ion chelating and antioxidant ability of the valonea tannin were assessed and
presented in the following section.
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2.6. Copper Ion Chelating and Antioxidant Abilities

To further explore the inhibition mechanism proposed by the molecular docking
studies, copper chelation and antioxidant analyses were also conducted (Table 6).

Table 6. Copper ion chelating and antioxidant abilities provided by valonea tannin, tannic acid and
gallic acid 1.

Cu2+ Chelating (%) DPPH· (IC50 mM) ABTS·+ (IC50 mM)

Valonea tannin 56.61 ± 0.66 0.051 ± 0.002 0.040 ± 0.000
Tannic acid 56.24 ± 0.10 0.043 ± 0.001 0.043 ± 0.002
Gallic acid 52.17 ± 0.53 0.322 ± 0.004 0.253 ± 0.001

Ascorbic acid - 0.683 ± 0.009 0.713 ± 0.012

1 Data are expressed as mean of 3 replicates ± standard deviation; Kruskal–Wallis test showed p < 0.05 for Cu2+

Chelating, DPPH· and ABTS·+, respectively, indicated significant differences between different samples.

The adjacent hydroxyl groups on galloyl moieties, enabled the hydrolysable tannin
to chelate with metal ions and form aggregates and eventually precipitate [35]. Copper
ion chelating ability was analysed using inductively coupled plasma (ICP) spectroscopy
and shown in Table 6. The results indicated that, after reacting with valonea tannin, large
quantities of copper ions were precipitated and only 56.61 ± 0.66% were remaining in the
aqueous phase. This implied chelating with copper ion was another pathway of tyrosinase
inhibition, in agreement with the phenomenon observed through molecular docking.

Chemicals with antioxidant activities are known to also have tyrosinase inhibition
activities, not only because the tyrosinase catalysed L-DOPA to DOPA quinone reaction
is basically an oxidation reaction, but also because the antioxidants may have an impact
on the oxidation state of copper ions thereby becoming a hindrance in catalytic cycles of
tyrosinase [37]. The DPPH· and ABTS·+ scavenging abilities of valonea were compared to that
of a known antioxidant, ascorbic acid (Table 6). Valonea tannin provided significantly lower
IC50 values than ascorbic acid, which indicated substantial antioxidant capability that may
also contribute to the tyrosinase inhibition ability, as previously noted for ascorbic acid [38].

In the current study, the tyrosinase inhibition activity of the inhibitors followed:
valonea tannin > tannic acid > gallic acid. This trend repeatedly appeared in the results
observed from tyrosinase binding analysis, as for the antioxidant and copper chelating
abilities, the valonea tannin still showed better performance than the gallic acid and
ascorbic acid but was similar to tannic acid (Table 6). Therefore, the outstanding tyrosinase
inhibition provided by valonea tannins is basically attribute to its tyrosinase binding ability.
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3. Materials and Methods
3.1. Extraction and Purification of Valonea Tannins

Acorn caps (valonea, 600 g) were collected from Valonia Oak trees (Quercus macrolepis)
in Wuming (108◦16′27.34” E, 23◦8′36.66” N, South China) in 2019. Valonea were washed
with distilled water, air-dried at 25 ◦C and ground into a fine powder using a plant tissue
pulveriser (800A, Jinfeng Machinery Factory, Yongkang, China). Tannins were extracted
from the powder (100 g) using 70% acetone: water solution (2.0 L) in a temperature-
controlled shake incubator (THZ-C-1, Taicang experimental equipment factory, Hebei,
China) with rotation speed at 30 rpm, 25 ◦C for 8 h. After extraction, the valonea residue
was removed via filter paper filtration, and acetone removed by rotary evaporation under
reduced pressure (35 ◦C) to obtain a crude aqueous extract (140 mL). Lipids were removed
from the aqueous extract by liquid–liquid separation via the addition of dichloromethane
(1:1, v:v). Finally, the residual organic solvent was removed from the aqueous extract by
rotary evaporation (35 ◦C) and the extract lyophilized to obtain an 80 g crude extract of
powdered valonea tannins.

Crude valonea extracts (1 g in 10 mL 50% MeOH solution) was purified with Sephadex
LH-20 (Cytiva, Switzerland), as previously described [18]. Briefly, the Sephadex LH-20
column (ϕ = 3.5 cm, bed volume 260 mL) was equilibrated with 50% MeOH (1% v/v
formic acid) prior to loading the extract. Sugars and simple phenolics were removed
using 50% MeOH solution (5 L, flow rate 10 mL/min) and purified tannin eluted with 70%
acetone (1.5 L), dried via rotary evaporation (35 ◦C) followed by lyophilization to obtain the
purified valonea tannin powder (240 mg). Purity of the tannin extract was confirmed using
MALDI-TOF MS analysis, which demonstrated the absence of polysaccharides, proteins
and lipids (Figure S5). The tannin purity was also tested by a methyl cellulose precipitation
assay [39] and the results showed tannin concentration was 81.85 ± 0.93% (standard curve
is shown in Figure S6).

3.2. Characterization of Valonea Tannin Structure

Characterization of the purified tannin structure was achieved using Nuclear Magnetic
Resonance (NMR) spectroscopy and the average molecular mass measured using gel
permeation chromatography (GPC). For the NMR analysis, purified valonea tannin powder
(30 mg in 750 µL 1:1, v/v, CD4O:D2O) 13C NMR spectra were obtained using an Ascend
400 MHz NMR spectrometer (Bruker, Switzerland) [20], 1.36 s acquisition time, 20.80 µs
dwell time, sweep width 24,038 Hz, frequency 100.60 MHz, relaxation delay 2 s, receiver
gain 203. Power level for pulse was set as 66 W and 90◦ high power pulse was set at
10.57 µs. The 13C NMR spectra were also obtained for standard samples of gallic acid
(Aladdin Biochemical Technology Co., LTD, Shanghai, China) and tannic acid (Macklin
Biochemical Technology Co., LTD, Shanghai, China), and chemical shifts were assigned
(Figure S1). GPC was used to obtain the average molecular mass of the purified tannin
as previously described [18,19]. Briefly, the tannin sample (20 µL in mobile phase) was
injected into 2 x PLgel GPC columns in tandem (300 × 7.5 mm, 5 µm, 100 Å followed
by 104 Å) on an HPLC (Agilent 1100, Palo Alto, USA) and protected by a guard column
of the same material (50 × 7.5 mm, 5 µm) using a mobile phase of dimethylformamide
solution (1% acetic acid, 5% water and 0.15 M lithium chloride) at 1 mL/min, column
temperature 50 ◦C, with detection at 280 nm. The average molecular mass of valonea
tannin was obtained by comparing elution time with a standard curve made by isolated
grape skin tannins with molecular weight 2035 g/mol, 5016 g/mol, 7993 g/mol and
17,674 g/mol, respectively. These grape tannins were prepared in accordance with our
previous report [18]. The molecular weights of the grape tannins were determined with
phloroglucinolysis in accordance with Kennedy’s report [19].

