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1. Introduction

Inflammation is a complex process that occurs in response to infections or other tissue
damages, such as trauma, wounds, burns, and toxic substances. The inflammatory reaction
is part of the human immune defense system and, macroscopically, can be characterized by
five typical symptoms, mainly caused by local vascular changes and leukocyte activation:
heat, redness, pain, swelling, and temporary loss of function. Overall, this fundamental
process aims to protect the human body by avoiding the spread of harmful agents and to
restore tissues and cellular homeostasis. However, when the causative agent is not properly
removed, a chronic inflammatory state can occur.

Over time, the chronic stress causes damages ranging from loss of tissue function to
DNA mutations, which can promote cancer cell formation. In this progression of damage,
the continuous production of reactive oxygen species (ROS) plays a determining role.
Oxidative stress is described as an altered equilibrium between the generation of ROS and
the endogenous antioxidant defenses.

The plant kingdom remains an important resource of molecules with therapeutic po-
tential for humans. Several plants have been shown to possess anti-inflammatory activities
in clinical studies owing to the presence of secondary metabolites [1,2]. Polyphenols can
directly act against pathogens such as viruses and bacteria, thus indirectly resolving the
inflammatory process, as extensively demonstrated in propolis [3,4].

Nuclear factor κB (NF-κB) is a key transcription factor responsible for the expression
of cytokines, chemokines, and other cellular inflammatory mediators and is considered one
of the main proinflammatory pathways [5]. In physiological conditions, this factor is found
in an inactive form in the cytoplasm, bound to its own inhibitory protein IκBα. However,
the presence of proinflammatory stimuli, such as infections, ROS, or other endogenous
proinflammatory mediators, leads to the rapid activation of NF-κB, which translocates into
the nucleus. NF-κB is an excellent target for evaluating the anti-inflammatory activity of
various molecules, including those of plant origin. In fact, several classes of polyphenols
can inhibit the action of this transcription factor in different cellular models [6–8].

Polyphenols are molecules with excellent antioxidant capacity owing to the presence
of phenolic rings, which act as electron traps for ROS. Despite this direct action, the most
recent scientific evidence has shown that the best antioxidant activity is obtained by the
stimulation of endogenous antioxidant defenses.

Nuclear factor erythroid 2–related factor 2 (Nrf2) regulates the expression of en-
dogenous antioxidant enzymes, such as catalase and superoxide dismutase. In resting
conditions, this factor is bound to its inhibitory protein, the kelch-like ECH associated pro-
tein (Keap1). Nrf2 is activated by increased oxidative stress, which induces the detachment
from Keap1 and the binding of Nrf2 to the antioxidant element (ARE), hence promoting
the transcription of cytoprotective enzymes [9].

Oxidative stress plays a dual role in inflamed cells; on the one hand, it is a fundamental
factor for signal transmission for immunomodulation and apoptosis, but on the other hand,
it is a potential source of DNA mutations, capable of inducing DNA strand lesions and
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nitration of the guanine bases. Between the several genes implicated in DNA damages and
repair response, the tumor suppressor p53 gene has a key role, acting as a transcription
regulator under stress conditions.

The NF-κB, Nrf2, and p53 pathways are deeply connected, and their regulation can
change the cellular fate. For example, p53 acts as a suppressor of inflammation, and it can
inhibit the transcriptional activity of NF-κB [10].

The purpose of this Special Issue is to contribute to the collection of scientific evidence
on the anti-inflammatory properties of polyphenols, focusing on the role of individual
compounds and their respective mechanisms of action, including anti-inflammatory and
antioxidant effects.

2. Recent Advances in the Role of Polyphenols in Inflammatory Conditions

In this Special Issue, scientific papers concerning different pathological contexts are
collected, from renal function to antiviral properties, but also cancer prevention. The
studies include both in vitro and in vivo effects and describe bioavailability data of active
principles, when available. This collection focuses mainly on pure compounds and the
mechanisms of action underlying their anti-inflammatory and antioxidant activities.

Galli A. et al. [11] investigated the effect of verbascoside on pancreatic β-cells. This
phenylethanoid glycoside is present in the wastewater of olive fruit processing. Ver-
bascoside can be extracted from Olea europea, but also from other plant families. The
authors demonstrated that verbascoside prevents β-cells’ oxidative stress by decreasing
ROS content and lipid peroxidation through the activation of the Nrf2 pathway. In addition,
verbascoside reduced the activation of the NF-κB pathway, protecting pancreatic β-cells
from death, but also preserved the mitochondrial membrane potential under basal and
stressed conditions. These effects were obtained by treating cells with a concentration of
16 μM of verbascoside. The results of this study set the basis for the possible use of verbas-
coside in protecting β-cells from oxidative stress and inflammation, conditions involved in
type 2 diabetes progression.

Curcumin is a well-known curcuminoid extracted from the rhizome of Curcuma longa.
Various biological activities of curcumin have been described in the literature including
antioxidant, antimicrobial, and anti-inflammatory properties [12]. Zoi V. et al. [13] explored
the possible use of curcumin as a radio-sensitizing agent in the treatment of glioblastoma,
the most common and severe malignant brain tumor. The authors discovered that curcumin
(3–26 μM) improves the radiosensitive status of glioblastoma cancer cells (U87 and T98,
exposed to 2 Gy or 4 Gy of irradiation), resulting in a higher inhibitory effect compared to
radiation or curcumin alone. The mechanism of action involved G2/M arrest in the cell
cycle. Furthermore, curcumin showed synergistic effects even when combined with the
chemotherapeutic agent temozolomide. Other researchers have positively described the
association of curcumin with other chemotherapeutic agents [14] and the use of liposomal
formulations [15]. These findings encourage further studies to evaluate the potential
use of curcumin alongside radiotherapy as an innovative strategy for the treatment of
glioblastoma.

Vereen B. et al. evaluated the anti-renal fibrosis effect of an extract from Antirhea
borbonica, a French medicinal plant found in Reunion Island, in comparison to caffeic
acid, one of the major phenolic acids of the extract, in mice subjected to unilateral ureteral
obstruction [16]. Mice were treated daily with an oral dose of 25 mg/kg of Antirhea borbonica
or 25 mg/kg of caffeic acid by gavage. Both the extract and caffeic acid reduced macrophage
infiltration and induced a down-regulation of pro-inflammatory and pro-fibrotic cytokines
(Tgf-β, Tnf-α), chemokines (Mcp1), and inhibition of NF-κB. Polyphenols from Antirhea
borbonica also significantly increased Nrf2 mRNA expression and subsequent CAT and
Cu/ZnSOD enzymes. The authors concluded that the in vivo nephroprotective effects of
Antirhea borbonica is partially supported by the presence of caffeic acid, but the contribution
of other polyphenols present in the plant extract cannot be excluded.
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Siddiqui S.S. et al. reviewed the effects of the main dietary flavonoids focusing on their
ability to prevent inflammation and cancer in relation to p53-mediated mechanisms [17].
The flavonoids explored by the authors were quercetin, luteolin, cyanidin, daidzein, and
epigallocatechin gallate (EGCG). This group of flavonoids exert their anti-inflammatory
effects mainly by inhibiting the Janus kinase-signal transducer and activator of transcription
(JAK-STAT), NF-κB, and mitogen-activated protein kinase (MAPK) pathways. The effects
involved a reduction in cytokines (IL-1β, TNF-α, IL-6, and IL-8) and cell death markers
(caspase-3). The authors concluded that these flavonoids could reduce inflammation and
ultimately lead to cancer prevention, thus emphasizing the need for further studies to
explore the connections between the p53 and Nrf2 pathways.

Finally, the study of Besdnova N.N. considered the antiviral effects of polyphenols
from marine algae, reviewing the biological activities and their mechanism of actions [18].
Macro- and microalgae can accumulate phloroglucinol and related polymers, named
phlorotannins. Phlorotannins are a class of heterogenous compounds in terms of molecular
weight and level of isomerization; some of these structures can be sulphated or halogenated.
Seaweed phlorotannins are composed of eight phenolic rings, which give a greater antioxi-
dant power than that of tannins produced by terrestrial plants, which possess only three or
four phenolic rings. The authors highlighted the ability of phlorotannins to decrease viral
load, acting at different stages of the viral cell cycle by interfering, for example, with the
attachment to the cell surface, exerting a direct antiviral effect or blocking viral enzymes.
Concomitantly, phlorotannins can enhance antioxidant defense and reduce inflammation
by lowering the production of proinflammatory cytokines and inflammatory cell migration.

3. Conclusions and Future Perspectives

The data collected in this Special Issue once again confirm the importance of the plant
kingdom for the search for new compounds with anti-inflammatory activity. Inflamma-
tion plays a central role in various pathological contexts, ranging from acute infection to
metabolic or chronic damages. The scientific literature underlines the close correlation
between inflammatory markers, ROS, and DNA damage; the latter is capable of increasing
the probability of tumor formations.

In this context, polyphenols can play a fundamental role both in curative and preven-
tive terms, also due to their dietary intake. Despite the large body of preclinical literature,
there is still a lack of clinical data on polyphenols that can confirm their activities in hu-
mans, especially in the case of extracts intended as mixtures of different components. The
main limitations are due to the variability of the composition of the plant matrices and the
lack of titration in active ingredients. However, these studies confirm that even isolated
polyphenols can have interesting biological activities.

Although polyphenols have shown various benefits in the inflammatory field, one of
the main limitations for their use in humans concerns their bioavailability. In this regard,
various strategies are being studied to improve the absorption of these compounds, and
the use of phytosomal formulations appears to be one of the most promising ways [19].
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Abstract: The p53 protein plays a central role in mediating immune functioning and determines
the fate of the cells. Its role as a tumor suppressor, and in transcriptional regulation and cytokine
activity under stress conditions, is well defined. The wild type (WT) p53 functions as a guardian
for the genome, while the mutant p53 has oncogenic roles. One of the ways that p53 combats
carcinogenesis is by reducing inflammation. WT p53 functions as an anti-inflammatory molecule
via cross-talk activity with multiple immunological pathways, such as the major histocompatibility
complex I (MHCI) associated pathway, toll-like receptors (TLRs), and immune checkpoints. Due to
the multifarious roles of p53 in cancer, it is a potent target for cancer immunotherapy. Plant flavonoids
have been gaining recognition over the last two decades to use as a potential therapeutic regimen
in ameliorating diseases. Recent studies have shown the ability of flavonoids to suppress chronic
inflammation, specifically by modulating p53 responses. Further, the anti-oxidant Keap1/Nrf2/ARE
pathway could play a crucial role in mitigating oxidative stress, leading to a reduction of chronic
inflammation linked to the prevention of cancer. This review aims to discuss the pharmacological
properties of plant flavonoids in response to various oxidative stresses and immune dysfunctions
and analyzes the cross-talk between flavonoid-rich dietary intake for potential disease prevention.

Keywords: flavonoids; inflammation; p53; cancer prevention; Nrf2 pathway; anti-oxidant

1. Introduction

One of the hallmarks of cancer is genome instability due to DNA damage [1]. There are several
genes implicated in modulating the pathways related to DNA damage and repair response [2].
An impetus to this field of research was provided by the discovery of the first tumor suppressor gene
p53 in SV-transformed cells in 1979 [3]. However, the history of p53 is rather interesting. Initially,
it was observed that p53 could accumulate in cancer cells and a knockdown of the gene led to the
inhibition of cell proliferation. Thus, scientists presumed that it was an “oncogene.” The identification
of new oncogenes was fascinating [4]. However, over the last four decades, p53 has evolved from the
realization of a tumor suppressor protein to transcription factor, a regulator of metabolic pathways,
a regulator of cytokine activity, and a drug target for cancer therapy [4]. Due to its role in the DNA
damage and repair process, the tumor suppressor p53 gene is often referred to as the “guardian of the
genome” [5].

Biomedicines 2020, 8, 286; doi:10.3390/biomedicines8080286 www.mdpi.com/journal/biomedicines5
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Several reports and observations showed the role of p53 as an oncogene. However, it was observed
in many tumor models that the mouse Trp53 is inactivated by the retroviral insertions pointing towards
its potential role as a tumor suppressor gene [6,7]. This p53 conundrum took a turn when the cloned
wild type (WT) p53 sequence was compared with the tumor expressing p53 and it was observed that the
tumor-promoting activity of p53 is due to its mutant form found in cancer cells [4]. In an elegant study
on colorectal cancer, it was shown that more than 50% of tumors had a loss of heterozygosity (LOH) at
the p53 locus, thus providing further evidence of its role as a tumor suppressor [8]. Further experiments
strengthen the notion that the wild type p53 can suppress oncogenic transformation [9]. The analysis
of p53 knockout mice was interesting. The mice were developmentally normal but developed primary
lymphomas and sarcomas at around 6 to 9 months of age [10]. In human patients, the early clues came
in the 1960s from the group of people who were highly prone to develop cancer due to a rare autosomal
mutation. This syndrome was called Li-Fraumeni syndrome (LFS) [11,12]. Later, the specific mutation
was identified as a germline mutation in TP53 [13,14].

1.1. p53 as a Transcription Factor

p53 acts as a transcription regulator under stress conditions. After the acceptance of p53 as a
tumor suppressor, several studies were published in the early 1990s leading to the role of p53 as a
transcription factor [15–17]. Wild type p53 has been shown to have DNA binding ability, while its
mutant counterpart, often found in cancer cells, does not have this ability [15–17]. Moreover, the effect
of p53 as a transcription activator is direct, but the effect as a repressor is indirect [15–17]. Further,
p53 regulates the transcription of genes that are important for apoptosis, cell cycle, and DNA repair
machinery [4]. p53 functions as a pioneer transcription factor. The binding of p53 to nucleosomal
DNA takes place through the linker DNAs. p53 also binds to histone protein through the N-terminal
1–93 amino acid region [18]. In a recent study, it was identified that the transcriptional regulation
of porcine p53 is very similar to human p53 for a number of target genes, and, thus, it is inferred
that pigs can be used to study human diseases [19]. The role of p53 as a transcription factor is also
shown in several disease models. Human dihydroorotate dehydrogenase (DHODH) is an enzyme
involved in de novo synthesis of pyrimidines. Tetrahydroindazoles (HZ) have been identified as potent
inhibitors of DHODH. HZ analogs have been shown as promising agents against cancer progression.
The cell-based reporter showed that HZ functions by activating the p53-dependent transcription
activity [20]. The autosomal dominant polycystic kidney disease (ADPKD) is mainly caused by the
mutations in the PKD1 or PKD2 genes. The recent studies showed that PKD1 gene expression is
controlled by the overlapping but opposing transcriptional activity of Myc and p53 [21]. Esophageal
Cancer-Related Gene 2 (ECRG2) is a tumor suppressor whose activity is highly regulated by the
transcriptional activity of p53. It was identified for two p53 binding sites within the promoter of
ECRG2, and thus its mRNA and protein expression is regulated [22].

1.2. p53 as a Regulator of Metabolic Pathways

One of the hallmarks of cancer is the shift to glycolysis as the predominant metabolic pathway
for the generation of energy, despite oxidative phosphorylation being an efficient way to produce
adenosine triphosphate (ATP). This is referred to as the “Warburg effect.” Due to this, cancer cells
utilize a higher amount of glucose compared to normal cells. Both the oncogenes and tumor suppressor
genes have been shown to play a pivotal role in the regulation of this phenomenon. p53 is one of the
factors that reduce the utilization of glycolysis and enhance the oxidative phosphorylation of cancer
cells [23]. Thus, p53 plays a vital role in this metabolic pathway, which is also a hallmark for cancer
cells [1]. p53, together with other tumor suppressor genes, carries out the function of immunological
homeostasis. Moreover, the transcriptional activity of p53 regulates the expression and signaling of
a number of cytokines and some of these cytokines activate p53 expression suggesting a positive
feedback loop. In addition, the immune checkpoint regulators, such as program cell death protein 1
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(PD1) and program cell death ligand 1 (PDL1), also cross-talk with p53 and thus modulate the overall
immune responses [24].

1.3. p53 as a Drug Target for Cancer

As discussed previously, more than 50% of all cancer has a p53 mutation [25]. p53 is important for
homeostatic signaling in cell proliferation, cell cycle regulation, apoptosis, senescence, and inflammation,
and a mutation in this crucial protein leads to malignancy. The most common mutation in p53 is a single
amino acid substitution, which leads to the loss of DNA binding function and misfolding of the protein.
There has been a thrust to develop drugs that can restore the WT activity in the missense mutant
proteins. This restoration of WT activity in mutant p53 is often referred to as a “reactivating mutant” [26].
Although many such drug candidates have been developed, most of them failed during the early
developmental phase [26]. The reactivation of p53 is a major pharmacological intervention and has
been suggested to have promising effects for cancer therapy. PhiKan083, also known as PK083, has been
shown to reactivate p53 mutants under pre-clinical settings. Using virtual screening and validation on
different p53 mutants, it was shown that Y220C and Y220S are the targets of PK083 [27]. In another
study with virtual screening on natural compounds targeting the Loop1/Sheet 3 (L1/S3) of WT-p53,
a drug candidate torilin was identified. Torilin not only improved p53 activity but also enhanced
protein expression of p21. This ultimately led to the suppression of HCT116 cancer cell growth [28].
It is noteworthy that around 80% of triple-negative breast cancer (TNBC) patients have a mutation in
p53. Therefore, reactivating p53 mutants by drugs can be prolific for clinical intervention. One such
drug recently studied for TNBC is 2-sulfonylpyrimidine compound, PK11007. PK11007 targets the
apoptotic pathway of cell death in TNBC cell lines [29]. These recent studies highlighted the role of
p53 as an attractive drug target for cancer therapy.

2. p53-Mediated Inflammatory Response and Immune Signaling

The role of inflammation in the promotion of cancer is well defined and is considered as
an important hallmark of the disease [1]. Cancer leads to inflammation and in many instances,
chronic inflammation leads to cancer [30]. The oxidative stress induced by reactive oxygen and
nitrogen species [31] and viral and bacterial infection is associated with cancer risk [32]. How p53 is
involved in cancer-related inflammation in the tumor microenvironment is an interesting question.
p53 acts as a suppressor of inflammation, but proof came from the p53 knockout mouse, which itself
led to chronic inflammation in mice, but not sufficient enough to cause cancer. It was observed
that many of the mice died before the progression of the tumor due to chronic inflammation [10,33].
In an experimental autoimmune encephalomyelitis (EAE) model, p53 knockout mice showed severe
inflammation in the central nervous system (CNS) [34]. In a collagen-induced arthritis (CIA) model,
p53 knock out mice developed more severe arthritis symptoms compared to WT DBA/1 mice [35].
This is further proof for the role of p53 as an anti-inflammatory target. Using an azoxymethane
(AOM)-induced colon cancer model in a conditional knockout mouse of p53, it was shown that the
loss of p53 in stem cells leads to tumor formation with a combinational effect of DNA damage and
chronic inflammation [36].

Further, to identify the functioning of p53 as an anti-inflammatory agent, several studies have
been carried out and linked with the transcription factor nuclear factor-κB (NF-κB). p53 suppresses
the activity of NF-κB by inhibiting the transcriptional activity of p65 or suppressing the activation
of p65 by IκB kinase (IKK) and proteasomal degradation of IκB. It is noteworthy that IκB acts as an
inhibitor of NF-κB [37,38]. In the studies pertaining to gastric cancer caused by Helicobacter Pylori, it has
been shown that the virulence factor cytotoxin-associated gene A (CagA) activates NF-κB and induces
inflammation in gastric epithelial cells [39–41]. This activation of NF-κB further enhances the expression
of activation-induced cytidine deaminase (AICDA), which promotes cancer by incorporating TP53
mutations [42]. In addition, the inflammatory bowel diseases are characterized by the infiltration
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of neutrophils that are rich sources of free radical species. These free radicals have been shown to
promote cancer progression by incorporating mutations in the TP53 gene [39,43,44].

2.1. Cross-Talk between p53 and MHCI Pathway

The major histocompatibility complex (MHC), derived the name from its discovery with the
research on tissue compatibility upon transplantation. These are an important class of gene complexes
that play a pivotal role in recognition of foreign antigens. Being expressed on the cell surface,
they interact with T-cell receptors (TCR) and pose an immune response against the endogenous
or exogenous antigens [45]. MHCI is expressed on the surface of all nucleated cells (epithelial or
fibroblasts) and is involved in showcasing the intracellular proteins on the cell surface in the form
of short peptides. The processing and transport of these small peptides is a complex process that
involves the interplay of several proteins, including transporter associated with antigen processing 1
(TAP1) and TAP2. It has been shown previously that one of the alleles of MHCI, human leukocyte
antigen B7, can be transcriptionally repressed by the tumor suppressor gene p53 [46]. Several other
studies pointed out that p53 can promote the processing of peptides inside the cell and modulate the
surface expression of MHC1 [47,48]. In addition to these changes, the transcriptional activity of p53
can upregulate the expression of TAP1 (a protein involved in the transport of peptides toMHC1).

Moreover, p53 also upregulates the expression of ERAP1 (endoplasmic reticulum
aminopeptidase 1), which leads to enhanced expression of MHCI on the cell surface [47,48].
The cumulative effect of this p53 processing resulted in an enhanced immune response against
cancer. Interestingly, the mutant p53 has lost the activity of all these processes, which emphasizes the
dysregulated immune function and oncogenic role of mutant p53. On the contrary, it has been observed
that the loss of function of important genes in the MHCI processing pathway, such as β2 microglobulin
and TAP1, also leads to a reduction in the function of p53, proposing a cross-talk between MHCI and
the p53 pathway [39]. In a recent study, it was shown that the lack of p53 in medulloblastoma leads
to the loss of MHCI expression and resistance to immune rejection. The mechanistic study showed
that this is due to the loss of expression of TAP1 and ERAP1, but tumor necrosis factor factor-alpha
(TNF-α) agonists can rescue the expression of these proteins. Moreover, in vivo studies also supported
the notion that the p53 null state plays a pivotal role in immune evasion, and TNF can reverse this
phenotype [49].

2.2. Cross-Talk between p53 and Immune Checkpoints

To mount an immune response, the MHCI showcase the peptide to the surface of the TCR of T cells.
Once activated, T cells start to express PD1 that react with PD-L1. This PD1/PDL1 axis is instrumental
in maintaining the protective immunity and homeostatic condition. Beside PD1/PDL1, a flurry of other
receptor–ligand complexes keep the immune system in check. These receptor–ligand complexes are
called immune checkpoints [50]. These immune checkpoints are vital for maintaining the physiological
resting state of immune cells (T cells). However, in the case of cancer progression, cancer cells hijack
this process and engage T cells for immune evasion. The overexpression of PDL1 ligands on their
surface of cancer cells to engage with PD1 of T cells is well recognized. This engagement of PD1
with PDL1 ultimately leads to immunosuppression [51]. Targeting this pathway is considered as a
hotspot for cancer immunotherapy. It was identified that miR-34a, which acts as a transcriptional
target of p53, is actually a repressor of PDL1. Thus, p53/miR-34a/PDL1 can be a suitable target for
cancer immunotherapy [52]. A loss of p53 activity by a mutation in human lung cancer has been shown
to upregulate PD-L1 expression. Thus it will be instrumental in predicting the patient pool that may or
may not be responsive to checkpoint inhibitors targeting the PD1/PDL1 axis [53].

2.3. Cross-Talk between p53 and TLRs

Toll-like receptors (TLRs) are the receptors that detect pathogen-associated molecular patterns
(PAMPs), present mostly on the microbial surfaces [54]. Many TLRs were also found on the surface of
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cancer cells as well. TLR signaling on cancer cells mediates a number of functions that trigger cancer
progression. Therefore, TLRs are considered as another attractive target for cancer immunotherapy [55].
It was shown that p53 could act as a transcriptional activator of TLR3 that can trigger agonist-induced
apoptosis in cancer cells [56]. There is a cross-talk between the target genes of p53 and TLRs, and they
together mediate the downstream signaling [57]. In the patients with mutant p53, the TLR4 expression
inversely correlates with the survival time, and in the WT p53 patients, the TLR4 expression correlates
directly with the survival time [58]. TLR8 is a target of p53 where its expression was increased due
to a single nucleotide polymorphism (SNP) (rs3761624) in the TLR8 promoter [59]. In another study,
a comparison of the expression of TLR1-TLR10, p53, and NF-κB in patients of oral lichenoid disease
(OLD) with healthy individuals was interpreted. It was found that all TLRs and p53 were increased
in OLD versus healthy individuals in all the layers. Moreover, a positive correlation was obtained
between the expression of TLR5, NF-κB, and p53 in the intermediate layer in OLD patients [60]. Thus,
there is a cross-talk between TLRs and p53 in the pathology of OLD. TLR4 is important in vascular
inflammation, atherosclerosis, and diabetes. In the study to identify the role of palmitate-triggered
apoptosis in the activation of TLR4 associated pathways, it was found that the palmitate promoted
apoptosis in vascular smooth muscle cells (VSMC) and significantly enhanced the expression of p53.
The knockdown of TLR4 led to a reduction in the expression of p53 in this model, directing towards
the role of the TLR4/p53 axis in atherosclerosis [61]. Further, imiquimod (IMQ) is a synthetic TLR7
ligand used for the treatment of basal cell carcinoma (BCC). A thorough study was carried out in order
to understand the role of p53 in IMQ triggered cell death in the skin cancer model. It was identified
that IMQ could lead to the upregulation of p53 expression, its phosphorylation, and translocation in a
TLR7/8-independent manner [62].

3. p53 in the Tumor Microenvironment and Cancer Immunotherapy

The tumor microenvironment is very important in determining the fate of the tumor and its
progression. One of the factors that shape the tumor microenvironment is p53. It has recently been
shown that a loss of p53 can dramatically affect the immune cell composition of tumors [63,64]
(Figure 1). The tumor-promoting macrophages are recruited in breast cancer, prostate cancer,
and ovarian cancer with the loss of p53 [63–65]. On the other hand, p53 loss increases the response of
tumor-associated macrophages (TAMs) to a variety of tumor types such as lung, pancreatic, ovarian,
and carcinogen-induced skin cancers [65,66]. In the breast cancer model, the loss of p53 has been
shown to involve the malfunctioning of the WNT pathway and infiltration of neutrophils, which
supports cancer progression [63]. The infiltration of monocytes in the ascites of ovarian cancer is
observed in p53 null state, probably due to the involvement of the C-C motif chemokine ligand 2
(CCL2) [65]. In p53 null tumors, the infiltration of tumor-suppressive myeloid CD11b+ cells and Treg
was observed. The expression of C-C chemokine receptor type 2 (CCR2) associated chemokine and
macrophage colony-stimulating factor (M-CSF) were responsible for blunting the immune response by
targeting T helper and T cytotoxic cells [67]. Thus, tumor cells get the advantage of manipulating the
immune microenvironment by the loss of p53 or the accumulation of mutations in p53 [39].

p53 as a Target for Cancer Immunotherapy

Since p53 is highly regarded as a mutated gene in tumors, it can act as a target for cancer
immunotherapy. Due to the intracellular localization of p53, targeting through antibodies was not
possible. However, in a recent study, a novel antibody T1-116C was generated, which acts as a TCR
mimic. This antibody recognizes several cancer types without recognizing normal blood cells. In the
breast cancer xenograft model, it was showed to significantly reduce tumor growth [68]. A similar
approach with affinity matured human antibody, P1C1TM, was shown to be effective in reducing the
tumor growth both in vitro and in vivo [69]. In a recent report, the role of p53 in systemic inflammation
was deciphered. In the breast cancer models, a loss of p53 in cancer cells led to an increase in WNT
ligands, which triggered the macrophages to produce interleukin 1 beta (IL-1β) that ultimately led
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to systemic inflammation. Thus, this study was a direct demonstration of p53 as a mediator of
inflammation, neutrophilia, and metastasis [63].

Constitutive activation of the signal transducer and activator of transcription 3 (STAT3) pathway
is an important factor in determining the tumor stroma and hence considered as a potential target
for cancer immunotherapy [70]. It is known that the loss of p53 leads to constitutive activation of the
STAT3 pathway in pancreatic cancer. Moreover, the mutations in p53 genes in human pancreatic cancer
correlate with the poor prognosis and survival time [71]. In addition, the ablation of p53 also leads
to enhanced reactive oxygen species (ROS) production that inhibits Src homology region 2 (SHP2)
activation and triggers STAT3 expression [71]. In a phosphatase and tensin homolog (PTEN) knockout
mouse and embryonic fibroblasts, p53 deficiency led to an increase in STAT3-myc signaling [72].
STAT3 is negatively regulated by suppressors of cytokine signaling 1 (SOCS1) protein that binds to the
N-terminal domain of p53, leading to cell cycle arrest and senescence [73]. One of the mutants of p53,
R175H, has been shown to enhance NF-κB signaling and increased localization to one of its subunits
p65 [74]. Some of the mutants of p53 proteins also directly interact with p65 leading to increasing
NF-κB transcriptional activity [75]. It has shown that the mutant p53 protein inhibits the expression of
secreted interleukin-1 receptor antagonist (sIL-1Ra) and, thus, promotes malignancy. sIL-1Ra is a target
gene for mutp53 and thus, a potential therapeutic target for combating tumor growth [76]. TP53 gene
mutation is frequent in hepatocellular carcinoma (HCC). As discussed earlier, p53/mir-34a/PD-L1 and
TLRs can also be considered as targets for cancer immunotherapy.

Figure 1. Infiltration of immune cells due to activation of p53: The activation of p53 in cancer cells can be
due to many factors such as TLR5-flagellin interaction. Due to this activation of p53, the inflammatory
mediators are released, which leads to the infiltration of immune cells in the tumor microenvironment.
These immune cells include neutrophils, macrophages, and T cells.

