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Editorial

Antioxidant Compounds and Health Benefits of Citrus Fruits
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Recent evidence emanating from epidemiological prospective studies shows that
increased intakes of antioxidant-rich fruits, vegetables, and legumes are associated with
a lower risk of developing chronic oxidative stress-related diseases like cardiovascular
diseases and cancer, as well as with a lower risk of cardiovascular, cancer, and all-cause
mortality rates [1–3]. Functional food ingredients (also referred to as nutraceuticals) are
highly nutritious food-derived products that naturally offer or are modified aiming to
promote powerful additional health benefits that go beyond basic nutrition factors. The
bioactive compounds present in these dietary items have been extensively studied in re-
cent decades as potential molecules capable of interfering with the pathophysiological
mechanisms associate with several diseases. The general benefits provided by the regular
consumption of fruits and vegetables are proposed to be conferred by their nutritional com-
pounds, including vitamins, and non-flavonoid and flavonoid polyphenols [4]. Important
components of functional foods include citrus fruits produced by the flowering plants from
the genus Citrus L. (Rutaceae family) [5,6]. Fruits in this group include oranges, mandarin,
tangerine, clementine, grapefruit, pomelo, lemons, and lime. Citrus fruits are rich in sugars,
vitamins, organic acids (such as hydroxycinnamic, hydroxybenzoic, citric, and succinic
acids), coumarins, terpenoids, and flavonoids (including flavanones, flavones, flavonols,
and anthocyanins). The biological properties of citrus fruit phytochemicals range from
antioxidant and anti-inflammatory to antimutagenic and anticarcinogenic effects, among
others [6–8].

Oxidative stress denotes a condition provoked by endogenous or exogenous processes
in which an imbalance between the generation of free radicals and the cellular ability to neu-
tralize them occurs, thus favoring the overproduction of reactive species. This phenomenon
represents a harmful event for cells and tissues, in which the cell membrane, mitochondria
and nucleus are highly vulnerable, consequently contributing to the pathogenesis and
progression of several diseases [9]. Therefore, targeting oxidative stress in disease has been
proposed as a potential approach for diseases prevention and therapy [10]. In this sense, a
better comprehension of the mechanisms by which different antioxidants (both natural or
synthetic) acts may provide helpful insights and a rationale for successful pharmacological
approaches. Antioxidant mechanisms related to citrus fruits compounds are diversified.
The inhibition of pro-oxidant enzymes (e.g., xanthine oxidase) and induction of antioxidant
enzymes (e.g., catalase, superoxide dismutase, and glutathione peroxidase) [11–13], the
modulation of redox-sensitive pathways such as nuclear factor κB (NFκB) and nuclear
factor E2-related protein 2 (Nrf2) [14–18], reactive oxygen/nitrogen species (ROS/RNS)
scavenging [19,20], and the chelation with transition metals [20,21] are some of the effects
or actions described for the antioxidant compounds of citrus fruits to combat oxidative
stress [6]. Despite these advances, unravelling new potential mechanisms by which citrus
fruit-derived compounds may modulate pathological conditions will contribute to bringing
new knowledge on their properties and therapeutic applicability. This Special Issue on the
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“Antioxidant compounds and health benefits of citrus fruits” contains nine contributions,
comprising six research articles and three reviews.

In the first original article, Bussmann et al. [17] demonstrated the mechanism by
which the synthetic flavonoid hesperidin methyl chalcone (HMC; C29H36O15) protects
the kidneys from damage caused by the non-steroidal anti-inflammatory drug (NSAID)
diclofenac. HMC is generated via methylation of the flavanone hesperidin (hesperidin-7-
rhamnoglucoside) [22]. The data showed that HMC acts by boosting antioxidant parameters
and by reducing oxidative damage and pro-inflammatory cytokines both systemically and
in renal tissue. In the kidneys, HMC additionally led to an increased production of anti-
inflammatory cytokine IL-10 and a reduction in histopathological damage, edema, and
the levels of active tubular pathology marker neutrophil gelatinase-associated lipocalin
(NGAL), with these effects being attributed to the activation of the Nrf2/antioxidant
responsive elements (ARE) pathway [17]. Lai et al. [23] evaluated the effects of five
different drying methods (freeze drying, shade drying, hot-air oven drying at 50 ◦C,
hot-air oven drying at 70 ◦C, and microwave drying) on the bioactive phytochemicals
and antioxidant capacity of navel orange peel. Through HPLC analysis, they identified
thirteen flavonoids (three flavanone glycosides and ten polymethoxyflavones) in navel
orange peel. The authors found that the use of hot-air oven drying at 50 ◦C or 70 ◦C for
the drying of orange peel delivered the best results, contributing to the maintenance of
bioactive compounds in the peel as well as the improvement of its antioxidant capacity,
thus advancing the understanding of the useful methods for the viability and antioxidant
potential of navel orange peel compounds [23]. Cioni and colleagues [24] conducted
comparative chemical analyses among peel and pulp essential oils and methanolic extracts
of different Citrus australasica varieties (Red, Collette, Pink Ice, and Yellow Sunshine),
as well as analyses of the hybrid faustrime (caviar lime). Additionally, the antioxidant
activity of peel and pulp extracts using an A31 mouse embryo fibroblast cell line was
also investigated. The peels’ essential oils exhibited higher total phenolic contents with
greater antioxidant activity. Collette peels showed the highest concentration of flavonoids,
including luteolin, isosakuranetin, and poncirin derivatives, and delphinidin and petunidin
glycosides. Pink Ice pulps were also shown to be an additional source of flavonoids, and
Collette and Red peels presented the highest in vitro antioxidant activity, which was
attributed to the presence of anthocyanins, thus identifying finger lime fruits as good
sources of phytocompounds within the context of promoting healthy benefits [24]. In
another interesting original research article, Ju et al. [25] investigated the antioxidant
effects of Citrus junos peel fractions (ethanol acetate, hexane, and butanol) using human
primary dermal fibroblast and immortalized keratinocyte, and murine melanoma cell
lineages. They showed that Yuja peel fractions possessed anti-wrinkle effects by inhibiting
metalloproteinases 1, 9, and 13 at mRNA and protein levels, as well as by inducing type I
pro-collagen and hyaluronic acid in evaluated UVB-irradiated cells. Moreover, the Yuja
peel fractions induced the production of proteins relating to skin hydration, and they
decreased melanin content, thus promoting advances in the understanding of the skin
benefits provided by Yuja peel fractions, which may contribute to the development of
novel pharmaceuticals and cosmetics [25]. In the in vitro study of Nakashima et al. [26],
new pharmacological insights into the ways in which high doses of flavonoids quercetin
(C15H10O7) and hesperidin (C28H34O15) differentially modulate cell viability, tight junction
integrity, and cell shape are provided. Considering that the barrier function of tight
junctions may block the absorption of some molecules, the identification of reversible
modifiers of its integrity are desirable as drug absorption enhancers [27]. They conclude
by suggesting both quercetin and hesperidin are promising compounds for developing a
naturally occurring drug absorption enhancer for the paracellular route, with hesperidin
being the most attractive for such a technology [26]. Finally, García-Nicolás et al. [28]
conducted a spatial metabolomic analysis for the characterization of phenolic compounds
in juices and fruit tissue extracts of lemons, limes, and mandarins. Flavonoids were
mainly found in the citrus peel (flavedo and albedo) and carboxylic acids in segments,
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facilitating the extraction of the latter in juices. Limonoids were also distributed in the
albedo and segments. The radical scavenging activity was attributed to the flavonoids, and
the antioxidant effects were attributed to the combined action of flavonoids and limonoids.
These data regarding the fractionation of the extracts advance the comprehension of the
antioxidant effects of the family compounds identified [28].