3.3. Tyrosinase Inhibition Activity Assessment and Inhibition Type Analysis

Tyrosinase inhibition activity was evaluated as previously described [17] with
L-DOPA as the substrate and the enzyme activity calculated by monitoring DOPA-quinone
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formation. Tyrosinase (EC 1.14.18.1, from mushroom) and L-DOPA (both from Aladdin
Biochemical Technology Co., LTD, Shanghai, China) were dissolved in the sodium phos-
phate buffer (PBS, 50 mM sodium phosphate in distil water, pH = 6.8, same as below),
respectively, to obtain L-DOPA solution (0.5 mM) and tyrosinase solution (0.4 mg/mL).
Valonea tannin was prepared in water to a range of concentrations (0 mM, 0.2 mM,
0.4 mM, 0.6 mM, 0.8 mM, 1.0 mM, 1.3 mM and 1.5 mM). For the inhibition assays, valonea
tannin solutions (50 µL) at each concentration were mixed with L-DOPA solution (1 mL)
and heated in a water bath (30 ◦C) for 10 min. Tyrosinase solution (50 µL) was then added
to each solution, mixed and an aliquot (300 µL) immediately transferred into a 96-well
plate. Absorbances were measured at 475 nm at the beginning (0 min) and end (10 min) of
the reactions using a microplate reader (HTX, Bior Tek Synergy, Vermont, USA). During
the analysis, the temperature was kept constant at 30 ◦C by using a temperature controller
equipped on the microplate reader. Reaction solution without tannin was used as negative
control. The inhibition rate was calculated in accordance with Equation (1).

Inhibition rate (%) = [(A2 − A1) − (B2 − B1)]/(A2 − A1) × 100% (1)

where A1 and A2 represented the absorbance of the control at the beginning and end of the
reaction; B1 and B2 represented the absorbance of the sample at beginning and end of the
reaction, respectively.

The extent of inhibition was calculated using the obtained inhibition rate-inhibitor concen-
tration plots (Figure S2) and expressed as the half maximal inhibitory concentration (IC50).

Inhibition type was analysed based on the kinetic characteristics of the DOPA-quinone
formation processes, which is concomitant with valonea tannins. The reversible–irreversible
assessment was provided as previously described [16] with modifications. The initial ve-
locities of DOPA-quinone formations were tested in reaction solutions with a constant
L-DOPA concentration (0.5 mM), and different valonea tannin (0 mM, 0.125 mM, 0.25 mM,
0.375 mM and 0.5 mM) and tyrosinase concentrations (0.1 mg/mL, 0.2 mg/mL, 0.3 mg/mL,
0.4 mg/mL and 0.5 mg/mL). The absorbances of reaction solutions were recorded at
475 nm and the initial velocities were taken and expressed as ∆A/min.

The competitive–noncompetitive assessment was performed in accordance with a
previous report [25]. Briefly, initial velocities (recorded at 475 nm) of reactions were taken
from solutions prepared using a constant tyrosinase concentration (0.1 mg/mL), and
different valonea tannin (0 mM, 0.125 mM, 0.25 mM, 0.375 mM and 0.5 mM) and L-DOPA
concentrations (1 mM, 0.5 mM, 0.33 mM, 0.25 mM and 0.20 mM). The Michaelis–Menten
equation was then adjusted to fit Lineweaver–Burk plot as Equation (2) [27]:

(1/V) = (KM/Vmax) × (1/[S]) + (1/Vmax) (2)

where [S] was the substrate concentration, V was the corresponding initial velocity. KM
and Vmax were the Michaelis’s constant and maximum reaction speed, respectively, which
were obtained from the vertical and horizontal intercept from the Lineweaver–Burk plot.

The inhibition constant (KI) and inhibition constant in enzyme−substrate complex
(KIS) were obtained by secondary plot of inhibitor concentration with slope and intercept
of the Lineweaver–Burk plot as Equations (3) and (4) [27]:

Slope = KM/Vmax (1 + [I]/KI) (3)

Intercept = 1/Vmax (1 + [I]/KIS) (4)

The tyrosinase inhibition activity of tannic acid and gallic acid were also measured
along with the inhibition type analysis for comparison with valonea tannin.

3.4. Fluorescence Quenching Analysis of Tyrosinase in the Presence of Valonea Tannins

Fluorescence quenching was used to measure the change in tyrosinase activity in the
presence of valonea tannins. The analysis was conducted in accordance with a published
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protocol [30], and the method was adjusted as follows: The fluorescence intensities were
recorded by a fluorescence spectrometer (Hitachi F-7000, Kyoto, Japan) equipped with
a xenon lamp source. A 280 nm excitation wavelength, 240 nm/min scan speed, 5 nm
emission slit width and 2.5 nm excitation slit width were chosen for the analysis. In this
assay, valonea tannins with different concentrations (0, 5, 10, 25, 50, 75 and 100 µM) were
mixed with tyrosinase solution at a fixed concentration (0.4 mg/mL). The prepared samples
were then transferred for fluorescence analysis, while intensities were recorded from
300 to 500 nm. In the current study, emissions at 340 nm were chosen for quenching related
calculations since the maximum fluorescence appeared at this wavelength. Quenching was
calculated using the Stern–Volmer [29] Equation (5):

F0/F = 1 + Ksv [Q] = 1 + Kqτ0 [Q] (5)

where F and F0 were the fluorescence intensities (at 340 nm) with or without valonea tannin.
[Q] was the tannin concentration and Ksv is the Stern–Volmer quenching constant. The Ksv
was the slope calculated from the linear regression plot of F0/F against [Q]. Kq was the
biomolecular quenching rate constant. τ0 was the average lifetime of the fluorophore in
the absence of the tannin (τ0 = 10−8 s) [29].

As for the static quenching, the F0, F and [Q] were taken for apparent binding constant
calculation based on double log Stern–Volmer [29] Equation (6):

Log [(F0 − F)/F] = log Ka + nlog [Q] (6)

where Ka was the apparent binding constant that was obtained by the slope of log [(F0 − F)/F]
versus log [Q] plots. Double log plotting needed restrict requisite otherwise false n values could
be obtained [29]. Therefore, in the current study, the n value was not taken into considera-
tion. The fluorescence quenching of tyrosinase was analysed with gallic acid and tannic acid
for comparison, the Stern–Volmer plot (F0/F against [Q]) and double log Stern–Volmer plot
(log [(F0 − F)/F] versus log [Q]) are provided in Supplementary Information S3.

3.5. Isothermal Titration Calorimetry Analysis

Isothermal Titration Calorimetry (ITC) analysis was conducted as previously de-
scribed [34] but modified as follows: Tyrosinase solution (50 µM PBS buffer 50 mM,
pH = 6.8) added to the calorimeter cell (200 µL) on an ITC instrument (ITC 200, MicroCal,
Northampton, MA, USA) instrument and equilibrated at 25 ◦C for 30 min under a rotation
speed of 1000 r/min. To calculate the thermal character during binding, valonea tannin
solution (1 mM in PBS buffer 50 mM, pH = 6.8) was injected into the sample cell at 25 ◦C.
The injection volume, number of injections and the spacing time between injections were
set as 2 µL, 18 and 600 s, respectively. During analysis, the valonea tannin solution was
injected into the reference cell which contained a buffer solution; the thermal behaviour
was recorded and used as a negative control.