4. Chronic Inflammation and Cancer

Invasion of pathogens, increased toxicity in the cells, or tissue injuries are some of the traumas that
the human body combats with the progression of inflammation. Activation of inflammation is initiated
by immune cells such as mast cells and macrophages, and progressively results in the production of
inflammatory mediators, such as pro-inflammatory cytokines and chemokines, whose roles are to
amplify the inflammatory response in order to resolve the trauma [77]. Collectively, these inflammatory
reactions lead to the release of ROS and reactive nitrogen species (RNS), in attempts to aim for tissue
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repairing by cellular and immune changes concluding in the amendments of the site of injured cells by
cell proliferation [78]. Thus, it can be noted that the purpose of inflammation is to solve the cellular
impairments and restore cellular homeostasis. Similar to every homeostatic maintenance behavior,
the initial process should be able to shut down after the resolution of the initiator. Therefore, in this case,
after the restoration of the damaged tissue by the regular rate of cell growth, the inflammatory processes
should be able to suspend and establish inflammation resolution through multiple mechanisms. One for
instance, is moving from pro-inflammatory to anti-inflammatory reactions by the intervention of the
released ROS [79]. However, if the ability of the inflammation is not resolvable, it results in the building
up of the inflammatory response products, and transformation from acute inflammation to prolonged
chronic inflammation. Another source of chronic inflammation has been identified as when the acute
inflammatory processes are unable to rectify the cellular damages, thus becoming uncontrolled and
chronic, which further play a role in the development of chronic inflammatory diseases [80]. In chronic
inflammation, the immune cells maintain a pro-inflammatory nature, aggravating the by-products
released by the immune cells, which co-results in continuous uncontrolled cell proliferation. ROS and
RNS are two such by-products that are considered to aid in chronic inflammation-related cancer [81].
Additionally, ROS and RNS are sources of DNA mutations, as they generate peroxynitrite. Peroxynitrite
has been defined to possess mutagenic properties such as DNA strand lesions and nitration of the
guanine bases [82]. The 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG) and 8-nitroguanine are
the examples of the DNA breakages formed by the ROS and RNS, which are known to exhibit
DNA mutations and have been indicated in inflammation-associated cancer [83]. Furthermore,
experimentations performed over two decades revealed that when human bronchial epithelial cells are
exposed to high levels of nitric oxide (representative sources of RNS) which introduced superoxide
ions, this resulted in transition mutations of the C:G pair to a T:A pair at the 248th codon of the
p53 gene [84]. Whereas, it can be observed that the chronic inflammation is leading the pathway
towards carcinogenesis (Figure 2). It has been stated earlier in multiple literatures that at every stage of
carcinogenesis, like cell multiplications, inhibition of senescence, resistance against anti-growth signals,
and metastasis, chronic inflammation is the promoter for cancer [78,81]. Along with being mentioned
as a promoter of cancer, it has also been made evident that in cells with chronic inflammation, there is
a depravity of cell repair and cell death mechanisms, and instead of a promotion of abnormal cell
proliferation [85].

Several immunomodulatory protein families are also implicated in inflammation. One such
protein family is Siglecs [86]. Siglecs are receptors that are expressed on the surface of white blood
cells and bind to sialic acids (Sia), a nine carbon atom monosaccharide [86–88]. Most members
of this family carry an inhibitory motif and lead to the suppression of immune response [86–88].
Siglecs have been implicated in immunological response in many physiological and pathological
conditions, including cancer [89–94]. In the case of a tumor, the cancer cells start to overexpress
sialic acid, and the engagement of Siglecs on immune cells leads to immunoevasion and ultimately
enhanced tumor growth [90,91]. A few members of the Siglec family are also activating in nature,
and the engagement of these receptors leads to enhanced immune response and reduced tumor
growth [92,95]. As priorly mentioned, oxidative stresses contributed by the inflammatory mediators
and their by-products, seem to act as crucial protagonists in the development of carcinogenesis.
Once inflammation-mediated cancer is established, it gears in pathways to strive onwards with the
tumorigenic activities. One such pathway is the nuclear factor erythroid 2–related factor 2 (Nrf2)
pathway that regulates the cancerous development.
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Figure 2. Chronic inflammation-induced carcinogenesis: The process of carcinogenesis sometimes
involves chronic inflammation induced by chemical carcinogens, reactive oxygen and nitrogen species,
viruses, and bacteria. All these agents trigger mutation in the p53 gene that ultimately leads to the
transformation of normal cells into cancer cells.

NRF2 Pathway and Its Role in Cancer

At normal conditions, Nrf2 acts as the transcription factor that binds the anti-oxidant response
element (ARE) that initiates the expression of anti-oxidant and cytoprotective enzymes. The Nrf2 factor
is maintained at a dormant phase by its negative regulator: the kelch-like ECH associated protein
(Keap1)-Cullin 3 based ligase (CUL3) complex [96]. The Keap1-CUL3 complex sustains lower levels of
Nrf2 by ubiquitination and proteasomal degradation, keeping it in a silenced phase [97]. Normally,
Nrf2 is induced with increased oxidative stress, where it detaches from the Keap1-CUL3 complex,
halting their antagonistic activity, enters the nucleus, binds to the ARE, and consequently expresses
greater than 200 genes for anti-oxidative pathways [98]. However, in chronic inflammation-induced
oxidative stress, the Nrf2 can escape its negative regulation performed by Keap1 by direct cause
of increased oxidative stress that results in the upregulation of the p6 protein: an activator of
Nrf2, and subsequently dismantles autophagocytosis of the p6 protein [99]. Nrf2 activity has
been known to be exemplified by inhibiting the activities of Keap1 directly, such as p21Cip/WAF1,
a competitive inhibitor of Keap1, inhibiting it from attaching to the DLG functional domain of
Nrf2, thereby disrupting its ability of Nrf2 degradation [100]. Thus, it can be concluded that in
chronic oxidative stresses, there is a hyper-regulation of Nrf2 activation. Similarly, when dealing
with chronic inflammation-mediated cancers, there has been evidence that the Nrf2 factors are
overexpressed, which could be due to mutations, changes in DNA methylation patterns, and protein
alterations [101]. Carcinogenic promoting properties are harnessed by the Nrf2 in cancer cells,
playing vicious roles in promoting cell proliferation, inhibiting apoptosis, and strengthening its
resistance to chemo/radiotherapy [102]. One other interesting property imparted by Nrf2 to cancerous
cells is drug resistance. It has been found in doxorubicin-resistant human ovarian cancer cells,
the upregulation of Nrf2 resonates with its character of resistance [103]. Moreover, it has been described
as a promoter of all the necessary key hallmarks needed to establish cancer, from increasing protein
synthesis and expression of cell division genes to stimulating mRNA translations in support of cell
proliferation [96].
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5. Oxidative Stress, p53, and Inflammation

Oxidative stress is referred to as a state of imbalanced equilibrium between the generation of
ROS with the anti-oxidant system of the body [104]. A balanced redox mechanism is necessary
for maintaining genomic integrity. Excessive oxidative stress can cause immune dysfunction and,
thereby, induce an inflammatory response. For instance, the immune cells, such as T lymphocyte
activation, were found to be suppressed by excessive ROS leading to inflammation and tumorous
conditions. ROS, therefore, plays a dual role by either suppressing T lymphocyte activation or
its intermediate level modulate T lymphocyte differentiation at the site of injury. Contrastingly,
a persistent level of ROS enhances apoptosis in T cell lymphocytes by damaging DNA through
a p53 pathway [105]. Several methods have been adopted to sensitize T lymphocytes to the
site of injury and inflammation. Amongst these, the use of polyphenol such as resveratrol was
found to boost T lymphocytes significantly in mice by enhancing CD86 and MHC-II antigens [106].
Another phytochemical, lycopene, alleviates oxidative injury in ruminant animals by inhibiting
inflammatory cytokines and apoptosis. The anti-oxidant potential of lycopene ameliorates hydrogen
peroxide (H2O2)-induced inflammation by regulating the Nrf2-ARE pathway in primary bMEC and
MAC-T cells [107].

Further, in vivo studies have also shown a correlation between increased oxidative stress leading
to neurobehavioral disorders. Buthionine sulfoximine (BSO)-induced oxidative stress in BTBR T+

tf/J (BTBR) mice have resulted in depletion of the native enzymatic anti-oxidant system, which has
resulted in autism-like repetitive behaviors [108]. A systemic review also suggested that an imbalanced
redox potential may contribute to neurodegenerative diseases by altering differentiation and the
number of CD4+ T cell subpopulations [109]. Several reports indicated that oxidative stress-mediated
inflammation could lead to cancer progression. Activation of transcription factors including NF-κB,
AP-1, p53, HIF-1α, PPAR-γ, β-catenin/Wnt, and Nrf2 can transform normal cells into cancerous cells.
Furthermore, a cross-talk between NF-κB activation and cell proliferation regulates the immunological
and inflammatory response resulting in tumor conditions [110]. Such reports also indicated the
possibility of using NF-κB as a prognostic marker to identify cancers, in particular, colon cancer [111].
It is noteworthy to observe that these transcriptional factors mediate p53-dependent fashion in response
to an inflammatory condition.

Oxidative stress-induced p53 activation is common in inflammation and cancers. Activation of
p53 primarily regulates the cell cycle, DNA repair, and apoptotic mechanisms [112]. Cancer cells
exhibit higher ROS levels than normal cells since they are serving as an oncogenic agent with increased
metabolism and mutation rates [113]. DNA damage caused by chemotherapeutic drugs, environmental
and chemical toxins, radiations, and immunosuppressive drugs often elevates ROS levels, leading
to p53 activation. Homeostatic regulation of ROS and p53 is necessary to determine the fate of
normal tissue stem cells. Recent data have shown the direct relationship between ROS and p53 for
the differentiation of stem cells. The lack of p53 functioning in the neural progenitor cells leads to
increased ROS and premature differentiation [114]. Meanwhile, restoring ectopic expression of p53,
and with anti-oxidants, enhances partial differentiation and stemness [115]. Many data have shown
the dual mode of p53 functioning depending on the nature, duration, and intensity of oxidative stress
imposed in different cell types. Hence, either anti-oxidant or pro-oxidant regulatory functioning of
p53 is well known, depending on the type of cell burden. Activation of p53 by anti-oxidants imposes
a protective mechanism against oxidative stress by ameliorating excessive ROS levels in the cells.
Further, both endogenous and exogenous supply of anti-oxidants could play a role in inhibiting
adhesion and invasion properties of cancer cells [116,117]. In contrast, pro-oxidants exert oxidative
stress-induced p53 functioning leading to autophagy, caspase-mediated apoptosis, and necrotic cell
death mechanisms [118,119]. A detailed analysis of anti-oxidant versus pro-oxidant effects on p53
mediated functioning is discussed elsewhere [116,120].
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6. Plant Flavonoids as Therapeutic Agents

Over the last two decades, plant polyphenols, especially flavonoids, have gained significant
attention in developing treatments for disorders such as Parkinson’s disease, inflammatory bowel
disease, Alzheimer’s disease, obesity, cancer, and cardiovascular diseases (CVDs) [121,122]. A plethora
of research has been done already to show how flavonoids influence these diseased conditions,
mostly with their biochemical and pharmacological properties such as pro-oxidant and anti-oxidant
potentials that correlates to their structure–activity relationship. Plant flavonoids share a basic structure
of diphenyl propane in which two benzene rings are connected through a pyran ring. The subclasses
of flavonoids such as flavones, flavonols, isoflavones, anthocyanin, flavan-3-ols, and flavanones differ
by the attachment of carbon on the C ring to which the B ring is attached (Figure 3) [123]. Further,
the degree of unsaturation and oxidation of the C ring contributes to the different classifications
of flavonoids.

Figure 3. Basic structure of a flavonoid and its subclasses.

The structure-activity relationship of flavonoids majorly attributes to their observed clinical
effects both in in vitro and in vivo studies. For instance, an anti-oxidant property of a flavonoid
largely depends on the functional group it possesses and its spatial arrangement around the nucleus.
The importance of the B ring and the hydroxyl group at position 3 often contributes to ROS scavenging
potentials, as evident by the experimental and theoretical derivations. Furthermore, this spatial
arrangement of the functional group and its substitution, along with the number of sugar moieties
(glycosides) and hydroxyl groups, determines the mechanism of anti-oxidant potentials observed
for several flavonoids [124,125]. Anti-oxidants exert various radical scavenging properties either
by inhibiting chelated trace elements or enzymes that generate excessive ROS and/or by enhancing
endogenous anti-oxidant enzymes such as glutathione peroxidase (GPx), catalase (CAT), and superoxide
dismutase (SOD). In contrast, the pro-oxidant effect of flavonoids can result in preventing cancer
through inhibiting the proliferation of tumor cells with apoptotic induction. Recent structure–activity
studies have shown that the flavonoids possess significant anti-proliferative effects, especially in
the presence of di-OH 3′, 4′, a double bond at C2-C3 and a carbonyl at the C4 position. However,
flavonoids that possess functional chemical moiety at the C7-C8 position showed low to non-significant
anti-proliferative effects [126]. These observations further warrant discussions on the importance of
flavonoids in treating disease, especially inflammation and cancer, which are discussed below.

7. Flavonoids in Inflammation and Cancer Prevention

The p53-mediated pathway has been an attractive target for many of the flavonoids in regulating
inflammation and cancers. Flavonoids regulate transcription factors such as NF-κB, Nrf2, and AP-1
in inflammation and DNA damage, cell cycle, and apoptosis in tumor cell proliferation. We have
reviewed dietary flavonoids such as quercetin, luteolin, cyanidin, daidzein, and epigallocatechin
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gallate (EGCG) along with other flavonoids, which showed promising results in preclinical and clinical
trials. While many reviews are available on discussing how different flavonoids can be used to induce
apoptosis in cancer models, we have focused on flavonoids and their ability to prevent inflammation
and cancers with a focus on p53-mediated mechanisms.

7.1. Quercetin

Quercetin, a flavonol found in vegetables and fruits, has been reported for various pharmacological
properties that include scavenging ROS, inhibiting inflammation, and preventing cancer. One of the
mechanisms by which quercetin exerts cytoprotective effects is through regulating MEK/ERK and
Keap1/Nrf2/ARE pathways in inflammation [127]. An in vitro study has shown the protective effect
of quercetin in cigarette smoke extract-induced inflammation by downregulating cytokine markers
such as IL-1β, IL-6, and IL-8 in ARPE-19 cells. Pretreatment with quercetin further activates the
Keap1/Nrf2/ARE-anti-oxidant pathway, which induces cellular defenses against various oxidative
stress [128]. Recent reports have shown that p53 can activate the Keap1/Nrf2/ARE-anti-oxidant pathway
and can act as the main regulator of the cells anti-oxidant response [129,130]. This effect of p53 largely
depends on the intensity and degree of oxidative stress imposed. A lower level of oxidative stress has
been correlated with increased anti-oxidant enzymes, such as SOD and CAT [131]. A flavonoid-rich
extract from Rosa laevigata Michx fruit exerts neuroprotective effects by downregulating the levels of
p-JNK, p-ERK, and p-p38 in MAPK pathways [132]. Furthermore, various in vivo studies in mice
and rats have shown the downregulation of anti-inflammatory markers with increased anti-oxidant
defense proteins (SOD, CAT, GPx) under oxidative stress-induced conditions, such as adipose
hypertrophy, hepatocarcinogenesis, and obesity-induced skeletal muscle inflammation [133,134].
Further, quercetin significantly reduces adipocyte size and enhanced angiogenesis and adipogenesis
by downregulating TNFα and HIF-1 α levels along with proteins such as TLR-4, CD68, MCP-1,
and JNK [135].

Quercetin has been extensively studied to explore its mechanism of action in cancer prevention.
Treatment with quercetin was reported to protect DNA damage induced by H2O2 in human Caco-2 cells.
Quercetin decreases single-strand DNA breaks by enhancing the expression of human 8-oxoguanine
DNA glycosylase and DNA repair mechanisms [136]. However, the detailed mechanism of p53
involvement in cancer prevention by quercetin remains unclear. It is believed that upon regulating
p53 mechanisms, quercetin possesses a dual role and can have better control over cellular events to
mitigate oxidative stress imposed by carcinogens through activating the Keap1/Nrf2/ARE anti-oxidant
pathway and/or inducing apoptosis. In a recent study by Wang et al., quercetin was able to inhibit
apoptosis by downregulating p53, Bax, and caspase-3 expression in ARPE-19 cells, and, thereby,
it prevents high glucose-induced injury [137]. A similar kind of protective effect was also noted
in the study by Darband et al., in which quercetin was able to inhibit oxidative DNA damage by
activating the Nrf2 signaling pathway. Supplementation of quercetin (50 mg/kg) in rats reduces colon
carcinogenesis induced by 1,2-dimethylhydrazine (DMH) [138]. In contrast, a study by Clemente-Soto
et al., demonstrated the activation of p53 upon quercetin treatment in cervical cancer cells leading
to apoptosis and DNA damage [139]. There are several reports available to demonstrate the similar
functioning of p53-induced apoptosis, leading to cancer growth inhibition and prevention. This could
be attributed to the multiple facts that the quercetin binding potentials to several receptors that may
be important in the prevention of carcinogenesis, induces epigenetic modifiers, and interferes with
enzymes such as native anti-oxidants, to elicit its protective mechanisms. Despite these properties,
quercetin could sensitize and protect noncancerous cells during chemotherapy or radiotherapy when
used in combination with existing classes of cancer chemotherapeutic-drugs [140].

7.2. Luteolin

Luteolin, a flavone found in many plants such as Salvia tomentosa Mill. (Balsamic sage)
and Glossogyne tenuifolia possess anti-inflammatory effects via downregulating the NF-κB
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pathway. Luteolin was found to inhibit inflammation induced by infectious pathogens such as
Staphylococcus aureus to cause mastitis. Treatment with luteolin reduces cytokines expression such as
TNF-α, IL-1β, and IL-6 in a mouse model mimicking mastitis. Furthermore, luteolin suppressed the
expression of IκBα and NF-κB, along with matrix metalloprotease-2 (MMP-2) and MMP-9, to render
protection against inflammation [141]. A recent report showed the protective effect of luteolin
against testicular deficits caused by lead acetate. Luteolin (50 mg/kg) treatment in male Wistar
rats significantly activates the Nrf2/HO-1 pathway by increasing native anti-oxidant enzymes and
inhibits inflammatory and apoptotic cascades [142]. These protective effects could relate to the
anti-oxidant potential of luteolin [143] and it’s functioning on the p53 protein, as it is suppressed
in Staphylococcus aureus-induced inflammation, preventing apoptosis [144]. Furthermore, a study
by Li et al., proved the anti-oxidant nature of luteolin by activating the Nrf2 signaling pathway
and NF-κB-mediated inflammatory responses in type 1 diabetes in mice. Modulation of these
pathways reduces MMP protein expression and cellular hypertrophy [145]. These studies show that
the protective effect of luteolin against inflammation largely depends on its anti-oxidant nature rather
than its pro-oxidant effect, which inhibits different cancer cell proliferation [143].

Luteolin exerts its cancer-preventive properties by inhibiting DNA damage and activating
anti-oxidant mechanisms in a p53 regulated manner. Combinational treatment of luteolin and EGCG
showed translocation of p53 to the mitochondria, thereby regulating apoptosis [146]. This translocation
of p53 is crucial and depends on the degree of stress burden imposed. The mitochondrial translocation
occurs if the damage or stress is irreversible [147]. Further, in a study by Jiang et al., luteolin exerts
its tumor-preventive potential by regulating the expression of microRNAs (miRNAs). Treatment in
non-small cell lung cancer cell lines reduced cell proliferation and tumor inhibition in the H460
xenograft tumor model. The expression of an enhanced miR-34a-5p level was observed in tumor
tissues, which resulted in a reduced level of MDM4 proteins. Furthermore, luteolin treatment enhanced
p53 and p21 expression and reduced tumorigenesis [148]. The isolated compound luteolin from
Melissa officinalis L, showed DNA damage protective effects induced by ultraviolet B radiation (UVB) in
skin cells. Treatment with luteolin reduced DNA double strand breaks and the DNA damage response
(DDR) mechanism in these cells [149]. Many studies have shown the upregulation of p53-mediated
apoptosis for tumor inhibition in various cancer cell lines [150,151] and are not in the scope for
this review.

7.3. EGCG

An anti-oxidant potent flavan-3-ol, EGCG, mostly seen in green tea polyphenols,
showed anti-inflammatory effects under imposed oxidative stress conditions. EGCG exhibited
an anti-inflammatory effect by inhibiting pro-inflammatory cytokines’, p53, NF-κB, TLRs, and STAT3
expression. In a recent study by Wang et al., rats were administrated with EGCG (50 mg/kg) and
analyzed for parameters for anxiety-like behavior and myocardial infarction. ELISA and PCR studies
have shown a significant reduction of IL-6 along with STAT3 expression. Further, inhibition of
apoptosis cascades (caspase expression) was observed in rats. Hence, the intake of EGCG reversed
anxiety-like behavior and prevented inflammation [152]. Similar observations were made by Ren et al.,
wherein lipopolysaccharides (LPS)-induced retinal inflammation in rats was attenuated by green
tea extract (containing EGCG) through inhibiting phosphorylation of STAT3 and NF-κB along with
pro-inflammatory cytokines [153]. Further reports have shown a strong association between EGCG
and TLRs, which play an important role in the host immune system. TLR4 has a strong relation
with inflammatory response and cancer progression [154]. It is interesting to observe that the
p53-mediated differential expression of TLR4 depends on the context of the cells. In p53 wild type
cells, the activation of TLR4 results in type-I IFN (IFN-γ) secretion, resulting in p21 mediated cell cycle
arrest. Whereas in p53 mutant cells, the activation of TLR4 promotes cancer [58]. EGCG was shown to
inhibit TLR4 expression in in vitro and in vivo studies [155,156]. However, EGCG’s direct involvement
in p53-mediated regulation of TLR4 is not fully understood.
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EGCG, being an active anti-oxidant, protects DNA damage mediated cell death in many
cells. As observed for other flavonoids, EGCG exerts its preventive potentials by modulating
Nrf2 and JAK/STAT pathways in testicular ischemia reperfusion injury-induced oxidative damage.
Pre-perfusion treatment with EGCG prevented phosphorylation of JAK2, STAT3, and STAT1 along
with apoptotic markers [157]. Likewise, EGCG prevents apoptosis and astrogliosis induced by
acrylamide in rats. Pretreatment in rats with EGCG showed reduced DNA fragmentation, Bax, Bcl-2,
caspase 3, and cytochrome c expression. Further, EGCG enhanced native anti-oxidant enzymes and
glutathione levels to mitigate excessive ROS production [158]. EGCG was also shown to modulate DNA
methylation processes, especially DNA methyltransferase 1, thereby rendering DNA protection [159].
Genomic stability of the cells can be safeguarded against various carcinogens by consuming flavonoids.
Detailed mechanisms on DNA damage response and prevention are discussed elsewhere [160,161].

7.4. Cyanidin

Cyanidin, an anthocyanidin, found in plant pigments and berries [162] including grapes, bilberry,
and blackberry, has been found to possess anti-inflammatory effects under oxidative stress conditions.
Cyanidin-3-glucoside (C3G) is a naturally occurring anthocyanin in plants and cyanidin is the
aglycone of C3G. Both C3G and cyanidin have shown significant anti-inflammatory effects against
2, 4, 6-trinitrobenzenesulfonic acid (TNBS)-induced colitis in mice. Administration of 200 μmol/kg
in mice reduces inflammatory markers (TNF-α, IL-1β, IL-6, and interferon-γ) and thereby protecting
the intestinal barrier [163]. Similarly, in vitro effects have been studied on Caco-2 cells, which showed
inhibition in the disruption of intestinal barrier dysfunction. Further, C3G was found to improve diabetic
conditions, especially diabetic nephropathy (DN). Eight weeks supplementation of 10–20 mg/kg of C3G
in rats improves native oxidative enzymes and modulate the TGF-β1/Smad2/3 pathway to render renal
protection [164]. This effect was further improved by encapsulating C3G in chitosan nanoparticles
for targeted drug delivery and resulted in p53 mediated protection in mice. C3G downregulated
p53-mediated apoptosis in mice with a balanced B-cell lymphoma-2/leukemia-2 ratio [165].

Further, C3G rendered DNA damage protection in BEAS-2B and HaCaT cells in vitro from
oxidative stress imposed by nitrosamine, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
and UVB, respectively. In both studies, the degree of DNA damage was decreased by modulating
ATM/ATR pathways, which is mediated by p53 expression [166,167]. Treatment with C3G restores
the Bcl-2 expression in HaCaT cells and inhibits caspase-3 activation. Our previous study on apple
peel flavonoid fraction (AF4) containing C3G as the main constituent, showed a DNA protective effect
on NNK, methotrexate (MTX), and cisplatin-induced toxicity in BEAS-2B cells. Pretreatment with
AF4 reduced the ROS level with an increase in anti-oxidant enzymes. Further, AF4 reduces DNA
damage and enhanced protection against carcinogens by facilitating DNA repair mechanisms [168].
A study by Kaewmool et al., showed both anti-inflammatory and apoptotic effects of C3G in PC-12 cells.
Anti-inflammation was mediated by decreased expression of IL-1β and IL-6 along with inducible nitric
oxide synthase (iNOS) and Cox2 expression, while the apoptotic effect was mediated by a caspase-3
induced mechanism [169].

7.5. Daidzein

Daidzein, an isoflavone, found in soybeans and soy products, is known to possess
anti-inflammatory and cancer-preventive properties by inhibiting various inflammatory cytokines
and cell death markers, respectively. Daidzein was found to inhibit the nephrotoxicity posed
by cisplatin-induced oxidative stress in proximal tubular cells of mice. Treatment with daidzein
inhibits the expression of TNFα, IL-10, and IL-18 along with enhanced anti-oxidant defense enzymes
(SOD and GPx) activity. Further, daidzein reduces kidney injury markers (NGAL, BUN, creatinine,
and KIM-1) and cell death mechanisms (caspase-3/7) [170]. Daidzein also improves the adverse
effect of adipose inflammation by regulating the proliferator-activated receptor γ (PPARγ) in 3T3-L1
adipocytes. A decreased expression of monocyte chemoattractant protein-1 (MCP-1) and TNF-α
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was noted in adipose tissue of daidzein-fed mice [171]. Similar effects were observed by Feng et al.,
wherein daidzein treatment in rats inhibited TLR4 and NF-κB activation leading to the prevention of
inflammation [172]. Furthermore, the synergic effect of daidzein and genistein exerts photoprotective
potentials by regulating growth arrest and DNA damage (gadd45) genes, to decrease DNA damage
and enhances DNA repair process in UV-induced photodamage [173,174]. The possible mechanisms
by which flavonoids exert their anti-inflammatory and cancer-preventive properties are illustrated
in Figure 4. Other flavonoids and their anti-inflammatory and cancer-prevention properties are
summarized in Table 1.

 
Figure 4. Flavonoids inhibiting inflammatory and cancer markers: The flavonoids can modulate several
receptors and their corresponding signaling cascades. The flavonoids exert its effects mainly through
JAK/STAT, IKK/NF-κB, and MAPK pathways leading to inhibition of pro-inflammatory, pro-apoptotic,
and pro-necroptosis markers. The effector molecules that are downregulated include cytokines and cell
death markers such as IL-1β, TNF-α, IL-6, IL-8, caspase-3, etc. These cellular events ultimately lead to
immune regulation and cancer prevention.
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8. Flavonoids and Dietary Intake

Recent epidemiological, cross-sectional and short-term randomized controlled studies have
proved a direct relationship between flavonoid-rich diet intake and health benefits resulting
in preventing various diseases. Flavonoids, with numerous potentials, as discussed above,
improve life-threatening conditions, particularly cancer and CVDs. This direct correlation is based
on several factors such as type/composition of flavonoid(s), their bioavailability after consumption,
and the epidemiological region.

For instance, the average intake of flavan-3-ol among Europeans ranges between 77 mg/day
to 182 mg/day probably because of the high consumption of tea, at least in the UK [201]. A large
portion of ingested flavan-3-ol remained in the large intestine as they are not readily absorbed by
phase II conjugating enzymes. This availability of flavan-3-ol could benefit microbiota in the colon
region to metabolize further into monomers and contribute to an enhanced immune system [202,203].
In other countries of Europe (except the UK), a rich flavan-3-ol diet was mostly observed because
of the consumption of non-citrus fruits (apples/pears) [201]. A meta-analysis of epidemiologic
studies has shown a positive correlation between the consumption of flavan-3-ol and reduced cancer.
The higher consumption of flavan-3-ol reduces rectal, oropharyngeal, breast, and laryngeal cancers [204].
In contrast, a study among 38,408 women aged ≥45 y with a frequent diet enriched with flavonols
did not correlate with cancer risk prevention. The best explanation for the discrepancy could be due
to a relatively low range of flavonoid intake combined with populations free of CVDs and cancers.
However, continuous efforts have been made to overcome such issues as well as lipophilic nature,
low solubility, and variable bioavailability of flavonoids by introducing different formulations to
nanocrystals technology [205].

Another intake of flavonoids, such as anthocyanins and flavanones, exhibited a lower risk of
CVDs in both women and men. A study conducted in 43,880 healthy men who have the habit of
consuming a higher anthocyanin intake showed a lower risk of developing ischemic stroke over a
period of 24 y [206]. Various studies have shown that the anthocyanins exert healthy beneficial effects
on LDL-cholesterol level, which is mediated by cholesterol efflux capacity [207]. In a randomized
controlled trial, anthocyanins showed anti-inflammatory effects by reducing hypercholesterolemic
conditions in adults. This effect was consistent with previous observations as intake of anthocyanins
significantly reduced LDL-cholesterol and HDL-cholesterol levels with inhibition of IL-6 and IL-1β in a
HepG2 cell line [208]. It is noteworthy to observe that a mixture of anthocyanins was more effective than
individual components for improved human health. As discussed earlier, it could be the anti-oxidant
potential of flavonoids that might exert these effects, as observed from a recent cross-sectional study
conducted in the Italian population against the human papillomavirus (hrHPV) infection. The study
was conducted in 251 women with normal cervical cytology, showed a significant reduction in the risk
of developing hrHPV infection with anthocyanins-rich diet [209]. Further, a flavonoid-rich diet has
been studied for their protective effects against various disease conditions which are shown in Table 2.

Moreover, the dietary intake of flavonoids has a direct impact with microbiota as ingested
flavonoids are known to be unabsorbed in the proximal intestine, further reach the colon region.
This microenvironment facilitates the hydrolysis and fermentation of flavonoids employing different
enzymes released by the microorganisms. Microbes can facilitate oxidation, demethylation,
and catabolism of flavonoids into phenolic acids and aromatic catabolites [210]. Recent studies have
shown that the high flavonoid-rich diet exerts an inverse correlation with obesity and inflammation.
This is largely mediated by gut microbiota as it increases adiposity and fatty acid metabolism.
Further, intestinal microbes modify flavonoids by glucosidation, dihydroxylation, and decarboxylation
converting them into monomers, which can be more absorbable in the intestine [211]. To add,
flavonoids isolated from mulberry leaves ameliorate lipid dysmetabolism in the high fat diet (HFD)-fed
mice. Gut microbes such as Bacteroidetes played a role in the increased production of acetic acid,
thereby restoring lipid metabolism [212]. From these observations, it is noteworthy to believe that both
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classifications of flavonoids and microbiota play a cross-talk between dietary intake and improved
health benefits.