In the first review article, Saini et al. [29] highlighted in their compilation of data the
composition and associated health benefits of some components of citrus fruits, notably,
carotenoids, flavonoids, limonoids, and terpenes. In their conclusions, the authors pro-
pose that bioactive flavonoids of citrus fruits may represent important molecules with
antioxidant ant inflammatory properties capable of minimizing the risk of many non-
communicable chronic diseases, as well as suggesting that those essential oils rich in
limonoids and terpenes possess potential antioxidant and antimicrobial effects. Addition-
ally, the authors pointed to interesting potential future investigations in this field aiming
to elucidate some gaps that still exist regarding the composition, content, and health ef-
fects of citrus fruit bioactives [29]. In the second review article, Fideles et al. discuss
the neuroprotective effects of the flavonol quercetin on nervous system regeneration and
functional recovery [30]. Quercetin, one of the most studied and abundant flavonoids in
edible vegetables, fruits, and wines, is a pentahydroxyflavone that has hydroxy groups
placed at the 3-, 3′-, 4′-, 5-, and 7-positions [31]. The result reported by the authors provided
evidence for beneficial effects in preclinical spinal cord injury and peripheral nerve injury
models, demonstrating that quercetin can induce effective recovery of neurological func-
tions, contributing to the regeneration of both central and peripheral nervous tissues [30].
Finally, Madureira et al. [32] conducted a comprehensive review regarding the evidence
of two antioxidant flavanones, naringenin (C15H12O5) and hesperidin, on the prevention
and therapy of breast cancer. Through DNA damage, oxidative stress may trigger genetic
alterations that predispose tumorigenicity and tumor progression [33]. The main mecha-
nisms of these flavonoids to counteract breast cancer are properly addressed in the article
and are especially associated with anti-proliferative, anti-tumorigenic, and anti-metastatic
actions, as well as with the epigenetic modulatory effects upon estrogen receptors [32].
Thus, within effective and safe concentrations, citrus fruits components may represent
promising nutraceuticals as anti-cancer substances for breast cancers treatment.

In conclusion, the original research and review articles address several interesting ex-
perimental conditions aiming to explore the antioxidant potential of citrus fruit compounds
in the context of health benefits. The progress regarding the best methods for its utilization,
the elucidation of the mechanistic actions of each bioactive, and the identification of the
most effective doses, with guaranteed safety of each antioxidant compound of citrus fruits,
will help to develop a rationale to obtain advanced technology which will be useful to
optimize its beneficial effects.

Author Contributions: Conceptualization, data curation, writing—original draft preparation,
writing—review and editing, visualization, supervision, and project administration, S.M.B. and
W.R.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Pharmacologic Comparison of High-Dose Hesperetin and
Quercetin on MDCK II Cell Viability, Tight Junction Integrity,
and Cell Shape
Mio Nakashima 1, Natsuko Goda 1, Takeshi Tenno 1,2, Ayaka Kotake 3, Yuko Inotsume 3, Minako Amaya 3

and Hidekazu Hiroaki 1,2,4,*

1 Laboratory of Structural Molecular Pharmacology, Graduate School of Pharmaceutical Sciences,
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2 BeCerllBar, LLC, Business Incubation Building, Nagoya University, Furocho, Chikusa ku,
Nagoya 464-8601, Aichi, Japan
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Abstract: The modulation of tight junction (TJ) integrity with small molecules is important for drug
delivery. High-dose baicalin (BLI), baicalein (BLE), quercetin (QUE), and hesperetin (HST) have been
shown to open TJs in Madin-Darby canine kidney (MDCK) II cells, but the mechanisms for HST and
QUE remain unclear. In this study, we compared the effects of HST and QUE on cell proliferation,
morphological changes, and TJ integrity. HST and QUE were found to have opposing effects on the
MDCK II cell viability, promotion, and suppression, respectively. Only QUE, but not HST, induced a
morphological change in MDCK II into a slenderer cell shape. Both HST and QUE downregulated the
subcellular localization of claudin (CLD)-2. However, only QUE, but not HST, downregulated CLD-2
expression. Conversely, only HST was shown to directly bind to the first PDZ domain of ZO-1, a key
molecule to promote TJ biogenesis. The TGFβ pathway partially contributed to the HST-induced cell
proliferation, since SB431541 ameliorated the effect. In contrast, the MEK pathway was not involved
by both the flavonoids, since U0126 did not revert their TJ-opening effect. The results offer insight for
using HST or QUE as naturally occurring absorption enhancers through the paracellular route.

Keywords: tight junction integrity; absorption enhancer; dynamic equilibrium of tight junction;
claudin-ZO-1 interaction; TGFβ pathway; MEK pathway

1. Introduction

The tight junction (TJ) is the apical-most intercellular adhesion complex found in
epithelial and endothelial cells [1–3]. TJs are a proteinous complexes, containing integral
membrane proteins, such as occludin (OCLN) and claudins (CLDs), as well as cytosolic
scaffold proteins, such as zonula occludens (ZO)-1 (and its close paralog ZO-2), which
connect these membranous components to the actin cytoskeleton [4–7]. As the key physic-
ochemical function of TJ is to limit the free translocation of solvents, solutes, and cells
through the paracellular pathway, TJs play a pivotal role in the barrier function of the
paracellular transport pathway. TJs have a barrier function in the paracellular pathway,
since they restrict the free translocation of solvents, solutes, and cells across the epithelial
cell layers. Hence, TJs are particularly important for the digestive organs, respiratory tract,
skin, and blood vessels. In a pharmacological context, the barrier function of TJs sometimes
hampers the absorption of medium-sized drugs, including peptides and oligonucleotides,
across paracellular pathways. Accordingly, the reversible modifiers of TJ integrity are
expected to act as drug absorption enhancers.
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ZO-1 and ZO-2 are essential components that promote TJ biogenesis and maintain TJ
integrity [7,8]. These scaffold proteins harbor N-terminal three copies of the postsynaptic
density 95 (PSD-95)/discs large/ZO-1 (PDZ) domains, followed by the Src-homology
3 domain and a guanylate kinase domain [4,9,10]. Among these three PDZ domains of
ZO-1/2, the first PDZ domain of ZO-1 (ZO-1 (PDZ1)) acts as the molecular interface to
bind the C-terminal PDZ-binding motifs (PBMs) of CLDs [11]. This specific interaction
has been shown to be indispensable for TJ formation and maintenance [7]. For exam-
ple, the cells of ZO-1 and ZO-2 double knockdown decreased some (but not all) CLD
localizations in the TJ area, with an abnormal accumulation of apical actin [12]. Similarly,
ZO-1 knockout/ZO-2 knockdown resulted in abnormal and immature organization of
CLDs in the TJ compartment [13]. The fact that the point mutations in the PBMs of CLDs
exhibited TJ-defective phenotypes partly supports the relevance of the ZO-1(PDZ1)–CLD
interaction [14]. The number of examples of molecules that directly bind to ZO-1(PDZ1))
with TJ-opening activities is also increasing [15–19].

To discover milder and safer TJ modifiers, we focused on TJ-modulating flavonoids.
Flavonoids are generally believed to be beneficial with regards to consumption from foods,
medical herbs, and traditional medicines, and this is the result of their antioxidant and
anti-inflammatory properties [20]. In this study, we focused on the other pharmacological
activity of flavonoids, rather than their antioxidative activity. In our previous studies,
baicalin (BLI) and baicalein (BLE) showed specific binding to ZO-1(PDZ1) using nuclear
magnetic resonance (NMR) methods, with mild TJ-opening activity in two epithelial cells:
Madin–Darby canine kidney (MDCK) II cell and Caco-2 cell [18]. We also reported that a
high-dose administration of hesperetin (HST) and quercetin (QUE) against MDCK II cells
resulted in reduced subcellular localization of CLD-2 to the TJ compartment and decreased
TJ integrity [21]. Note that there are no previous investigations into the TJ-opening activity
of HST. In contrast, the reported TJ opening of QUE seems controversial, since many
other groups have reported barrier-enhancing and/or barrier-protecting activity of QUE
for epithelial cells [22]. Nevertheless, nephrotoxicity was also reported by an overdose
administration of QUE [23]. Thus, elucidation of the pharmacological mechanism of the TJ
opening of HST and QUE may facilitate the development of a safer TJ-opening modulator
from natural sources, especially from citrus fruits.

In this study, we compared the effects of flavonoids on cell viability, cell shape mor-
phology, TJ modulating activity, and mechanisms of TJ opening with regards to the effects
of flavonoids on MDCK II cells. We also assessed the direct interaction of ZO-1(PDZ1)
with either HST or QUE through NMR titration experiments using 15N-labelled ZO-
1(PDZ1). Finally, we discussed the application potential of HST and QUE as ‘safer’ drug
absorption enhancers.