Peak interpretation, stoichiometry (n), the binding constant (K), change in enthalpy
(∆H) and change in entropy (∆S) were calculated on Origin 7.0 software package (Northamp-
ton, MA, USA), while changes in Gibbs free energy were calculated based on a previously
report [40]. A “two set of identical sites” model was applied for valonea tannins. The
tannic acid–tyrosinase reaction and gallic acid-tyrosinase reaction were also analysed as
described above, and the data were fitted with the “one set of identical sites”. All standard
deviations shown in the ITC results were based on the accuracy of the curve fit to the data
and obtained by Origin software package.

3.6. In Silico Molecule Docking

In silico molecule docking models were performed using AutoDock Vinasoftware (De-
Lano Scientific LLC, Palo Alto, CA, USA) to provide an understanding of the mechanism of
tyrosinase inhibition by valonea tannins. The crystallographic structure of the tyrosinase–
tropolone complex from Agaricus bisporus (PDB: 2Y9X, obtained by X-ray diffusion) was
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obtained from RCSB Protein Databank. Then, tropolone and water molecules on tyrosinase
were removed, followed by a polar hydrogen atoms addition, a missing atoms correction
and a Gasteiger charges assignment [41]. Gallic acid, HHDP and tannic acid were con-
structed with Chem Draw 17.0 (Cambridge, UK) and taken as ligands. Structures of the
ligands were subsequentially geometry optimized with an MM2 force field to minimize
the energy and obtain the preferential conformations [41].

In accordance with Heitz’s report [41], the blind docking simulations were performed
within a grid box which was centred on the geometric central position of the tropolone
on tyrosinase complex (x, y, z: −7.392, −24.898, −39.626). The grid box was set to have
a 30 × 30 × 30 size with grid spacing of 0.1 nm. The energy range was set at 10, while
exhaustiveness was 20. Other operator weights for crossover, mutation and elitism were
default parameters. A semi-flexible docking was chosen for all processes, while the sophis-
ticated gradient optimization method in its local optimization was employed to search for
the preferential conformations, and the empirical scoring function was used for docking
score calculation. The predicted binding energies were collected from 20 ligand–receptor
complexes with lowest energies, from which the complex with the lowest binding energy
was preserved and pose of the ligand, hydrogen bond and related amino acid residuals
were analysed with PyMOL 2.2 (Schrödinger Inc, New York, NY, USA).

3.7. Antioxidant Activity Analysis

The antioxidant activity of the valonea tannin was evaluated using scavenging assays
with 3-ethylbenzthiazolin-6-sulfonic acid (ABTS·+) as well as 2,2-diphenyl-1-picrylhydrazyl
(DPPH·). The DPPH· scavenging ability was analysed in accordance with Brand-Williams’s
report [42]. DPPH· solutions (1.5 mL, 25 mg/Lin methanol) were mixed with 50µL valonea
tannin solutions at different concentrations (0 mM, 0.02 mM, 0.03 mM, 0.04 mM, 0.05 mM
and 0.06 mM in methanol), and placed in the dark for 30 min. After the reaction time,
300 µL of the mixed solution was transferred into a 96 well microplate reader, and the
absorbance measured at 517 nm and corrected using methanol. This method was used in
place of the valonea tannins as a negative control.

The ABTS·+ scavenging ability was measured as previously described [43]. Briefly,
7 mM ABTS and 2.45 mM potassium persulfate were mixed and placed in the dark for 16 h
(at 25 ◦C) to form a stable oxidation state of ABTS·+ radical cations. ABTS·+ solution was
then diluted with 80% ethanol to reach an absorbance of 0.700± 0.05 at wavelength 734 nm.
Valonea tannin solutions (0.1 mL) with different concentrations (0 mM, 0.02 mM, 0.03 mM,
0.04 mM, 0.05 mM, 0.06 mM and 0.07 mM, in 80% ethanol) were mixed with 3.9 mL ABTS·+

solution. After 6 min reaction (at 25 ◦C), 300 µL of the mixed solution was transferred into
a 96 well microplate and the absorbance at 734 nm was recorded, corrected with methanol.
Methanol (0.1 mL) was used to replace the valonea tannins as a negative control.

The DPPH· and ABTS·+ free radical scavenging rates were calculated by
using Equation (7):

Free radical elimination rate (%) = [(A1 − A2)/A1] × 100 (7)

where A1 was the absorbance of control, and A2 was the absorbance of sample.
The IC50 was obtained using the linear regression of a valonea tannin concentration to

free radical elimination rate plot. Following the method described above, IC50 values were
also obtained for gallic acid, tannic acid and ascorbic acid for comparison.

3.8. Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES)

The Cu2+-binding capacity of valonea tannin was measured using ICP-OES as previ-
ously described [44]. Valonea tannin solution (1 mg/mL, in distilled water) and copper
sulphate solution (0.5 M, in distilled water) were mixed (1:1, v:v), incubated for 3 h (37 ◦C)
and centrifuged for 30 min (4390 g). The supernatant was subjected to an ICP-OES analysis
(Agilent 5110, Palo Alto, CA, USA) and the remnant Cu2+ concentration measured. A
12.0 L/min plasma flow rate, 1.5 L/min auxiliary flow rate and 0.70 L/min nebulizer flow
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rates were provided during the analysis, while sample uptake and instrument stabilization
delay were 15 s. Gallic acid and tannic acid were also used to react with copper sulphate
and remnant Cu2+ were quantified following above method for comparison.

3.9. Statistical Analysis

Non-parametric test (Kruskal–Wallis) was performed to determine differences be-
tween the experimental samples (triplicated) using Minitab 18 (Minitab Inc., State College,
PA, USA). The model fitting results are all applied in Supplementary Information S4.

4. Conclusions

Elucidation of the isolated valonea tannin revealed the tannin was composed of gallic
acid, HHDP and glucose with an average molecular weight of 3042 ± 15 Da. Tyrosinase
inhibition ability provided by valonea tannin was 334 times greater than that of gallic acid
and 3.4 times higher than tannic acid. Mechanism studies suggested that the observed
enzyme inhibition was driven by a combination of hydrogen bonding and hydrophobic
interactions which involved non-selective binding to the surface of tyrosinase, resulting
in a competitive and non-competitive mixed inhibition mechanism. Antioxidant activity
and copper ion chelating ability of valonea tannin also contributed to tyrosinase inhibition.
These results suggest that extracted valonea tannins may be of value as a whitening agent
in cosmetics or dermatological medicines as an effective replacement for commercial
tyrosinase inhibitors.