Table 2. Flavonoids-rich diet in disease prevention: a summary from recent (2019–2020) clinical trials.

Dietary Flavonoids Condition Studied Sample Details Key Observations Reference

Seidlitzia Rosmarinus
(flavonoid-rich) Recurrent cystitis 126 women

Lowered symptoms of cystitis;
prevent the incidence of recurrent
cystitis with no side effects

[213]

Genistein with
FOLFOX

Metastatic
colorectal cancer 13 patients Exposure of genistein with

FOLFOX was safe and tolerable [214]

Anthocyanin-rich
blueberry

Type 2 diabetes
and CVD 115 people

Improved endothelial function,
systemic arterial stiffness and
attenuated cyclic guanosine
monophosphate concentrations

[215]

Anthocyanin-rich
fruit juice Healthy volunteers 57 males

Demonstrated DNA-protective
and anti-oxidant effects; reduction
in body fat and an increase in
fat-free mass with increased
SOD level

[216]

Flavonoid-rich natural
cocoa beverage

Plasma oxidative
stress and

inflammation
134 people

Improved glycemia,
triglyceridemia, high-density
lipoprotein cholesterol,
low-density lipoprotein
cholesterol, triglyceridemia/HDL
index, and oxidative markers

[217]

Genistein Human prostate
cancer 14 males

Increased Brain Abundant
Membrane Attached Signal
Protein 1(BASP1) expression;
decreases MMP-2 in
prostate tissue

[218]

EGCG
Acute

radiation-induced
esophagitis (ARIE)

83 patients

Lowered ARIE by reducing acute
pain index (API) and acute
dysphagia index (ADI) without
side effects

[219]

EGCG Cutaneous scarring 62 humans

Reduced mast cells;
down-regulated Vascular
Endothelial Growth Factor A
(VEGFA) and CD31; reduced
scar thickness

[220]

Quercetin
Eccentric

exercise-induced
muscle damage

12 males

Increased the isometric strength
for contraction; lower torque and
muscle fiber conduction velocity;
attenuate the severity of
muscle weakness

[221]

Silymarin Radiation-induced
dermatitis 40 patients Delayed in radiodermatitis

development and progression [222]

9. Conclusions and Future Directions

The role of p53 in inflammation and cancer is well established. Being a central protein in
immune pathways, the modulation of p53 expression may lead to the prevention of many diseases.
Further cross-talk between p53 and immune checkpoints, such as MHC1 and TLRs, has great potential
in developing drugs, especially for cancer immunotherapy. As discussed in this review, flavonoids are
one of the ideal choices of biomolecules for developing safer immunosuppresses in the management of
chronic inflammation leading to cancer progression. Many of the flavonoids exert their preventive
potentials by enhancing the endogenous anti-oxidant system through modulating the Keap1/Nrf2/ARE
pathway. Although the p53-mediated Nrf2 pathway is not well studied, there is evidence to show
that the activation of the Nrf2 pathway leads to a reduction in oxidative stress and enhanced DNA
repair processes [223]. Thus flavonoids, especially with anti-oxidant properties, enhance the immune
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response against various oxidative stress-mediated cellular malfunctions leading to disease prevention.
Further, a flavonoid-rich diet has shown evidence for the above cytoprotective mechanism in recent
clinical trials, showing their disease-preventive potential.

However, direct links between flavonoid-mediated p53 and the anti-oxidant Keap1/Nrf2/ARE
pathway to exert preventive potentials are scarce. In contrast, many reports have shown a p53-
mediated induction of cell death pathways that can be regulated by flavonoids in various cancer
models. Further, exploring the role of flavonoids through the p53 pathway in disease prevention should
be of great interest for future research. Understanding the safe and efficacious dose of flavonoids is also
very crucial in treatment since most flavonoids, depending on the concentration and microenvironment,
can act as either anti-oxidants or prooxidants exhibiting hormetic effects. Moreover, continuous
efforts are in progress for enhancing the bioavailability of flavonoids by acylation to enhance cellular
uptake, improving stability by using different formulations, engineering microbiota for their improved
impacts, and developing technologies, such as nanocrystals, for enhanced pharmacokinetics and
targeted therapy.
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AID activation-induced cytidine deaminase
AOM azoxymethane
AP1 activator protein 1
ARE anti-oxidant response element
ATP adenosine triphosphate
BSO buthionine sulfoximine
Cag-A cytotoxin-associated gene A
Cat catalase
CIA collagen-induced arthritis
CNS central nervous system
CVD cardiovascular diseases
DDR DNA damage response
DMH 1,2-dimethylhydrazine
EAE experimental autoimmune encephalomyelitis
EGCG epigallocatechin gallate
ERAP endoplasmic reticulum aminopeptidase 1
HCC hepatocellular carcinoma
HFD high fat diet
HIF1 hypoxia inducible factor
IKK IκB kinase
IPM immune prognostic model
LFS Li-Fraumeni syndrome
LOH loss of heterozygosity
LPS lipopolysaccharides
M-CSF macrophage colony-stimulating factor
MHC major histocompatibility complex
MMP matrix metalloprotease
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NF-κB nuclear factor-κB
NRF2 nuclear factor erythroid 2-related factor 2
PAMPs pathogen-associated molecular patterns
PPAR peroxisome proliferator-activated receptors
PTEN phosphatase and tensin homolog
ROS Reactive oxygen species
SOCS1 suppressors of cytokine signaling 1
SOD superoxide dismutase
STAT3 signal transducer and activator of transcription 3
TAM tumor-associated macrophage
TAP1 transporter associated with Antigen Processing 1
TLR toll-like receptor
TNBS 2,4,6-trinitrobenzenesulfonic acid
UVB ultraviolet B radiation
WT wild type
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Abstract: Substantial epidemiological evidence indicates that a diet rich in polyphenols protects against
developing type 2 diabetes. The phenylethanoid glycoside verbascoside/acteoside, a widespread
polyphenolic plant compound, has several biological properties including strong antioxidant,
anti-inflammatory and neuroprotective activities. The aim of this research was to test the possible
effects of verbascoside on pancreatic β-cells, a target never tested before. Mouse and human β-cells
were incubated with verbascoside (0.8–16 μM) for up to five days and a combination of biochemical
and imaging techniques were used to assess the β-cell survival and function under normal or
endoplasmic reticulum (ER)-stress inducing conditions. We found a dose-dependent protective effect
of verbascoside against oxidative stress in clonal and human β-cells. Mechanistic studies revealed that
the polyphenol protects β-cells against ER-stress mediated dysfunctions, modulating the activation
of the protein kinase RNA-like endoplasmic reticulum kinase (PERK) branch of the unfolded protein
response and promoting mitochondrial dynamics. As a result, increased viability, mitochondrial
function and insulin content were detected in these cells. These studies provide the evidence that
verbascoside boosts the ability of β-cells to cope with ER-stress, an important contributor of β-cell
dysfunction and failure in diabetic conditions and support the therapeutic potential of verbascoside
in diabetes.

Keywords: verbascoside; polyphenols; insulin-producing cells; diabetes; UPR; oxidative stress;
ER-stress; PERK; anti-inflammatory; mitochondria

1. Introduction

Diabetes is a chronic disorder affecting hundreds of million people [1]. Different etiology
characterizes Type 1 (T1D) and Type 2 diabetes (T2D) both featuring lack of insulin [2]. Insulin regulates
plasma glucose concentration stimulating glucose uptake in muscle and fat cells and modulating liver
glucose metabolism. Nutrient availability, hormones, and neural inputs regulate pancreatic insulin
secretion and maintain blood glucose concentrations within a physiological range [3–5]. Therefore,
β-cell dysfunction leads to diabetes characterized by fasting hyperglycemia.

T2D is a progressive condition in which insulin resistance and β-cells misfunctions are linked
together and recent evidence rose interest in the critical primary role of β-cells to the hyperglycemic
status [6,7]. In non-diabetic obese subjects β-cells compensate insulin resistance with increased
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secretion of the hormone. However, in some subjects, as their conditions deteriorate, insulinemia drops
and glucose level climbs to hyperglycemia [8,9].

Glucose is the most important modulator ofβ-cell functions. Glucose stimulation affects regulation
of genes and expression of proteins involved in many cell functions such as glycolysis, insulin synthesis
and secretion [10]. Glucose-induced insulin secretion relies on oxidative metabolism to produce
adenosine triphosphate (ATP) and a low level of reactive oxygen species (ROS) is physiologically
produced. However, β-cells are not very well equipped with scavenger enzymes and this weakness
makes them very susceptible to oxidative stress [11,12]. As oxidative stress climbs β-cells insulin
production declines, and β-cells produce cytokines that ignite cell damage through inflammation and
apoptosis [13]. Interestingly, although the reduced β-cells mass has been previously attributed to cell
death, recent studies suggest a major role of cell dedifferentiation [14,15]. It has become clear that
several stages drive to T2D. Metabolic and oxidative insults cause endoplasmic reticulum (ER) stress
which leads to decline of insulin synthesis and secretion, inflammation processes follow the release
of cytokines and β-cells loss may occur through apoptosis and dedifferentiation. This knowledge
is fundamental in order to develop appropriate strategies of treatment, since oxidative stress and
inflammation can be counteracted, and the plasticity of pancreatic cells allows the possibility to revert
stem cells to β-cells as proved in mice [16].

Recently, the vulnerability of β-cells to oxidative stress has successfully prompted the use of
dietary antioxidants to prevent diabetes [17]. Among the most interesting antioxidant food, olive oil
is known for its beneficial properties since the ancient Greeks. Olive oil contains good amount
of mono-unsaturated fatty acids (MUFA) and several polyphenols such as tyrosol, hydroxytyrosol,
oleuropein, and verbascoside.

Verbascoside, also known as acteoside, is a phenylethanoid glycoside extracted from Olea europea,
plants of the Verbascum species, and 23 other plant families [18–20]. It can also be obtained from olive
oil by-products (it is enriched in olive-mill wastewater derived from olive fruit processing) or be
produced by metabolic engineering and synthetic biology approaches [21].

No data have been reported about verbascoside bioavailability in humans, yet. Studies conducted
on mice, SKBR3 and Caco-2 cells suggest that it may be feasible for non-metabolized verbascoside
to cross the intestinal barrier, circulate in blood plasma, and exert antioxidant effects [20,22,23].
Unlike most of plant polyphenols, verbascoside mainly acts on cells through the modulation of gene
transcription of a variety of enzymes and regulatory factors, with antioxidant and anti-inflammatory
effects [24–30].

Although many beneficial effects of verbascoside for human health are known, there are no data
about its effect on pancreatic β-cells. Since oxidative stress and inflammation are at the basis of T2D
pathogenesis, we investigated whether verbascoside treatment might improve β-cells viability and
function in ER-stress inducing conditions and we characterized the molecular mechanisms of its action.
Our data reveal that verbascoside prevents β-cells oxidative stress and inflammation modulating the
activation of the unfolded protein response and promoting mitochondrial dynamics, thus resulting in
increased β-cell viability and insulin content.

2. Materials and Methods

2.1. Cells Culture and Materials

Mouseβtc3 cells (kindly provided by Prof. Hanahan—Department of Biochemistry and Biophysics,
University of California, San Francisco, CA [31]) were cultured in RPMI 1640 medium (Euroclone S.p.A,
ECB900, Pero MI, Italy) supplemented with 10% (v/v) heat-inactivated fetal calf serum (Euroclone S.p.A,
ECS0180L, Pero MI, Italy), 1% (v/v) penicillin-streptomycin (EuroClone S.p.A., ECB3001D, Pero MI, Italy)
and 1% (v/v) L-glutamine (EuroClone S.p.A., ECB300D, Pero MI, Italy). Human islets of Langerhans
were isolated in Milan (Niguarda Ca’ Granda) from cadaveric multiorgan donors according to the
procedure described by Ricordi et al. [32]; they were cultured in RPMI culture medium containing
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5.5 mmol/L glucose, 10% heat-inactivated fetal bovine serum, 0.7 mM Glutamine, 50 units/mL penicillin
and 50 μg/mL streptomycin (EuroClone, S.p.A., Pero MI, Italy). Four different islets preparation
were used, islets purity was 80± 10%. Islet isolation and islet studies were approved by the Ethics
Committee of the Niguarda Ca’ Granda hospital in Milan (11.12.2009).

βtc3 cells were treated with 0.8, 1.6, and 16μM verbascoside (Carbosynth, OV08034, Compton, UK),
caffeic acid and hydroxytyrosol (kind gift of Prof. Dell’Agli, Department of Pharmacological and
Biomolecular Sciences, Università degli Studi di Milano, Milan, Italy) in complete RPMI medium for
5 days, while human islets with 16 μM verbascoside. Methanol/ethanol treated cells were used as
controls. In order to induce oxidative stress, cells were treated with H2O2 (Sigma Aldrich, H1009,
St. Louis MO, USA) 500 μM in complete RPMI medium for 20 min before analysis, while treatment
with tunicamycin 2 μg/mL (T7765, Sigma Aldrich) for 7 h was performed to induce ER stress.

2.2. Detection of Cell Viability by MTT Test

Cells were plated in 96 multi-well plates, and five days after verbascoside treatment they
were incubated with 0.5 mg/mL MTT (3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Sigma-Aldrich, M5655, St. Louis, MO, USA) for 4 h in humidified atmosphere containing 5% of CO2 at
37 ◦C. After incubation, cells were gently resuspended in 100 μL DMSO (Euro-Clone S.p.A., BK12611S,
Pero MI, Italy) and the absorbance at 540 nm was detected with a microplate reader (Benchmark,
microplate reader, Bio-Rad Laboratories, Hercules CA, USA) [33]. Experiments were performed in
triplicate and data were expressed as fold increase over control samples.

2.3. Detection of Cell Death by Flow Cytometry

Five days after incubation with 16 μM verbascoside, the β-cells were detached by 7 min incubation
with trypsin/EDTA, collected and centrifuged; the pellet was gently resuspended in phosphate buffer
saline low salts. Cells were stained with MuseTM count and viability reagent (Millipore, MCH100102,
Burlington MA, USA) following the manufacturer’s protocol and analyzed through flow cytometry.
Experiments were performed in triplicate and data were expressed as percentage of dead cells over
the total.

2.4. ROS Generation

Intracellular ROS were evaluated with DCFDA (2′,7′-dichlorofuorescein diacetate) (Sigma Aldrich,
D6883, St. Louis, MO, USA), a membrane permeable probe that becomes fluorescent when tied to
ROS [34]. βtc3 cells were pre-loaded with 15 μM DCFDA in Krebs–Ringer buffer (125 mM NaCl,
5 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM HEPES-NaOH pH 7.4 and 2 mM CaCl2)
supplemented with 11 mM glucose for 1 h at 37 ◦C. The ROS content was detected for 30 min both
in basal and stress conditions with a microplate reader (485/528 nm Ex/Em) (TECAN Infinite® F500,
Tecan Group Ltd. Männedorf, Switzerland). Mean values and standard deviations were based on three
independent experiments.

2.5. Western Blotting

βtc3 cells were collected and solubilized in RIPA buffer (150 mM NaCl, 50 mM Tris HCl pH 7.6,
1 mM EDTA, 1% TERGITOL™NP40, 0.5% deoxycholate) added with aprotinin (Sigma Aldrich, A4529,
St. Louis, MO, USA), PMSF (Sigma Aldrich, 10837091001, St. Louis, MO, USA) and Roche inhibitors
(Sigma Aldrich, 5892953001, St. Louis, MO, USA) for 40 min at 4 ◦C. Protein concentration was
determined by Bradford assay [35] by using Bradford Reagent (Sigma Aldrich, B6916, St. Louis, MO,
USA), 30μg of proteins were resolved by 10% SDS-PAGE and transferred onto nitrocellulose membranes
(Millipore, Burlington MA, USA). Primary antibodies were applied for 2 h in blocking buffer with 5%
non-fat milk or 5% BSA solutions; the following primary antibodies were used: mouse anti-β-actin
(Novus International Inc., NB600501, St. Louis, MO, USA), mouse anti-acrolein (Abcam, ab48501,
Cambridge, UK), mouse anti-BIP (kind gift of Prof. Borgese Nica, Institute of Neuroscience, CNR,
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Milan, Italy), rabbit anti-HNE (α-diagnostic International Inc., HNE11S, San Antonio, TX, USA), mouse
anti-HSP70 (Enzo Life Sciences Inc., C92F3A-5, Farmingdale, NY, USA), rabbit anti-phospho-IκBα
(Ser32) (Cell Signaling Technology Inc., 3033, Danvers, MA, USA), mouse anti-IκBα (Cell Signaling
Technology Inc., 4814, Danvers, MA, USA), rabbit anti-phospho-NFκB p65 (Ser 536) (Cell Signaling
Technology Inc., 3033, Danvers, MA, USA), rabbit anti-NFkB p65 (Cell Signaling Technology Inc.,
8242, Danvers MA, USA), sheep anti-SOD1 (Merck, KGaA, Darmstadt, Germania), rabbit anti-PERK
(Cell Signaling Technology Inc., 3192, Danvers, MA, USA), rabbit anti-eIF2α (Cell Signaling Technology
Inc., 5324, Danvers, MA, USA) and rabbit anti-P-eIF2α (Ser 51) (Cell Signaling Technology Inc., 3597,
Danvers, MA, USA). The secondary antibodies HRP-conjugated (Dako Agilent, Santa Clara, CA, USA)
were used at 1:5000 dilution. Proteins were detected by using the ECL detection system (Euro-Clone
S.p.A., Pero MI, Italy) by using Odyssey Fc Image system (LI-COR Biotechnology GmbH, Bad Homburg,
Germany) and band density was quantified by Image Studio™ Lite software (LI-COR Biosciences,
Lincoln, NE, USA) [36]. Experiments were performed in triplicate and data were expressed as fold
increase over control samples.

2.6. Mitochondrial Membrane Potential

βtc3 cells and human islets of Langerhans were incubated with 100 nM MitoSpy™ Orange
CMTMRos (BioLegend, 424803, Campoverde Srl, Milan, Italy) or 100 μM MitoSpy™ Green FM
(BioLegend, 424805, Campoverde Srl, Milan, Italy) for 30 min at 37 ◦C; fluorescence intensities were
detected with the microplate reader TECAN Infinite® F500 (551/576 nm Ex/Em for MitoSpy™ Orange
CMTMRos; 490/516 nm Ex/Em for MitoSpy™ Green) (TECAN Infinite® F500, Tecan Group Ltd.
Männedorf, Switzerland). Cells were incubated with 500 μM H2O2 for 20 min and fluorescence
intensity was detected as previously described. Mean values and standard deviations were based on
three different experiments.

2.7. Mitochondrial Morphology and Dynamics

βtc3 cells were pre-loaded with 100 nM MitoSpy™ Orange CMTMRos (BioLegend, 424803,
Campoverde Srl, Milan, Italy) in 11 mM glucose Krebs–Ringer buffer at 37 ◦C for 30 min. Samples were
positioned in an imaging chamber and random fields were imaged by using the rhodan filter of the
Axio Observer Z1 microscope (Zeiss, Oberkochen Germany). To evaluate mitochondrial morphology,
the following parameters were analyzed by using the ImageJ particle analyzer software: area (μm2),
circularity (4πArea2/Perimeter2) and Feret’s maximum diameter (μm) [37].

For time-lapse experiments, single-cell imaging was carried out at 1 frame per second for 30 s
under control or oxidative stress conditions. To measure the mitochondrial cumulative distance (μm2),
images were first corrected for photo bleaching, then videos were analyzed by using an existing
Image-Pro Plus Plug-in (object tracking) (Media Cybernetics, Rockville, MD, USA). Up to twelve
cells were imaged in three independent experiments and data were presented as mean values and
standard deviations.

2.8. Insulin Secretion

Human isolated islets of Langerhans were seeded in 96-well plate at a density of 20 islets per
well and, after 5 days of treatment, insulin content and secretion were measured in basal (3.3 mM
glucose) and stimulated (16.7 mM glucose) conditions by means of an ELISA immunoassay (Mercodia,
10-1113-01, Uppsala, Sweden).

2.9. Statistical Analyses

All statistical analyses were performed with GraphPad Prism 8.0 on independent biological
replicates. Means between two groups were evaluated by using the two-tailed Student’s t-test and a
p-value < 0.05 was taken as evidence of statistical significance. Means among three or more groups
were compared by analysis of variance (ANOVA), followed by multiple post-hoc (Tukey’s) comparison
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test. The statistical test used, exact P values and the number of replica (n) are indicated in the individual
figure legends. Error bars in the figures display the mean± S.D. or the mean± S.E., as indicated.

3. Results

3.1. Verbascoside Improves β-Cells Viability

Since there were no data on verbascoside effect on β-cells, we performed MTT test to evaluate cell
viability and as shown in Figure 1A, a positive dose-dependent trend was observed. Hence, for further
studies, we selected the 16 μM concentration that statistically was proven effective to enhance
β-cells viability.

Figure 1. Verbascoside improves β-cell viability. Mouse βtc3 cells were treated with 0.8, 1.6, and 16
μM verbascoside (VB) for 5 days and methanol treated cells were used as controls. (A) MTT test.
Data of three independent experiments (mean values ± SD) are expressed as fold change over control.
(One-way ANOVA, post-hoc Tukey’s test * p = 0.046 VB vs. Ctr). (B) Representative images of
flow cytometry experiments. βtc3 cells were trypsinized, labelled with MuseTM count and viability
reagent, and analyzed through flow cytometry. Plot organization. Lower panel: cellular debris;
upper panel: percentage of live (right part) and dead (left part) cells. (C) Quantification of β-cell death
by flow cytometry. Data (mean values ± SD) are expressed as percentage of dead cells over total cells;
experiments were performed in quadruplicate (two-way ANOVA, post-hoc Tukey’s test. ◦ p = 0.012,
◦◦◦ p < 0.0001 H2O2 vs. Basal; * p = 0.018 VB vs. Ctr).

By flow cytometry we studied the impact of five days incubation of verbascoside on β-cell survival
in basal conditions and after 20 min of pre-treatment with 500 μM H2O2. In the basal condition,
verbascoside did not affect cell survival, suggesting that the increased β-cell viability observed in the
MTT assay may be due to improved mitochondrial activity. Whereas, after H2O2 exposure, 16 μM
verbascoside pre-treatment significantly reduced oxidative stress-induced β-cell death (Figure 1B,C).

Verbascoside is a complex molecule that can be modified by hydrolyzing enzymes [18]. To test
whether verbascoside metabolites could be responsible for the observed protective effect, βtc3 cells
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were treated with hydroxytyrosol and caffeic acids (0.8 and 16 μM) for 5 days. Both metabolites
did not enhance cell viability, on the contrary a cytotoxic effect, more relevant after H2O2 exposure,
was detected for the 16 μM concentration (Figure S1). This finding proves that verbascoside and not
its metabolites exerts the protective effect to H2O2 treatment.

3.2. Verbascoside Modulates the Redox Homeostasis and Exerts an Anti-Inflammatory Effect in β-Cells

We first confirmed in βtc3 cells the anti-inflammatory and anti-oxidant effects of verbascoside
observed in other cell types [24,29,34]. The verbascoside ROS scavenging activity was evaluated with
βtc3 cells labelled with the ROS specific DCFDA (2′,7′-dichlorofuorescein diacetate) cellular permeable
probe. As shown in Figure 2A, a significant decrease of ROS content was detected after verbascoside
pre-treatment, both under basal and oxidative stress conditions.

Figure 2. Verbascoside modulates redox homeostasis and inflammation in βtc3 cells. (A) ROS content.
Intracellular ROS were monitored by DCFDA and quantified by fluorimetry (485/528 nm Ex/Em) under
basal and oxidative stress (H2O2 500 μM for 30 min) conditions. Data are expressed as mean ± SD of
three independent experiments. (Two-way ANOVA, post-hoc Tukey’s test. ◦◦◦ p < 0.0001 H2O2 vs.
Basal; ** p = 0.0055 VB vs. Ctr). (B) Western blotting analysis of HNE, acrolein and SOD1 in cells treated
with 16 μM verbascoside (VB) for 5 days (30 μg protein/sample). On the left, the molecular-weight size
markers in kDa are reported. (C) Quantitative analysis of protein expression shows upregulation of
SOD1 and reduction of HNE and acrolein in cells treated with 16 μM verbascoside. Data (mean values
± SD) are expressed as fold change over control (dashed line). (n = 6–9 independent experiments).
(Student’s t-test * p < 0.05, ** p < 0.01 VB vs. Ctr). (D) Western blotting analysis of NFκB pathways
selected proteins in cells treated with 16 μM verbascoside (VB) for 5 days (30 μg protein/sample). On the
right, the molecular-weight size markers in kDa are reported. (E) Quantitative analysis of protein
expression shows that verbascoside treatment downregulates the activation of the NFκB pathway.
Data (mean values ± SD) are expressed as fold change over control (dashed line). (n = 3 independent
experiments performed in triplicate), (Student’s t-test * p < 0.05, ** p < 0.01 VB vs. Ctr).
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Western blot analyses revealed a significant decrease of oxidative stress markers acrolein and
4-hydroxynonenal (HNE) expression in verbascoside-treated cells. In addition, we found an increase of
superoxide dismutase (SOD1) expression, suggesting that verbascoside exerts its antioxidant activity
probably with two different mechanisms, directly as a ROS scavenger and indirectly by inducing the
expression of antioxidant enzymes (Figure 2B,C).

The anti-inflammatory effect of verbascoside on β-cells was assessed by evaluating the activation
of the NFκB pathway, the most important pro-inflammatory pathway in these cells [38]. By western
blot analysis we found a reduced expression of inhibitor of nuclear factor kappa B (IκBα) and nuclear
factor kappa-light-chain-enhancer (NFκB), and a significant decrease of NFκB phosphorylation in
pre-treated cells, backing the hypothesis of the verbascoside effectiveness to reduce cellular inflammation
(Figure 2D,E).

3.3. Verbascoside Modulates the Unfolded Protein Response of β-Cells

We then analyzed in depth the molecular mechanism by which verbascoside exerts antioxidant
and anti-inflammatory roles, focusing on the endoplasmic reticulum which is emerging as a key
sensor of metabolic and stress signals in β-cells. Under stress conditions, the organelle mounts a
homeostatic response, known as the unfolded protein response (UPR), aimed at recovering the ER
function; however, the excessive activation of this pathway results in apoptosis [39,40].

Markers of increased ER stress are the upregulation of chaperones proteins and activation of
the UPR response. Western blotting analysis of cells treated with verbascoside revealed decreased
levels of the two chaperonins heat shock protein 70 (HSP70) and binding immunoglobulin protein
(BIP) (Figure 3A,B). Furthermore, a significant reduction of protein kinase RNA-like ER kinase (PERK)
expression and decreased phosphorylation of its downstream effector, the eukaryotic translation
initiation factor 2 (eIF2α), were detected.

Figure 3. Verbascoside reduces ER stress. (A) Western blot analysis of ER stress markers in cells treated
with 16 μM verbascoside (VB) for 5 days (30 μg protein/sample). On the right, the molecular-weight
size markers in kDa are reported. (B) The quantitative analysis shows that verbascoside treatment
reduces the expression of HSP70, BIP and PERK proteins. Data (mean values ± SD) are expressed as
fold change over control (dashed line). (n = 3–5 independent experiments performed in triplicate)
(Student’s t-test * p < 0.05 vs. Ctr). (C) Mouse βtc3 cells were incubated with 16 μM verbascoside (VB)
for 5 days and ER stress was induced by 2 μg/mL tunicamycin treatment for 7 h. MTT test reveals
a protective role of verbascoside against the tunicamycin-induced ER stress. Data are expressed as
mean ± SD of three independent experiments (two-way ANOVA, post-hoc Tukey’s test. ◦◦◦ p < 0.0001
tunicamycin vs. Basal; * p = 0.024 VB vs. Ctr; *** p = 0.0001).

Taken together, these data suggest that verbascoside protects β-cell from dysfunctions associated
with ER-stress and acts by modulating the PERK branch of the UPR, a pathway deregulated in
diabetes [41]. To confirm this hypothesis, the cells were treated with tunicamycin, an inhibitor
of N-linked glycosylation and a potent ER-stress inducer (Figure 3C). As expected, a seven-hour
incubation with 2 μg/mL tunicamycin increased the activation of the PERK pathway (Figure S2) and
significantly reduced β-cell viability (Figure 3B). Interestingly, verbascoside pre-treatment (16 μM for
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72 h) downregulated the expression of P-eIF2α and partially reverted the action of tunicamycin on
β-cell viability.

Taken together these data strongly support a role of verbascoside in protecting β-cells by
attenuation of ER-stress response.

3.4. Verbascoside Modulates β-Cells Mitochondrial Activity and Dynamics

MTT viability assays suggest a possible impact of verbascoside directly on mitochondria which
ensure the coupling of insulin secretion to the nutritional state and the cell survival in this cell
type. Shape and membrane potential are markers of the mitochondrial health [42]. We first evaluated
mitochondrial membrane potential by labelling the cells with MitoSpy™Orange CMTMRos, a permeable
dye whose concentration depends on the inner mitochondrial membrane potential, while MitoSpy™
Green FM was used to normalize data to the mitochondrial mass (Figure 4A,B). Membrane potential
of mitochondria in verbascoside-treated cells was increased compared to control in both basal and
stress conditions. Interestingly, verbascoside metabolites exerted different effects. Caffeic acid did not
improve the mitochondrial potential, whereas hydroxytyrosol caused a dose-dependent impairment of
mitochondrial function, in agreement with data on cell viability, such an effect was more evident after
H2O2 exposure (Figure S3).