2. Materials and Methods
2.1. Materials

HST (>96% pure), QUE (practical grade), SB431542, and U0126 were purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). All compounds used for
NMR and cell experiments were dissolved into d6-dimethylsulfoxide (DMSO) as a 100 mM
solution and stored at −20 ◦C until needed.

The rabbit anti-CLD-2 antibody and anti-OCLN antibody were obtained from Sigma-
Aldrich (St. Louis, MO, USA). The rabbit anti-ZO-1 antibody was obtained from Invitrogen
(Carlsbad, CA, USA). Mouse anti-β-actin antibody was purchased from Wako. Rhodamine–
phalloidin was purchased from Cytoskeleton, Inc. (Denver, CO, USA). For immunofluores-
cence microscopy, the anti-rabbit immunoglobulin G (IgG) and the F(ab’)2 fragment-Cy3
antibody were obtained from Sigma-Aldrich. For Western blotting analysis, anti-rabbit
and mouse IgG horseradish peroxidase (HRP) conjugates were acquired from Promega
(Madison, WI, USA).
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2.2. Cell Culture and Morphology Analysis

The culture of MDCK II cells, a kind gift from Mikio Furuse (National Institute for Phys-
iological Sciences, Okazaki, Aichi, Japan), and their morphology analysis was performed
according to our previous reports [18,21]. For this process, Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Biosera, Ringmer, UK),
1% penicillin/streptomycin (Gibco, NY, USA, or Wako Pure Chemical Co.), and six-well,
35-mm plate (AGC Techno Glass Co., Shizuoka, Japan) were used, and 30 × 104 cells per
well were plated. To observe the flavonoids’ and the inhibitors’ effect, the culture medium
was changed to a medium containing 100 µM of HST and QUE, or 5, 10, and 20 µM of
SB431542 and U0126, supplemented with a final concentration of 0.1% of d6-DMSO, after
twenty-four hours after plating. Cells treated by 0.1% d6-DMSO were used as controls.
The cells were analyzed using immunofluorescent microscopy, Western blotting, real-time
polymerase chain reaction (PCR), a WST-8 assay, and cell morphology analysis (differential
interference contrast (DIC) images) after 48 h of exposure to the compounds.

The cell viability after compound exposure was monitored by WST-8 assay. 1.5× 104 cells
per well were plated on a 96-well, 7-mm plate (AGC Techno Glass Co.). The culture medium
was changed to a medium containing 100 µM of HST and QUE, or 5, 10, and 20 µM of
SB431542 and U0126, with a final concentration of 0.1% of d6-DMSO added after one day
after plating. After two days of treatment with the compounds, cell viability was measured
using a Cell Counting Kit-8 (DOJINDO, Kumamoto, Japan). An EnSpire plate reader
(Perkin-Elmer Japan, Kanagawa, Japan), excited at 450 nm, was used.

To obtain the morphological parameters of the cell shape, DIC-images were digitalized
and subjected to ImageJ software (National Institute of Health, Rockville Pike, Bethesda,
MD, USA). All parameters were normalized against their corresponding values from the
control cells.

2.3. Immunofluorescence Microscopy

After fixation of the cells with cold 1 × phosphate-buffered saline, containing 4%
paraformaldehyde, the cells were incubated with primary antibodies (anti-CLD-2, OCLN,
ZO-1, and actin) for 24 h at 4 ◦C. The cells were then incubated with secondary antibodies
for 1 h. The fluorescence images were obtained using fluorescence microscopy (IX-71,
Olympus, Tokyo, Japan; scale bar: 20 µm) equipped with a color charge-coupled device
camera DP-70 (Olympus, Shinjuku, Tokyo, Japan). For CLD-2 and actin immunostaining,
brightness (+85%) and contrast (+10%) in Figures 2, 3, and 6 were modified for clarity. The
original figures are found in the Supplementary Figures.

2.4. Western Blotting

Western blot analysis was performed according to our previous reports [18,21]. The
cells were rinsed, and crude proteins were extracted with 100 µL of the buffer, containing
sodium dodecyl sulfate (SDS). Mild sonication, using a Bioruptor (BM Equipment Co.,
Tokyo, Japan), for 5 min (duty cycle 50%), was used for this process. Each crude protein
sample was analyzed by SDS–polyacrylamide gel electrophoresis. The samples were then
electroblotted to the poly(vinylidene fluoride) (PVDF) membrane (ATTO, Tokyo, Japan)
and blocked with 3% skim milk for overnight with the primary antibodies. The membrane
was washed four times and treated with corresponding secondary antibodies. Detection
of the corresponding proteins was achieved using a Chemi-Lumi One Super solution
(Nacalai Tesque, Kyoto, Japan) and the LAS-3000 analyzer (Fuji Film, Tokyo, Japan). For
quantification of the results from the Western blotting, the experiments were repeated at
least three times. The number of the repeats was indicated in the figure legends.

2.5. Real-Time PCR

The RNA was purified using the RNeasy Plus Mini Kit (QIAGEN, Tokyo, Japan),
based on the manufacturer’s instructions. Then, cDNA was prepared using the ReverTra®

Ace qPCR RT Master Mix (Toyobo Co., Osaka, Japan), based on the manufacturer’s in-
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structions. Quantitative real-time PCR was performed using the LightCycler® System
(Roche Diagnostics, Tokyo, Japan). The primer sequences are as follows: GAPDH (Gen-
Bank accession number: NM_001003142) (Fw 5′-CAACTCC-CTCAAGATTGTCAGCAA-3′

and Rev 5′-CATGGATGACTTTGGCTAGAG-GA-3′), CLD-2 (GenBank accession number:
NM_001003089) (Fw 5′-CGCTCCGACTACTATGACTCCT-3′ and Rev 5′-GGCCTTGGAG-
AGCCTCTAGT-3′), OCLN (GenBank accession number: NM_001003195) (Fw 5′-CTGGAG-
CAGGACCACTATGAGA -3′ and Rev 5′-CTCCTCCAGCTCGTCACAC-3′), and TJP1 (Gen-
Bank accession number: NM_001003140) (Fw 5′-GGAG-ATTCCGGGGT-CTTCG-3′ and
Rev 5′-CTGGCTGAGCTGACAAATCCTC-3′). An aliquot of 1 µL of template cDNA with
0.6 µL of forward and reverse primers was mixed with 10 µL of THUNDERBIRD® SYBR®

qPCR Mix (TOYOBO, Osaka, Japan) and adjusted to a total solution volume to 20 µL.

2.6. Protein Expression and Purification

The expression and purification of the mouse ZO-1(PDZ1) (residues 18–110) has
been previously described with a slight modification [24]. In brief, ZO-1(PDZ1) was
expressed as the glutathione-S-transferase (GST)-tagged form by Escherichia coli BL21
(DE3). For the NMR sample, 1 L M9 minimal media with 15N-ammonium chloride as the
sole nitrogen source was used [24]. The fusion protein was captured using GST-accept
(Nacalai Tesque). To obtain 15N-labeled ZO-1(PDZ1), the fusion protein was digested
“on-column” using PreScission™ Protease. Finally, the sample was further purified by
size-exclusion chromatography using a Superdex 75 column (Cytiva, Tokyo, Japan).

2.7. NMR Titration Experiments

To assess the direct interaction between ZO-1(PDZ1) and the flavonoids, NMR titration
experiments were employed, in which a series of 2D 1H-15N heteronuclear single quantum
coherence (HSQC) spectra at 25 ◦C were analyzed. The sample was dissolved in 5%
D2O–95% H2O containing 20 mM of MES buffer (pH 5.9). In the titration, up to two molar
equivalences of HST and QUE were added to 0.1 mM 15N-ZO-1(PDZ1), and the normalized
chemical shift changes ∆δnormalized in the 1H-15N HSQC spectra upon ligand titration were
analyzed as follows (Equation (1)),

∆δnormalized = {∆δ(1H)2 + [∆δ(15N)/5]2}1/2 (1)

where ∆δ(1H) and ∆δ(15N) are the chemical shift changes in the amide proton and amide
nitrogen, respectively [25]. The results were visualized using the molecular graphics tool
PyMOL program (The PyMOL Molecular Graphics System, Version 2.0, Schrödinger, LLC.,
Broadway, New York, USA) onto the ribbon representation of the ZO-1(PDZ1) structure
(the Protein Data Bank (PDB) ID = 2H3M). Each threshold value was calculated using the
method developed by Schumann et al. [26].