Supplementary Materials: The following are available online, Figure S1. C NMR spectrum of
valonea tannin, tannic acid and gallic acid; Figure S2. The tyrosinase inhibition activity evaluated by
conducting the catalysis reaction with different inhibitor concentrations. Figure S3. Stern–Volmer plot
(A, F0/F against [Q]) and double log Stern–Volmer plot (B, log [(F0 − F)/F] versus log [Q]) obtained
from calculating valonea tannin, tannic acid and gallic acid induced fluorescence quenching of the
tyrosinase. Table S4. The model fitting results from liner regression of the kinetic and fluorescence
quenching analysis. Figure S5. The MALDI TOF MS spectra of the purified valonea tannin. Figure S6.
The standard curve for methyl cellulose precipitation assay.
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Abstract: Infections associated with the emergence of multidrug resistance and mosquito-borne
diseases have resulted in serious crises associated with high mortality and left behind a huge
socioeconomic burden. The chemical investigation of Lavandula coronopifolia aerial parts extract
using HPLC–MS/MS led to the tentative identification of 46 compounds belonging to phenolic
acids, flavonoids and their glycosides, and biflavonoids. The extract displayed larvicidal activity
against Culex pipiens larvae (LC50 = 29.08 µg/mL at 72 h). It significantly inhibited cytochrome P-450
monooxygenase (CYP450), acetylcholinesterase (AChE), and carboxylesterase (CarE) enzymes with
the comparable pattern to the control group, which could explain the mode of larvae toxification.
The extract also inhibited the biofilm formation of Pseudomonas aeruginosa by 17–38% at different
Minimum Inhibitory Concentrations (MICs) (0.5–0.125 mg/mL) while the activity was doubled when
combined with ciprofloxacin (ratio = 1:1 v:v). In conclusion, the wild plant, L. coronopifolia, can be
considered a promising natural source against resistant bacteria and infectious carriers.

Keywords: Lavandula coronopifolia; Culex pipiens; larvicidal; antibiofilm formation; LC-MS/MS;
molecular networking

1. Introduction

Mosquito vector-borne diseases are considered a global problem, which highlights
the necessity for new prospects and cost-effective agents for vector control. Around
100 species of mosquitoes transmit viral and bacterial disorders such as malaria, lymphatic
filariasis, dengue, and yellow fever, affecting several millions of people worldwide. In 2017,
WHO recorded the highest mortality and morbidity due to mosquito-borne disorders that
affect human health and economic society. Therefore, the development of novel mosquito
repellents and antibacterial agents to overcome the microbial resistance threat is highly
demanded. This could also help to avoid disrupting the ecological balance [1–3]. Plant
secondary metabolites could furnish safe, efficacious, and multi-mechanistic candidates
that might be useful as insecticidal and antibacterial agents.

The genus Lavandula (commonly known as lavender) comprises 45 species that are
mainly distributed in subtropical and tropical regions [4,5]. Plants of the genus have
been used in folk medicine since ancient times to treat pain, headache, migraine, and
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antiepileptic, antidiuretic, antirheumatic, and carminative agents. They become famous
for their multiple uses in different pharmaceuticals, aroma, and food products [6,7]. The
phytochemistry of the genus is centered on mono- and sesquiterpenoids, together with
traces of alkaloids, and phenolic structures [7].

Lavandula coronopifolia Poir. (Arabic: Khozama) is a shrublike perennial, growing in
the rocky environment and desert plains mainly distributed in subtropical and tropical
regions [8]. The first attention to L. coronopifolia traces back to 1999, when El-Garf et al.
isolated and identified numerous hydroxyl flavones such as hypolaetin, isoscutellarien,
and luteolin from its dried aerial parts [4]. Then, several studies reported the presence of
polyhydroxyoleanolic acids, polyhydroxyursolic acids and their glycosides, caffeic acid,
rosmarinic acid, rutin, quercetin, and hesperidin [9,10].

L. coronopifolia showed a plethora of substantial biological activities. These include
antioxidant [11], antimicrobial [12], α-glucosidase inhibitory [10], and hepatoprotective [13]
activities. These activities were attributed to the presence of flavonoids, especially flavones
and their glucuronides, in addition to triterpenes [9,10]. Moreover, L. coronopifolia essential
oils possessed substantial antibacterial activity against the Gram-negative bacteria and
methicillin-resistant Staphylococcus aureus bacteria [14].

In this work, we comprehensively characterized the phytoconstituents of the aerial
parts of L. coronopifolia extract by HPLC–MS/MS and confirmed the existence of possible
skeletons quantitatively using 1H-NMR and molecular networking. We also evaluated the
insecticidal activities against Culex pipiens larvae and the antibiofilm formation activity
against isolates of Pseudomonas aeruginosa. We explored several biochemical parameters to
investigate the mechanism of the insecticidal activities.

2. Material and Methods
2.1. Plant Material, Extraction, and Preliminary Qualitative Analysis

Lavandula coronopifolia Poir. was collected from the Western Desert of Egypt in March
2018. A voucher sample was placed at the international herbarium of the National Research
Centre (CAIRC) (S.N: 1023). The plant aerial parts (250 g) were crushed into small pieces
and then extracted by dipping into 70% MeOH:H2O (v:v) at ambient temperature for one
week. The solution was filtered (Whatman no. 1), then concentrated till dryness using
Rotavapor® (Heizbad Hei-VAP, Heidolph, Germany), yielding 28.45 g, and stored at 4 ◦C
for further experiments. The L. coronopifolia extract was screened for its phyto-constituents
as flavonoids (Shinoda’s test), phenolics (FeCl3 test), ellagitannins (NaNO2 assay), and
gallotannins (KIO3 test) [15,16]. The proton NMR (Jeol ECA-500 MHz, Japan) experiment
using DMSO-d6 was done for the total extract.

2.2. HPLC-MS/MS

HPLC-PDA-MSn mass spectra was performed through a ThermoFinnigan (Thermo
Electron Corporation, Austin, TX, USA) LC system coupled with a mass spectrometer
(LCQ-Duo ion trap) having an ESI source (ThermoQuest, Thermo Scientific, Waltham, MA,
USA) [15]. The injection process, flow rate, elution solvents, resolution, and negative MS
operating parameters were described previously [17]. In brief, a Zorbax Eclipse XDB-C18,
rapid resolution, 150 × 4.6 mm, 3.5 µm column was used (Agilent, Santa Clara, CA, USA).
A gradient consisting of water and acetonitrile (ACN), each having 0.1% formic acid, was
applied, and ACN was increased from 5% to 30% within 60 min and then to 90% within
the next 30 min at a flow rate of 1 mL/min and a 1:1 split before the ESI source [17].

2.3. Molecular Networking Workflow Description

The mgf formatting mass file was uploaded to the online platform of GNPS (http:
//gnps.ucsd.edu) (accessed on 27 June 2020). Then the data were filtered as described
previously and the visualization of molecular networking (MNW) workflow was carried
out using Cytoscape 3.6.1 software [15,18].