Figure 4. Verbascoside modulates mitochondrial activity, morphology and dynamics. Mouse βtc3
cells were treated with 16 μM verbascoside (VB) for 5 days and then loaded with 100 nM MitoSpy™
Orange CMTMRos. (A) Representative images of mitochondria in pseudocolors are shown (blue
low intensity, red high intensity). Bar: 5 μm. (B) Quantitative analysis of mitochondrial membrane
potential measured by fluorimetry (551/576 nm Ex/Em). Data (mean ± SD) were normalized to
mitochondrial mass and expressed as fold change over control (n = 4 independent experiments).
(Two-way ANOVA post-hoc Tukey’s test ◦◦◦ p < 0.0001 H2O2 vs. Basal; ** p = 0.002, ***p = 0.0002
VB vs. Ctr). (C) Representative epifluorescence images of mitochondria are shown. Bar: 5 μm.
(D) Quantitative analysis of mitochondrial Feret’s maximum diameter (μm); bars illustrate the average
responses ± SEM (n = 10-15 cells in three independent experiments). (Two-way ANOVA, post-hoc
Tukey’s test. ◦ p = 0.02 H2O2 vs. Basal; * p = 0.02 VB vs. Ctr). (E) Video tracking of mitochondrial
movements during the 30 s record. Bar: 5 μm. (F) Quantitative analyses of mitochondria movements.
Bars illustrate the average response (cumulative distance) ± SEM of three independent experiments.
(Two-way ANOVA, post-hoc Tukey’s test. * p = 0.02 VB vs. Ctr).
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Since function is strictly related to morphology, we measured the Feret’s diameter, area,
and circularity of the mitochondria. Acute oxidative stress promotes an extensive mitochondrial fission,
thus resulting in smaller, circular mitochondria [42]. Under H2O2 stress condition, mitochondria
of verbascoside-treated cells were more elongated and showed increased surface than control ones
(Figure 4C,D and Figure S4). Mitochondrial circularity was lower in verbascoside-treated cells than in
controls and differences were more evident in H2O2 treated cells (Figure S3), again confirming the
protective role of the polyphenol.

The ability of these organelles to modify their shape in response to nutritional states or stressful
conditions is under the control of fusion and fission events and requires mitochondrial motility [39].
Tracking of mitochondria movements led us to calculate the cumulative distance travelled and the
analysis revealed a significant increase of mitochondria dynamics in the verbascoside treated cells
when compared to control, already in basal conditions (Figure 4E,F and Videos S1–S4). The effect
was more pronounced after H2O2 treatment, indeed verbascoside pre-treatment almost completely
reverted the impact of oxidative stress on mitochondrial dynamics.

Taken together these data strongly support a key role of verbascoside in ensuring mitochondria
dynamics which is crucial to promote the rapid adaptation of this organelle to stress conditions.

3.5. Verbascoside Impact on Human of Langerhans Survival and Function

Considering the translational potential of verbascoside application in human health, we verified
its impact on human isolated islets of Langerhans, a more relevant model for physiopathological and
pharmacological studies on β-cells. Isolated islets were treated with 16 μM verbascoside for 5 days
and the mitochondrial membrane potential was evaluated. As reported in Figure 5A, while organelle
potential was compromised in control human islets after H2O2 exposure, the inner membrane potential
of mitochondria in verbascoside pre-treated islets did not decrease significantly, supporting the
hypothesis of a protective role of verbascoside against ROS-induced β-cell dysfunction. Analysis of
ER-stress markers expression showed an important reduction of P-eIF2α fraction in the two distinct islet
preparations maintained in 16 μM verbascoside, confirming the downregulation of this pathway also
in human samples (Figure 5D). The beneficial effects of the polyphenol treatment were corroborated
by the increased insulin content observed in verbascoside-treated islets when compared to controls
(Figure 5B). Data dispersion in our experiments did not allow to demonstrate any significant difference
of glucose-stimulated insulin secretion (GSIS) in verbascoside-treated islets, although a positive trend
seems apparent under both basal and stress conditions (Figure 5C).
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Figure 5. Verbascoside improves human islets of Langerhans function. Islets were incubated with
or without 16 μM verbascoside for 5 days. (A) Mitochondrial membrane potential. Human islets
were loaded with 100 nM MitoSpy™ Orange CMTMRos and 100 μM MitoSpy™ Green FM and the
mitochondrial membrane potential and mass were measured by fluorimetry (551/576 nm Ex/Em and
490/516 nm Ex/Em, respectively). The bar graph illustrates the average responses ± SD, data were
normalized to the mitochondrial mass (Two-way ANOVA, post-hoc Tukey’s test, ◦◦ p = 0.0013 H2O2

vs. Basal). (B) The insulin content was evaluated by ELISA assay. Data (mean ± SD) are expressed as
mU insulin/g protein (n = 5 independent experiments; Student’s t-test, * p < 0.05 VB vs. Ctr). (C) The
insulin release in basal (3.3 mM glucose) and stimulated (16.7 mM glucose) conditions were measured
by ELISA assay and data (mean ± SD; n = 3 independent experiments) are expressed as stimulation
index (stimulated/basal insulin release). (D) Western blot analysis of ER stress markers in islets treated
with 16 μM verbascoside (VB) for 5 days (15 μg protein/sample). On the right, the molecular-weight
size markers in kDa are reported. (E) The quantitative analysis shows a trend toward decrease of
P-eIF2α expression and P-eIF2α/eIF2α ratio. Data (mean values ± SD) are expressed as fold change
over control (dashed line). (n = 2 different islets isolation, performed in duplicate).

4. Discussion

Oxidative stress and inflammation are the basis of β-cell dysfunction occurring during T2D [43,44]
as such, functional food, nutraceuticals, and phytochemicals have been investigated as tools to prevent
type 2 diabetes [45]. In this work, we focused on verbascoside, that is known to exert anti-inflammatory
and anti-oxidant activities in neurons [18]. Despite the high structural complexity, verbascoside and
isoverbascoside have been found in blood plasma of rats fed with Lippia citriodora extract together with
some metabolites [20]. In addition, cell accumulation of verbascoside and isoverbascoside has been
detected in a breast cancer cell line SKBR3 [23] and studies conducted on Caco-2 cells demonstrate that
moderate amounts of verbascoside and isoverbascoside remain intact and bioaccessible after in vitro
digestive process. Furthermore, Caco-2 can uptake both molecules through a rapid and linear transport
in 10 to 100 μM range [22]. No data have been reported about verbascoside bioavailability in humans,
and yet the above-mentioned studies suggest that it may be feasible for non-metabolized verbascoside
to cross intestinal barrier, circulate in blood plasma, and exert antioxidant effects on endocrine β-cells
of the pancreas.

We found a dose-dependent (0.8–16 μM) protective role of verbascoside on clonal and human
β-cells, both under basal and stress conditions. This effect is due to verbascoside itself and not to its
metabolites caffeic acid and hydroxytyrosol, which actually appear cytotoxic at the 16 μM concentration.
The concentrations proven active in our experiments are in line with those described in animals fed
with verbascoside [20].
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Though we do not know whether verbascoside acts extracellularly by binding to a membrane
receptor or is internalized by endocytosis and works intracellularly, our data confirm that verbascoside
has antioxidant and anti-inflammatory properties, and protects β-cells against ER-stress associated
dysfunctions by reducing the UPR and promoting mitochondrial dynamics.

Indeed, we detected a significant decrease of ROS content in verbascoside treated cells which
is further confirmed by the reduction of lipid peroxidation measured through HNE and acrolein
expressions. Unlike most of plant polyphenols, verbascoside ROS scavenging activity mainly follows
indirect (via upregulation of ROS removing enzymes) rather than direct pathways. In fact, it increases
the gene transcription of some antioxidant enzymes through the activation of Nrf2 (NF-E2-related
factor 2) pathway and via AhR (aryl hydrocarbon receptor)-dependent mechanism [24,29]. As such,
we found increased expression of SOD1 in verbascoside treated cells.

ROS homeostasis is extremely relevant in β-cells pathology. Due to the shortage of antioxidant
enzymes, elevated production of ROS cannot be neutralized and ER stress promoting protein misfolding
is induced. ER stress leads to a reduction of insulin transcription and translation through the
activation of the UPR [44,46]. This pathway has the main purpose of recovering the ER function
through the reprogramming of gene expression, however when overstimulated, it triggers apoptosis.
Our data suggest that an important action of verbascoside is to mitigate the UPR, allowing the
modifications necessary to repair ER dysfunction, without causing apoptosis. According to this
possibility, the expression of BIP, HSP70 and PERK proteins was decreased in verbascoside treated
β-cells, and the activation of PERK pathway was attenuated in response to tunicamycin-induced ER
stress. A similar action was reported for tyrosol in the insulinoma NIT-1 cell line [47].

Particularly interesting is the ability of verbascoside to modulate the activation of the PERK branch
of the UPR. In β-cells this pathway is required to maintain the basal secretory homeostasis and β-cell
survival, and it is severely deregulated in diabetes [41,48]. Even more intriguing, common variants at
PERK contribute to the risk of prediabetes and recessive mutations in the EIF2AK3 gene (encoding
PERK) underlie susceptibility to the Wolcott–Rallison syndrome characterized by permanent neonatal
insulin dependent diabetes [49,50].

Downregulation of the IκBα-NFκB inflammatory pathway was also detected in our system in the
presence of verbascoside. NFκB represents the main inflammatory pathway in β-cells and its sustained
activation initiates a cascade of events culminating in β-cell death. In stressed β-cells, the reduction
of NFκB expression protects pancreatic β-cells from diabetogenic agents [27,51], further supporting
the verbascoside application in diabetes prevention. Interestingly, PERK signaling activates the
transcription factors NFR2 (implicated in the redox homeostasis) and NFκB, thus explaining the
anti-oxidant and anti-inflammatory effects of verbascoside [40,52].

Our data also reveal an important role of verbascoside on mitochondrial activity and dynamics.
Marker of mitochondrial operational quality is their dynamic, a process characterized by coordinated
cycles of fusion and fission events that regulates mitochondrial number, distribution, morphology and
their membrane potential [39]. In line with this possibility, verbascoside improves βtc3 mitochondrial
membrane potential both under basal and stress conditions. Again, the effect is due to verbascoside
and not to its metabolites, as caffeic acid does not improve mitochondrial function and hydroxytyrosol
significantly decreases the organelle potential. Increased mitochondrial dynamics and changes in their
morphology were observed by tracking mitochondrial movements, thus suggesting that verbascoside
promotes a mito-morphosis program. Reshaping of the cellular mitochondrial network affects the
assembly of the respiratory chain super-complexes, thus altering not only the cell metabolism but also
its redox state and enabling cells to better counteract oxidative stress and inflammation [5,37,39].

Although the molecular mechanism is still unknown, we can hypothesize that verbascoside,
as other polyphenols, protects mitochondrial DNA by reducing ROS concentration [53] and prevents the
opening of mitochondrial permeability transition pore [54], ensuring the physiological mitochondrial
activity. Another intriguing possibility is that modification of mitochondria dynamics and activity is
again mediated by the action of verbascoside on the UPR. Indeed, a recent research in the mitochondrial
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field indicates that sites of ER-mitochondria interaction play a key role in the control of mitochondrial
dynamics and activity in response to oxidative stress and PERK is involved in the phenomenon [55].

Most in vitro studies with polyphenols were performed in cell lines, often of tumoral origin,
which differ from original cells in terms of metabolism and ROS production. We here provide evidence
that verbascoside exerts a protective effect also on human isolated islets of Langerhans, the final target of
intervention in diabetes. Interestingly, the polyphenol mitigates the PERK signaling activation already
under basal conditions, thus increasing the insulin content and preventing oxidative stress-mediated
mitochondrial dysfunctions. It remains to be elucidated whether the polyphenol effect on insulin
content reflects the compound ability to prevent β-cell death, to mitigate ER stress or to directly
control the insulin gene expression, as shown for other polyphenolic compounds [56]. These data
are particularly relevant considering the possible use of verbascoside as a complementary therapy in
diabetes treatment.

5. Conclusions

The in vitro studies reported here on clonal and human β-cells, indicate that verbascoside exerts
protective effects against ER-stress associated dysfunctions, mitigating the activation of the PERK
branch of the UPR and improving mitochondria dynamics. As disruption of ER homeostasis triggers
β-cells damage and diabetes, these data provide a rationale for the possible use of verbascoside
as nutraceutical in disease prevention and treatment. Yet, many issues need to be resolved for an
effective clinical application of verbascoside. Despite the wealth of laboratory studies, reliable clinical
studies confirming the health effects of verbascoside in vivo are limited. Furthermore, increasing its
stability and bioavailability is mandatory for the future application of this compound in human health.
From this point, verbascoside is an interesting molecule because its scaffold has different reactive
sites that can be modified by combinatory chemistry. We expect that the information resulting from
these studies will open avenues for therapeutic modulation of oxidative stress and inflammation in
pathological condition by using natural compounds.
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Abstract: The disease-preventive and medicinal properties of plant polyphenolic compounds have
long been known. As active ingredients, they are used to prevent and treat many noncommunicable
diseases. In recent decades, marine macroalgae have attracted the attention of biotechnologists and
pharmacologists as a promising and almost inexhaustible source of polyphenols. This heterogeneous
group of compounds contains many biopolymers with unique structure and biological properties that
exhibit high anti-infective activity. In the present review, the authors focus on the antiviral potential
of polyphenolic compounds (phlorotannins) from marine algae and consider the mechanisms of their
action as well as other biological properties of these compounds that have effects on the progress
and outcome of viral infections. Effective nutraceuticals, to be potentially developed on the basis
of algal polyphenols, can also be used in the complex therapy of viral diseases. It is necessary to
extend in vivo studies on laboratory animals, which subsequently will allow proceeding to clinical
tests. Polyphenolic compounds have a great potential as active ingredients to be used for the creation
of new antiviral pharmaceutical substances.

Keywords: polyphenols; flavonoids; antioxidants; marine algae; anti-viral activity; mechanism
of action

1. Introduction

The high virulence of new and recurring viruses and the lack of effective treatments
for the diseases caused by them pose a serious challenge to public health systems. The
development of highly effective broad-spectrum antiviral drugs with low toxicity and low
cost has been one of the major issues in virology and pharmaceutics for many years. In
the period of the ongoing COVID-19 pandemic, it has acquired particular relevance and
importance and is aimed at creating agents that inhibit the entry and replication of the
virus while modulating the body’s defence systems.

The virus reproduction process includes three phases [1]. The first one is adsorption
and entry of the virus into the cell, the release of its internal structural components, and
modification into a state in which it can cause an infectious process. The attachment of
the virus to macroorganism host cells is a specific interaction between the surface proteins
of the virus and the receptors located on the surface of host cells. The second phase of
reproduction is regulated by complex processes with the expression of the viral genome.
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Finally, the third stage of reproduction is the release of viral offspring out of the host cell
by budding or lysis.

Currently, medicine has a large range of antiviral agents that can have an effect on each
of these stages [2]. At the same time, a rapid increase in their number is observed annually
due to compounds isolated from terrestrial plants. The possibility of using synthetic
and herbal preparations for the treatment of viral diseases is determined by a number of
properties, such as a therapeutic effect, the absence or minimum of side reactions, and
low toxicity.

Synthetic antiviral drugs act faster and provide, as a rule, the maximum therapeutic
effect. However, their disadvantage is a large number of contraindications and side
reactions, as well as addiction and the absence of the desired effect in the future. Herbal
antiviral drugs have a wide spectrum of action (apart from the antiviral effect, they have
anti-inflammatory, antioxidant and immunomodulatory effects), are less toxic or non-toxic
in working doses, and have minimal side effects. It is possible that herbal medicine may
have potential as a prophylactic agent and even a therapeutic agent for patients with
viral infection.

Despite certain advances in chemotherapy of viral diseases, clinical practice faces
serious problems such as the emergence of drug-resistant variants of viruses and side
effects of antiviral medicines. This circumstance dictates the need to develop new antiviral
drugs with different mechanisms of action [3,4].

Studies on compounds with antiviral properties derived from terrestrial and marine
plants have shown that, due to their diverse mechanisms of action (antiviral, immunostim-
ulatory, anti-inflammatory and antioxidant), viruses, as a rule, do not acquire resistance to
these compounds. Therefore, aquatic organisms producing substances that are sometimes
not found in terrestrial plants and have extremely high polyvalent biological activity have
attracted the special attention of researchers [5].

The world’s experience in using marine-derived pharmaceuticals shows the enormous
potential of marine organisms as raw materials for the creation of original pharmaceu-
tical substances and medicines [6]. Algae, sponges, bacteria, fungi, invertebrates, soft
corals, fish, etc. can be sources of new antiviral pharmacological compounds of marine
origin [7–9]. A number of compounds from these organisms are commercially available on
the pharmaceutical market worldwide as an alternative to antiviral drugs [10].

The purpose of this review is to summarise the literature data on the antiviral potential
of polyphenolic compounds of seaweed, to highlight the mechanisms of their action and
to characterise the other biological properties of these compounds that affect the course
and outcome of viral infections. The authors draw the attention of researchers to the fact
that algae are an extremely promising source of antiviral compounds, and research in this
direction should be continued.

2. General Characteristics of the Polyphenolic Compounds of Seaweed

Marine macroalgae are a unique raw material for obtaining a wide range of natural
compounds with interesting and useful biological properties. Their composition is charac-
terised by a rich content of mineral and organic substances. For thousands of years, these
hydrobionts have been actively used by humans and animals for food and have served as
a valuable source of proteins, fats, carbohydrates, dietary fibre, minerals, etc.

Regular consumption of seaweed can reduce the risk of various pathologies, includ-
ing cancer, metabolic and degenerative disorders, infectious diseases and cardiovascular
diseases. The highest antiviral activity, as shown by numerous experimental studies, is
possessed by polyphenolic compounds and sulphated polysaccharides. The content of
biologically active substances in seaweed varies depending on the season and region of
collection and is largely determined by the type of algae. According to the presence of
specific pigments, macroalgae are divided into three main groups: brown (Phaeophyceae),
green (Chlorophyta) and red (Rhodophyta) seaweed.
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Polyphenols (PPs)—highly hydrophilic secondary metabolites of seaweed—are one of
the most numerous groups of substances in the plant kingdom. Macro- and microalgae, as
well as cyanobacteria accumulate PPs, in particular, phloroglucinol and its polymers, i.e.,
phlorotannins [11]. Bromophenols, phenolic acids and flavonoids account for the largest
proportion of phenolic compounds found in red and green seaweed [12]. Phlorotannins
(PTs) are a heterogeneous group of unique polyphenolic compounds differing in structure
and degree of polymerisation and are found only in brown seaweed (up to 25% of dry
weight) [13,14]. The largest amount of PTs accumulates in fucus brown seaweed [15–18].
PTs consist of monomeric units of phloroglucinol (1,3,5-hydroxybenzene), from which
more than 700 natural variations of these compounds have been obtained and used in
various fields [19] (Figure 1).

 

Figure 1. Classification of polyphenols and six main subclasses of seaweed phlorotannins.

Unlike the tannins of terrestrial plants, PTs have a wider range of molecular weights,
from 126 Da to 650 kDa (more often from 10 to 100 kDa). The characterisation of PPs is diffi-
cult due to heterogeneity both in molecular weight and in the level of isomerisation [20,21].
There is still little information about endogenous digestion and microbial catabolism of
these compounds [22]. It is known that about 90–95% of dietary PPs reach the intestine
unchanged [23], where, as a result of metabolism and biotransformation, low molecular
weight compounds with less chemical heterogeneity are formed than in the original [24].

Some PTs in seaweed can be sulphated or halogenated [25]. The biosynthesis of PTs is
carried out through the acetate-malonate pathway in the Golgi apparatus in the perinuclear
region of the cell. They are usually not secreted, and cell destruction is necessary to obtain
them. In terms of structure and polymeric properties, PTs represent an extensive group
of molecules that differ in the nature of the bonds between phloroglucinol and hydroxyl
groups (Figure 1). Depending on the type of bond between the monomers, phlorotannins
are divided into four subclasses: phlorethols and fuhalols, fucols, fucophlorethols, and
eckols and carmalol [26,27]. These compounds exist mainly in a soluble form or in a bound
state with components of the cell wall, which ensure its integrity as well as protection from
herbivores and oxidative stress.
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Terrestrial plants produce tannins that are composed of only three or four phenolic
rings, while seaweed PTs are composed of eight phenolic rings. PTs have very strong antiox-
idant properties as phenolic rings act as electron traps for free radicals [12]. A positive cor-
relation has been noted between the antioxidant activity of PTs and the number of hydroxyl
groups present in the structure of the compound [28]. PTs inhibit α-glucosidase, which is
responsible for the stepwise removal of terminal glucose residues from the N-glycan chains
associated with glycoprotein maturation. Most glycoproteins of the viral environment
contain N-linked glycans, and α-glucosidase inhibitors have been proposed as useful
broad-spectrum antiviral agents based on their activity against enveloped viruses [29]. The
anti-inflammatory [30], antiallergic [31], antiviral [32] and antitumor [33] properties, as
well as antidiabetic and radioprotective effects [34] of these biologically active compounds
have been demonstrated.

Methods for obtaining PTs, their identification and establishment of the structure
are described in sufficient detail in numerous works [13,14,35]. The main difficulty in the
extraction of PPs arises from their presence in the form of complex polymer mixtures, for
example, with polysaccharides, which, along with proteins, are the main covalently bound
component of the algal cell wall [36].

3. Interaction of Seaweed Polyphenols with Enveloped and Nonenveloped Viruses

Resistance of viruses to adverse environmental factors is determined by their structure.
There are viruses with simple and complex structure. Simple, or nonenveloped, viruses
are composed of a nucleic acid and protein envelope (capsid). Complex, or enveloped,
viruses are surrounded by a lipoprotein envelope (supercapsid) over the capsid, which
makes them more vulnerable to adverse environmental factors [5,6,23].

Enveloped and nonenveloped viruses also differ in resistance to chemicals, includ-
ing disinfectants. Thus, the lipoprotein-enveloped influenza, parainfluenza viruses and
coronaviruses are low-resistant pathogens; adenoviruses are more resistant; and the nonen-
veloped rhinovirus is one of the very resistant pathogens such as poliovirus and hepatitis
A virus [37].

A. Interaction of Polyphenols of Seaweed with Enveloped Viruses

In recent years, intensive studies of the antiviral activity of polyphenolic compounds
from terrestrial plants, as well as from various marine aquatic organisms, including
macroalgae, have been carried out [38–41]. Mainly enveloped viruses are reported as
sensitive to PPs. Figure 2 shows the targets of the enveloped virus that can be affected by
plant polyphenols.

Tannins are known as powerful protein inactivators, including viral ones. M. Wink [38,39]
showed that plant tannins form several hydrogen and ionic bonds when interacting with a
virus protein, which act on the three-dimensional structure of the protein, suppressing its
activity. As land plant tannins and algal tannins are similar in structure, the mechanisms of
their interaction with enveloped viruses are probably similar. Polyphenols bind to viral
envelope proteins, preventing the pathogen from interacting with the host cell.

Coronaviruses are enveloped viruses. To date, 39 known species of enveloped viruses
are known, with each species comprising dozens and hundreds of strains. In addition
to the nucleic acid and the associated structurally protective protein (in coronaviruses, it
is the N protein), they also have a membrane envelope. The life cycle of coronaviruses
provides many potential targets for antiviral intervention. Approaches to the development
of anti-coronavirus drugs include exposure to the virus during the steps of penetration and
entry of a viral particle into a cell, replication of viral nucleic acid, release of virion from a
cell and effects on the cellular targets of the host.

One of the members of coronaviruses is the porcine epidemic diarrhoea virus (PEDL).
First recorded in the United States in 2013, it has caused major economic damage in many
countries due to the significant mortality of newborn piglets. The PEDL infects the cells
lining the pig’s small intestine, causing severe epidemic diarrhoea and dehydration [40,41].
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Figure 2. Targets of the enveloped virus for polyphenols of marine and terrestrial plants.

The causative agent was investigated using electron and immunoelectron microscopy.
It was shown to differ from the coronaviruses known by that time: the porcine transmissi-
ble gastroenteritis (TGS) virus and porcine hemagglutinating encephalomyelitis. Kwon
et al. [42] found an antiviral effect of ethanol extract and five phlorotannins obtained from
the brown alga Ecklonia cava against the PEDL. The extracted compounds were identified
as phloroglucinol (1), eckol (2), 7-phloreckol (3), phlorofucofuroeckol (4) and dieckol (5).
Compounds (4) and (5) were present in the ethanol extract from seaweed in sufficiently
large amounts [29].

To assess the antiviral activity of the compounds in vitro, two strategies were used:
blocking the virus’ binding to cells (obtaining the effect of treatment simultaneously with
the infection) and inhibiting the virus’ replication (obtaining the effect of treatment after
the infection). The use of the former experimental scheme made it possible to establish
that compounds (2–5) have an antiviral activity against the PEDL with the 50% inhibitory
concentration (IC50) in the range from 10.8 ± 1.4 to 22.5 ± 2.2 μM. Compounds (2–5)
completely blocked the binding of virus protein to sialic acid at concentrations lower
than 36.6 μM by inhibiting hemagglutination. The results of the use of the latter exper-
imental design showed that these compounds also blocked the virus’ replication with
IC50 values of 12.2 ± 2.8 and 14.6 ± 1.3 μM, respectively, by inhibiting the synthesis of
RNA and virus protein, but did not suppress the viral protease [28,30,31]. Regarding the
cytotoxicity of the extract, the CC50 was 533.6 μg/mL and ranged from 374.4 to 579 μM
for compounds (4) and (5). The experiments were carried out using the lowest toxic (>90%
cell viability) concentrations of the extract [30,31].

The PT activity was distributed as follows: dieckol (16.6 ± 3.0 μM) > 7 phlorofuco-
furoeckol (18.6 ± 2.3 μM) > eckol (22.5 ± 2.3 μM). Phloroglucinol was inactive. PT activity
was distributed as follows: dieckol (16.6 ± 3.0 μM) > 7 phlorofucofuroeckol (18.6 ± 2.3 μM)
> eckol (22.5 ± 2.3 μM). Phloroglucinol was inactive. PT activity was influenced by the
number of hydroxyl groups. Thus, oligomerisation and the existence of the cyclopentane
ring may be important for the manifestation of antiviral activity. The authors recommend
phlorofucofuroeckol and dieckol from the brown seaweed E. cava as potential agents that
act on the most important targets of PEDV.
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B. Interaction of PTs of Algae with Nonenveloped Viruses

However, enveloped viruses are not only sensitive to the action of plant phenolic
compounds, in particular tannins. Ueda et al. [43] found, for example, that persimmon
extracts containing about 22% tannin reduced the infectivity of nonenveloped viruses
(poliovirus, Coxsackie virus, adenovirus, rotavirus, feline calcivirus and mouse norovirus)
by more than 4 log. The authors believe that the main mechanism of the antiviral action
of the extract is associated with the aggregation of viral proteins, as evidenced by the
competitive suppression of the antiviral effect by BSA. Algal phlorotannins also have an
inhibitory effect on nonenveloped viruses. Such results are noted for human papillomavirus
(HPV). As an example, we consider HPV, a small, nonenveloped virus possessing a capsid
with cubic symmetry and containing two proteins, L1 and L2. The former is the main capsid
protein that makes up more than 80% of the capsid material, forming blocks (capsomeres)
from which the capsid is built. Anti-L1 antibodies exhibit virus-neutralising activity. L2
is a minor protein involved in the capsid stabilisation and linking with the genome [44].
The genital infection caused by the human papillomavirus (HPV) is the most common
sexually transmitted disease. Most cases of cervical cancer are associated with this infection.
Therefore, there is considerable interest in new effective non-reactogenic drugs for the
treatment and prevention of this disease.

Kim and Kwak [44] investigated the effect of PT from the brown alga E. bicyclis on
HPV. It was found that the seaweed EtOH extract exhibited antiviral activity against HPV
16PVs and HPV 18PVs. Then, the extract was sequentially separated with CH2Cl2, EtOAc
and n-BuOH. The most active EtOAc fraction was used for chromatographic separation
and resulted in the isolation of eckol, 8,8′-bieckolm 6,6′-bieckol and phlorofucofuroeckol A-
Antiviral activity was assessed in 293T cell culture using bioluminescence. All compounds
showed a decrease in the viral load of both viruses at a concentration of 50 μg/mL.

Noroviruses, a nonenveloped type of enterovirus, are considered the leading cause of
epidemics of diseases accompanied by vomiting, diarrhoea, mild fever, abdominal cramps
and nausea [45,46]. Norovirus is characterised by a long isolation period, low infectious
dose, high resistance, considerable diversity and frequent genome mutations. The virus
is transmitted through contaminated water or food and is spread by the faecal–oral route
following contact with infected materials. The virus has a single-stranded positive sense
RNA genome [47]. In recent years, attempts have been made to find harmless means of
therapy and prevention of infection among terrestrial and marine organisms and algae [48].
To this aim, Eom et al. [40] investigated the possibility of using E. bicyclis seaweed extract
and its ingredients as an alternative agent against norovirus. The following fractions were
obtained from the EtOAc-soluble extract of E. bicyclis: phlorofucofuroeckol A (PFE) and
dieckol (DE).

The MeOH extract and its components did not show significant cytotoxicity. The CC50
was 322.48 to 2146.42 μg/mL. The EtOAc extract showed strong antiviral activity and low
cytotoxicity. Earlier [40], the authors described the structure of the extract components
DE and PFE and their pronounced antiviral properties. PFE inhibits norovirus infection
more intensely than DE. The selective index (SI) values for DE and PFE were approxi-
mately 20- and 25-fold higher than that of green tea epigallocatechin gallate. The antiviral
activity of DE at IC50 was 0.9 ± 0.06, SI—CC50 IC50—550.6 ± 6.09; PFE, IC50—0.9 ± 0.07,
SI—668.87 ± 73.06 [49].

The results obtained by the authors indicate that the use of PTs from E. bicyclis seaweed
against norovirus infection is promising. They suggested that PTs prevent viruses from
attaching to host cells and proposed to conduct an in-depth study of the mechanisms of
anti-rotavirus action of these compounds.

An extract and PTs (eckol and PFE) from the seaweed E. cava were used to enhance
protection against the nonenveloped RNA haemorrhagic septicaemia virus (VHSV) causing
a highly contagious disease of freshwater and marine fish at different ages [41]. Using cell
culture from fathead minnow, it was found that the extract and PTs at low concentrations
exhibited strong antiviral activity. When cells were treated with the extract and PT simulta-
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neously with the infection, the values increased (46.4–96.4%) as compared with those in
the variants of the experiment before (16.5–48.4%) and after the infection (39.5–56, five%).
The IC50 for the extract, eckol and PFE were 4.76 μM, 1.97 μM and 0.99 μM, respectively.
The effect increased depending on the time of exposure. In in vivo experiments, a seaweed
extract, administered orally at different doses to VHSV-infected flounder, increased the
survival rate of fish (by 31.57% at a dose of 500 μg/g/day; by 12.5% at 50 μg/g/day)
12.5%) [40].

Thus, not only enveloped, but also nonenveloped viruses, are sensitive to seaweed
PTs. The mechanism of action of these compounds towards the former is better known.

4. Seaweed Polyphenols and Their Inhibition of Vital Viral Proteins

An ideal antiviral agent should target the inhibition of key proteins involved in the
pathogen’s life cycle. Potential inhibitors of these structures of viruses are polyphenolic
compounds of seaweed, and, in particular, PTs.