2.8. Molecular Docking Based on NMR Chemical Shift Perturbations

Structural models of the ZO1-HST and ZO1-QUE complexes were calculated with
the NMR structure of ZO-1(PDZ1) (PDB ID of 2RRM) [16] using HADDOCK software
(HADDOCK2.4, Utrecht University, Heidelberglaan, Utrecht, The Netherlands), which
derives the docking model, fulfilling the chemical shift perturbations (CSPs) [27,28]. We
used the first model registered in 2RRM for the docking experiment. The data of CSPs were
used as the restraints to generate the NMR-based docking model, according to the user
manual. Thus, the residues of ZO-1(PDZ1) that showed marked CSPs were defined as the
binding sites of ZO-1(PDZ1). The ZO1-HST structure with the lowest Z score was selected
and displayed using PyMOL. The coordinates of the flavonoids were obtained from the
webserver (https://molview.org (accessed on 1 December 2021)) and converted into pdb
format. The other details are described in Supplementary Information.
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2.9. Statistical Analysis

Statistical analyses were performed by one-way ANOVA followed by a Tukey–Kramer
test. A difference of p < 0.05 was considered significant. All values are expressed as means
with their standard errors of mean.

3. Results
3.1. Cell Viability of HST or QUE

We assessed the conditions (concentrations and time points) of the HST and QUE
treatments that did not damage the MDCK II cells severely. The MDCK II cells began to
form TJs approximately 24 h after seeding. We chose this time point for treatment with
flavonoids and examined the effects on the proliferation of MDCK II cells. As shown in
Figure 1D, the cells treated with HST showed an increased viability of up to 130%, whereas
those treated with QUE showed a decreased viability of 60% compared to the control. This
drop in cell viability after exposure to 100 µM if QUE raises the concern of toxicity of a
high-dose QUE treatment, although QUE is considered a beneficial flavonoid.
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Figure 1. Chemical structures of (A) hesperetin (HST) and (B) quercetin (QUE). (C) Morphological
change in Madin-Darby canine kidney (MDCK) II cells induced by flavonoids. Bright-field differential
interference contrasts (DIC) images with corresponding flavonoids that are arrayed. Cells were
exposed to flavonoids at a concentration of 100 µM for 48 h. Arrows show the changes. (a) Control
(DMSO), (b) HST, and (c) QUE. Scale bar = 100 µm. (D) Effects of flavonoids on cell viability in
MDCK II cells. Cells were treated with flavonoids at a concentration of 100 µM for 48 h. Error bars
indicate standard deviations. Turkey-Kramer multiple comparison tests were applied as statistical
analyses. Difference from the value of the control cells, * p < 0.05. HST, QUE: n = 4.

3.2. Changes in Cell Morphology Induced by QUE

We then assessed the morphological changes in the MDCK II cells exposed to 100 µM
of HST and QUE under a bright-field phase contrast microscope. In our previous studies,
we reported pharmacological effect of several flavonoids against MDCK II cells at the
concentration between 50 and 100 µM, and moderate effect were observed after 48 to
96 h of exposure [18,21]. Thus, in this study, we also chose 100 µM and 48 h as the
fixed experimental conditions. It is worth noting that the concentration is below the 50%
cytotoxicity concentration of QUE (2500 µM) and HST (2900 µM) against MDCK cells [29].
When the cells were exposed to HST, the cell monolayer seemed normal and healthy in
terms of shape and size. However, we found many white granular spots (white spots)
(Figure 1C panel b, arrow, Supplementary Figure S2). Similar white spots, such as oil
droplets, were repeatedly observed in our previous study [21]. Moreover, when the cells
were exposed to high concentrations (200 µM) of HST, several holes in the cell monolayer
formed due to unknown cellular stress of HST.

By contrast, the cells treated with QUE showed significant morphological changes
compared to the typical cobblestone-like morphology of untreated MDCK II cells, which
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exhibited an elongated and slenderized cell shape similar to a fibroblast-like appearance
(Figure 1C panel c, arrows). It should be noted that we also reported similar morphological
changes and a fibroblast-like phenotype of MDCK II cells when the cells were exposed to a
high dose of BLE [18].

We quantitatively analyzed these morphological changes using QUE by estimating
the length of the transverse and longitudinal axes of the cells using the cell areas from
microscopic images. We found that the cells elongated by 180% in the long-axis direction.
When the cells were treated with QUE for 96 h, the elongation reached 220%, with 130%
elongation of the short axis. As a result, the relative cell area became more than 300%
(Supplementary Figure S1). Surprisingly, these morphological changes were irreversible.
The cells did not recover and were re-transformed into a native shape even after 48 h of the
removal of QUE (Supplementary Figure S1). These changes seemed specific to QUE and
were not observed in the cells exposed to rutin, a 3-rutinoside of QUE [21].

We hypothesized that the QUE-induced morphological changes could be one of
the important steps of the “partial” epithelial–mesenchymal transition (EMT), which we
previously observed in BLE treatment [18]. If so, then this observation is somewhat
controversial in the many reported QUE activities, as QUE can prevent EMT in many cancer
cells [30,31]. Thus, we assessed whether the observed morphological changes were signs of
partial EMT. For this purpose, we assessed the subcellular distributions of CLD-2, OCLN,
ZO-1, and actin cytoskeleton, as the disintegration of the intercellular cell–cell junctions is
one of the critical checkpoints of EMT. The localization of TJ-related proteins (CLD-2, ZO-1,
and OCLN) was observed using immunofluorescence microscopy. As shown in Figure 2,
the significant morphological changes in the MDCK II cells exposed to QUE were readily
more visible using fluorescent immunological microscopy with paraformaldehyde fixed
cells than using bright-field microscopy (Figure 2F,I). In addition, the amount of CLD-2,
which was localized at the cell–cell interaction membrane compartment, decreased (to be
discussed later). However, the localization of ZO-1 and OCLN was not affected by QUE
treatment, suggesting that EMT did not occur (Figure 2F,I). We also assessed the amount
and direction of cortical actin bundles. We could not find any significant changes in actin
compared to the control (Figure 2L), suggesting that the regulatory pathway of the actin
cytoskeleton might not be a direct target of QUE.

The same experiment was performed for HST, and similar to QUE, the membrane
localization of OCLN, ZO-1, and actin fibers was not affected. Therefore, although we
observed cell slenderizing induced by QUE, neither QUE nor HST induced partial EMT
and rearrangement of the actin cytoskeleton of MDCK II cells.
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Figure 2. Changes on TJ integrity of MDCK II cells induced by flavonoids. Immuno-fluorescence
staining of CLD-2, ZO-1, OCLN, and actin were applied to the MDCK II cells exposed to flavonoids
at a concentration of 100 µM for 48 h. (A,D,G,J) control (DMSO); (B,E,H,K) HST; (C,F,I,L) QUE. Scale
bar = 20 µM. Brightness of images was modified to 160%.

3.3. TJ Reduction Activity of HST or QUE

During the assessment of the possibility of partial EMT by QUE or HST through
immunofluorescence microscopy, we succeeded in reproducing the TJ-opening activity of
QUE and HST (Figure 2B,C), which we previously reported [21]. The amount of CLD-2
in the TJ compartment significantly decreased after 48 h of exposure to 100 µM QUE or
HST. As CLD-2 is considered the most abundant CLD in MDCK II cells [32], we supposed
that these changes were related to the decreased integrity of TJ. We then examined the
reversibility of the flavonoid-induced TJ-opening of MDCK II cells and continued observing
the recovery of TJ-accumulated CLD-2 48 h after QUE was washed out. The amount of
TJ-accumulated CLD-2 was partially restored after 48 h in the medium without QUE after
QUE treatment (Figure 3B, panel e). The same experiment was also performed for the HST.
In the bright-field observation of living MDCK cells, the white spots on the cell monolayer
surface induced by HST vanished due to HST removal. Accordingly, the TJ-accumulated
CLD-2 was restored after a 48-h culture in the medium without HST after HST treatment
(Figure 3A panel e). Therefore, the effects of QUE or HST on CLD-2 attenuation in the
TJ compartment were partially reversible, whereas the effect of QUE on cell morphology
seemed irreversible.