188



Molecules 2021, 26, 1710

2.4. Larvicidal Assay
2.4.1. Insects

A laboratory susceptible strain of Culex pipiens was obtained from the Research and
Training Center on Vectors of Diseases (RTC), Ain Shams University. It was colonized in
the entomology department insectary at 27 ± 2 ◦C, 75 ± 5% relative humidity (RH), and a
14 h/10 h light/dark photoperiod following standard procedures [19]. The larvae were
reared in enamel dishes containing 2000 mL of distilled water. Newly hatched larvae were
fed on Tetra-Min, Germany. Adults were reared in (30 × 30 × 30 cm) wooden cages and
provided with 10% sucrose solution daily, as well as a pigeon for female blood feeding.

2.4.2. Bioassay

The larvicidal activity was evaluated against the third larval instar of C. pipiens under
the same controlled laboratory conditions. The bioassay was assessed using the standard
method described in [20]. The extract was dissolved in water to prepare the stock solution.
Batches of 25 of 3rd instar larvae of C. pipiens were transferred by a plastic dropper to small
disposable test cups and treated with different concentrations of the extract (10, 25, 50, 100,
150, and 200 µg/mL prepared in distillated water) and control with distillated water only,
in a triplicate manner. Mortality was recorded after 24, 48, and 72 h post treatment.

2.4.3. Preparation of Samples for Biochemical Assay

The 3rd larval instar of C. pipiens was treated by LC50 values, and then the insects were
prepared as described by Amin et al. [21]. The whole bodies of larvae were homogenized in
distilled water (50 mg/1 mL). The homogenates were centrifuged at 8000 r.p.m. for 15 min
at 4 ◦C. The supernatants were used for biochemical analyses. Acetylcholinesterase (AChE)
and carboxylesterase assays were measured according to the method described by Simpson
et al. [22], using acetylcholine bromide (AchBr) and methyl n butyrate (MeB) as substrates,
respectively. Alpha esterase (α-esterase) activity was determined according to Van As-
peren [23] using α-naphthyl acetate as substrate. Glutathione S-transferase (GST) catalyzes
the conjugation of reduced glutathione (GSH) with 1-chloro 2,4-dinitrobenzene (CDNB)
via the –SH group of glutathione. The conjugate S-(2,4-dinitro-phenyl)-L-glutathione could
be detected as described by the method of Habig et al. [24]. Cytochrome P-450 monooxyge-
nase activity was determined using p-nitroanisole o-demthylation according to the method
of Hansen and Hodgson [25] with slight modifications.

2.5. Microbiological Assay
2.5.1. Sample Collection and Identification of Isolated Bacteria

Clinical isolates of Pseudomonas aeruginosa were collected from burn wounds, otitis
media, and urine as previously described [26] and were kept for scientific research. The
isolates were grown on Tryptic soya agar (TSA) (DifcoTM, Strasbourg, France) for 24 h at
37 ◦C, then one single colony of each isolate was inoculated into 2 mL Tryptic soya broth
(TSB) (DifcoTM, France) with overnight incubation at 37 ◦C. The samples were cultivated on
Cetrimide agar media, after which the isolated species were identified by morphology (pale
yellow colonies on MacConkey and green exopigment on Cetrimide agar), Gram staining
(Gram-negative bacilli), and biochemical reactions (oxidase-positive). The Microbact™
Gram-negative system was implemented in compliance with the manufacturer’s protocol
(Oxoid, Hampshire, UK). A standard strain of P. aeruginosa (ATCC 12924) was kindly
provided by NAMRU as a frozen cultural broth containing 40% glycerol.

2.5.2. The Antimicrobial Susceptibility Testing

The antimicrobial susceptibility testing was done using cup agar diffusion method [27].
The bacterial cultures were adjusted to an optical density (OD) of 0.5 at 600 nm, TSA plates
were covered with 100 µL of each bacterial isolate, and 5 mm pores were filled with 100 µL
of extract dissolved in sterile water at 2.5 mg/mL. The plates were incubated for 24 h at
37 ◦C. The zone of inhibitions was measured in mm.
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2.5.3. Minimum Inhibitory Concentration (MIC)

MIC is used as the gold standard method for detecting the sensitivity of the organ-
isms to antimicrobial agents [28]. The final concentrations of the extract ranging from
2.5 to 0.0195 mg/mL were prepared and then added to test tubes containing 1 mL of
sterile TSB media. The bacterial suspensions with OD 0.5 at 600 nm were diluted 1:100
(≈106 CFU/mL), and then 50 µL of inoculums were added to each tube. The tubes were
incubated at 37 ◦C ± 2 ◦C for 24 h. A tube containing TSB broth without extract was taken
as control. The MIC was defined as the lowest concentration of the tested extract that
restricted the visible growth of tested strains compared to the blank [29].

2.5.4. Minimal Bactericidal Concentration (MBC)

The minimal bactericidal concentration (MBC) was determined by the Petri dish sow-
ing method [30]. This procedure was dependent on the procedures for the determination of
MIC. After the incubation period for the determination of the MIC, an aliquot of 0.1 mL was
taken from each of the test tubes that were not showing growth, and then was inoculated
into a TSA agar plate. The plates were then incubated at a temperature of 37 ± 2 ◦C for
24 h. After this period, the presence of bacterial colonies was observed in each plate. The
MBC was defined as the lowest concentration of the plant extract that was able to prevent
microbial growth in a culture medium (formation of bacterial colonies). The bioassays were
performed in duplicate with three repetitions for each bacterial isolate.

2.5.5. Biofilm Formation Assay and Quantification

The biofilms were assayed as described in [31,32] using sterile 96-well microtiter
plates, each well containing 180 µL TSB broth and 20 µL of bacterial suspension with OD
0.5 at 600 nm. After 24 h incubation at appropriate conditions, all the planktonic cells were
removed, and the biofilms were gently washed twice with phosphate buffer saline (PBS) to
remove any free-floating bacteria. The biofilm cells formed in each well were stained with
200 µL crystal violet (0.1% w/v) and incubated at room temperature (28 ◦C) for 10 min. The
stain was removed and washed with distilled water for 30–60 s. After 5 min of air drying,
the biofilms were solubilized by 200 µL of 98% ethanol, then the optical densities of stained
adherent biofilms were measured at 620 nm using a microplate reader. The evaluation of
biofilm production was categorized according to the criteria of Stepanović et al. as follows:
OD ≤ ODc: not a biofilm producer (non-adherent); ODc < OD ≤ 2ODc: a weak biofilm
producer (weakly adherent); 2ODc < OD≤ 4ODc: a moderate biofilm producer (moderately
adherent); 4ODc < OD: a strong biofilm producer (strongly adherent). ODc and OD were
defined as the mean OD of the blank wells and wells with biofilm, respectively [33].