Currently, the spread of the SARS-CoV-2 coronavirus is a serious public health prob-
lem, the solution of which requires the development of effective and harmless drugs.
Coronavirus proteins are translated by one long polyprotein, from which two proteases
are released: Mpro (major protease) and PLpro (papain-like protease). The active site
of SARS-CoV 3CLpro contains a catalytic dyad consisting of Cys145 and His41, where a
cysteine residue (Cys145) acts as a nucleophile and a histidine residue (His41) acts as a
common acid base in the proteolytic process.

The central role of this protein in SARS-CoV replication has made it a major potential
target for the development of antiviral drugs. Inhibition of this enzyme blocks SARS-
CoV replication and enhances the antiviral response [50–52]. PLpro plays a role in the
maturation and release of new viral particles from the cell, as well as in inhibiting the
production of type 1 interferon synthesised by cells for protection. Suppression of interferon
synthesis occurs by the action of PLpro on the ISG-15 gene in cellular proteins [53].

As the SARS-CoV proteases (3-chymotrypsin-like protease 3CLpro and papain-like
protease PLpro) are synthesised as large precursor proteins that are cleaved to form ma-
ture active proteins, and their structures are retained in all genera of coronaviruses, the
substances targeted at these proteins may be an effective strategy for the treatment of
coronavirus infection by suppressing the viral genome replication [53,54].

In recent years, a number of phenolic compounds have been isolated from terrestrial
plants, with inhibitory activity against the PLpro of coronaviruses, with inhibitory activity
against S, the protein responsible for the fusion of the virus and the host cell prior to
its penetration, as well as with inhibitory activity against replication pathogen [55–57].
However, even studies of polyphenolic compounds of terrestrial plants as anti-coronavirus
agents, despite very encouraging results, are still at the experimental stage [58]. At the
same time, the results of these studies allow researchers to hope that seaweed PPs may be
more effective antiviral agents than polyphenols of terrestrial plants.

Park et al. [57], for the first time, studied PTs from the seaweed E. cava as an inhibitor
of PLpro of the SARS-CoV virus. The authors obtained nine PTs from the ethanol ex-
tract from the seaweed. In the experiments using cell-free analysis, it was found that
eight PTs (triphlorethol A, eckol, dioxinodehydroeckol, 2-phloreckol, 7-phloreckol, fu-
codiphlorethol, dieckol and phlorofucofuroeckol A) were dose-dependent competitive
inhibitors of SARS-CoV 3CLpro. The IC50 values varied from 2.7 ± 0.6 (dieckol) to
164.7 ± 10.8 μM (triphlorethol A). The best inhibitory effect was exhibited by dieckol,
which has two eckol groups linked via diphenyl ether [57].

The PTs of seaweed interact with vital proteins of other viruses, in particular with
influenza virus neuraminidase (NA). Neuraminidase and hemagglutinin of the pathogen
determine the antigenic properties of this pathogen. Hemagglutinin initiates infection
by binding of the virus to α-2,6-sialic acid and/or α-2,3-linked sialic acid receptors on
the host cell surface, followed by receptor-mediated endocytosis into the cell [59]. The
sialic acid receptor on the surface of the host cell is a commonly recognised target for the
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development of broad-spectrum antiviral agents. Sialidase hydrolyses sialic acid on the
cell surface and prevents the virus from attaching to cells. The NA protein serves as a
sialidase and cleaves the bond between sialic acid and the HA protein to release virus
particles. Neuraminidase thus plays a critical role in the life cycle of the influenza virus
and also serves as an attractive target for the development of anti-influenza drugs [59]. PTs
of seaweed can be used as candidates for the creation of such preparations.

Algae-derived PTs are considered candidates for such agents. In their work, Cho
et al. [44] studied PTs from the seaweed E. cava, which is widely used as food in Asian
countries, in particular Japan and Korea. Its main components are phlorotannins and
fucoidan [60]. The authors investigated the antiviral activity against the influenza virus
of 13 PTs obtained from 80% MeOH-extract of algae, which contained in their structures
at least one fragment of 1,4-dibenzodioxin and were found mainly in Ecklonia and some
other species seaweed [61,62]. Phlorofucofuroeckol A at IC50 = 13.48 ± 1.93 μM showed
the highest antiviral activity against two strains of influenza A virus (H1N1 and H9N2).
Six PTs showed a sufficiently high or moderate antiviral activity against both virus strains
at a concentration of 20 μM. The compounds with high antiviral activity were tested for
the synthesis of the viral protein of the H1N1A/PR/8/34 virus compared that of ribavirin
as a positive control. Phlorofucofuroeckol A was tested on Madin–Darby canine kidney
(MDCK) cells at concentrations of 5, 10, 20 and 40 μM. The compound more effectively
inhibited viral protein expression in infected cells. In addition, this phlorotannin reduced
the expression of NA and HA at a dose of 10 μM, and its strongest inhibitory activity was
observed at a dose of 40 μM.

In the work of Ryu et al. [63], an ethanol extract from E. cava was fractionated,
and five PTs were isolated. The extract showed a strong anti-neuraminidase activity
(71.1% inhibition at a dose of 30 μg/mL). The inhibitory activity was studied on various
strains of the influenza virus. Eckol showed a moderate IC50 value (89.5 μM) against the
influenza A/Bervig-Mission/1/18 (H1N1) virus, but was inactive towards other viral
strains (IC50 > 200 μM) compared to the other compounds tested (7-phloreсkol, phlorofu-
cofuroeckol, and dieckol). The IC50 value of the compounds increased with an increase in
the number of hydroxyl groups (from eckol to dieckol), which indicates the significance of
this trait in NA inhibition. All the studied PTs were selective NA inhibitors [63].

Thus, phlorofucofuroeckol A from brown seaweed E. cava plays a key role in the
antiviral activity of these algae against influenza viruses H1N1 and H9N2 and may be the
basis for the further development of anti-influenza drugs, dietary supplements for food
and functional food products.

Acquired immunodeficiency syndrome (AIDS) caused by the human immunodefi-
ciency virus (HIV) is a major public health problem worldwide, especially in developing
countries [64]. The human immunodeficiency virus (HIV) belongs to the family Retroviri-
dae and the genus Lentivirus. It is an RNA enveloped virus with an unusual method of
replication of genetic material. Lentiviruses (in Latin, “lente” means “slowly”) can cause
diseases with a long incubation period and a slow, but steady progressive course. The cycle
of their reproduction is characterised by a reverse flow of genetic information, i.e., DNA
synthesis is carried out on a viral RNA matrix using an enzyme, reverse transcriptase (RT).
RT, being vitally important for the virus, is a heterodimer (a protein of two polypeptide
chains), consisting of two subunits (p66 and p51) [64].

Currently, the following antiviral drugs that act on various targets of the virus are
available: nucleoside RT inhibitors, non-nucleoside RT inhibitors, protease inhibitors,
integrase inhibitors, fusion inhibitors and antagonists of chemokine receptors (Table 1).

Unfortunately, HIV resistance to drugs is increasing daily; in addition, many of these
agents have adverse side effects. For this reason, scientists’ attention has been attracted
by new-generation drugs, to which HIV would not form resistance. Noteworthy and
promising results were obtained in a study of anti-HIV properties of algae-derived PTs.
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Table 1. Antiretroviral drugs that act on various targets of the virus.

Antiviral Drug Class Antiviral Mechanism of Action Examples of Available Drugs

Nucleoside/nucleotide reverse
transcriptase inhibitors (NRTIs)

Affect the ability of a virus to multiply or
reproduce. NRTIs prevent the virus’s reverse

transcriptase from accurately copying its RNA
into DNA.

Zidovudine (Retrovir), Lamivudine
(Epivir), Abacavir sulfate (Ziagen),

Didanosine (Videx), Stavudine (Zerit),
Emtricitabine (Emtriva)

Non-nucleoside reverse
transcriptase inhibitors

(NNRTIs)

NNRTIs block DNA elongation by directly
binding to the reverse transcriptase enzyme

Delavirdine, Efavirenz, Etravirine,
Nevirapine, Rilpivirine

Protease inhibitors
Protease inhibitor drugs block the action of

protease enzymes. This can stop the virus from
multiplying.

Atazanavir (Reyataz), Darunavir (Prezista),
Fosamprenavir (Lexiva),

Indinavir (Crixivan), Nelfinavir (Viracept),
Ritonavir (Norvir), Saquinavir (Invirase)

Integrase inhibitors These drugs stop HIV from being able to make
integrase, which is necessary for its replication.

Raltegravir (Isentress), Dolutegravir
(Tivicay), Elvitegravir, Bictegravir

Inhibitors of fusion Inhibitors of the fusion of HIV to host cells,
preventing viral entry.

Enfuvirtide, Maraviroc, Leronlimab,
Aplaviroc, Ibalizumab, Temsavir

Inhibitors of chemokine
receptors

These drugs inhibit chemokine receptors
(CXCR4 and CCR5) and block the entry virus

into the host cell.

Selzentry (Pro) Maraviroc,
Bicyclam derivatives, AMD070

Ahn et al. [65] showed that 8,8-bieckol and 8,4 dieckol from the brown alga E. cava in-
hibit reverse transcriptase and HIV-1 protease, while eckol and phlorofucofuroeckol A from
this alga did not exhibit such activity. 8,8-Bieckol and 8,4 dieckol more efficiently inhibited
RT than protease. The IC50 of dieckol towards RT was 0.51 μM and was comparable to
that of a reference drug, nevirapine (IC50 = 0.28 μM) [65]. 8,8-Bieckol and 8,4 dieckol more
efficiently inhibited RT than protease. The IC50 of dieckol towards RT was 0.51 μM and
was comparable to that of a reference drug, nevirapine (IC50 = 0.28 μM) [65]. Furthermore,
the authors obtained diphlorethohydroxycarmalol, a carmalol derivative, from the marine
brown alga Ishige okamurae. This compound had an inhibitory effect on RT and HIV-1 inte-
grase with IC50 values of 9.1 μm and 25.2 μm, respectively. However, this compound did
not have the same effect on HIV-1 protease. Acetylation neutralised this effect. 6,6′-Bieckol
from E. cava reduced the cytopathic effects of HIV-1, including HIV-1-induced syncytium
formation and p24 antigen levels.

Artan et al. [66] isolated 6,6′-bieckol, a phloroglucinol derivative, from the alga E. cava
and characterised the compound by NMR. This phlorotannin showed a strong inhibition
of HIV-1-induced syncytium formation (IC50 = 1.72 μM), viral p24 antigen production
(IC50 = 1.26 μM) and lytic effects (IC50 = 1.23 μM). The compound selectively inhibited the
activity of HIV-1 reverse transcriptase at IC50 = 1.07 μM, as well as the entry of HIV into
cells. The authors proposed 6,6′-dieckol as a candidate for a new-generation drug against
HIV infection [66].

Additionally, Karadeniz et al. [67] reported the anti-HIV activity of 8,4′-dieckol, a
phloroglucinol derivative of E. cava. The compound dose-dependently inhibited the cy-
topathogenic effects of HIV-1, including HIV-1-induced syncytium formation in C8166
cells; suppressed lytic effects; and reduced the production of the viral p24 protein by H9
cells. Like the above-described agents, 8,4′-dieckol inhibited reverse transcriptase and
viral penetration. However, it was found that, over time, the amount of syncytium in
infected C8166 cells increased, the inhibitory activity was lost and phlorotannin had to be
reintroduced into the cell culture [67].

It is important to emphasise that this compound suppressed replication of a virus with
resistance to three drugs when cells were treated within 6 h post-infection. Similar results
were obtained for nevirapine, the reverse transcriptase inhibitor. The authors suggest
that the studied phlorotannin exhibits the effect of HIV-1 reverse transcriptase inhibition,
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possibly due to the binding of RT to sites or conformations other than those of virapine.
This phlorotannin is a promising drug for the further development of new agents against
HIV-1 with a pronounced efficacy compared to drugs available on the market [68]. Thus,
using the example of three pathogens of most widespread viral infections, we have shown
algal PTs to be promising for the creation of anti-HIV drugs whose targets are enzymes vital
for viruses. In addition, these compounds also inhibit such viral functions as replication,
entry in cell, syncytium formation, etc.

Note, however, that the degree of bioavailability of PT and individual differences
in metabolism are significant limitations of their use. In addition, there are currently no
analytical standards for the study of PT, and the exact relationship between the structure
of compounds and their bioactivity is also unclear [67,68]. The authors suggest that the
efficacy of medicinal plants against COVID-19 is not yet sufficiently demonstrated by
studies, although some of them exhibiting IC50 below 10 μM can be considered promising,
as they are capable of blocking viral proteins associated with its life cycle. After obtaining
clinical evidence of the useful properties of algal PTs, these compounds in the form of
natural products or biologically active substances can be combined with approved drugs
against pathogenic viruses, which may be a promising alternative for the prevention and
treatment of infections caused by them [68].

5. Synergism of Algae-Derived Phlorotannins and Antiviral Drugs

In viral infections, the simultaneous effect of drugs on several targets of the causative
agent is of great importance, and therefore combined therapy has a number of advantages
that allow:

- reduction in individual doses of drugs;
- reduction in the number and severity of side effects of antiviral drugs; and
- prevention, in some cases, of the emergence of drug-resistant virus variants [69].

The combination of targeted technologies with the inclusion of natural biologically
active substances in the treatment regimen has shown numerous advantages of this thera-
peutic approach.

Although measles is a controllable infection, it takes thousands of children’s lives
each year even in developed countries, and therefore the search for new natural com-
pounds for the prevention and treatment of this infection continues. Moran-Santibanez
et al. [70] investigated the effectiveness of the combined use of seaweed extracts rich in
PPs and sulphated polysaccharides derived from the same seaweed and ribavirin against
the measles virus. The authors used extracts from two seaweeds, Ecklonia arborea (class
Phaeophyceae) and Solieria filiformis (phylum Rhodophyta), in experiments on a line of
African green monkey kidney cells (Vero). Both extracts were characterised by low toxicity,
high (compared with ribavirin) antiviral activity and high selectivity index (>3750 and
>576.9, respectively). The selectivity index is the ratio of the 50% toxic concentration of a
drug to its 50% virus-inhibiting concentration [70].

The extraction was carried out in accordance with the method described by Xi et al. [71]
with six (Ecklonia) and five (Solieria) fractions obtained from the extracts. Phlorofuco-
furoeckol A was obtained from E. arborea. All samples used in the experiments were
non-toxic to cells at the concentrations tested (from 0.1 to 1500 μg/mL). Ribavirin exhibited
cytotoxicity starting with the 50% cytotoxic concentration (CC50) = 405 μg/mL.

All the tested components exhibited antiviral activity, which was assessed by deter-
mining the decrease in syncytium formation at various concentrations of the compounds
(0.01, 0.1, 1 and 5 μg/mL of each extract and 10, 20, 30, 40 and 5 μg/mL ribavirin).

The combined effect was also assessed by determining the reduction in the syncytium
formation. A combination of PT from Ecklonia and S. filiformis with sulphated polysaccha-
rides (SPS) from Solieria showed the best synergistic effects, which was confirmed by PCR
analysis. The best result was obtained by using PP from Ecklonia at IC50 and Solieria at
IC25 + SPS from Solieria. All combinations with ribavirin were antagonistic. The authors
noted that phlorotannins were most effective within the first 15 min post-infection, which
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suggests that this effect is due to direct inactivation of viral particles through preventing
their adsorption and entry into cell.

The probability of viral entry into cells in the present of extracts was also determined.
The best inhibitory effect was observed in the case of the S. filiformis extract compared to
the control samples.

The virucidal activity of seaweed extracts is not only a preventive strategy to be
implemented before a viral infection, but can also be an effective treatment after infection
to prevent the virus from spreading over the body. Synergistic effect of ribavirin with PT
with sulphated polysaccharides from the same seaweed can allow for a reduction in the
concentration of drugs and thereby their cytotoxicity, as well as prevent the formation of
resistance to therapeutic agents.

6. The Effect of PT on Pathogenetic Targets of Viral Infections in a Macroorganism

The role of the antioxidant properties of PT in the organism’s defence against viruses:
Oxidative stress induced by a viral infection plays a significant role in the pathogenesis
of infectious diseases [72]. Oxidative stress disrupts the balance between the production
of free radicals, including reactive oxygen species (ROS), and the signalling pathways of
antioxidant cells. It is a key factor in the pathogenesis of many acute and chronic viral
diseases [73,74].

Reactive oxygen species (ROS) (such as superoxide radical anion (O-), hydroxyl radical
(HO-) and nitric oxide (NO) and potential endogenous prooxidants, such as hydrogen
peroxide (H2O2), hydrochloric acid (HC10), peroxynitrite (NО3

−) and lipo-hydroperoxide
(MOOH), have high reactivity, which damages the proteins, nucleic acids and lipids of
the biological membranes of cells. Oxidative stress is a key factor in signal transmission
by inflammatory cells for the regulation of cytokines and growth factors, as well as for
immunomodulation and apoptosis [75]. It is known that oxidative processes contribute to
viral replication in infected cells [76] and have an effect on the inhibition of cell proliferation
and induction of apoptosis [77]. Thus, in patients infected with herpes simplex virus [78],
the increased peroxidation of membrane phospholipids, induced by ROS, causes dysfunc-
tion of vital cell processes such as membrane transport and mitochondrial respiration [79].
The green tea component epigallocatechin has been shown to block the entry of HIV [80]
due to its antioxidant properties.

Chen et al. [80] reported that infections caused by the Epstein–Barr virus (EBV) cause
an increase in DNA damage and a significant accumulation of ROS; however, the use of
free radical scavengers reduced the intensity of damage both in cells stimulated by the
mitogen and in cells infected by this virus. A suggestion has been made that antioxidants
counteract the damaging effects of reactive oxygen and nitrogen species, including free
radicals, and therefore prevent or have a therapeutic effect on diseases associated with
oxidative stress [81].

Modern medicine seeks to use various antioxidants to combat oxidative stress in viral
infections. There is much evidence for the ability of natural antioxidants to trap ROS in
infected cells, inhibit proapoptotic factors and thus restore intracellular balance between
stress-related proteins (N-terminal kinases with Jun-JNK0 and promitotic (MAPK) and
transcription factors NF-kB) [82–84]. Seaweeds are a rich source of antioxidants including
PTs [76].

Viruses can be the causative agents of neuroinfections, directly mediating oxidative
stress, the central link of which is the peroxidation of lipids, which play a key role in
the nervous system [72]. Thus, the beneficial properties of phlorotanins are associated
with their properties as a powerful antioxidant, anti-inflammatory and immunoregulatory
molecule, as well as with their neuroprotective effect.

In neurotropic flavivirus infections (such as JEV, WNV and TBEV infections), oxidative
stress is an important component of neuroinflammation [85,86]. When various neuronal cell
lines were infected with flaviviruses, the increase in ROS production induced uncontrolled
activation of microglia and neuronal death [87]. Being ROS scavengers, polyphenolic
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compounds from seaweeds are considered as potent antioxidants. In this regard, the
polyphenolic complex luromarin derived from the seagrass Zostera marina, containing
phenolpropanoid and flavone, is of great interest. Note that phenolpropanoid, in terms of
antioxidant activity, is noticeably superior to all known antioxidants [85–87].

Studies [88] have provided data on in vitro and in vivo studies of the antiviral efficacy
of a PP complex isolated from seagrasses of the family Zosteraceae, which are flowering
plants adapted to living in saline water of seas and oceans.

The antiviral activity of luromarin and its components against a highly virulent strain
of tick-borne encephalitis (TBE) virus was studied in vitro. It was found that the exposure
to these compounds at 1 h before the infection of the cells had no effect on the reproduction
of the virus. A different result was obtained by the authors in the study of direct virucidal
action (preliminary incubation of the compounds under study with the virus for 1 h before
cell infection) [89–91]. Thus, the main mechanism of action of the natural antioxidants (that
make up luromarin) and the entire complex against the TBE virus is the direct inactivation
of viral particles and inhibition of the TBE virus at an early stage of replication.

In a model of acute TBE infection in mice, oral administration of luromarin and its
components at 1 h after subcutaneous infection of animals provided 30–35% protection
by increasing their lifespan by 2–3 days compared to the control. The authors explain this
by the complex protective effect of luromarin and its components, which have not only a
selective effect on various phases of viral infection, but also a systemic effect on the body
due to their high antioxidant, anti-inflammatory and neuroprotective potential.

The Role of Anti-Inflammatory Action of Polyphenols in Protection against Viral Infections

Inflammation is a complex process regulated by a cascade of various proinflam-
matory cytokines, growth factors, nitric oxide and prostaglandins produced by acti-
vated macrophages [92]. With inflammation, the affected tissues become infiltrated by
macrophages, and the disposal of decay products, repair and regeneration occur. The
anti-inflammatory effect of phenolic compounds is directly related to their antioxidant
activity against ROS [93].

The cytokine production and secretion are among the earliest events accompanying
the interaction of microorganisms with macrophages. This early non-specific response
to infection is important for the organism. It develops very quickly, as it does need a
clone of cells that respond to a specific antigen. The early cytokine response influences the
subsequent specific immune response.

The contact of a virus with an organism is accompanied by the production of interferon,
a soluble factor produced by virus-infected cells. Interferon is capable of inducing antiviral
status in uninfected cells and makes them unsuitable for viral reproduction. Interferon
activates macrophages which begin to synthesise IFN-γ, IL-1, IL-2, IL-4, IL-6 and TNF-α; as
a result, macrophages acquire the ability to lyse cells infected by the virus. At the same time,
interferon is able to induce expression of more than 100 different genes in the macrophage
genome [94].

In some cases, e.g., in severe cases of coronavirus infection (COVID-19), a “cytokine
storm” develops. It is an inflammatory response of organism, with the level of cytokines
in blood increasing sharply, which causes the immunity to attack cells and tissues of own
organism. A consequence of this response can be the destruction of tissues and organs and,
as a result, the death of the organism.

Seaweed PPs are not only antiviral, but also potent anti-inflammatory compounds.
For example, 8,8′-dieckol from the seaweed E. cava inhibited the production of nitric oxide,
a key mediator of inflammation, and prostaglandin E2 (PGE2) by macrophages stimulated
by lipopolysaccharide. This compound inhibited the production of nitric oxide by sup-
pressing the expression of inducible nitric oxide synthesis (iNOS). Phlorotannin reduced
the production and expression of IL-6 mRNA, but did not inhibit TNFα. The exposure of
macrophages to this PT decreased the NF-κB transactivation and the nuclear translocation
of the p65 NF-κB subunit and suppressed the lipopolysaccharides (LPS)-induced produc-
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tion of intracellular ROS in macrophages. Thus, the anti-inflammatory properties of PT are
associated with the suppression of NO, PGE2 and IL-6 through the negative regulation of
the NF-κB pathway and ROS production in RAW264 macrophages [95].

The range of anti-inflammatory effects may vary between different PTs. Thus, phloro-
fucofuroeckol A from the alga Eisenia bicyclis also exhibited an anti-inflammatory effect in
the same model. In addition to reducing NO and PGE2, phlorotannin dose-dependently
inhibited the production of COX-2 cyclooxygenase by macrophages, and also reduced
the production of the proinflammatory chemokine MCP-1 [84]. These authors, as well
as previous ones who worked with other PTs, showed that phlorofucofuroeckol A ex-
erts an anti-inflammatory effect by blocking the NF-κB and MAPK signalling pathways
in RAW264.7 macrophages stimulated by LPS. Eckol, a compound widely distributed
in the brown seaweed Ecklonia, has attracted scientists’ interest as an anti-inflammatory
agent [96–98].

The inflammatory process is an inevitable consequence of viral infections. In this
regard, algal PPs, which have both antiviral and anti-inflammatory effects, are promising
objects for the development of drugs, biologically active food additives and functional food
products on their basis.

7. In Vivo Efficacy of Polyphenolic Compounds

The results obtained under in vitro conditions are not always adequate to those ob-
tained under the conditions of a macroorganism. For polyphenols, in many cases there is
no direct correlation between the results of in vitro experiments and clinical trials, and the
interpretation of experimental data should be treated with great caution.

Almost all in vitro experiments use flavonoid aglycones or polyphenol-rich extracts.
In this regard, it can be assumed that under the conditions of a macroorganism, target or-
gans almost never come into direct contact with aglycones of flavonoids, but only with their
metabolites or conjugated forms [99,100]. In addition, the concentrations of aglycones that
are commonly used in vitro experiments are almost never achieved in vivo. Therefore, after
consumption of a single polyphenolic compound in doses of 10–100 mg, its maximum con-
centration in blood serum, as a rule, does not exceed 1 mM. Moreover, with rare exceptions,
native flavonoids (aglycones) in the blood usually cannot be determined [99–102].

This section presents the results of an in vivo study of the antiviral activity of several
polyphenolic compounds, which, according to other indications, are already used in
medicine with positive effects in the form of medicines or biologically active food additives.
They are presented by us as proof of the prospects of this group of biologically active
substances for use as antiviral agents of a new generation with different mechanisms of
action than synthetic drugs.

Quercetin and its derivatives: Quercetin, like other flavonoids, is a polyphenolic
compound, the main structural element of which is composed of two aromatic rings, A
and B, connected by a three-carbon bridge, forming a pyran or pyrone (in the presence
of double bonds) ring [103]. This group of compounds has long attracted attention as
potential therapeutic agents for the fight against respiratory tract infections [104].

Thus, Choi et al. [105] investigated the activity of quercetin-3 rhamnoside (Q3R)
against the influenza A/WS/33 virus in mice. The animals received the drug orally
(6.25 mg/kg per dose) two hours before infection and once a day for 6 days after infection
with the influenza virus. In animals treated with Q3R, there was a significant reduction
in weight loss and mortality. The titres of the virus in the lungs of mice in this group on
day 6 after infection were about 2000 times lower than in animals treated with the control
drug: oseltamivir. The use of the test drug delayed the development and progression of
lung lesions. The authors believe that this compound may be a promising candidate for
the development of anti-influenza drugs. As for the bioavailability of the compound, it is
known that such derivatives are absorbed more efficiently than aglycone. A characteristic
feature of the bioavailability of flavonols is their very slow elimination from the body (the
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half-life is from 11 to 28 h), which can contribute to the accumulation of metabolites in the
blood plasma during repeated administration [106].

It was found that quercetin inhibits oxidative stress induced by the influenza virus [107].
The administration of quercetin to mice infected with the influenza A/Hong Kong/8/68 virus
significantly reduced the level of lipid peroxidation in the animal body. In the lungs of
such mice, the level of antioxidant enzymes—superoxide dismutase, catalase and reduced
glutathione—increased [108]. Quercetin and rutin are recommended for inclusion in
post-infection treatment [107,108].

To reduce the body’s susceptibility to upper respiratory tract infections after stressful
physical exertion, a short-term inclusion of quercetin in the diet is recommended, which
has been proven by convincing results from in vivo studies [109].

The efficacy of quercetin has also been demonstrated in vivo experiments for respi-
ratory tract infections caused by rhinovirus, which causes most colds and is a common
cause of exacerbations in patients with asthma and chronic obstructive pulmonary dis-
ease [110,111]. The authors injected mice intranasally with the rhinovirus RV1B, which
causes inflammation and interferon (IFN) production [112]. After 2 h, the animals were
injected with quercetin or propylene glycol (vehicle). After a day and 4 days, the mice were
sacrificed and the viral load in the lungs was determined, respectively. The viral load in
animals infected with rhinovirus was 9 × 104 CC ID50/mL of virus. No virus was detected
after 4 days [112]. The mice treated with quercetin had a viral load that was 4 log less in the
RNA of the virus compared to animals that received only the virus. In this case, the replica-
tion of the pathogen occurs only on the first day after infection and quercetin effectively
inhibits this process. In addition, it helps to reduce the inflammatory process—it lowers
the levels of CXCL-1 (KC), CXCL-2 (MIP-2), as well as TNFα and CCL2 (MCP-1). In mice
not treated with quercetin, elevated levels of all four cytokines/chemokines were observed.
The therapeutic effect was more pronounced when quercetin was used simultaneously or
after infection.

Thus, quercetin suppresses rhinovirus-mediated viral infection at several stages of the
viral life cycle, including endocytosis, viral genome transcription and viral protein synthe-
sis; thus, it may be useful in limiting pathogen replication and reducing disease symptoms.
Moreover, it is a powerful antioxidant and has powerful anti-inflammatory properties.

Enteroviruses pose a serious threat to human health. They cause a variety of patholog-
ical processes from mild disorders to death. The number of safe and effective drugs against
enteroviruses is small, and therefore there is a need to develop new anti-enterovirus drugs.
Galochkina et al. [113] investigated the effect of dihydroquercetin (DHQ) on the course of
pancreatitis in white mice caused by Coxsackie B4 virus (CVB4). DHQ is a natural biologi-
cally active substance obtained from the bark of Siberian larch. It is a bioflavonoid with
powerful antioxidant and anti-inflammatory properties. DHQ is on the drug registry and
is non-toxic even at very high doses. The drug was administered to mice intraperitoneally
at doses of 75 or 150 mg/kg/day once a day for 5 days after intraperitoneal infection.
Ribavirin was used for comparison. The use of DHQ led to a dose-dependent decrease in
the titre of the virus in the tissue of the pancreas. The morphology of the gland tissue of
the animals receiving DHQ was less pronounced than in the control animals, displaying
infiltration with inflammatory cells and no signs of destruction. The glandular tissue of
mice treated with both DHQ and ribavirin had fewer inflammatory foci, and the latter,
in turn, contained fewer infiltrating cells than animals treated with placebo. The effect
was comparable to or superior to that of ribavirin. The authors concluded that DHQ is
promising for use in the complex treatment of viral pancreatitis [113].

Another quercetin derivative, quercetin 3-β-O-D-glucoside, has been shown to be
effective against the Ebola virus. This compound protected ABD2F1/Jena mice from
intraperitoneal infection with Col.Sk, MM, MengoM, L viruses, but did not protect against
intracerebral infection. The drug protected mice from Ebola even when administered just
30 min before infection, which allowed the authors to position the compound as having
potential as a prophylactic agent against Ebola virus infection [114]. However, more serious
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research is required to finally determine the effectiveness of the compound for different
modes of administration, different doses, etc.

Thus, a significant number of studies in vivo carried out both in animals and with the
participation of patients show that quercetin is a promising candidate for combination ther-
apy for various viral infections [115]. The above materials make it possible to consider the
use of quercetin and its derivatives as promising for viral infections of various aetiologies.
However, caution should be noted in extrapolating data from animals to humans [106].