We then examined the protein expression level of CLD-2 in cells treated with QUE and
HST using Western blotting. Figure 4A shows the results of the amount of CLD-2 extracted
from cells treated with 100 µM HST or QUE after 48 h of exposure. Figure 4B is a bar graph
of the protein level of CLD-2 treated with 100 µM HST or QUE normalized to the untreated
cells. The CLD-2 protein level decreased to 65% and 35% compared to the controls with
HST and QUE treatment, respectively. These changes were dose-dependent, and treatment
with 10 µM of HST or QUE did not induce observable changes in the CLD-2 levels in our
preliminary experiments. Accordingly, we examined the reversibility of CLD-2 reduction
by analyzing the cells that were first exposed to either HST or QUE and then incubating
with HST- or QUE-free medium for 48 h. Western blot analysis showed that the removal of
HST or QUE from the medium could restore CLD-2 protein levels.

As shown previously, we also analyzed the effects of HST and QUE on the other
TJ-related proteins, ZO-1 and OCLN. ZO-1 is a protein that serves as a scaffold during
TJ formation, and its mislocalization from TJ decreases TJ integrity. After exposure to
either HST or QUE, we observed the subcellular localization of ZO-1 in the MDCK II
cells (Figure 2H,I). Similarly, the subcellular localization of OCLN was also monitored
(Figure 2E,F). However, the amount of ZO-1 and OCLN localized in the lateral membrane
of MDCK II cells was not affected, regardless of the decrease in CLD-2. This suggests that
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the decrease in the subcellular localization of CLD-2 is independent from those of OCLN
and ZO-1 upon HST or QUE treatment.

In addition, we examined the changes in CLD-2 mRNA levels upon HST and QUE
treatment using quantitative PCR. The CLD-2 mRNA level was significantly decreased by
HST or QUE (Figure 4C). QUE was more potent than HST in terms of CLD-2 transcrip-
tion suppression. Surprisingly, although the protein levels of OCLN and ZO-1 were not
drastically changed, their mRNA levels were suppressed by HST and QUE.
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Figure 3. Partially irreversible changes of morphology and TJ integrity of MDCK II cells induced by
(A) HST or (B) QUE. DIC images (a–c) and immunofluorescence-stained images of CLD-2 (d–f) of
MDCK II cells are shown. The cells were exposed to HST or QUE at a concentration of 100 µM for 48 h
and then treated with HST, QUE, or DMSO at a concentration of 100 µM for 48 h after washing with
the medium. (a,d) Control (DMSO–DMSO), (b,e) flavonoid–DMSO, and (c,f) flavonoid–flavonoid.
Scale bar = 100 µm (a–c), 20 µm (d–f). For immunofluorescence staining, brightness was modified to
160%. Arrows indicate CLD-2 localized at regenerated tight junctions.
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3.4. NMR Evidence of Direct Binding of HST but Not QUE to ZO-1(PDZ1)

We previously succeeded in determining the solution structure of mouse ZO-1(PDZ1)
using solution NMR experiments found that the C-terminal peptide of CLD-3 and phos-
phatidylinositol phosphate competitively bound to the canonical peptide binding site of
ZO-1(PDZ1) [16]. In a recent study, ZO-1(PDZ1) was directly inhibited by glycyrrhizin,
which prolongs TJ-opening induced by deoxycholate in the Caco-2 cell monolayer [33].
These results suggest that the direct binding of a small molecule ligand to the CLD bind-
ing site of ZO-1(PDZ1) may inhibit the physiologically important interaction between
ZO-1(PDZ1) and CLDs, which may result in the malformation of TJ or at least disturb
TJ integrity in epithelial cells. According to this hypothesis, the flavonoids BLI and BLE
directly bound to the CLD binding site of ZO-1(PDZ1) and reduced TJ integrity [18]. Thus,
we again examined whether HST and QUE directly bound to ZO-1(PDZ1) using the solu-
tion NMR technique. In the HSQC spectra of 15N-labeled ZO-1(PDZ1), small but certain
chemical shift perturbations (CSP) were observed with the addition of two equivalents of
HST (Supplementary Figure S5A). The major residues with a marked CSP of the amide
signals were found to surround the canonical peptide-binding pocket of ZO-1(PDZ1)
(Supplementary Figure S5A panels b,c). The binding mode of HST to ZO-1(PDZ1) was
predicted by the NMR-based HADDOCK approach, and the putative complex structure
seemed reasonable (Supplementary Figure S5A panel d,e). HADDOCK is one of the dock-
ing simulation software for both protein–protein and protein–small ligdocking, which is
specialized to utilize the data from NMR titration experiments with the user-friendly inter-
face [28]. As a result, HADDOCK succeeded in predicting the binding site of HST as same
as the canonical CLD binding site on ZO-1(PDZ1) [16]. Thus, we hypothesized that the
direct inhibition of HST to ZO-1(PDZ1) is one of the mechanisms that promotes TJ-opening.
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By contrast, although the chemical structure of QUE is similar to HST, no remarkable
CSP of ZO-1(PDZ1) upon QUE titration was observed (Supplementary Figure S5B panel b,c)
in 2 molecular equivalents. Thus, we performed HADDOCK simulation without NMR-
based restraints. As a result, the binding sites of QUE were not converged into the canonical
ligand binding pocket (Supplementary Figure S5B panel d). Nevertheless, interestingly, one
of the best five models fitted the equivalent binding site of HST (panel e). The difference
between the two flavonoids is the relative orientation between A and B rings of flavanone
(HST) and flavonol (QUE), respectively, may explain the difference of ZO-1 binding. In
detail, the A and B rings of QUE are kept planar, whereas the A and B rings of HST are
skewed (Supplementary Figure S5B panel f). In addition, it should be noted that QUE
suppressed the expression of the CLD-2 gene (Figure 4C). It is likely that QUE loosened TJ
integrity through a mechanism other than the direct inhibition of ZO-1.

3.5. Pharmacological Investigation of the Mechanism of TJ-Opening Using HST or QUE

As mentioned above, not only the direct inhibition of the ZO-1(PDZ1)–CLD interac-
tion, but also the other signaling pathways, are considered TJ-opening mechanisms using
HST and QUE. In this context, we previously demonstrated that both BLI and BLE con-
tributed to TJ-opening, partly through the ALK5-dependent pathway [18]. In addition, the
inhibition of the MEK pathway signal partially reverted BLE-induced cell morphological
changes [18]. Based on these considerations, we employed SB431542 or U0126 as ALK5
and MEK inhibitors, respectively, to determine whether they could revert the TJ-opening
and the slender cell shape induced by either HST or QUE.

We first measured the number of viable cells using the WST-8 assay. The viable cells
were 130% after treatment with HST and 60% after treatment with QUE compared to
the control (Figure 5). When SB431542 was co-administered with HST, the enhanced cell
proliferation reverted to the normal level. Therefore, HST is seemingly potent for the
proliferation enhancement of MDCK II cells through the activation of the TGFβ pathway.
To the contrary, either SB431542 or U0126 failed to revert the weak cytotoxicity using QUE,
suggesting that the TGFβ and MEK pathways were not involved in QUE toxicity.
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Figure 5. Comparison of cell viability in MDCK II cells exposed to flavonoids and inhibitors. Cells
were treated with flavonoids at a concentration of 100 µM and/or SB431542 (labelled as SB)/U0126
5 (labelled as U), 10, and 20 µM for 48 h. Error bars indicate standard deviations. Statistical analyses
were performed using Turkey-Kramer multiple comparison tests. These were different from the value
of the control (DMSO) or HST-treated cells, * p < 0.05. HST, QUE: n = 4.