2.5.6. Biofilm Inhibition Assay

The ability of the extract to inhibit the biofilms of the clinical isolates of P. aeruginosa
was evaluated according to Stepanović et al. [34] with some modifications. Microbial
biofilms were developed in a round-bottom 96-well microtiter plate. Each clinical isolate
was inoculated into each well of the 96-well microtiter plate. The extract was added to
each well at 1/2, 1/4, and 1/8 MICs and incubated for 24 h at 37 ◦C. After the incubation
period, non-adherent cells were detached by dipping each sample three times in sterile PBS.
The samples were fixed for one hour, and the biofilms were stained with 0.1% solution of
crystal violet in H2O. After staining, the samples were washed with distilled H2O (DW).
The measurable biofilm production was achieved by adding 125 µL of 30% acetic acid to
de-stain the samples. Afterwards, the OD at 620 nm was detected using the microplate
reader. The percentage (%) of inhibition formula is as follows:

%Inhibition =
Abs control −Abs sample

Abs control
× 100
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2.5.7. Combination of the Extract with Ciprofloxacin

The ability of ciprofloxacin/extract (1:1) to inhibit the biofilm of the strong biofilm
isolate of P. aeruginosa was evaluated according to Stepanović et al. [34] with some modi-
fications. Microbial biofilms were developed in a round-bottom 96-well microtiter plate.
The clinical isolate C4 was inoculated into each well of the 96-well microtiter plate, and
ciprofloxacin/extract (1:1) was added to each well at 1/2, 1/4, and 1/8 MICs and incubated
for 24 h at 37 ◦C. After incubation (24 h), non-adherent cells were detached by dipping
each sample three times in sterile PBS. The samples were fixed for 1 h, and the biofilms
were stained with 0.1% solution of crystal violet in H2O. After staining, the samples were
washed with DW (distilled H2O). The quantitative analysis of biofilm production was
achieved by adding 125 µL of 30% acetic acid to de-stain the samples. Afterwards, the OD
at 620 nm was measured using the microplate reader. The percentage (%) of inhibition
formula is as follows:

%Inhibition =
Abs control −Abs sample

Abs control
× 100

2.6. Statistical Analysis

The biofilm formation inhibiting activities of different concentrations of the extract
were compared by two-way ANOVA (Bonferroni post hoc tests). p < 0.05 was used to detect
the significance of differences. The obtained larvicidal data were analyzed using a statistics
package (LDP-line) for goodness of fit (chi square test) and to detect LC50 and LC95 values
with corresponding 95% confidence limits (CL), slope, correlation coefficient and standard
error. The results of biochemical determinations were investigated by one-way analysis of
variance (ANOVA) using Costat statistical software (Cohort software, Berkeley). When the
ANOVA statistics were significant (p < 0.01), the means were compared by the Duncan’s
multiple range test [35]. GraphPad Prism 5.0 software (GraphPad Prism Software Inc.,
San Diego, CA, USA) was used to draw most of the figures.

3. Results and Discussion
3.1. Phytochemical Screening and LC-MS/MS Profile of L. coronopifolia

The preliminary phytochemical screening of L. coronopifolia extract revealed the pres-
ence of dihydroxy phenolics and flavonoids and/or their glycosides, as well as the absence
of ellagic and gallotannins moieties. The mass spectrometry analysis (full scan and product
ion scan mode) provided structural information of 46 metabolites, including organic and
phenolic acids, flavonoids and their glycosides, and bioflavonoids (Table 1 and Figure 1).

3.2. Molecular Networking (MNW) of L. coronopifolia Aerial Parts’ Metabolite Perception

The symmetrical chemical entities were facilitated to be visualized through the molec-
ular networking between the identical fragments (m/z) of definite metabolites. Through
the network, each node was characterized with the parent mass [M–H]− and the contigu-
ous arrows (edges) connected between the similar nodes. The network was built for the
negative ionization (–ve) mode using the GNPS 2 platform (Figure 2). The (–ve) network
involved 148 nodes, 71 self-looped (individual) nodes, and 92 connected components. The
designed networks facilitated the visual examination of the different compound families
and analogues and assisted in isomer differentiation.

In the negative network, five clusters, A, B, C, D, and E, were mentioned and anno-
tated as apigenin derivatives, which were grouped as methylated flavones, O-glycosidic
flavones, C-glycosidic flavones, and/or biflavones. In addition, the other self-looped nodes
asterisked within the network were denoted as phenolic-O-glycosides, N-acetylamino acid,
flavan-3-ol, phenolic acids, and biflavones.
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Organic acids: Quinic acid was determined with an [M-H]– ion at m/z 191 fragmented
to m/z 111, and 173, whereas malic acid was characterized with an [M-H]– ion at m/z 133
and fragmented to m/z 115, 89, and 71. Phenolic acids: These structures were tentatively
identified as eucomic acid, syringic acid-4-O- hexoside, sinapic acid 3-O-glucoside, and
dihydrosinapic acid hexoside. They showed negative molecular ions at m/z 239, 359, 375,
385, and 387, respectively. These structures were tentatively identified depending on the
main fragments that are shown in Table 1. Flavonoids and their glycosides: Most of
the aglycones were found to be apigenin derivatives and their O- and/or C-linkage of
mono and/or diglycosides. The MS of C-glycosides was characterized through the main
fragmentations by the loss of different masses of 60, 90, 120, and 240 Daltons [36]. A
molecular ion [M-H]– at m/z 289 and yielding a main fragment at m/z 245 was identified as
catechin. Biflavonoids: Several signals that gave parent ions [M–H]− of m/z 551, 555, 565,
579, 581, and 609 were fragmented into specific fragments that characterized bioflavonoid
derivatives [37]. Their identification, retention times, molecular weights, and fragmentation
pattern are shown in Table 1.
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Table 1. Chemical composition of L. coronopifolia Poir. aerial parts’ extract using LC-MS/MS.

No. tR (min) [M–H]− MS2 (m/z) Tentatively Identified Compound Ref.

1 1.68 191 111, 173 Quinic acid a [38]
2 1.75 133 89, 71, 115 Malic acid a [39]
3 3.51 211 137, 179 Caffeic acid derivative b

4 4.03 239 149, 179, 221 Eucomic acid b

5 4.34 359 315, 197, 153 Syringic acid 4-O-hexoside b [38]
6 4.61 237 115, 121, 137 2-(4-hydroxybenzyl)-malic acid b

7 5.03 375 125, 169, 213 Sinapoyl trihydroxybenzoic acid b

8 6.31 475 197, 359 Rosmarinic acid malate b

9 7.78 461 153, 315 Protocatechuic acid rhamnosyl glucoside b

10 8.95 245 203, 186, 115 N-Acetyltryptophan c

11 9.18 289 245 Catechin d [40]
12 9.29 299 115, 133, 183 Methyl trihydroxybenzoic acid malate b

13 13.54 385 223, 179 Sinapic acid 3-O-glucoside e

14 13.69 387 433, 225, 179 Dihydrosinapic acid hexoside e

15 14.51 387 433, 225, 179 Dihydrosinapic acid hexoside e

16 15.61 387 433, 225, 179 Dihydrosinapic acid hexoside e

17 17.57 389 227 Resveratrol glucoside f

18 17.72 461 285 Isoscutellarein-8-O-glucuronide #,g

19 18.25 359 197, 179, 161, 135 Rosmarinic acid b

20 18.77 389 227 Resveratrol glucoside f

21 19.88 461 285 Luteolin-7-O-hexouronide g [6]
22 20.67 593 503, 473, 383, 353 Apigenin di-C-hexoside g [6]
23 25.79 445 269, 175 Apigenin-7-O-hexournide I @,g [6]
24 27.05 445 269, 175 Apigenin-7-O-hexouronide II g [6]