Baikalin. The flavonoid baikalin is obtained from the roots of the Scutellaria baicalensis.
In alternative medicine, it is used as a biologically active food supplement and in Asian
countries as a drug. Currently, there is an extensive list of agents approved for use on
the basis of or in combination with baicalin, the effectiveness of which has been proven
for various indications in vivo. Many works carried out in vivo are devoted to the study
of the effectiveness of baicalin in infections caused by different strains of the influenza
virus [116–118].

Chu et al. [118] investigated in an experiment on mice the effect of baicalin on the
human influenza A/PR/8/34 strain adapted to these animals. C57Bl/6 mice were inocu-
lated with 0.1 LD50 (5 × 103 PFU/mL) of influenza virus. All infected mice died by day 8.
Mice that received different doses of baicalin (1.0 g/kg, 1.5 g/kg and 2.0 g/kg) survived
by day 8 (70%, 80% and 80%, respectively), and 60%, 70% and 80% survived until day
14, respectively. They did not lose weight. Virus titres in mice untreated with baicalin
on day 7 increased to 106.3 pfu/mL. The titres of the virus in those who received the test
preparation were, respectively, 102.7, 102.3 and 102.2 pfu/mL. Hemagglutination titres
in untreated mice were 1:640, and in groups receiving the compound were 1:80, which
indicates the inhibitory activity of baicalin on viral replication. Baikalin also inhibited the
development of the inflammatory process in the lungs. In the same experiments, it was
found that baicalin induces the secretion of IFNγ, which determines the antiviral activity
of this compound. The last statement is proved by the fact that this compound did not
have an antiviral effect in animals with IFNγ gene knockout [118].

In another study [119], it was found that oral administration of baicalin to mice
infected with the Sendai virus leads to a significant reduction in virus titres in the lungs of
animals and protection from death.

Resveratrol. Resveratrol is a highly active polyphenolic compound that is currently
being actively studied both in vitro and in vivo as an antiviral agent [120,121]. The an-
tiviral effects of this compound are associated with inhibition of viral replication, protein
synthesis, gene expression and nucleic acid synthesis. The antioxidant effect of resveratrol
is manifested by inhibiting important gene pathways such as NF-kB.

Resveratrol is poorly soluble in water and has a low oral bioavailability, and therefore
research is currently focused on the development of structured nanoparticles that can im-
prove the bioavailability of this biologically active substance and prolong its in vivo release.

Resveratrol has been used to prevent airway inflammation and reduce airway hyper-
sensitivity caused by respiratory syncytial virus (RSV) infection. Healthy mice are immune
to this pathogen. However, immunocompromised animals (treatment with cyclophos-
phamide) become susceptible to the virus [120]. It was found that resveratrol suppresses
viral replication in the lungs of these mice and the number of infiltrating lymphocytes
present in the lavage bronchoalveolar fluid reduces inflammation. In addition, resvera-
trol significantly reduced lavage fluid IFNγ levels associated with RSV-mediated airway
inflammation [120].

In addition, resveratrol was highly active against rotavirus, which is the main causative
agent of viral gastroenteritis in infants and young children [121]. Using a model of suck-
ling mice infected with rotavirus, the authors found that resveratrol supplementation
significantly reduced the severity of diarrhea, reduced viral titres and improved clinical
symptoms. In the tissues of mice treated with resveratrol, the levels of expression of mRNA,
IL-2, IL-10, TNFα, IFNγ, MIP-1 and MCP-1 were significantly reduced. Experiments have
shown the promise of resveratrol as a potential treatment for rotavirus infection [121].
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We have shown only some of the results of an in vivo study of the effectiveness
of certain plant polyphenols known to all, on the basis of which approved drugs and
biologically active food additives were obtained. Analysis of modern literature shows
that these compounds are being actively studied now in vitro, ex vivo and in animal
experiments. There are still very few clinical evidence-based studies on the effectiveness
of this group of herbal biologically active substances. In this regard, the results obtained
by Matsumoto et al. [122]. The authors conducted a double-blind, placebo-controlled
study with 200 health workers conducted over 5 months at three health facilities for the
elderly in Higashimuraami (Japan). One group of patients (98 people) received green
tea catechins (378 mg/day) and theanine (210 mg/day). The control group (99 people)
received a placebo. Four participants in the catechins/theanine group and 13 in the control
group contracted the flu. Thus, the consumption of green tea catechins and theanine had a
distinct preventive effect on the incidence of influenza.

Currently, polyphenolic compounds from land and sea plants are being actively
studied due to their high biological activity. However, scientists must look for ways to
increase the bioavailability of these compounds. For this purpose, many studies have
proposed structural derivatives of the starting compounds. Some studies suggest using
nanoparticles to encapsulate polyphenolic compounds for greater efficacy. In addition, the
administration of polyphenolic compounds with other antiviral drugs can improve their
bioavailability. An example is the studies of O’Shea et al. [123]. The authors examined
the efficacy of monoclonal antibodies (mAb; AR4A) and epigallocatechin gallate (EGCG)
in vitro and in vivo. The combination therapy completely protected animals from HCV 1a
genotype infection.

Regarding new polyphenolic compounds, which are currently being studied in large
numbers all over the world, serious studies of their specificity, activity, bioavailability and
safety are required before they are proposed as drugs. After careful testing and approval
for use in humans, it can be recommended to use such compounds in the form of dietary
supplements and nutritional supplements.

It is necessary to develop strategies for increasing the bioavailability of polyphenols,
to determine whether these methods lead to an increase in biological activity in the body.
The benefits and efficacy of polyphenols in viral infections should be demonstrated in
appropriate animal and human disease models.

8. Conclusions

PPs are unique compounds found in seaweed at high concentrations. For example,
Ascophyllum nodosum contains 14% PPs, compared to 2–3% in terrestrial plants. The high
concentration of PPs in seaweed, combined with the simplicity of their cultivation, harvest-
ing and processing, makes them attractive as a cheap source of pharmaceutical substances
and a basis for creating dietary supplements for food and functional foods.

Algae-derived PPs (phlorotannins) combine several types of activities, each of which
contributes to decrease in viral load, decrease in the intensity of the inflammatory process,
increase in the antioxidant properties of blood and correction of immune disorders. It
has been shown that these compounds affect different stages of the life cycle of viruses:
they block the first stage (attachment of the pathogen to the cell surface) of viral infection,
prevent the spread of the virus and its ability to develop and acquire drug resistance, and
also in some cases have a direct antiviral effect. PTs inhibit viral replication by blocking
vital viral enzymes and preventing the release of viral particles from the cell. Other
types of biological activities, i.e., anti-inflammatory, antioxidant, immunomodulatory and
antitoxic, have become vitally important in case of late detection of the disease, its severe or
complicated form, where the leading role in pathogenesis is played by reactive processes
rather than by viral ones, complicated by bacterial infection. It should be noted that
algal PPs affect vital processes that are common to severe viral inflammatory processes,
irrespective the aetiology of the disease: the production of proinflammatory cytokines,
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cell migration to the inflammatory focus, etc. Therefore, algal PTs can be a basis for the
development of drugs effectively acting on the innate immunity in various viral infections.

A combination of target technologies has shown numerous benefits in combating viral
diseases. PTs from seaweed can be used in combination with officially approved drugs,
which makes it possible to reduce the dose of these therapeutic agents and thereby reduce
side effects. However, algae-derived PTs have been insufficiently studied to date, mainly in
experiments. In this regard, it is necessary to extend research on the bioavailability of these
compounds obtained from various seaweed species and the spectrum of their antiviral
activities [99]. It should be determined which seaweed PPs have the strongest antiviral
effect and which work best: whole seaweed, extracts enriched in PPs or PTs with a fixed
structure. Another important question is do algae-derived PPs alter the composition and
functioning of the intestinal microbiota? Furthermore, at last, can there be any undesirable
effects caused by long-term use of different algal polyphenols at high doses?

Currently, the presence of complex polymer mixtures of their structural and confor-
mational isomers in seaweed poses a serious challenge to researchers to characterise the
composition of PTs, which is absolutely necessary for the development of pharmaceu-
tical products. For this reason, only a selective structural characterisation of PTs is still
possible [13]. It is also necessary to understand to what extent the results obtained in
experiments with PP from seaweed in vitro can be extrapolated to their actual effects in a
whole organism, and whether the very effective, but still poorly studied, compounds can
be considered an alternative or supplement to the existing strategies for the treatment of
viral diseases. Relevant material is still being accumulated; the analysis of this material
may subsequently create conditions for the creation of medicinal antiviral drugs with a
new mechanism of action, resistance to which in pathogens would not form.

In the current conditions of the ongoing pandemic, the results of studies on the
targeted effects of algal polyphenols on coronaviruses seem very promising, although these
studies have been carried out in vitro so far. This issue becomes especially relevant due to
the lack of effective drugs, including synthetic ones, for the treatment of viral diseases such
as the coronavirus infection. It is important that polyphenols (as has been established for
polyphenols from terrestrial plants) do not cause side effects and are also not antagonistic
to drugs used for viral infections [100].

Effective nutraceuticals, to be potentially developed on the basis of algal polyphenols,
can also be used in the complex therapy of viral diseases. It is necessary to extend in vivo
studies on laboratory animals, which subsequently will allow proceeding to clinical tests.

Thus, studies in recent years have shown that algal polyphenols are polyfunctional
compounds and, therefore, they have a great potential as active ingredients for the creation
of novel pharmaceutical substances with antiviral activity.
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Abstract: The renal fibrotic process is characterized by a chronic inflammatory state and oxidative
stress. Antirhea borbonica (A. borbonica) is a French medicinal plant found in Reunion Island and
known for its antioxidant and anti-inflammatory activities mostly related to its high polyphenols
content. We investigated whether oral administration of polyphenol-rich extract from A. borbonica
could exert in vivo a curative anti-renal fibrosis effect. To this aim, three days after unilateral ureteral
obstruction (UUO), mice were daily orally treated either with a non-toxic dose of polyphenol-rich
extract from A. borbonica or with caffeic acid (CA) for 5 days. The polyphenol-rich extract from
A. borbonica, as well as CA, the predominant phenolic acid of this medicinal plant, exerted a nephro-
protective effect through the reduction in the three phases of the fibrotic process: (i) macrophage
infiltration, (ii) myofibroblast appearance and (iii) extracellular matrix accumulation. These effects
were associated with the mRNA down-regulation of Tgf-β, Tnf-α, Mcp1 and NfkB, as well as the
upregulation of Nrf2. Importantly, we observed an increased antioxidant enzyme activity for GPX
and Cu/ZnSOD. Last but not least, desorption electrospray ionization-high resolution/mass spec-
trometry (DESI-HR/MS) imaging allowed us to visualize, for the first time, CA in the kidney tissue.
The present study demonstrates that polyphenol-rich extract from A. borbonica significantly improves,
in a curative way, renal tubulointerstitial fibrosis progression in the UUO mouse model.

Keywords: Antirhea borbonica; kidney fibrosis; polyphenols; caffeic acid; antioxidant enzymes; DESI-imaging

1. Introduction

A common deleterious consequence of most chronic kidney diseases (CKD) is the
interstitial accumulation of extracellular matrix leading to tubulointerstitial fibrosis, which
is closely correlated with the loss of renal function [1–4]. The process of renal fibrosis
can be seen as an ongoing wound-healing process maintained by a chronic inflammatory
reaction [5,6]. Halting renal fibrosis progression appears as a relevant therapeutic strategy
to at least delay CKD progression. Although significant progress in the understanding of
the molecular mechanisms occurring during fibrosis has been made [6], specific antifibrotic
drugs and/or treatments are still clearly lacking. To the best of our knowledge the only
drugs used in clinic to slow down the progression of CKD are angiotensin-converting
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enzyme inhibitors and angiotensin type I receptor blockers [7–9]. Diabetic kidney disease
remains the main cause of CKD, leading to end-stage kidney disease in both type 1 and
type 2 diabetes [10]. Recently, sodium–glucose linked transporter-2 (SGLT2) inhibitors ap-
peared to be the most promising nephroprotective drugs in diabetic kidney disease [11,12];
however, an antifibrotic effect has only been evidenced in animal studies [13]. There is thus
a need and ample space to develop new therapeutic approaches targeting tubulointerstitial
fibrosis in the kidney for combatting these pathological processes [14].

Chronic infiltration of immune cells in renal tissue, as well as chronic hypoxia and
oxidative stress, are clearly involved in the initiation and progression of the chronic fi-
brosis process. At present, targeting chronic inflammation and oxidation seems to be a
reasonable option to slow down renal fibrosis progression. Indeed, a number of experi-
mental studies have demonstrated the efficiency of targeting inflammation and oxidative
stress [14–17]. However, translation to the clinic is either missing or has been, most of
the time, disappointing due to non-desirable side effects [14–17]. In addition, due to the
chronicity of renal diseases one might wonder if a long-term specific anti-inflammatory
treatment would promote susceptibility to infection. Taken together, it seems that targeting
a single factor or pathway is not sufficient to efficiently prevent renal tubulointerstitial
fibrosis. Therefore, it is understandable that a growing number of studies have inves-
tigated the health benefit of traditional medicine, also called natural/herbal medicine,
including medicinal plants, which can be considered as a “multidrug” therapy. However,
regarding the use of herbal medicine in the prevention and treatment of CKD, and more
precisely tubulointerstitial fibrosis, very few studies have been carried out mainly due
to the dramatic consequences associated with the ingestion of Chinese herbal medicine
containing aristolochic acid [18,19]. It is thus very important to perform rigorous preclinical
investigations to assess the presence of nephrotoxic molecules, as well as the beneficial
and/or deleterious/toxic effects of these plants/molecules, particularly in the context of
kidney disease.

In Reunion Island, since 2012, 27 medicinal plants have been registered at the French
pharmacopeia [20] (https://ansm.sante.fr/, accessed on 30 March 2021). Most of them
are known for their antioxidant and anti-inflammatory activities related mostly to their
polyphenols content. However, although a number of studies (mostly in vitro studies) have
reported various potential therapeutic effects such as antihypertensive [21], antioxidant,
anti-inflammatory [22], antiviral [23], antiplasmodial and anti-Chikungunya effects [24], as
well as an inhibitory effect on Dengue and Zika virus infection [25], the in vivo validation
phase for further medical uses of these effects on preclinical models is missing.

Antirhea borbonica (A. borbonica) leaves are peculiarly interesting, as they are widely
used in traditional medicine for treating, among others, diabetes, urinary tract infection,
diarrhea, hemorrhage, rheumatism and also kidney stones [26,27]. Our laboratory has
shown that A. borbonica exhibited strong antioxidant and anti-inflammatory effects, in vitro,
on preadipocytes, cerebral endothelial cells and red blood cells [22,28,29]. Those antioxidant
and anti-inflammatory biological effects were mainly associated with the capacity of
polyphenols to down-regulate on one hand key molecular targets such as IL6, MCP-1
and NF-kB, and on the other hand increase superoxide dismutase (SOD) as well as the
redox-sensitive translational factor Nrf2. In addition, the in vitro studies showed that
predominant polyphenols such as quercetin, chlorogenic and caffeic acids were able to
reduce free radicals through DPPH and AAPH radical-scavenging tests [22,28,29].

More recent data obtained in vivo also highlight a preventive protective effect of A.
borbonica aqueous extract in a zebrafish diet-induced overweight model in displaying
cerebral oxidative stress and blood–brain barrier leakage [30], as well as in a mouse
stroke model [31]. Registration at the French pharmacopeia supposes that the medicinal
plants are devoid of toxic effects in humans. Most of the time, this statement is based
on ethnobotany investigations, mainly oral information/folk knowledge, claiming that
the consumption of the plant is free from toxicities and side effects. However, regarding
A. borbonica, to the best of our knowledge, no in vivo preclinical study investigating a
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putative nephroprotective effect has been reported. We have recently reported a detailed
(qualitative and quantitative) phenolic profile as well as the antioxidant activity of aqueous
and organic extracts of A. borbonica and determined the LC50 of both extracts on a zebrafish
embryos model [32] according to the OECD (Organisation for Economic Co-operation and
Develpoment) guidelines, allowing us to safely investigate in vivo the effect of A. borbonica
in a kidney disease context.

Because of the potential therapeutic interest of A. borbonica against renal tubulointersti-
tial fibrosis, but also because we have previously reported [32] that the main polyphenols
of A. borbonica was caffeic acid (CA) and since it is now well admitted that the absorption of
CA derivatives results in free CA as secondary metabolites [33], the aims of our study were
(i) to look for the presence of nephrotoxic molecules, (ii) to evaluate the renal antifibrotic
effect of A. borbonica as well as CA in the in vivo unilateral ureteral obstruction (UUO)
mouse model and (iii) to investigate the presence of putative specific antifibrotic molecules
from A. borbonica at the renal tissue level.

2. Materials and Methods

2.1. Chemicals and Reagents

Folin–Ciocalteu reagent, sodium carbonate, sodium nitrite, aluminum chloride, 2,2-
Diphenyl-1-picrylhydrazyl (DPPH) and caffeic acid (CA) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Solvents such as acetone, acetonitrile and methanol were
purchased from Carlo Erba (Peypin, France).

2.2. Plant Material

Antirhea borbonica J.F Gmelin (A. borbonica) powder prepared from the dried leaves
was obtained from the APLAMEDOM institute (Association pour les Plantes Aromatiques
et Médicinales de la Réunion) and registered under the following code: DéTROI.002/2018,
stating the date of collection and the GPS coordinates (21◦05′44.9” S, 55◦39′06.6” E), altitude:
770 m. The pharmacist and director of APLAMEDOM performed the botanical identifica-
tion of A. borbonica. A. borbonica powder was stored at −20 ◦C until polyphenol extraction.

2.3. Nephrotoxic Compounds Identification and Quantification of Polyphenols by
UPLC-UV-ESI-MS/MS

Polyphenolic extract from A. borbonica was prepared by dissolving 1 g of crushed
leaves in 25 mL of an aqueous acetonic solution (70%, v/v). After incubation at 4 ◦C for
90 min, the mixture was centrifuged at 3500× g rpm at 4 ◦C for 20 min and polyphenol-rich
supernatant was collected and stored at −80 ◦C until analysis. Identification of polyphenols
was carried out by ultra-high-performance liquid chromatography (UHPLC) coupled with
diode array detection and a HESI-Orbitrap mass spectrometer (Q Exactive Plus, Thermo
Fisher). A 10 μL sample volume was injected using an UHPLC system equipped with a
Thermo Fisher Ultimate 3000 series WPS-3000 RS autosampler and then separated on a
PFP column (2.6 μm, 100 mm × 2.1 mm, Phenomenex, Torrance, CA, USA). The column
was eluted with a gradient mixture of 0.1% formic acid in water (A) and 0.1% formic acid
in acetonitrile (B) at the flow rate of 0.450 mL/min, with 5% B at 0.00 to 0.1 min, 35% B at
0.1 to 7.1 min, 95% B at 7.2 to 7.9 min and 5% B at 8.0 to 10 min. The column temperature
was held at 30 ◦C and the detection wavelengths were set to 280 and 310 nm.

For mass spectrometer conditions, a Heated Electrospray Ionization source II (HESI II)
was used. Nitrogen was used as drying gas. The mass spectrometric conditions were
optimized as follows: spray voltage = 2.8 kV, capillary temperature = 350 ◦C, sheath gas
flow rate = 60 units, aux gas flow rate = 20 units and S lens RF level = 50. Mass spectra were
registered in full scan mode from m/z 100 to 1500 in negative ion mode at a resolving power
of 70,000 FWHM at m/z 400. The automatic gain control (AGC) was set at 1e6. The MS/MS
spectra were obtained by applying a relatively higher energy collisional dissociation (HCD)
energy of 25%.
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Identification of the compounds of interest was based on their retention time, exact
mass, elemental composition, MS fragmentation pattern and comparisons with available
standards and the advanced mass spectral database, m/z Cloud (https://www.mzcloud.org,
accessed on 3 February 2021). The search for nephrotoxic compounds was carried out
based on their exact mass in the MS spectrum (Extract Ions Chromatograms (XICs)). Data
were acquired by XCalibur 4.2 software (Thermo Fisher Scientific Inc., Waltham, MA, USA)
and processed with compound discoverer 2.1, and Skyline 20.1 software (MacCoss Lab.,
Seattle, WA, USA) was used to confront raw files with our “in house” database.

2.4. Desorption Electrospray Ionization-High Resolution/Mass Spectrometry
(DESI-HR/MS) Imaging

The 2D automated Omni Spray Kidney tissues were flash-frozen in nitrogen and
stored at −80 ◦C before DESI-HR/MS imaging. For DESI-MS imaging and histology, 12 μm
thickness kidney sections were collected and mounted on SuperFrost™ Plus glass slides.

The 2D automated Omni Spray ion source from Prosolia Inc. (Indianapolis, IN, USA)
coupled to a Q-Exactive™ Plus mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) was used to perform the mass spectrometry imaging experiment. A solution of
methanol with 0.1% formic acid (HPLC-MS grade, Carlo Erba) was used as the extraction
and ionization spray solvent, delivered by a syringe pump at a flow rate of 5μL/min.
All imaging experiments were carried out with the following experimental conditions
including source parameters: 2.8 kV capillary voltage, 250 ◦C capillary temperature, 60%
S-lens RF level and 86 psi nitrogen nebulizing gas pressure, and including geometrical
parameters: ∼1 mm spray tip-to-surface distance and a spray incident angle of 60◦. Mass
spectra were registered in full scan mode with the mass spectrometer operating in neg-
ative mode. Survey full scan mass spectra were acquired in the 50 to 500 m/z range at
resolving power 70,000 (at m/z 400) with an automatic gain control (AGC) target of 36

and maximum injection time of 200 ms. DESI-HR/MS imaging of tissues was performed
in start point-constant velocity scan mode, with a scan rate of 185.2 μm/s and a spatial
resolution of 100 μm. Mass spectra were acquired using XCalibur 4.2 software (Thermo
Fisher Scientific Inc.).The XCalibur mass spectral files (.raw) were converted to mZML then
to imzML [34]. MSIQuant software [35] was used to generate the selected ion images.

Periodic acid-Schiff (PAS) staining was performed on the same tissue sections after
DESI-MSI to visualize tissue structure.

2.5. Animal Model: Unilateral Ureteral Obstruction (UUO)—Biodistribution and
Pharmacokinetic Studies

All reported experiments were performed at the GIP-CYROI technological platform’s
animal facility (A974001), conducted in accordance with NIH guidelines for the care and
use of laboratory animals, and were approved by the French authorities (APAFIS#7347-
2016100314466830v5, approved on 4 September 2017). C57BL/6J mice (male, 6 weeks old)
were purchased from Janvier, (Le Genest Saint Isle, France) and housed in a pathogen-free,
temperature-controlled environment with a 12–12 h light/dark photocycle. Animals had
free access to food and tap water, to avoid dehydration-related hypovolemia. All mice
were fed with a normal diet.

The unilateral ureteral ligation was performed as previously described [36]. Briefly,
under oxygen–isoflurane anesthesia and through a longitudinal, left abdominal incision,
the ureter was exposed and ligated with a 6/0 nylon thread at the uretero–pelvic junction.
In sham operations, the ureter was exposed but not ligated and repositioned. To reduce pain
Buprenorphine (0.01 mg/kg) (Buprecare centravet, Maison-Alfort, France) was injected
i.p before surgery and 12 h later. Except for the preventive experiment where A. borbonica
polyphenol-rich extract was administered by gavage 1 day before UUO and then every day
for 5 days, the treatment with A. borbonica polyphenol extract (25 mg/kg) or CA (25 mg/kg)
was initiated 3 days after UUO and continued for 5 days. A. borbonica polyphenol extract
(25 mg/kg) or CA (25 mg/kg) were resuspended in distilled water just before gavage.
The control group received only the vehicle (distilled water). At the end of the different
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protocols, mice were sacrificed and the kidneys were removed, and a transverse section
was fixed in Carnoy’s solution for 24 h and subsequently embedded in paraffin for immuno-
histological analysis. Several pieces of renal cortex were snap-frozen in liquid nitrogen and
stored at −80 ◦C for mRNA, enzyme activities and MS/MS analysis.

For biodistribution study, one day before sacrifice animals were placed in metabolic
cages to collect urine overnight. CA and its metabolites were measured by UPLC-MS/MS
in liver and kidney tissues and urine.

For pharmacokinetics study, the animals were submitted to UUO and 3 days later
they were fasted overnight and then treated with a single dose of CA (25 mg/kg) or
vehicle (n = 3/group). Blood samples (90 μL) were collected at time 0 (before treatment),
30 min, 60 min, 180 min and 360 min post-treatment. CA concentrations were measured by
UPLC-HESI-Q-orbitrap (Q Exactive Plus).

2.6. Determination of Phenolic and Flavonoid Contents—Measurement of the Total Antioxidant
Capacity of Polyphenol-Rich Plant Extract Administered Orally

The total phenolic acid content in A. borbonica extract was determined by using the
Folin–Ciocalteu assay [37] and expressed as mg gallic acid equivalent (GAE) per 100 g dry
plant powder. The total flavonoid content was determined by using the aluminum chloride
(AlCl3) colorimetric assay [38] and expressed as mg quercetin equivalent (QE) per 100 g
dry plant powder.

The total antioxidant capacity of A. borbonica extract was assessed through the 2,2-
Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay using vitamin C positive control.
The absorbance (Abs) was read at 517 nm (FLUOstar Optima, Bmg Labtech). The percentage
of free radical-quenching activity of DPPH was calculated from the following formula:

Antioxidant capacity (%) = [(Absvehicle − Abssample)/Absvehicle] × 100

2.7. Immunohistochemistry and Histological Analysis

Kidneys were fixed in Carnoy’s solution, dehydrated and embedded in paraffin. From
kidney sections, routine histology and immunohistological staining and analysis were
performed as previously described [39]. Three to four μm thickness sections were cut and
used for routine staining (hematoxylin–eosin and Sirius red staining) and immunohisto-
chemistry. The extent of Sirius red staining on the kidney section was scored from 0 to
4+ as follows: 0: no staining; 0.5: <10%; 1: 10–25%; 2: 25–50%; 3: 50–75%; and 4: >75%.
For immunohistochemistry, mouse renal tissue was first de-waxed in toluene and rehy-
drated through a series of graded ethanol washes before incubation with 3% hydrogen
peroxide for 10 min at room temperature to block endogenous peroxidase activity. Specific
primary antibodies were incubated (1 h at room temperature) on mouse kidney sections
for the detection of macrophages with anti-mouse F4/80 (RM2900; Caltag laboratories Inc.,
Burlingame, CA, USA; dilution 1/250); rabbit anti-alpha smooth muscle actin antibodies
(ab5694-abcam; dilution 1/250). The sections were subsequently stained with the Dako
Envision system (K4000 (primary antibodies from mouse) and K4002 (primary antibodies
from rabbit)) according to manufacturer’s instruction. Sections were finally counterstained
with hematoxylin. Negative controls for the immunohistochemical procedures included
substitution of the primary antibody with nonimmune sera at a similar immunoglobin
concentration. Sections were scanned using a NanoZoomer S60 (Hamamatsu) and image
analysis was realized in a blind fashion using Image J software (https://imagej.nih.gov/ij/,
accessed on 30 March 2021).

2.8. RT-qPCR

Total RNA was isolated from mouse kidneys with TRIzolTM reagent (Invitrogen).
One microgram of total RNA was reverse transcribed with random hexamer primers
and Superscript II reverse transcriptase (Applied Biosystems). The quantitative real-time
polymerase chain reaction was performed in a 96 well plate using SYBR greenTM master
mix (Eurogentec). Analysis of GAPDH was performed to normalize gene expression and
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the relative mRNA fold changes between groups were calculated using the 2−ΔΔCt method.
Primer sequences are listed in Table 1.

Table 1. Primers used for reverse transcribed-quantitative polymerase chain reaction (RT-qPCR).
Transforming growth Figure 4. nuclear factor erythroid 2-related factor 2 (Nrf2); monocyte chemotac-
tic protein (Mcp1); fibronectin (Fn); collagen type I and III (Col I, Col III); alpha smooth muscle actin
(α-Sma); catalase (Cat); glutathione peroxidase (Gpx); manganese-dependent superoxide dismutase
(MnSOD); copper/zinc superoxide dismutase (Cu/ZnSOD).

Mouse Gene Sequence

Tgf-β Forward
Reverse

CCTGAGTGGCTGTCTTTTGA
CGTGGAGTTTGTTATCTTTGCTG

Tnf-α Forward
Reverse

TCCCAGGTTCTCTTCAAGGGA
ACAAGGTACAACCCATCGGC

Nf-κB Forward
Reverse

GTGATGGGCCTTCACACACA
CATTTGAACACTGCTTTGACT

F4/80 Forward
Reverse

ACCACAATACCTACATGCACC
AAGCAGGCGAGGAAAAGATAG

Nrf2 Forward
Reverse

TCCCATTTGTAGATGACCATGAG
CCATGTCCTGCTCTATGCTG

Mcp1 Forward
Reverse

GCAGTTAACGCCCCACTCA
CCAGCCTACTCATTGGGATCA

Fn Forward
Reverse

CTTTGGCAGTGGTCATTTCAG
ATTCTCCCTTTCCATTCCCG

Col I Forward
Reverse

CATAAAGGGTCATCGTGGCT
TTGAGTCCGTCTTTGCCAG

Col III Forward
Reverse

GAAGTCTCTGAAGCTGATGGG
TTGCCTTGCGTGTTTGATATTC

α-Sma Forward
Reverse

GTGAAGAGGAAGACAGCACAG
GCCCATTCCAACCATTACTCC

Gapdh Forward
Reverse

CTTTGTCAAGCTCATTTCCTGG
TCTTGCTCAGTGTCCTTGC

Cat Forward
Reverse

CCTCCTCGTTCAGGATGTGGTT
CGAGGGTCACGAACTGTGTCAG

Gpx Forward
Reverse

TGCTCATTGAGAATGTCGCGTCTC
AGGCATTCCGCAGGAAGGTAAAGA

MnSod Forward
Reverse

ATGTTGTGTCGGGCGGCG
AGGTAGTAAGCGTGCTCCCACACG

Cu/ZnSod Forward
Reverse

GCAGGGAACCATCCACTT
TACAACCTCTGGACCCGT

2.9. Protein Isolation from Kidney Tissue, Antioxidant Activities (Mn-SOD, Cu/Zn-SOD, GPX,
CAT) and Protein Carbonylation

For enzymatic activities determination, protein isolation from kidney tissue was
performed as follow: between 10 to 30 mg of kidney tissues previously collected and stored
at −80 ◦C were homogenized with a TissueLyser II (Qiagen) in 150 μL of Tris buffer (Tris
(25 mM), EDTA (1 mM), pH 7.4). After centrifugation (5000× g/min, for 10 min), the
supernatant was used for protein quantification and enzymatic assays. The total protein
level of lysate was quantified by the bicinchoninic acid assay (BCA).