We also examined the effects of SB431542 and U0126 on morphological changes in
MDCK II cells under bright-field microscopy. The bright-field observation of viable cells
showed that the co-exposure of HST with SB431542 resulted in the disappearance of
white spots (Figure 6A panel e). This suggests that TGFβ/ALK5 could be involved in the
appearance of white spots induced by HST. For the cell shape changes induced by QUE,
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either SB431542 or U0126 did not ameliorate the slenderized morphology of MDCK II cells
(Figure 6A panel f,i). Thus, we ruled out that the QUE-induced slender cell shape was
downstream of either the TGFβ or MEK pathway. Finally, we examined the recovery of the
membrane localization and protein expression of CLD-2 using these inhibitors. SB431542
partially recovered the decreased localization of CLD-2 induced by HST (Figure 6B panel
e). In addition, SB431542 could also weakly reverse the decreased CLD-2 by QUE at the
TJ-area (Figure 6B panel f). However, in the Western blotting analysis, we did not observe a
remarkable recovery of the CLD-2 amount through the co-administration of either SB431542
or U0126 (Figure 7A,B).
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Figure 6. Effects of flavonoids on the morphology and TJ integrity of MDCK II cells. (A) DIC images
with corresponding flavonoids are presented. Cells were exposed to flavonoids at a concentration of
100 µM and/or SB431542 or U0126 20 µM for 48 h. (a,d,g) control (DMSO); (b,e,h) HST; (c,f,i) QUE.
Scale bar = 100 µM. (B) Immunofluorescence staining of CLD2 images are shown. Cells were treated
with flavonoids at a concentration of 100 µM and/or SB431542/U0126 20 µM for 48 h. (a,d,g) control
(DMSO); (b,e,h) HST; (c,f,i) QUE. Scale bar = 20 µM. Brightness is modified to 160%. Arrows indicate
CLD-2 localized at partially restored tight junctions.
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flavonoid- and/or 5, 10, 20 µM SB431542/U0126 -treated MDCK II cells. (B) Quantitative analysis
with densitometry of 100 µM flavonoid- and/or 5, 10, 20 µM SB431542/U0126- treated MDCK II
cells. Turkey-Kramer multiple comparison tests were applied as statistical analyses. Error bars show
standard deviations. Different from the value of the control cells, * p < 0.05. HST, QUE: n = 8.

4. Discussion

HST is one of the major components of citrus flavonoids. It is found in the peels, fruits,
and albedos of many citrus species. For example, fruits or fruit peels of Citrus aurantium
L. (Rutaceae) contain HST, hesperidin (HSD), narirutin (NRT), neohesperidin (NHD), and
kaempferol [34]. Conversely, several citrus fruits contain naringin (NAR) and naringenin
(NRG), rather than HST-related flavonoids. In this study, we demonstrated a weak, but
certain, TJ-opening activity of HST against MDCK II cells. However, we previously showed
that NAR and NRG, but not NRT, had remarkable TJ-enhancing activity on MDCK II
cells [21]. In the case of the NAR-related flavonoids, namely, NAR, NRG, and NRT, we
previously showed that aglycone (NAR) exhibited stronger pharmacological effects than
its glycosides. NRG, the neohesperidoside of NAR, showed mild TJ-enhancing activity,
whereas NRT, the rutinoside of NAR, had no effect on TJ biogenesis. However, in the case of
the glycosides of HST, including NHD and HSD, the neohesperidoside and the rutinoside
of HST, respectively, showed TJ-enhancing activity, which is the opposing pharmacological
action of TJ-opening induced by their aglycone HST [21]. It should be noted that some
extracts from citrus peels or albedos are used as skin-conditioning ingredients for many
cosmetics. However, the active ingredients of these citrus extracts must contain both TJ-
enhancing and TJ-opening flavonoids. Therefore, when using citrus extracts as an additive
for cosmetics for skin protection purposes, the extraction method of citrus may become
particularly important. In this context, further studies on the quantitative comparison of the
pharmacological effects of the TJ-opening activity of HST in simultaneous administration
of other TJ-enhancing flavonoids, such as NAR and NRG, are needed.

Accordingly, some studies have reported the pharmacological activities of HST inde-
pendent to its antioxidant activity, such as hypolipidemic (cholesterol-lowering) activity,
anti-cancer activity, anti-metastatic activity, and anti-aromatase activity [34–37]. Accord-
ing to this hypolipidemic activity, HST has been reported to increase the expression of
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low-density lipid receptor gene probably via sterol regulatory element (SRE)-binding
proteins [35]. HST has also been reported to reduce the expression of genes encoding
acyl-coenzyme A: cholesterol acyltransferase (ACAT1 and ACAT2) toward lowering choles-
terol levels [38]. Another beneficial effect of HST includes activation of Nrf2 signaling
pathway in several cells [36–38]. HST may have antioxidant, anti-inflammatory, anti-
allergic, and vaso-protective actions [20]. HST also inhibits snake venom protease [39], as
well as some virus genome-derived proteases, including zika, chikungunya, and dengue
viruses [40–42]. HSP was previously suggested as a template molecule to develop new
anti-arrhythmic drugs, as it blocks slowly-inactivating currents carried by the type 3 long
QT syndromes (LQT3)-associated voltage-gated Na+ channel (hNaV1.5) channel mutant
R1623Q, an arrhythmogenic gain-of-function mutant of hNaV1.5 [43]. Finally, HST is
expected to become a potential neuroprotective prophylactic (reviewed in [44]). None of
these pieces of pharmacological evidence foreshadowed HST’s TJ-opening activity shown
in this study.

Therefore, we systematically examined how a high-dose treatment of both HST and
QUE against epithelial cells had a suppressive effect on the subcellular localization of
CLD-2 in the TJ compartment of the lateral membrane. Note that the TJ-opening activity
of flavonoids is thought to be independent from their antioxidative property. In general,
oxidative stress has a detrimental effect against TJ-integrity [45,46]. Accordingly, close
examination revealed that the pharmacological activity of HST to suppress the protein level
of CLD-2 was weaker than that of QUE. Similarly, HST was milder than QUE in suppressing
the mRNA levels of TJ-related genes, including CLD-2, OCLN, and TJP1 (ZO-1). One of the
differences in the biological mechanisms between HST and QUE is the presence or absence
of a direct interaction between the flavonoids and ZO-1(PDZ1), which is the responsi-
ble interface of ZO-1 to the C-terminal PDZ-binding motifs of CLDs [7]. Although the
physiologically relevant target of QUE in MDCK II cells is still unclear, we demonstrated
that QUE revealed a strong suppression of the expression of the three TJ-related genes.
We also showed that both HST and QUE partly activated the TGFβ signaling pathway
in a different manner. We concluded that the pharmacological actions of HST and QUE
in the proliferation and TJ opening of MDCK II cells were only partly dependent on the
TGFβ/ALK5 pathway, regardless of whether the other unknown signaling pathway ex-
ists, especially for regulating the expression of TJ-related genes. Figure 8 summarizes
the pathways affected by the HST and QUE examined in this study. Table 1 presents the
pharmacological effects of the four flavonoids: HST, QUE, BLI, and BLE. As BLI and BLE
are also known to have TJ-opening activities by stimulating the TGFβ pathway [18], the
pharmacological action of HST resembles that of BLI, rather than QUE, because HST did not
induce the morphological changes. However, according to the subcellular localization of
TJ-components, HST and QUE are distinct from BLI and BLE because the former decreased
OCLN and ZO-1 level. We further assessed these pharmacological activities against some
antioxidant capacity parameters, such as Trolox equivalent antioxidant capacity (TEAC),
ferric reducing antioxidant power (FRAP), 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay,
and Folin-Ciocalteu reducing capacity (FCR) from the literature (Table 1) [47,48]. All these
parameters suggested that Que (and BLE) are stronger antioxidants than HST. Contrary
to our expectations, we found a weak positive correlation between typical antioxidant
capacities and TJ-opening activity. In general, oxidative stress is thought to be harmful
against TJ integrity [49]. Finally, it should be noted that HST, BLI, and BLE showed weak,
but certain, direct interaction to the canonical ligand binding pocket of ZO-1(PDZ1). Cur-
rently, however, critical functional groups of flavonoids for PDZ-binding remain unclear.
Not only the number and the position of hydroxyl groups, but also the molecular shape,
may be important for ZO-1(PDZ1) interaction, as suggested by our HADDOCK study
(Supplementary Figure S5). Recently, BLI has been reported as an efficient absorption
enhancer of oral administration of insulin to rats when combined with AlCl3 nanoparti-
cles [50]. Conversely, QUE and BLE exhibited the activity of morphological changes in
the epithelial cell shapes, which become concerning in relation to the adverse effects of
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these flavonoids. Therefore, HST is considered as another flavonoid candidate for naturally
occurring epithelial drug absorption enhancers, such like BLI.
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Figure 8. Putative molecular mechanisms underlying TJ modulation induced by HST (left panel)
and QUE (right panel). Solid arrows indicate either stimulation or enhancement, dashed arrows
indicate the possibility of stimulation, and dashed long left tacks indicate inhibition. “?” represents
an unknown factor. ↑: increase; ↓: decrease.