25 28.62 623 477, 461, 315 Hypolaetin 4′-O-methyl
ether-O-hexoside-O-rhamnoside I g

26 33.57 623 477, 461, 315 Hypolaetin-4′-O-methyl
ether-O-hexoside-O-rhamnoside II g

27 32.30 623 179, 315, 461 Isorhamnetin O-hexoside-O-rhamnoside g

28 34.98 607 461, 315, 299 Hypolaetin di-O-rhamnoside g

29 35.08 447 285 Luteolin-7-O-glucoside #,g [6]

30 37.23 637 491, 461, 315 Hypolaetin 4′-O-methyl
ether-8-glucuronide-O-rhamnoside g

31 38.80 459 283, 268 Acacetin-O-hexouronic acid g [41]
32 41.04 577 269 Apigenin-O-caffeoyl rhamnoside g

33 41.14 461 299, 283 Methoxy leteolin-7-O-hexoside g

34 43.90 651 505, 475, 329 Tricin-O-feruloyl rhamnoside g

35 48.62 621 459, 313 Crismaritin-O-caffeoyl rhamnoside g

36 51.41 327 171, 229, 327 Unknown
37 59.10 313 298, 284, 269 Luteolin-7,3′-dimethyl ether g [6]
38 61.18 269 269, 151, 149 Apigenin g [6]
39 62.63 555 403, 429, 327, 299 Binaringenin methyl ether h [37]
40 69.07 551 457, 431, 389 Methoxy amentoflavone h

41 69.42 553 458, 432, 390 Dihydrobilobetin h

42 71.92 283 268, 133 Acacetin g [41]
43 75.90 565 471, 389 Dimethoxy amentoflavone h

44 78.77 609 577, 551, 489, 269 Penta methoxy dihydro biapigenin h

45 81.37 579 533, 485, 389, 268 Kayaflavone h

46 81.81 581 579, 535, 487 Dihydrokayaflavone h

# Isolated before from the same species [4]. @Confirmed by UV λmax. a Organic acid, b phenolic acid, c amino acid derivative, d flavan-3-ol,
e phenylpropanoic acid, f stilbenoid, g flavone, and h biflavonoid.

3.3. 1H-NMR Analysis of L. coronopifolia Extract

The extract was dissolved in deuterated dimethyl sulfoxide (DMSO-d6) and intro-
duced into the proton NMR (500 MHz) experiment. The resonated peaks at different
chemical shifts explained the kind of protons present in the chemical structures and repre-
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sented the classes of skeletons in the solution. The 2-phenyl chromen-4-one of the flavone
structure bearing substituents at positions 5 and 7 of A-ring was observed as the main
skeleton. Through the 1HNMR chart, the downfield protons that appeared as a doublet
at δ 7.93 ppm were characterized for H-2′ and 6′ of B-ring, while the protons resonating
at δ 6.92 ppm were assigned for H-3′ and 5′ of B-ring, with the ortho-coupling constant
(J = 9.0 Hz) suggesting that the B-ring bearing the hydroxyl group was at position 4′, while
the appearance of a singlet proton at δ 6.83 ppm was characterized for H-3 of the flavone
structure. In addition, the downfield shift observed at δ 6.42 and 6.81 ppm for H-6 and
H-8 of the A-ring of the flavone structure with meta-coupling (2 Hz) or broad singlet was
predicted due to the substitution at position 7. The previous interpretation confirmed
the presence of the apigenin derivative in the solution with substitution at position 7. In
addition, the ABX system of B-ring was observed along with the chart through the coupling
constant of resonated protons as a doublet of doublet (ortho- and meta-coupled), doublet
(meta-coupled), and doublet (ortho-coupled) at δ 7.46, 7.43, and 6.92 ppm, respectively, were
assigned, respectively, for H-6′, H-2′, and H-5′ of the B-ring, suggesting that the B-ring was
substituted with substituents at positions 3′ and 4′. The rest of H-3, H-6, and H-8 proton
signals resonated around the mentioned chemical shifts, which confirmed the presence of
a luteolin derivative with 7-O-substituents. In addition, the resonated singlet signal at δ
of 3.83 ppm was assigned to 4’-O-methylated flavone (i.e., the presence of an acacetin or
methyl apigenin derivative in the solution). Moreover, the series of signals between δ 3.14
and 3.51 ppm were attributable to a sugar moiety, and the doublet signal with a coupling
constant of 7.2 Hz was distinctive for the anomeric proton of sugar with O-β-D-linkage.
Depending on the previously published data and MS assignment, the major attached sugar
for the flavone structure is glucuronide moiety.

3.4. Insecticidal Activity

Plant extracts are considered a new ecofriendly and efficient alternative means for
controlling mosquitoes. The larvicidal activity of the extract was evaluated against the 3rd
instar larvae of C. pipiens. The fiducial limits were calculated for LC25, LC50, and LC95 at
p < 0.05 (Table 2). The extract exhibited considerable larvicidal activity against C. pipiens
larvae where the LC50 values after 24, 48, and 72 h of exposure were 52.74, 34.07, and
29.076 µg/mL, respectively. The essential oil from the Egyptian plants exhibited insecticidal
activity against the 4th larval instar of C. pipiens [42]. Similar activities were reported from
essential oils of other Lavandula species, among them L. stoechas and L. dentata [43,44].

Table 2. Larvicidal activity of L. coronopifolia extract against the 3rd instar larvae of Culex pipiens 24,
48, and 72 h post treatment.

Extract (µg/mL) 24 h Post Treatment 48 h Post Treatment 72 h Post Treatment

LC25 (* F.l. at 95%) 20.054 (15.20–24.85) 11.274 (7.55–15.05) 8.668 (5.29–12.21)
LC50(* F.l. at 95%) 52.74 (44.304–62.95) 34.07 (27.43–41.41) 29.076 (22.58–36.062)

LC95(* F.l. at 95%) 557.50 (374.11–975.18) 505.44
(326.011–953.94)

556.28
(341.87–1151.47)

Slope ± SE 1.61 ± 0.147 1.40 ± 0.141 1.28 ± 0.138
χ2 a 6.4544 1.9897 0.5856

Probability (P) 0.0915 0.5745 0.8997
* Fiducial limits; a chi square.