SOD activity was assayed by monitoring the rate of acetylated cytochrome c reduction
by superoxide radicals generated by the xanthine/xanthine oxidase system. Measurements
were performed in a reagent buffer (xanthine oxidase, xanthine (0.5 mM), cytochrome c
(0.2 mM), KH2PO4 (50 mM), EDTA (2 mM), pH 7.8) at 25 ◦C. The specific MnSOD activities
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were determined in the same conditions after incubation of samples with NaCN (1 mM)
which inhibits Cu/ZnSOD activities. Assays were monitored by spectrophotometry at
560 nm. SOD activities were calculated using a calibration standard curve of SOD (up to
6 unit/mg). Total SOD, MnSOD and resulting Cu/ZnSOD activities were expressed as
international catalytic units per mg of proteins.

The total activity of glutathione peroxidase (GPX) was determined with cumene
hydroperoxide as substrate. The rate of glutathione oxidized by cumene hydroperoxide
(6.5 mM) was evaluated by the decrease in NADPH (0.12 mM in Tris buffer) at 340 nm in
the presence of NaCN (10 mM), reduced glutathione (0.25 mM) and glutathione reductase
(1 U/mL) in Tris buffer (50 mM, pH 8). GPX activity was expressed as international units
per gram of proteins.

The catalase (CAT) activity assay was carried out on 40 μg of protein lysate in 25 mM
Tris–HCl (pH 7.5). Blanks were measured at 240 nm just before adding 80 μL of H2O2
(10 mM final) to start the reaction. Catalase activity was determined by measuring the
absorbance at 240 nm and was calculated using a calibration standard curve of an increasing
amount of catalase between 12.5 and 125 unit/mL. Catalase activity was expressed as
international catalytic units per mg of proteins.

The protein carbonylation was determined as described previously [40] by the car-
bonyl ELISA assay based on the recognition of protein-bound DNPH in carbonylated
proteins with an anti-DNP antibody.

2.10. Statistics

Individual data are presented as dot plots next to the average for the group. Compari-
son between two groups of values was achieved by using a two-tailed unpaired Welch’s
t-test. For statistical comparisons involving more than two experimental groups, analysis of
variance (ANOVA) followed by Dunnett’s test was used. Statistical analyses and the deter-
mination of the area under the curve (AUC (0-360)) were performed with Graph-Pad Prism
6.3 (GraphPad Software, Inc., San Diego, CA, USA). Data are mean ± SD. A p-value < 0.05
was considered statistically significant.

3. Results

3.1. Detection and Identification of Nephrotoxic Components

In the present study, based on their exact mass in MS spectrum, we focused on the
detection and identification of known nephrotoxic molecules (Table S1) in the polyphenol-
rich plant extract from A. borbonica. None of these molecules were found in the A. borbonica
extract. This reassuring result prompts us to investigate, in vivo, the putative nephropro-
tective effect of a non-toxic concentration of polyphenol-rich extract from A. borbonica.

3.2. Phenolic/Flavonoid Contents and Total Antioxidant Activity of Orally Administered
Polyphenol-Rich Extract from A. borbonica.

Based on our previous study [32], the dose of 25 mg/kg was chosen for mice gavage
and corresponded to the lowest dose (1.4 g/L) tested on the zebrafish (embryos/larvae)
model, showing no toxicological effect. As shown in Figure 1A, the quantity of polyphenol
administered by gavage is not negligible since we found total contents of phenolic acids and
flavonoids of 47.6 ± 8.5 mg GAE/100 g dried powder and of 27.1 ± 3.2 mg QE/100 g dried
powder, respectively. In addition, A. borbonica extract exhibited an antioxidant capacity
accounting for 37% of the positive control ascorbic acid (Figure 1B).
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Figure 1. Total phenolic acid and flavonoid contents (A) and antioxidant capacity (B), from A. borbonica extract administered
by gavage. (A) Total phenolic contents were determined by using the Folin–Ciocalteu colorimetric assay and total flavonoid
contents were determined by using the aluminum chloride colorimetric assay. The results are expressed as mg gallic acid
equivalent (GAE)/100 g and as mg quercetin equivalent (QE)/100 g plant dried powder. (B) Total antioxidant capacity was
measured by DPPH assay. Positive control ascorbic acid was used at the same phenolic acid concentration (47 mg GAE) as
that provided by the A. borbonica extract. The results are expressed as % of reduced DPPH. Data are means ± SD of three
independent experiments. * p < 0.05 vs. ascorbic acid.

3.3. Preventive Experiment: Effects of Polyphenol-Rich Extract from A. borbonica on Body and
Kidney Weight and Diuresis in a UUO Model

In order to ascertain that the 5 days of treatment with A. borbonica (25 mg/kg) did not
result in unexpected adverse effects, we investigated the body weight before and after the
treatments, and the diuresis and the left kidney weight at the end of the experiments. As
shown in Table 2, neither the UUO treatment nor the UUO + A. borbonica treatment led to a
significant change in animal body weight, kidney weight and diuresis.

Table 2. Effect of A. borbonica (A. b) extract on body weight, left kidney weight and diuresis. Values are means ± SD;
n = 7 animals/group.

Group n Body Weight (g) Left Kidney Weight (g) Diuresis/24 h (mL)

Sham 7 22.02 ± 2.64 0.134 ± 0.01 1.06 ± 0.44

UUO + veh 7 21.58 ± 1.54 0.136 ± 0.01 1.26 ± 0.6

UUO + A. b 25 mg/kg 7 20.49 ± 1.20 0.122 ± 0.008 1.06 ± 0.6

3.4. Preventive Effect of Polyphenol-Rich Extract from A. borbonica in UUO-Induced
Tubulointerstitial Fibrosis

To determine the possible nephroprotective effect of polyphenol-rich extract from
A. borbonica, we administrated it by gavage one day before the UUO and allowed the mice
to survive for 5 days with a daily A. borbonica gavage. The sham group received the vehicle
(distilled water). At the end of the experimental procedure (day 5), we assessed interstitial
collagen deposition by the analysis of Sirius red-stained renal sections (Figure 2A). In this
“proof of concept” study, identification of a nephroprotective effect leads us to pursue the
investigation, otherwise we do not go any further.
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Figure 2. Preventive effect of A. borbonica (A. b) 25 mg/kg on renal tubulointerstitial fibrosis induced by unilateral ureteral
obstruction (UUO) in mice. (A) Experiment design: black arrows indicate daily gavage with 25 mg/kg A. b. (B) Renal
tubulointerstitial fibrosis highlighted with the Sirius red staining, arrows indicate interstitial fibrosis. (C) qPCR analyses
of mRNA–macrophage infiltration (F4/80) and myofibroblasts (α-Sma); n = 5 per group. * p < 0.05 compared to Sham;
$ p < 0.05 compared to UUO + Veh. Scale bar =100 μm.

Pretreatment with polyphenol-rich extract from A. borbonica (25 mg/kg) for 5 days
significantly decreased tubulointerstitial collagen accumulation as shown by the Sirius red
staining (Figure 2B). Because interstitial collagen accumulation is strongly associated with
an increase in macrophage infiltration (F4/80) in the kidney and the appearance of myofi-
broblasts (α-SMA), we examined the mRNA expression of these two markers. Whereas
UUO increased the gene expression of F4/80 and α-SMA, both markers were significantly
decreased in the group treated with polyphenol-rich extract from A. borbonica (Figure 2C).

This very first experiment performed on a reduced number of animals and the rapid
evaluation of the three phases of the fibrotic process (inflammation, myofibroblasts appear-
ance and interstitial collagens accumulation) allowed us to make the decision to continue
the evaluation of the polyphenol-rich extract from A. borbonica.

3.5. Curative Effect of Polyphenol-Rich Extract from A. borbonica in UUO-Induced
Tubulointerstitial Fibrosis.

To truly evaluate the nephroprotective effect of polyphenol-rich extract from A. borbon-
ica, we administrated the solution, by gavage, 3 days after surgery for 5 days (Figure 3A).
A. borbonica extract significantly reduced macrophage infiltration and myofibroblast appear-
ance, assessed by F4/80 (Figure 3B) and α−SMA (Figure 3C) immunostaining, respectively,
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and confirmed by qPCR analysis. Moreover, A. borbonica extract decreased extracellular
matrix accumulation assessed by Sirius red staining (Figure 3D).

 
Figure 3. Curative effect of A. borbonica (A. b) 25 mg/kg on renal tubulointerstitial fibrosis induced by unilateral ureteral
obstruction (UUO) in mice. (A) Experiment design: the black arrows indicate daily gavage with A. b. (B) Macrophage
infiltration revealed by F4/80 immunostaining, arrows indicate macrophages. (C) Accumulation of myofibroblasts revealed
by alpha SMA staining, arrows indicate myofibroblasts. (D) Renal tubulointerstitial fibrosis shown by Sirius red staining,
arrows indicate interstitial fibrosis. Sham-operated group (Sham), unilateral ureteral obstruction group receiving vehicle
(UUO + Veh) and unilateral ureteral obstruction group receiving polyphenol-rich extract from A. b (UUO + A. b 25 mg/kg).
For each staining, quantitative results are shown on the right part of the figure (scatter dot plot), as well as renal mRNA
expression of F4/80 and α-Sma; n = 7 per group. * p < 0.05, ** p < 0.01, compared to Sham; $ p < 0.05 compared to UUO + Veh.
Scale bar = 100 μm.

To better understand the molecular mechanisms by which A. borbonica could reduce
renal fibrosis, we analyzed the expression of genes encoding key proteins known to be
involved in UUO. Shown in Figure 4A is the UUO-induced overexpression of the mRNA
of profibrotic cytokines (TGF-β, TNF-α) and NF-κB, a nuclear factor known to control cy-
tokines production. We also observed the overexpression of Nrf2, a redox-sensitive nuclear
transcription factor involved in the regulation of antioxidant enzyme genes expression. The
mRNA Mcp-1 encoding for the chemokine MCP-1 (also known as CCL2) which is involved
in monocyte/macrophage recruitment was overexpressed by UUO. As expected, UUO
induced the expression of fibronectin, type I and III interstitial collagens’ mRNA. Oral
administration of A. borbonica extract blunted significantly the UUO-induced expression of
most of these genes. Interestingly, A. borbonica extract induced a significant increase in the
mRNA expression of Nrf2, suggesting the stimulation of the antioxidant defense system.
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Figure 4. A. borbonica (A. b) extract restores normal inflammatory and oxidative stress states induced by unilateral
ureteral obstruction (UUO). (A) Expression of genes involved in inflammatory and fibrotic responses in obstructed kidney,
(B) antioxidant enzyme expression and activity (act) and (C) protein carbonyl concentration in obstructed kidney. n = 7 per
group. * p < 0.05, ** p < 0.01, compared to Sham; $ p < 0.05, $$ p < 0.01 compared to UUO + Veh.

These results prompt us to investigate the gene expression and enzyme activities of
catalase (CAT), glutathione peroxidase (GPX) and Mn- and Cu/Zn-superoxide dismutase
(SOD). As shown in Figure 4B, gene expression did not change for Cat. Gpx was increased
by UUO whereas Mn- and Cu/Zn-SOD expression was not modified when compared to
the sham group. A. borbonica extract treatment significantly increased Mn- and Cu/Zn-SOD
mRNA expression compared to the sham group, but this increase was not significant when
compared to the UUO untreated group. Interestingly, we found that, when compared to
the UUO group, A. borbonica extract treatment was associated with a significant increase in
both GPX and Cu/Zn-SOD enzyme activities. More precisely, UUO did not change the
GPX enzyme activity but significantly decreased Cu/Zn-SOD activity, and A. borbonica
extract administration significantly increased GPX and brought back to control values
Cu/Zn-SOD activities.

Protein carbonylation is considered as a major hallmark of oxidative damage. The
disturbance of redox homeostasis in the UUO model could explain the significant increase
in protein carbonyl level in obstructed kidneys, as shown in Figure 4C. Interestingly, this
increase was totally suppressed by A. borbonica extract treatment (Figure 4C).
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3.6. Biodistribution of Caffeic Acid and Its Metabolite 24 Hours after Administration of A.
borbonica Polyphenol-Rich Extract (25 mg/kg) in Mice Kidney, Liver and Urine

In the next step, we aimed at evaluating the biodistribution of the main polyphenols
of A. borbonica and caffeic acid derivatives by using mass spectrometry, in order to identify
metabolites that may explain the previously observed biological effects. As shown in Table 3,
the caffeic acid (CA) was detected as a secondary metabolite in the UUO animals treated
with A. borbonica polyphenol extract, and was significantly higher in obstructed kidneys
when compared to sham and vehicle groups (0.144 ± 0.013 vs. 0.006 ± 0.006 μM, respectively,
*** p < 0.001). Similarly, significantly elevated concentrations of the methylated form of
CA, namely ferulic acid (FA), were detected in the A. borbonica-treated UUO mice group
(1.119 ± 0.132 vs. 0.076 ± 0.060/0.064 ± 0.011 μM, respectively, *** p < 0.001). No metabolite
difference was noticed between each group for liver samples. Nonetheless, the highest
concentrations of CA and FA were found in urine (96.599 ± 19.704 vs. 38.002 ± 5.021 μM,
respectively), indicating excretion, at least in part, by the kidneys. As expected, A. borbonica
polyphenols were detected in the liver. Caffeic acid and its secondary metabolite FA reach
the systemic circulation to be delivered to organs. These findings prompt us to investigate
the effect of the CA molecule in this kidney fibrosis model.

Table 3. Distribution of caffeic acid (CA) and its methylated metabolite, ferulic acid (FA), in obstructed
kidney, liver and urine after ingestion of 25 mg/kg of A. borbonica (A. b). The concentrations
were measured by UPLC-HESI-Q-Orbitrap (Q-Exactive™ Plus) and expressed in (μM). ** p < 0.01,
*** p < 0.001, compared to UUO + Vehicle. Values are means ± SD; n = 7 animals/group.

Concentration (mM) Sham UUO + Vehicle UUO + A. b 25 mg/kg

Kidney obstructed
Caffeic acid 0.006 ± 0.005 0.006 ± 0.006 0.144 ± 0.013 ***
Ferulic acid 0.076 ± 0.060 0.064± 0.011 1.119 ± 0132 ***

Liver
Caffeic acid 0.026 ± 0.006 0.031 ± 0.003 0.037 ± 0.001
Ferulic acid 0.391 ± 0.074 0.388 ± 0.104 0.426 ± 0.099

Urine
Caffeic acid 24.912 ± 6.401 21.161 ± 6.856 96.599 ± 19.704 ***
Ferulic acid 10.376 ± 3.505 12.551 ± 3.307 38.002 ± 5.021 **

3.7. Caffeic Acid (CA) Administration Mimics A. borbonica Extract’s Nephroprotective Effects

The presence of CA in mice obstructed kidney (Table 3) and the fact that CA and
derivatives were the most abundant polyphenolic compounds of A. borbonica [32] suggests
that CA could mimic A. borbonica extract’s nephroprotective effects.

We thus investigated if we could reproduce the observed nephroprotective effects of A.
borbonica by daily oral administration of CA from day 3 after UUO for 5 days (Figure 5A).

Immunohistological analysis showed a significant protective effect of CA on macrophage
infiltration (Figure 5B), accumulation of myofibroblasts (Figure 5C) and renal tubuloint-
erstitial fibrosis (Figure 5D). The overexpression of the mRNA levels of genes involved
in the inflammatory and fibrotic responses in obstructed kidneys was downregulated by
CA, except for the transcription factor Nrf2 (Figure 6A), as previously described above
for A. borbonica. We also observed that CA significantly increased CAT and Cu/ZnSOD
enzyme activities (Figure 6B). However, the stimulation of the activity of these antioxidant
enzymes by CA resulted in a slight decrease in carbonyl level which did not reach statistical
significance (Figure 6C).
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Figure 5. Curative effect of caffeic acid (CA) 25 mg/kg on renal tubulointerstitial fibrosis induced by UUO in mice.
(A) Experiment design, black arrows indicate daily gavage with CA. (B) Macrophage infiltration F4/80, arrows indicate
macrophages. (C) Accumulation of myofibroblasts alpha SMA, arrows indicate myofibroblasts. (D) Tubulointerstitial
fibrosis (Sirius red), arrows indicate interstitial fibrosis. Sham operated group (Sham), unilateral ureteral obstruction group
receiving vehicle (UUO + Veh) and unilateral ureteral obstruction group receiving caffeic acid (UUO + CA 25 mg/kg).
For each staining quantitative results are shown on the right part of the figure (scatter dot plot), as well as renal mRNA
expression of F4/80 and α-Sma; n = 7 per group. * p < 0.05, ** p < 0.01, *** p < 0.001, compared to Sham; $ p < 0.05, $$ p < 0.01
compared to UUO + Veh. Scale bar = 100 μm.

Taken together these data strongly suggest that the phenolic compound CA found
in A. borbonica. could actively participate in the observed nephroprotective effects in the
UUO model.

3.8. Plasma and Kidney Pharmacokinetic of Caffeic Acid

To evidence that CA participates in the nephroprotective effects of A. borbonica extract,
we decided to undertake plasma and kidney pharmacokinetics of CA in order to optimize
the visualization protocol of the CA presence in the obstructed kidneys by using DESI-
HR/MS imaging. To this end, three days after UUO, mice were administrated by oral
route a unique dose of CA (25 mg/kg) and then were sacrificed at 30, 60, 180 and 360 min.
Caffeic acid (CA) and ferulic acid (FA) concentrations in both the plasma and kidney were
assessed by using UPLC-HESI-Q-orbitrap (Q-Exactive™ Plus).
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Figure 6. Caffeic acid (CA) 25 mg/kg restores normal inflammatory and oxidative stress parameters induced by UUO
in mice. (A) Expression of genes involved in inflammatory and fibrotic responses in obstructed kidney, (B) antioxidant
enzymes gene expression and activities and (C) the protein carbonyl concentration in obstructed kidney. n = 7 per group.
* p < 0.05, ** p < 0.01, *** p < 0.001, compared to Sham; $ p < 0.05, $$ p < 0.01, $$$ p < 0.001, compared to UUO + Veh.

As shown in Figure 7A and Table 4, CA exhibited a significant peak plasma con-
centration of 50.5 ± 9.8 μM (Cmax) within 30 min (tmax) suggesting its rapid absorption.
However, due to hepatic first-pass metabolism, a limited bioavailability was noticed
(0.4%). Indeed, a significant ferulic acid (FA) peak plasma concentration (68.3 ± 8.3 μM)
appeared at the same tmax as CA. Comparison of the area under the curve (AUC) for
plasma showed a significantly higher AUC (0-360) for CA than FA for UUO-CA treated mice
(4964 ± 97.3 vs. 4648 ± 91.1, respectively), suggesting that CA stays longer in plasma than
FA (Figure 7B). Notably, no plasma CA and FA peak was registered for the vehicle group.
In the kidneys (Figure 7C,D), one hour after CA administration, CA and FA concentrations
were significantly higher (x5) in the obstructed kidneys compared to the contralateral kid-
neys (5.3 ± 1.1 and 4.5 ± 0.8 μM vs. 0.3 ± 0.1 and 0.4 ± 0.1 μM, respectively). Interestingly,
a significantly high AUC (0-360) was calculated for CA and FA in the obstructed kidneys com-
pared to the contralateral kidneys (881 ± 17.2 and 1073 ± 21 vs. 100 ± 2 and 98.5 ± 11, re-
spectively) indicating their accumulation in the obstructed kidney (Figure 7D). Taking these
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data into account we set up a DESI-HR/MS experiment to visualize the spatial distribution
of CA in the obstructed kidney 1 h after CA gavage.

A B 

C D 

Figure 7. Pharmacokinetic study of caffeic acid (CA) and ferulic acid (FA) after oral administration of CA (25 mg/kg) in
3 days-UUO mice. (A) Plasma concentration–time profiles of CA and its circulation metabolite, ferulic acid (FA), in UUO
mice. (B) Corresponding area under the curves (AUC) of CA and FA in plasma. (C) Concentration–time profiles of CA and
FA in obstructed and contralateral kidneys. (D) Corresponding area under the curves (AUC) of CA and FA in obstructed
and contralateral kidneys. Concentrations were determined using UPLC-HESI-Q-orbitrap (Q-Exactive™ Plus). *** p < 0.001,
**** p < 0.0001, compared to UUO + Vehicle; $$$$ p < 0.0001, compared to caffeic acid; §§ p < 0.01, §§§ p < 0.001, §§§§ p < 0.0001,
compared to contralateral kidney; ££££ p < 0.0001, compared to caffeic acid. Values are means ± SD; n = 3 animals/time.

Table 4. Pharmacokinetic parameters at the dose 25 mg/kg of caffeic acid (CA) orally administered
in UUO mice. AUC represents the calculated area under the curve between 0 and 360 min. Cmax is
the maximum concentration achieved. tmax is the required time to achieve Cmax. Bioavailability (F) is
the fraction of the administered dose that is available to the systemic circulation. Values are means;
n = 3 animals/time.

Parameter Oral Administration (Gavage)

Caffeic Acid

AUC (0–360) 4964
Cmax (μM) 50.5
tmax (min) 30

F (%) 0.4
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3.9. Visualization of Orally Administered Caffeic Acid (CA) in the Obstructed Kidney

The spatial distribution of CA (m/z 179.0340) and FA (m/z 193.0506) in mice obstructed
kidney is shown in Figure 8A,B respectively. When compared to PAS staining (Figure 8D)
we observed the presence of CA in the renal cortex where the dilated tubules are found, and
thus where tubulointerstitial fibrosis will appear and progress. Caffeic acid is also present
in renal papilla, suggesting CA urinary elimination. Taken together our data highlight that
CA exerts an antifibrotic effect in the UUO mouse model.

A B C D 

E 

CA FA 

Figure 8. Visualization of caffeic acid (CA) and its circulating metabolite, ferulic acid (FA), 1 h post oral administration of CA
25 mg/kg in the obstructed kidney tissue of mice. Desorption electrospray ionization-high resolution/mass spectrometry
(DESI-HR/MS) Imaging of (A) caffeic acid (m/z 179.0340), (B) ferulic acid (m/z 193.0506) and (C) m/z 255.2318 used to show
the negative fingerprint of tissue and the corresponding Periodic Acid Schiff (PAS) staining (D). (E) DESI-HR/MS mass
spectrum ranging from m/z 50 to 500. The Synapt Blue-Red-Yellow color scale was used.

4. Discussion

Medicinal plants are usually perceived as safe medication. However, plants can also
contain many toxic substances that may be a risk to the kidneys [41,42]. Here, we first
looked for the presence of known nephrotoxic molecules and showed that no toxic molecule,
at least associated with Chinese herbal nephrotoxicity [43], was present in A. borbonica.
These results made us confident to investigate in vivo the putative nephroprotective effect
of A. borbonica.

Although rarely found in humans, the complete obstruction of the ureter in the UUO
model mimics, in an accelerated manner, the different stages leading to renal tubulointersti-
tial fibrosis [44]. It includes inflammation associated with macrophage infiltration and the
up-regulation of pro-fibrotic molecules, as well as the appearance and the accumulation of
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myofibroblasts, which are the main cell type responsible for the secretion of extracellular
matrix proteins [44]. Because of the highly reproducible fibrotic response this UUO model
is now well recognized to test the antifibrotic potency of candidate molecules [45].

In the present study, we provide evidence that the oral administration of polyphenol-
rich extract from A. borbonica significantly attenuates, in vivo, renal interstitial fibrosis. We
showed that this nephroprotective effect goes through reduction in the three phases of the
fibrosis process (macrophage infiltration, myofibroblast appearance and extracellular ma-
trix accumulation). An increasing number of studies using the UUO model have reported
similar effects, mainly observed in a preventive way, from polyphenol-rich extracts of
various origins such as Elsholtzia ciliate [46] and Nigella sativa [47], but also from polyphenol
molecules such as curcumin from Curcuma longa [48], icariin, an active flavonoid from the
Epinedium genus [49], resveratrol [50], quercetin, a flavonoid present in vegetables and
fruits [51], and epigallocatechin-3-gallate, a green tea polyphenol [52]. In line with these
studies, our results show, for the first time, that either in a preventive or curative treatment
A. borbonica significantly attenuates macrophage infiltration. This anti-inflammatory effect
leads to a strong decrease in myofibroblast appearance in the tubulointerstitial space and
consequently to a reduced tubulointerstitial fibrosis, as evidenced by the down-regulation
of Fn mRNA, as well as Col I and III at the mRNA and protein levels. As expected, this
was associated with the mRNA down-regulation of pro-inflammatory and pro-fibrotic
cytokines (Tgf-β, Tnf-α), a chemokine (Mcp1), and a transcription factor (Nf-κB).

As polyphenols are known to exert antioxidant effects [53], we studied the expression
of Nrf2, which is a major transcription factor involved in the regulation of antioxidant
enzymes [54,55]. We found that UUO induced an increase in Nrf2 gene expression. This
up-regulation was expected since UUO is known to induce oxidative stress [56], which
in turn stimulates Nrf2 gene and protein expression [57]. In addition, we observed that
polyphenol-rich extract from A. borbonica further stimulated Nrf2 gene expression. It
suggests that polyphenols from A. borbonica have the capacity to stimulate Nrf2. This result
was consistent with the, now well admitted, effect of polyphenols such as Nrf2 activator [58].
To further get insights into the nephroprotective mechanism of polyphenol-rich extract
from A. borbonica, we measured antioxidant enzymes known to be up-regulated by Nrf2.
Whereas polyphenol-rich extract from A. borbonica was without significant effect on the
mRNA expression of Cat, Gpx and Sod when compared to the UUO-untreated animals, we
observed a significant increase in the enzyme activities of GPX and Cu/ZnSOD. Although
most of the studies using the UUO model to investigate the renal effects of polyphenols have
focused on the protein expression of antioxidant enzymes [49,59], our data are consistent
with the few works that investigated the antioxidant enzyme activity, showing that the
renal enzyme activities of CAT and total-SOD are significantly reduced in the obstructed
kidney [47,60]. The decrease in these main antioxidant activities in the UUO model are
generally associated with an increase in reactive oxygen species which can lead to protein
damage and the formation of oxidized compounds such as carbonylated proteins [61].
Whereas polyphenol-rich extract from A. borbonica had no effect on CAT and Mn-SOD
enzyme activities, our data show a significant increase in GPX and Cu/ZnSOD enzyme
activities. These results specify more clearly the mechanism of action of A. borbonica. In
addition, the beneficial effect of A. borbonica on both enzymes’ activities seems to be strong
enough to protect proteins from the oxidative damage induced by UUO.

We have previously reported [32] that CA and derivatives were the most abundant
polyphenolic compounds of A. borbonica. In order to explore the mechanism of action of
polyphenol-rich extract from A. borbonica, we investigated if we could reproduce the ob-
served curative nephroprotective effects of A. borbonica extract by oral administration of CA.
It is now well known that CA exhibits antioxidant and anti-inflammatory properties [62],
and that administration of caffeamide derivatives have shown antifibrotic effects in renal
ischemia reperfusion [63], as well as in the UUO model [64]. However, to the best of our
knowledge, the oral administration of the CA molecule has never been studied in the
UUO model. Since CA is the main phenolic acid found in A. borbonica [32], to properly
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investigate if CA participates in the antioxidant and anti-fibrotic effects observed with the
polyphenol-rich extract from A. borbonica, we had to study the effect of oral administration
of CA in the representative UUO renal tubulointerstitial fibrosis model. Our results clearly
show that oral administration for 5 days of CA (25 mg/kg), 3 days after UUO, significantly
decreased macrophage infiltration, myofibroblast appearance and extracellular matrix
accumulation. This was associated with the down-regulation of pro-inflammatory and
pro-fibrotic cytokines, as well as a significant increase in Nrf2 mRNA expression and CAT
and Cu/ZnSOD enzyme activities. This increase in Nrf2 is consistent with in vitro data
showing that CA [65] and CA derivatives [66] exert their protective effect via the Nrf2
pathway. The results obtained with CA administration on antioxidant enzyme activities
are slightly different from the effect observed with A. borbonica polyphenol-rich extract. In-
deed, when compared to the UUO + Veh group, we observed a significant increase in CAT
activity, and the increase in GPX activity was not significantly different. In addition, we
did not observe a significant effect on carbonylated proteins. In fact, the observed effect on
antioxidant enzyme activity with the polyphenol-rich extract from A. borbonica may result
from the combination of the different polyphenols’ effects. Thus, these discrepancies could
be related to the administered CA dose, which is much higher than the CA concentration
in the polyphenol-rich extract from A. borbonica.

To provide more evidence that polyphenols can exert their biological effects at the kid-
ney level, we used the DESI imaging technique to visualize and provide evidence that CA,
given by oral route, is rapidly present in the kidney, strongly suggesting bioavailability of
CA in the kidney. Our data are consistent with the biodistribution study of Omar et al. [67]
which used [3-14C]trans-caffeic acid. However, we observed a low bioavailability (F = 0.4%)
probably due to an important metabolic activity in the intestine and liver prior to reach-
ing the main blood stream. The presence of the CA metabolite ferulic acid, produced
by the action of catechol-O-methyl transferase, confirms this hypothesis as previously
reported [68,69]. DESI-HR/MS imaging allowed us to visualize, for the first time, CA
and FA in the renal cortex. Regardless of the quantity of CA that reached the kidney
tissue, our data strongly suggests that CA is involved in the nephroprotective effect of the
polyphenol-rich extract from A. borbonica.