Table 1. Comparison of pharmacological effects of flavonoids against TJ of MDCK II cells.

HST QUE BLI a BLE a

CLD-2
TJ localization − − − − − − − − − − −
mRNA expression − − − − − −

OCLN
TJ localization − − +/− +/−
mRNA expression − − − − n.ex. n.ex.

ZO-1 expression
TJ localization − − +/− +/−
mRNA expression − − − − n.ex. n.ex.

MDCK II cell
Proliferation + + − − +/− −
Slenderer cell shape no yes no yes

Direct ZO1(PDZ1) interaction yes no yes yes

Other signaling pathways
TGFβ partially partially yes yes
MEK/ERK partially no partially yes

Antioxidant capacity from literature
TEAC (trolox equiv./mmol) b 2.01 ± 0.04 5.72 ± 0.16
FCR (chlorogenic acid equiv./mmol b 0.53 ± 0.03 1.24 ± 0.09
DPPH (trolox equiv./mmol) b 0.48 ± 0.04 2.25 ± 0.09
FRAP (ferrous equiv./µmol) c 21.1 ± 0.4 95.9 ± 5.4 38.9 ± 2.5

a Hisada et al., 2020 [18]; b Zhang et al., 2011 [47]; c Firuzi et al., 2005 [48]; n.ex. Not examined. Symbols +, −,
and +/− indicates increase, decrease, and un-changed, respectively. The number of the symbols reflects degree
of change.

5. Conclusions

This study demonstrated that HST and QUE downregulated the subcellular local-
ization of CLD-2 in the TJ compartment of the lateral membrane. HST promoted the
proliferation of MDCK II cells, partly through the TGFβ pathway, whereas QUE sup-
pressed the cells. QUE, but not HST, induced morphological changes in MDCK II into a
slenderer cell shape. QUE, but not HST, attenuated the gene expression of TJ-related genes,
including CLD-2, occludin, and ZO-1. Only HST, but not QUE, was directly bound to ZO-
1(PDZ1), which was the responsible interface between ZO-1 and CLDs’ C-terminal. These
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results suggest that HST is an attractive candidate for developing a naturally occurring
drug absorption enhancer for the paracellular route.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox12040952/s1, Figure S1: Effects of quercetin (QUE) on cell
morphology in MDCK II cells; Figure S2: Close-up view of HST-treated cells. Effects of HST on the
morphology of MDCK II cells (enlarged one); Figure S3: Effects of flavonoids on TJ integrity of MDCK
II cells (original figures); Figure S4: Effects of flavonoids on the shape and TJ integrity of MDCK
II cells (original figures); Figure S5: Direct interaction between ZO-1(PDZ1) and the flavonoids;
Figure S6: Effects of flavonoids on the morphology and TJ integrity of MDCK II cells (original figures);
Figure S7: 600MHz 1H NMR spectra of the commercially purchased reagents used in study.
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Abstract: Citrus fruits are recommended components of the human diet because of their enriched
composition in bioactive compounds and health benefits. Among their notable components are
phenols, with a special emphasis on flavonoids, limonoids, and carboxylic acids. In this research,
we have carried out a spatial metabolomics analysis for the characterization of these bioactive
families in three citrus fruits, namely, lemons, limes, and mandarins. Sampling was undertaken,
for which the juices and three fruit tissues, namely, albedo, flavedo, and segments, were analyzed.
This characterization allowed for the determination of 49 bioactive compounds in all the samples.
The composition of the different extracts was correlated with the antioxidant capacity measured by
the DPPH radical scavenging activity and β-carotene bleaching assays. Flavonoids, found in the
albedo and flavedo at higher concentrations, were the main components responsible for DPPH radical
scavenging activity. On the other hand, the combined action of flavonoids and limonoids contributed
to explaining the antioxidant activity measured by the β-carotene bleaching assay. Generally, the
antioxidant capacity of juices was lower than that estimated for extracts from citrus tissues.

Keywords: citrus fruits; metabolomics; spatial distribution; antioxidant activity; flavonoids; limonoids;
carboxylic acids

1. Introduction

Citrus fruits constitute a characteristic element of the Mediterranean diet and are
extensively researched due to their bioactive composition and health benefits. Among the
most known citrus fruits, lemons (Citrus limon), mandarins (Citrus reticulata), and Persian
limes (Citrus latifolia) have been demonstrated to be outstanding sources of bioactive
compounds such as ascorbic acid, limonoids, and flavonoids [1].

Flavonoids are the most predominant phenolic compounds in citrus fruits and are the
main sources of their flavor and coloration [2]. These phytochemicals have been described
as beneficial to human health and are used to prevent some diseases [3] because of their
anti-inflammatory, anti-cancer, or anti-obesity properties [4–7]. Citrus flavonoids’ phenolic
activities, such as their free radical scavenging activity, pro-oxidant metal ion chelation,
and ability to act as enzyme cofactors, explain their beneficial properties.

Limonoids have also received great attention because of their anti-inflammatory, anti-
aging, anti-tumor, immunomodulatory, and antioxidant activity [8]. Limonoids can be
found as glucosides (water soluble) or aglycones (water insoluble), which contribute to the
unflavored or bitter taste of citrus fruits. In a recent study, a total of 18 limonoid glucosides
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and 55 limonoid aglycones were reported in citrus fruits [9]. The most representative
limonoid glucoside is limonin-17-β-D-glucopyranoside, while the most abundant aglycones
are limonin and nomilin [10,11]. The presence of limonoids has mainly been detected in
essential oils obtained from citrus flavedo, and these oils have received special attention
in previous years because of their high antimicrobial and preservative activity in various
foods [12–14].

Limonoids and flavonoids have been determined by different techniques, with the
most extensive being liquid chromatography coupled with diode array detection (LC–
DAD) [15]; however, this technique requires the use of analytical standards for identification.
For this reason, in the few last years, the use of liquid chromatography coupled with high-
resolution tandem mass spectrometry (LC–MS/HRMS) has been increasing. Although this
technique also requires standards for confirmation, it provides better identification capacity
by comparing MS2 spectra with those included in databases. Most citrus fruits have been
characterized by this technique, for example, limes, oranges, tangerines, lemons, grapefruit,
etc. [16–22].

The antioxidant properties of citrus limonoids and flavonoids have been previously
described using various techniques, including 2,2-diphenyl-1-picrylhydrazyl (DPPH) an-
tioxidant capacity and β-carotene blenching assay studies. The DPPH method relies on
the strength of a 30 min radical scavenging time, which allows DPPH to react efficiently,
even with weak antioxidants providing high sensitivity, while β-carotene test allows both
lipophilic and hydrophilic samples to be analyzed with high reproducibility [23]. The com-
bination of these two assays has been used for the determination of the antioxidant activity
of limonoid and flavonoid extracts from different tissues [17,24]. Specifically, grapefruit
seeds [25], Rutaceae species peel [26], albedo and flavedo from pompia fruits [16], kinnow
peel [27], and Spanish clementine fresh pulp [28] have been analyzed for the presence of
these high valuable compounds using both antioxidant determination assays. Moreover,
changes in the limonin and nomilin concentrations in different tissues from pummelo and
mandarin varieties have been studied during fruit growth and maturation [29]. However,
although citrus antioxidant activity has been widely studied, to the best of our knowledge,
the spatial distribution of the antioxidant capacity in the different tissues (flavedo, albedo,
pulp segments, and juice) of citrus fruits and the synergistic interaction between limonoids
and flavonoids have not been studied in detail. For this reason, the aim of this research
was to characterize the limonoid and flavonoid fractions of three Citrus fruits, namely,
lemons, limes, and mandarins. For this purpose, three main tissues (albedo, flavedo, and
pulp segment) and their respective juices were studied. A highly selective and sensitive
LC–MS/HRMS approach was used for the characterization of these citrus tissues. In addi-
tion, their antioxidant activity was evaluated through the DPPH radical scavenging activity
and β-carotene bleaching assays to ascertain the properties of limonoids and flavonoids
and elucidate any synergistic interactions.