3.5. Biochemical Activity

Insects release several detoxifying enzymes such as esterases, oxidases, and reductases
to face and detoxify many invader pesticides [45]. To get an insight into the mechanisms
involved, we explored the activities of five different enzymes in the 3rd larval instar of
C. pipiens. The extract, at a concentration of LC50 and exposure time of 72 h, inhibited
cytochrome P-450 monooxygenase, acetylcholinesterase, and carboxylesterase by −9.92%,
−19.41%, and −25.47%, respectively, compared to the control group (Figure 3), while the
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treated larvae showed elevation of α-esterases and glutathione S-transferase contents by
15.63% and 37.02% compared to the untreated larvae. This could highlight the significant
role of glutathione S-transferase and α-esterases in the detoxification mechanism of the
extract. Our results come in agreement with those of the Huang et al. study, which reported
an increase in the intracellular glutathione content when the larvae were treated with a
polyphenolic-rich extract [46–48].
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Figure 3. Effects of L. coronopifolia extract (L. cor.) on the enzymatic activities of cytochrome
P-450 monooxygenase (CYP-450s) (A), carboxylesterase (CarE) (B), acetylcholinesterase (AchE) (C),
α-esterases (D), and glutathione S-transferase (GSTs) (E) in the 3rd larval instar of C. Pipiens. (F); % of
changes. Data were represented as mean ± SE. Lowercase letters above the bars indicate significant
differences between different treatment groups (Duncan’s multiple range test, p < 0.01). Error bars
indicate 95% confidence intervals.

As the time of exposure increased, the toxicity of the extract to the 3rd instar larvae in-
creased, followed by a substantial decrease in carboxylesterase (CarE), acetylcholinesterase
(AChE), and cytochrome P-450 monooxygenase (CYP450) levels. This suggests the tem-
porary response and neurotoxic effects of the extract. Our results come in agreement
with those of the Gershenzon et al. and Salunke et al. studies, which reported the in-
hibitory effect of natural secondary metabolites for the detoxification enzymes mentioned
previously [49–53].
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3.6. Microbiological Studies
3.6.1. Antimicrobial Susceptibility, MIC, and MBC

The antimicrobial susceptibility screening was performed by the cup diffusion method.
The results showed that all tested P. aeruginosa were susceptible to the extract compared to
the anti-pseudomonal activity of ciprofloxacin (2 mg/mL; Table 3). The extract displayed
moderate activities against all the clinical isolates of P. aeruginosa and P. aeruginosa ATCC
(12924) in the microdilution test (Table 3).

Table 3. Antimicrobial susceptibility, minimum inhibitory concentration (MIC), and minimal bac-
tericidal concentration (MBC) of the L. coronopifolia extract and ciprofloxacin against the tested
P. aeruginosa.

P. aeruginosa
Isolates

Zone of Inhibition (mm) Extract

Extract Ciprofloxacin
MIC MBC

mg/mL

C1 20 1748 0.3125 1.25
C2 20 40 0.3125 1.25
C3 20 50 0.3125 1.25
C4 28 35 0.3125 1.25

ATCC (12924) 26 22 0.1562 1.25

3.6.2. Biofilm Formation and Quantification Assay

Twenty clinical isolates of Pseudomonas were examined for their ability to form a
biofilm using the microtiter plate method. Out of the tested isolates, four bacteria showed
biofilm formation, where the clinical isolate C4 exhibited the strongest biofilm formation,
while C1, C2, C3, and P. aeruginosa ATCC (12924) showed moderate biofilm formation
(Figure 4).
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Figure 4. Results of biofilm formation of P. aeruginosa. Isolates were classified as negative (OD≤ODc),
weak (ODc ≤ OD ≤ 2ODc), moderate (2ODc < OD ≤ 4ODc), and strong biofilm production
(4ODc < OD). OD = optical density. a Significant compared to control at p < 0.05. b Significant
compared to C1 at p < 0.05. c Significant compared to C2 at p < 0.05. d Significant compared to C3 at
p < 0.05. e Significant compared to C4 at p < 0.05.
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3.6.3. Biofilm Inhibition Assay

The biofilm inhibition activity of the extract was evaluated using three concentrations
(1/2, 1/4, 1/8 MICs). The extract inhibited the biofilm formation of P. aeruginosa in a dose-
dependent manner and ranged from 17 to 38% (Figure 5). These considerable antibiofilm
properties are similar to that of polyphenol-rich extract from the bark of Salix tetrasperma
and the leaves of Annona glabra and Gynura procumbens [54–56]. A recent study by Koely
et al. described the antibiofilm activities of Enydra fluctuans against P. aeruginosa. They
also attributed these activities to the presence of several bioactive phenolic compounds,
among them kaempferol, quercetin, and luteolin and their glycosides [57]. In addition,
different crude extracts from Arbutus unedo having high phenolic contents demonstrated
comparable antibacterial activity [58].
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Figure 5. Biofilm formation inhibition activities of L. coronopifolia extract against P. aeruginosa isolates.

3.6.4. Synergistic Activities

Antimicrobial resistance (AMR) has increased markedly in the recent years and is
causing a major threat to patients’ treatment. P. aeruginosa, for example, has developed
antibiotic resistance, and its increasing dissemination is causing severe infections in hospi-
tals. Combinations of plant extracts with antibiotics represent a novel approach to increase
their effectiveness and to overcome AMR. In an attempt to explore the synergistic activities
of the extract, we combined it with the reference drug ciprofloxacin in a 1:1 ratio. The
combination of ciprofloxacin and the extract substantially potentiated the reduction of
biofilm from 24%, 20%, and 19% to 53.5%, 48.9%, and 45.26% at 1/2, 1/4, and 1/8 MICs,
respectively (Figure 6). Our findings come in agreement with those of Okansi et al. (2013),
who reported a synergy when ciprofloxacin was combined with the methanol extract of
Phyllantus muellerianus leaves (containing flavonoids) against P. aeruginosa [59]. Another
study described the synergistic activities against P. aeruginosa when zingerone extract was
combined with the reference drug ciprofloxacin [60].

Coronavirus disease 2019 (COVID-19) has become the utmost and worst public health
crisis of our generation. There are several risk factors associated with COVID-19, among
them secondary bacterial infections, which in turn lead to serious negative outcomes and
fatal clinical complications. To prevent these negative outcomes and secondary bacterial
infections, patients with serious illness are treated with antibiotics. As a result, the use
of antibiotics has increased, and this will significantly elevate the antibiotic resistance
rates [61]. Plant extracts, with diverse secondary metabolites and several molecular targets,
alone or as an adjuvant therapy, would not only boost the overall antimicrobial properties
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but can also work as modifying/modulating agents. This will effectively reduce the use of
antibiotics and, therefore, reduce the risk of developing antibiotic resistance [62].
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4. Conclusions

In this study, the LC-MS profiling of L. coronopifolia extract revealed 46 secondary
metabolites. The extract displayed promising insecticidal activities against 3rd instar
larvae of C. pipiens. The larvae showed a defensive mechanism by increasing the activities
of detoxification enzymes of GSTs and α-esterases, while the toxification of C. pipiens
was significantly observed through the reduction of CarE, AChE, and CYP450 activities.
Moreover, the extract demonstrated promising antibiofilm formation against P. aeruginosa
alone and when combined with the reference drug ciprofloxacin. To sum up, the wild
plant, L. coronopifolia, exploits a substantial natural source to control disease carriers and
manage resistant bacteria infections. Further studies are needed to evaluate the effects of
L. coronopifolia extract on the life cycle of C. pipiens larvae and to explain the regulatory
mechanisms of toxification.
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