5. Conclusions

The present study demonstrates, for the first time, that both polyphenol-rich extract
from A. borbonica and CA, which is the predominant polyphenol, significantly improves,
in a curative way, renal tubulointerstitial fibrosis in the UUO mouse model, especially
via their antioxidant and anti-inflammatory properties. Further studies will be necessary
to validate this antifibrotic effect on chronic models of renal disease, such as diabetic
nephropathy. Notably, we cannot rule out that part of the observed nephroprotective effects
of A. borbonica could be mediated by other polyphenols present in the plant extract, such as
quercetin and kaempferol. Indeed, further investigations will be necessary to determine
the individual and synergistic effects between the main polyphenols found in A. borbonica,
to better understand this nephroprotective effect before considering clinical trials.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/biomedicines9040358/s1, Table S1: The known nephrotoxic molecules not detected by
UPLC-HESI-Q-Orbitrap (Q-ExactiveTM Plus) in A. borbonica extract.
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Abstract: Curcumin, a bioactive polyphenol, is known to have anticancer properties. In this study,
the effectiveness of curcumin pretreatment as a strategy for radio-sensitizing glioblastoma cell
lines was explored. For this, U87 and T98 cells were treated with curcumin, exposed to 2 Gy or
4 Gy of irradiation, and the combined effect was compared to the antiproliferative effect of each
agent when given individually. Cell viability and proliferation were evaluated with the trypan blue
exclusion assay and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The synergistic effects of the combination treatment were analyzed with CompuSyn software. To
examine how the co-treatment affected different phases of cell-cycle progression, a cell-cycle analysis
via flow cytometry was performed. Treatment with curcumin and radiation significantly reduced
cell viability in both U87 and T98 cell lines. The combination treatment arrested both cell lines at the
G2/M phase to a higher extent than radiation or curcumin treatment alone. The synergistic effect of
curcumin when combined with temozolomide resulted in increased tumor cell death. Our results
demonstrate for the first time that low doses of curcumin and irradiation exhibit a strong synergistic
anti-proliferative effect on glioblastoma cells in vitro. Therefore, this combination may represent an
innovative and promising strategy for the treatment of glioblastoma, and further studies are needed
to fully understand the molecular mechanism underlying this effect.

Keywords: curcumin; glioblastoma cells; radiation

1. Introduction

Glioblastoma is the most common and severe Central Nervous System (CNS) tumor
accounting for 45.6% of all primary malignant brain tumors [1,2]. In spite of intensive
clinical investigation, the median survival remains around 15 months, and recurrence is
almost universal since the tumor shows significant resistance to all existing therapeutic
approaches. Many chemotherapeutic agents have been used against glioblastoma, includ-
ing temozolomide (TMZ) [3,4]. Chemoresistance has been proven to be a major challenge
for successful treatment, and several different chemoresistance mechanisms have been
investigated and reported [5]. The presence of the blood–brain barrier and the highly
aggressive infiltration of glioblastoma into the surrounding tissues has, so far, surmounted
effective treatment [6].
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Multiple epidemiological studies have explored the role of natural compounds in the
development, progress, and survival of cancer cells [7]. Several natural compounds known
for their antioxidant and chemotherapeutic properties, including soy, curcumin, resveratrol,
and retinoids, have been reported as possible therapeutic compounds against glioblas-
toma [8]. Curcumin is a polyphenol extracted from the rhizome of the plant Curcuma
longa, which belongs to the Zingiberaceae family. Curcumin has exhibited a prominent
role in the treatment of several health conditions, including metabolic syndrome, inflam-
matory disorders, neurodegenerative diseases, as well as different types of cancer [9–11].
The majority of the antitumor effects of curcumin include cell-cycle arrest, inhibition of
oncogenes, and increased apoptosis of cancer cells [12]. Curcumin’s antiproliferative effects
are related to different molecular pathways, such as nuclear factor κB (NF-κB), Akt, and
Wnt/β-catenin [13–15]. NF-κB is overexpressed in GBM and its deregulation is related to
increased tumor growth and cell cycle progression, whereas the Wnt/β-catenin pathway
affects cell proliferation, differentiation, and tumorigenesis [16,17]. Curcumin has been
found to suppress the NF-κB signaling pathway through the blockage of constitutive Akt
and JNK activation [18]. Moreover, through inhibition of the WNT/β-catenin pathway,
curcumin can decrease the expression of cyclin D1 and thus inhibit the development and
proliferation of gliomas [19]. The utilization of curcumin is associated with certain limita-
tions, including poor oral bioavailability, rapid metabolism, and elimination. However, the
use of nanotechnology drug-delivery systems such as liposomes, nanoparticles, or micelles
can help overcome those limitations [20]. Furthermore, the molecular weight of curcumin
is 368.38 Daltons and is thus able to cross the blood–brain barrier (BBB) (Figure 1).

Figure 1. Structure of curcumin. It was drawn using ChemSpider, an online free chemical structure
database.

Since radiotherapy belongs to the standard treatment of glioblastoma (GBM) patients,
the radiosensitizing potential of curcumin in human glioma cells is worth taking note
of. Both the dose range and timing of curcumin administration when combined with
irradiation are important. The present study was designed to investigate the antitumor
effects of curcumin, both alone and in combination with radiotherapy in glioblastoma
cell lines. Our results suggest that the co-treatment of curcumin and radiation resulted in
significant cell death and inhibited cell growth more effectively than either single treatment
did.

2. Results

2.1. Curcumin Inhibits Glioblastoma Cell Proliferation

The effects of curcumin on cell viability are displayed in Figure 2. The IC50 value of
curcumin determined after 72 h post-treatment was 10 μM in U87 cells and 13 μM in T98.
To further delineate the effects of curcumin on cell proliferation, Crystal Violet staining of
U87 and T98 cells was performed and photos using phase-contrast microscopy were taken
at 72 h. Increasing concentrations of curcumin induced changes in the morphology of both
cell lines, including cell shrinkage, indicating cell death (Figure 3a,b).

98



Biomedicines 2021, 9, 1562

Figure 2. Cytotoxic effect of curcumin on glioblastoma cell lines U87 and T98 at 72 h. Values shown
are the means and standard deviations from three independent experiments and are normalized
to non-treated cells (p < 0.05 vs. control). The IC50 values were determined using the non-linear
regression analysis model of GraphPad Prism Version 8.

Figure 3. Morphological changes in U87 (a) and T98 (b) cell populations after treatment with crystal violet staining (0.2%
Crystal Violet) (Scale bars = 50 μm). Images were recorded at 10× magnification. Cells were seeded in 6-well plates and
24 h later exposed to increasing curcumin concentrations. Crystal violet solution was added 48 h later and the cells were
incubated at room temperature for 2–3 min. The excess crystal violet was removed, and plates were washed twice and left
overnight to dry.

2.2. Combinatorial Effect of Curcumin and Irradiation on Glioblastoma Cells

Curcumin was used in concentrations ranging from 5–25 μM and 3.25–26 μM in U87
and T98 cells, respectively, whereas radiation was given in doses of 2 or 4 Gy. The effect
of curcumin in combination with radiation is summarized in Tables 1 and 2. In U87 cells,
curcumin and radiation exerted synergism in the majority of tested combinations, and
the highest synergy was monitored when curcumin was given at its IC50 value, namely
10 μM. In T98 cells, the highest levels of synergy were observed at higher curcumin
concentrations, particularly at 26 μM, possibly due to the resistance of those cells to both
chemotherapy and radiotherapy. Overall, curcumin and radiation exhibited a strong
synergistic relationship in both cell lines, except for some mild antagonistic behavior at
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lower curcumin concentrations, 5 μM in U87 cells and 6.5 and 13 μM in T98 cells, possibly
due to the inability of curcumin to sensitize glioblastoma cells to the cytotoxic effects of
irradiation at lower doses; however, further studies are needed.

Table 1. Assessment of combinatorial effect of curcumin and radiation in U87 cells. CI was deter-
mined by CompuSyn software.

Curcumin (μM) Radiation (Gy) Effect CI Conclusion

5 2 0.3 1.14445 Antagonism
10 2 0.85 0.6062 Synergism
15 2 0.86 0.84063 Synergism
20 2 0.92 0.84358 Synergism
25 2 0.94 0.91683 Synergism
5 4 0.43 1.15321 Antagonism
10 4 0.86 0.66052 Synergism
15 4 0.89 0.81149 Synergism
20 4 0.92 0.89425 Synergism
25 4 0.93 1.02773 Antagonism

Table 2. Assessment of combinatorial effect of curcumin and radiation in T98 cells. CI was determined
by CompuSyn software.

Curcumin (μM) Radiation (Gy) Effect CI Conclusion

3.25 2 0.44 0.74507 Synergism
6.5 2 0.49 1.0575 Antagonism
13 2 0.74 1.04795 Antagonism
26 2 0.95 0.71409 Synergism

3.25 4 0.48 0.97007 Synergism
6.5 4 0.53 1.22819 Antagonism
13 4 0.68 1.38199 Antagonism
26 4 0.97 0.53544 Synergism

The graphical representation of the combinatorial effect of curcumin and radiation is
also presented via the dose–effect curves and combination index plots that were created
using CompuSyn software for U87 (Figure 4a,b) and T98 (Figure 5a,b) cell lines.

Figure 4. Graphical presentations obtained from the CompuSyn Report for the curcumin and
radiation combination in U87 cells. (a) Dose–effect curve; (b) combination index plot.
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Figure 5. Graphical presentations obtained from the CompuSyn Report for the curcumin and
radiation combination in T98 cells. (a) Dose–effect curve; (b) combination index plot.

For each drug combination, CompuSyn calculates the dose–reduction index where
DRI > 1 and <1 indicate a favorable and not favorable dose–reduction, respectively, and
DRI = 1 indicates no dose-reduction. As seen in Figure 6, in both U87 (a) and T98 (b)
cell lines, most combinations of curcumin and radiation show a favorable dose–reduction
(DRI > 1).

Figure 6. Dose reduction plots for the combination of curcumin and radiation at different experimen-
tal points for U87 (a) and T98 (b) cells. DRI >1 shows favorable dose reduction of both factors.

2.3. Curcumin Enhanced the Radiation-Induced G2/M Arrest in Glioblastoma Cells

Since curcumin treatment in combination with radiation brought significant cyto-
toxicity in both U87 and T98 cell lines, it was important to explore how the combination
treatment affected different phases of cell-cycle progression. For this, a flow cytometric
analysis with DNA staining dye, propidium iodide (PI), was performed. Cell cultures
were treated with increasing curcumin concentrations for 72 h. At 72 h, the cells were
stained with PI and the DNA content was calculated. Curcumin induced both an S and
G2/M arrest in U87 and T98 cells when given alone. Interestingly, when cells were treated
with IC50 and 2IC50 concentrations of curcumin along with 2 Gy of radiation, the per-
centage distribution of the cells in the G2/M phase was enhanced considerably in both
U87 (Figure 7) and T98 (Figure 8) cell lines. Specifically, when U87 cells were treated with
20 μM of curcumin, followed by 2 Gy, the percentage distribution of cells in the G2/M
phase (20.9%) was enhanced significantly compared to treatment with curcumin alone
(13%), under the same conditions. Accordingly, in the T98 cell line, treatment with 15 μM
of curcumin, followed by 2 Gy, resulted in a higher-percentage distribution of cells in
the G2/M phase (22.9%) compared to treatment with 15 μM of curcumin alone (13.5%).
Since the G2/M phase is arrested as a result of DNA damage, the above results show that
curcumin may be enhancing the damaging effects of radiation.
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Figure 7. Histogram representation of cell-cycle distribution in U87 cells after treatment with increasing curcumin concen-
trations. Cells (104) were seeded in 24-well plates and after 24 h were exposed to different curcumin concentrations; 2 h
later, the plates were irradiated with 2 Gy. After 72 h, the cells were stained with propidium iodide and the DNA content
was observed.

Figure 8. Histogram representation of cell-cycle distribution in T98 cells after treatment with increasing curcumin concen-
trations. Following the same procedure, the cells were stained with propidium iodide at 72 h, and the DNA content was
observed. Curcumin and radiation co-treatment induced G2/M arrest in glioblastoma cells.

2.4. Curcumin and Temozolomide Exhibited Synergistic Anti-Proliferative Effect on Glioma Cells

Prior to examining the synergistic effect of curcumin and TMZ, the effective dose for
TMZ was determined using the trypan blue exclusion assay. U87 cells were seeded at a
density of 104 in 24-well plates for 24 h and then increased concentrations of TMZ were
added. The cells were incubated for another 72 h, at the end of which trypan blue dye was
added to each well. The cytotoxic effects of TMZ in U87 cells are presented in Figure 9.
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Figure 9. Cytotoxic effect of temozolomide on glioblastoma cell line U87. The IC50 value for
temozolomide was calculated at 80 μM with an R2 = 0.9814.

To determine the synergism or antagonism of the combination of curcumin and TMZ
in U87 cells, curcumin was used in concentrations ranging from 2.5–20 μM in U87, whereas
TMZ was given in concentrations ranging 20–160 μM. Combination therapy was carried
out in a constant ratio of 1:8 (cur: TMZ) and the combined effect of the two drugs factors
was compared with the effect of each drug separately. Curcumin and TMZ exerted strong
synergism in all combinations tested (CI < 1). When given together, a favorable dose–
reduction effect was observed for both drugs on each combination point (DRI > 1). Both
combination index and dose–reduction plots were developed with the use of CompuSyn
(Figure 10a,b).

Figure 10. Graphical presentations obtained from the CompuSyn Report for the curcumin and
temozolomide combination in U87 cells. (a) Combination index plot; (b) dose–reduction plot.

2.5. Zebrafish Lethal Concentration Determination

The toxic effect is induced in a concentration-dependent manner. The mortality rate
rises as the concentration increases. The lethal dose was LC50 = 20.89 μM, while LC25 and
LC75 were 18.50 μM and 23.35 μM, respectively (Figure 11).
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Figure 11. Lethal concentration determination.

3. Discussion

Glioblastoma is the most common and severe tumor of the CNS [1]. Many chemother-
apeutic agents have been used against glioblastoma, including TMZ [3]. Radiotherapy
and chemotherapy belong to the standard treatment of glioblastoma, following surgical
resection. However, both chemo and radio resistance has been proven to be a major chal-
lenge for the successful treatment of GBM. Researchers have attempted to identify novel
radiosensitizers to achieve better clinical outcomes, including natural compounds.

Curcumin is a natural polyphenol that has been used for centuries in traditional
Chinese medicine in the treatment of allergies, infections, and respiratory disorders [21].
In recent years, phytochemicals, and curcumin in particular, have garnered the interest of
various scientific groups worldwide in both experimental and pre-clinical studies for their
effects on different types of cancer.

The present study unveiled that curcumin and radiation are an effective combination
in the treatment of glioblastoma in vitro. Curcumin inhibited cell proliferation and caused
cell-cycle arrest in both U87 and T98 cell lines. When combined with irradiation, its
anti-proliferative properties were further enhanced. In a zebrafish model, no significant
mortality was observed at curcumin concentrations of up to 18 μM. Since glioblastoma is
difficult to cure via neurosurgery or radiotherapy alone, the combination of curcumin and
radiation could be a potentially promising treatment.

In previous studies, curcumin was investigated for its ability to exert radiosensitizing
effects on different cell types. Kunwar et al. examined the cellular uptake of curcumin and
confirmed that cancer cells (T cell lymphoma of murine origin and human breast cancer
cells) showed relatively higher uptake of curcumin compared to normal cells (mouse spleen
lymphocytes and fibroblast cells) [22]. Zanotto-Filho et al. studied the effects of curcumin
on the proliferation of glioblastoma cell lines in vitro, as well as in a preclinical model
in vivo. Curcumin induced cell death and inhibited proliferation in four glioma cell lines
at IC50 values of 19–28 μM. In vivo, curcumin reduced the size of intracranially growing
tumors in rats, and showed no evidence of toxicity in healthy tissues [23]. Rodriguez
et al. investigated the role of curcumin in glioblastoma, analyzing 19 in vitro and 5 in vivo
studies. All studies showed that curcumin induced cell death through a series of molecu-
lar mechanisms, including the activation of apoptotic pathways via caspace-3, p21, and
p53 [24].

Glioblastoma remains the most aggressive and invasive primary brain tumor in
adults. Current treatment includes surgical excision, followed by chemotherapy and
radiotherapy. However, despite aggressive treatment, recurrence is, in most cases, an
inevitable event [2]. The presence of BBB is an important contributor to glioblastoma’s
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resistance to chemotherapy. Curcumin, theoretically, can pass through the BBB thanks to
its relatively low molecular weight and lipophilic nature. [10] In most of the studies carried
out on animals, curcumin was given orally [25]. In rats, after oral administration of a 2 g/kg
dose, curcumin reached a maximum serum concentration of 1.35 μg/mL. However, when
the same dosage was given to humans, the serum levels of curcumin were extremely low
(0.006 μg/mL). When mice were given 50 mg/kg curcumin orally, a brain concentration
lower than the limit of detection was observed 60 or 120 min after administration [26]. On
the contrary, when mice were fed for up to 4 months with curcumin (2.5–10 mg/day orally),
they showed 0.5 μg/g brain tissue [27]. The low absorption rate, its rapid metabolism,
and systemic elimination are the major obstacles that deprive it from reaching satisfactory
serum levels in humans after oral administration [28].

Radiotherapy remains a significant part of every treatment regimen against glioblas-
toma; however, it has not been used thoroughly in the investigation of combination treat-
ments for GBM [29]. The possible photosensitizing effects of curcumin in vitro have been
explored by a few scientific groups. Jamali et al. examined the effects of curcumin on the
DKMG human cell line when given along with photodynamic therapy (radiation dose
60 J/cm2). Their results indicated an important curcumin dose–reduction in cell prolifera-
tion [30]. Back in 2007, Dhandapani et al. investigated the combinatorial effects of curcumin
and irradiation. In their study, they treated two glioma lines, U87 and T98, with curcumin
alone at a concentration of 25 μM, irradiation alone (5 Gy using a 137Cs γ-cell-40 Exactor),
and their combination. They observed that a synergistic effect of curcumin and radiation
existed in both cell lines as a result of the inhibition of anti-apoptotic gene expression
and that the maximum% cell death induced by this combination was about 60% [18]. In
the present study, we found that the combination of curcumin and radiation can induce
cytotoxicity of up to 94% and 95% for the U87 and T98 cell lines, respectively, accompanied
by favorable dose–reduction. For glioblastoma, based on the pivotal phase 3 trial published
in 2005, standard treatment includes 60 Gy in 2 Gy fractions delivered over 6 weeks [31].
Taking into account our previous studies as well, and in order to follow the standard
treatment protocol, we used a dose of 2 or 4 Gy using X-rays generated by a linac 6 MV
accelerator [32]. The most prominent synergistic effect was observed when curcumin was
given at its IC50 value, namely 10 μM for the U87 cell line, whereas for the more-resistant
T98 cell line, a concentration of 26 μM demonstrated the highest synergy. In both cases,
2 Gy of radiation was enough to produce that strong synergetic effect.

Curcumin induced G2/M cell-cycle arrest when given alone and that effect was further
enhanced when combined with irradiation. Back in 2015, Zhang et al. investigated the
potent radiosensitizing effects of curcumin on U87 human glioma cells in vivo. Nude
mice bearing subcutaneous U87 xenografts were treated with 50 mg/kg of curcumin and
exposed to 5 Gy of irradiation. The results showed that curcumin significantly increased the
radiosensitivity of U87 cells in vivo via the enhancement of the dual-specificity phosphatase
(DUSP-2) pathway [33]. The exact molecular mechanisms of the radiosensitization of
curcumin are still under investigation; however, it is known that drugs that produce G2/M
arrest are potent radiosensitizers [34]. When DNA damage occurs, the DNA damage
checkpoint is activated, which involves ATM kinase activation and autophosphorylation at
Ser1981. This can induce cell-cycle arrest to delay the proliferation of cancer cells. Since
cells in the G2/M phase are more sensitive to radiation, this arrest may be a significant
strategy in the treatment of GBM [35]. In the present study, we found that low doses of
curcumin increased the number of cells undergoing G2/M phase arrest. Radiation can also
result in G2/M phase arrest and apoptosis. Thus, the addition of curcumin can induce the
transformation of cancer cells into a more radiosensitive status. When curcumin was given
with TMZ, which is the major chemotherapeutic drug against glioblastoma, a synergistic
anti-proliferative effect on both cell lines was also observed. Therefore, a combinatorial
treatment using curcumin, temozolomide, and low doses of irradiation may be a promising
future treatment option. Preclinical studies on the combinatorial effect of curcumin and
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radiation are depicted in Table 3. Our current results show that a combinatorial treatment
using curcumin and low doses of irradiation may be a promising future treatment option.

Table 3. Studies on the combinatorial effect of curcumin and irradiation in different in vitro and in vivo GBM models.

In Vitro/In Vivo Effect Mechanism of Action Dosing/Duration References

Synergetic effect of curcumin
when combined with

irradiation on T98G and
U87MG cells in vitro

Decrease in anti-apoptotic
gene expression

25 μM curcumin 6 h prior to 5 Gy
radiation Dhandapani et al. [18]

In vivo radiosensitization of
U87 glioma xenografts in vivo

Upregulation of DUSP-2,
inhibition of ERK/JNK

phosphorylation

50 mg/kg plus irradiation (5 Gy)
every 2 days, curcumin 2 h prior to

radiation
Zhang et al. [33]

No radiosensitizing effect of
curcumin on cell viability in

U251 glioma cells in vitro

Clonogenic cell survival in
U251 cells is reduced after

96 h at doses exceeding 5 μM

5 μM curcumin 72 h prior to 1–6 Gy
single dose Sminia et al. [36]

The present study has several limitations. Following repeated intake of curcumin in
humans, plasma concentrations have been found to be relatively low, peaking at approxi-
mately 2 μM [37]. Mean intratumoral concentrations of curcumin have been reported to
be around 0.15 μM after oral administration [38]. Novel technical approaches to increase
the bioavailability of curcumin include encapsulation in nanoparticles, the use of liquid
micelles, or micronized powder [39,40]. Moreover, evaluating the combined effects of cur-
cumin and radiation 72 h after treatment may be preliminary and may require additional
experiments, including a colony-forming assay where the effects on cell viability are more
prominently observed 10–14 days after treatment [41]. Therefore, further experiments
are needed to fully determine the degree of synergy between curcumin and radiation in
glioblastoma cells. Although we found synergistic anti-cancer effects of curcumin and radi-
ation in cultured glioblastoma cells lines, the mechanistic details of glioblastoma growth,
proliferation, invasion, and metastasis in animal or human brains are much more complex.
For this reason, a complete understanding of the mechanism of the combined effects of
curcumin and radiotherapy will require additional experiments in animals to optimize the
therapeutic strategy prior to clinical use.

In summary, this study is the first to demonstrate that co-treatment of curcumin and
radiation shows higher inhibitory effects compared to their individual administration and
results in a more prominent G2/M arrest in the cell cycle of both U87 and T98 cell lines.
Given that glioblastoma is a highly heterogenic tumor, difficult to treat, with the additional
obstacle of the presence of BBB, the need for novel and effective anti-cancer drugs is a
clearly unmet clinical need. Further studies will be necessary to better understand the
synergistic effects of curcumin and radiation on glioblastoma treatment and validate our
results in glioma xenograft models prior to clinical trials.

4. Materials and Methods

4.1. Cell Lines and Treatment Conditions

The human glioma cell line T98 was obtained from ATCC (Manassas, VA, USA),
whereas the U87 cell line was obtained from Dr W.K. Alfred Yung (Department of Neuro-
Oncology, M.D. Anderson Cancer Center, Houston, TX, USA). Both cell lines were cultured
in Dulbecco’s Modified Eagle’s Medium (Gibco BRL, Life Technologies, Grand Island, NY,
USA), supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin
(Gibco BRL). Both cell lines were incubated in a humidified atmosphere regulated at 5%
CO2 and 37 ◦C. The medium was changed every three days. Curcumin (Sigma Aldrich,
St. Louis, MO, USA) was dissolved in DMSO to a stock concentration of 36 mM and stored
at 4 ◦C. TMZ (Sigma Aldrich, St. Louis, MO, USA) was dissolved in dimethyl sulfoxide and
stored as a stock solution of 103 mM at 4 ◦C. Before each experiment, curcumin and TMZ
were diluted from their stock solution to the final concentration with a culture medium.
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Less than 1% of DMSO was present in the final volumes of each experiment. Cultures of
glioma cells were treated with curcumin alone or in combination with radiotherapy or
TMZ.

4.2. Viability Assay

Cultures of human glioma cells were treated with curcumin in concentrations of 1, 5,
10, 15, 20, 40, and 60 μM for the U87 cell line and in concentrations of 1, 5, 10, 15, 20, 40, 60,
and 80 μM for the T98 cell line. Cell viability was evaluated by the Trypan Blue exclusion
assay and the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma
Aldrich, St. Louis, MO, USA assay) [42,43]. A Trypan Blue exclusion assay was performed
in 24-well plates where 10,000 cells were seeded, and after 24 h, were exposed to increasing
concentrations of curcumin. Cell viability was determined at 72 h with the use of a phase-
contrast microscope. For the MTT assay, 2000 cells were seeded in 96-well plates, and after
24 h, were exposed to the same increasing concentrations of curcumin. The cells were
incubated for another 72 h and then MTT was added. The amount of MTT-formazan was
determined at 570 nm. Both methods were performed three times, and the results presented
are the mean of the three. Changes in cell proliferation were also continuously determined
with the use of a phase-contrast microscope. The Trypan Blue assay was also used for the
determination of cell viability in U87 cells after exposure to increased concentrations of
TMZ.

4.3. Crystal Violet Assay

The crystal violet assay was used to further determine cell proliferation in both U87
and T98 cell lines after exposure to increased curcumin concentrations. Cells were seeded at
a density of 105 per well in 6-well plates, and after 24 h, curcumin was added in increased
concentrations. The cells were incubated for 48 h, washed twice with phosphate-buffered
saline (PBS), and further incubated for 2–3 min with the Crystal Violet Solution 0.2% (0.2 g
Crystal Violet Powder, MERCK, MA, USA) in 80 mL of ddH2O and 20 mL Methanol. Plates
were then rinsed with running water and left overnight to dry. Pictures of each well-plate
were taken the next day with the use of phase-contrast microscopy.

4.4. Flow Cytometric Analysis of DNA Cell Cycle

Cells (104) were treated with increased concentrations of curcumin alone or in combi-
nation with radiation. Untreated cells were used as a negative control with 1% of DMSO.
At least three independent experiments were performed, and all samples were run in
triplicates. Flow cytometric analysis was performed on day 5. For the DNA cell cycle, cells
were treated with trypsin, centrifuged, washed well with PBS, and then incubated with
PI-working solution (50 μg/mL PI, 20 mg/mL RNase A, and 0.1% Triton X-100) for 20 min
at 37 ◦C in the dark. With the use of a flow cytometer (FACScalibur, BD Biosciences, San
Jose, CA, USA), the PI fluorescence of 10,000 individual nuclei was determined. Using the
CellQuest software program (BD Biosciences, CA, USA), the fractions of cells in G0/G1, S,
G2/M, and sub-G0/G1 phases were analyzed [44].

4.5. Combination Treatment with Curcumin and Radiation

Cells (104) were treated with different concentrations of either curcumin alone or a
combination of curcumin and radiation. U87 and T98 cells were cultured in 24-well plates
and after 24 h were treated with curcumin. After 2 h, the cells were irradiated at 2 Gy or
4 Gy as described previously [32]. Cell viability was determined using the Trypan Blue
exclusion assay at 72 h. The combinatorial effect of curcumin and radiation was evaluated
using the combination index method of Chou and Talalay [45]. Curcumin was used in
concentrations of 5, 10, 15, 20, and 25 μM for the U87 cell line and at concentrations of 3.25,
6.5, 13, and 26 μM for the T98 cell line. Two different doses of irradiation were used in both
cell lines, 2 and 4 Gy. A total of 10 and 8 different combinations with three replicates per
condition were used for the U87 and T98 cell lines, respectively. The affected fraction of
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cells after treatment with curcumin alone, irradiation alone, or different combinations of
those two was calculated, and the dose–effect curves were generated. The Combination
Index (CI) was determined using CompuSyn software (Compusyn, Inc., Paramus, NJ, USA).
The CI value determines the effect of the combination treatment. A CI < 1 is considered
synergistic, a CI = 1 is considered additive, and a CI > 1 is considered antagonistic [46].

4.6. Combination Treatment with Curcumin and Temozolomide

Cells (104) were treated with different concentrations of either curcumin, TMZ, or a
combination of curcumin and TMZ. U87 cells were cultured in 24-well plates and after
24 h were treated with curcumin and/or TMZ, and the Trypan Blue exclusion assay
was performed at 72 h. The dose–effect parameters of each drug alone or in different
combinations were automatically determined from the median-effect equation created by
CompuSyn software.

4.7. Zebrafish
4.7.1. Zebrafish Housing and Husbandry

Adult zebrafish of the wild-type strain (AB) were maintained in a colony room in
a recirculated system at 28 ± 1 ◦C, pH 6.5–7.5, conductivity 500 ± 50 μS cm−1 with
a 14-h light/10-h dark photoperiod (lights on at 8:00 a.m.). Feeding of the fish was
performed twice per day following common practices (with zebrafish feed). Sexually
mature zebrafish (at least three-months old) were used for spawning. Embryos were
collected and pooled into a standard zebrafish E3 culture medium (5 mmol/L NaCl,
0.33 mmol/L CaCl2, 0.33 mmol/L MgSO4·7H2O, and 0.17 mmol/L KCl).

4.7.2. Zebrafish Toxicity Testing

The collection of zebrafish embryos was performed at the beginning of the 14 h light
cycle following the mating procedure that took place overnight. After the inspection of the
embryos, those that were unfertilized or showed significant malformation were removed,
and the dechorionation process followed at 24 hpf. The dechorionated embryos were
placed in 24-well culture plates (2 embryos per well, 1.5 mL of solution per well) and each
experiment was performed in triplicate. In the current study, five different concentrations
of curcumin were tested (0, 15, 18, 22, 25, 30 μM). In total, 248 embryos were studied, of
which 48 per each concentration were in the control group.

4.7.3. Lethal Concentration (LC50) Determination

Preliminary tests were performed in order to evaluate the full 0–100% range of mor-
tality. The concentration range was 15 to 30 μM. Toxicity assays (LC50 calculation) and
confidence intervals (LC25 and LC75) were determined based on cumulative mortality at
the end of the experiment.

4.8. Statistical Analysis

All results are presented as the mean ± standard deviation (SD). IC50 values were
determined with the use of GraphPad Prism software (v. 8.0.0, San Diego, California USA,
Trial Version) through regression analysis. Multiple comparisons of groups were analyzed
using two-way ANOVA with the post hoc Tukey test. Parameters of LC50 were assessed
using a regression Probit analysis (the chi-square test, Pearson goodness of fit test, and 95%
confidence interval). Analyses were performed using SPSS statistical software v26 (IBM
Corp., Armonk, NY, USA). Differences were considered significant at p-values < 0.05.
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A.P.K., V.G., A.G.T. and I.L.; visualization, supervision, G.A.A., A.P.K. and V.G. All authors have read
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