2. Materials and Methods
2.1. Samples

Limes, mandarins, and lemons were purchased in two local markets in Cordoba and
Murcia (La Corredera and Veronicas local markets, Spain) in October 2022. Fruits were
washed and processed to separate the albedo, flavedo, pulp segments, and juice. The solid
samples were lyophilized and subsequently ground. The powder was stored in the dark at
−20 ◦C.

2.2. Reagents

Ethanol (EtOH), methanol (MeOH), ethyl acetate (EA), acetone, chloroform, acetoni-
trile (ACN), and formic acid were purchased from Scharlab (Barcelona, Spain). n-Hexane
was obtained from Sigma−Aldrich (St. Louis, MO, USA). All solvents were LC- or MS-
grade. Simplicity® UV Millipore equipment (Burlington, MA, USA) was used to generate
purified Milli-Q-water. Syringaldehyde (SA), used as external standard, was acquired from
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Sigma−Aldrich. For antioxidant assays, we used 1,1-diphenyl-2-picrylhydrazyl (DPPH),
linoleic acid, Tween-20, and β-carotene standards obtained from Sigma-Aldrich. Silica
gel 60 (0.06–0.2 mm particle size) from Merck (Darmstadt, Germany) was used for the
fractionation of extracts.

2.3. Instrumentation and Software

The analytical equipment consisted of a 1200 series LC system from Agilent Tech-
nologies (Palo Alto, CA, USA) coupled with a dual electrospray ionization source and a
high-resolution Agilent 6540 quadrupole–time of flight detector QTOF (LC–MS/HRMS).

Agilent MassHunter Workstation (version B6.00 Profinder, Agilent Technologies, Santa
Clara, CA, USA) was used for data acquisition. MassHunter Qualitative v7.0 software and
MetaboAnalyst 5.0 (https://metaboanalyst.ca/, accessed on 9 January 2023) were used for
targeted extraction of MS/MS information, metabolomics data analysis, and interpretation.

2.4. Metabolites Extraction

Albedo, flavedo, and pulp segments of mandarins, limes, and lemons were crushed
and homogenized after lyophilization. A total of 1 g of each tissue was extracted in 10 mL
of n-hexane while stirring at 1000 rpm for 30 min at 30 ◦C to remove the lipidic fraction.
The n-hexane extract was discarded, and the solids were recovered and dried under gentle
nitrogen flow prior to the triplicate extraction of bioactive compounds with 10 mL of
(50:25:25 v/v/v) EA/acetone/EtOH for 30 min at 30 ◦C. The three fractions were mixed,
evaporated under vacuum, and then reconstituted in 1 mL of MeOH containing SA at
1 µg/mL. Six extracts were obtained from each tissue (three extracts for triplicate analysis
of the antioxidant activity and three extracts for fractionation).

Lyophilized juice samples of the three fruits were solubilized in water at 150 mg of
total solids/mL. A total of 10 mL of reconstituted juice was extracted with 5 mL of EA for
10 min at 30 ◦C. The EA fraction was dried under vacuum and reconstituted in 1 mL of
MeOH with SA at 1 µg/mL.

2.5. LC–MS/HRMS Analysis

Chromatographic separation of the extracts was performed by using a Zorbax Eclipse
Plus C18 chromatographic column (1.8 µm particle size, 150 × 3.0 mm i.d., Agilent Tech-
nologies). The injection volume was 2 µL, and the mobile phases were composed of 0.1%
of formic acid in both deionized water (phase A) and acetonitrile (phase B). Flow rate was
constant at 0.25 mL/min. Chromatographic gradient was programmed as follows: 4%
phase B was selected as initial composition; then, from min 0 to 1, mobile phase B was
increased to 25%; from min 1 to 6, phase B was changed to 40%; from min 6 to 8, phase B
was modified to 60%; and from min 8 to 10, mobile phase B was increased from 60 to 100%.
The latter composition was maintained for 12 min to guarantee the elution of metabolites
and the sterilization of the column. A post-time of 13 min was set to equilibrate the initial
conditions for the next analysis.

The dual electrospray ionization source (ESI) was operated in both positive and
negative ionization modes. ESI parameters were as follows: nebulizer gas at 50 psi and
drying gas flow rate and temperature at 10 L/min and 325 ◦C, respectively. The capillary
voltage was set at 3500 V, while the fragmentor, skimmer, and octapole voltages were 130,
65, and 750 V, respectively. Data were acquired in centroid mode in the extended dynamic
range (2 GHz). Full scan was carried out at 6 spectra/s within the m/z range of 60–1200,
with subsequent activation of the three most intense precursor ions (allowed charge: single
or double) by MS/MS using a collision energy of 20 eV and 40 eV at 3 spectra/s within
the m/z range of 30–1200. An active exclusion window was programmed for 0.75 min
to avoid repetitive fragmentation of the most intense precursor ions, thus increasing the
detection coverage. To assure the desired mass accuracy of recorded ions, continuous
internal calibration was performed during analyses with the use of signals at m/z 121.0509
(protonated purine) and m/z 922.0098 (protonated hexakis (1H, 1H, 3H-tetrafluoropropoxy)
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phosphazene or HP-921) in the positive ionization mode and m/z of 112.9856 (trifluoroacetic
acid anion) and m/z 1033.9881 (HP-921) in the negative ionization mode. A quality control
sample (QC) obtained by mixing aliquots of extracts was used to ensure the reproducibility
and robustness of the methodology and chemometric results.

2.6. Data processing and Statistical Analysis

MassHunter Profinder (version B10.00; Agilent Technologies, Santa Clara, CA, USA)
was used to process the data obtained by LC–MS/HRMS. Treatment of the raw data
file started with the extraction of potential molecular features (MFs) by the applicable
algorithm included in the software. The recursive extraction algorithm considered all ions
exceeding 5000 counts as cut-off value. Additionally, the isotopic distribution used to
determine whether a molecular feature is valid should be defined by two or more ions
(with a peak spacing tolerance of m/z 0.0025 plus 10.0 ppm in mass accuracy). Apart from
[M + H]+ and [M−H]− ions, adduct formation in the positive (Na+) and negative ionization
(HCOO−, Cl−) modes and neutral loss by dehydration were included to identify features
corresponding to the same potential metabolite. Thus, ions with identical elution profiles
and related m/z values (representing different adducts or isotopes of the same compound)
were extracted as entities characterized by their retention time (RT), the intensity at the
apex chromatographic peak, and accurate mass. Then, a recursion step assured correct
integration of the entities in all analyses.

Identification was achieved following the methodology previously described by
Ledesma-Escobar et al. [17]. After extraction and alignment of all MFs, the software
MassHunter Qualitative v.7.0 was used for targeted extraction of MS2 information as-
sociated with the monitored MFs in the whole dataset. This information was used for
tentative identification of metabolites by searching the MoNA-MassBank of North Amer-
ica (https://mona.fiehnlab.ucdavis.edu/spectra/search, accessed on 13 December 2022)
database and others developed by the research group. Additionally, some compounds
were confirmed according to both their MS2 information and retention time by using com-
mercially available standards. Finally, the compounds that were not found in the databases,
or whose commercial standards were unavailable, were identified via an analysis of neutral
mass losses combined with the characteristic fragmentation patterns of their derivatives
confirmed by commercial standards.

Quantitative analysis was carried out in relative terms by preparing calibration models
for limonin, nomilin, hesperidin, and quercetin as standard compounds (determination
coefficients > 0.98; calibration range between 50 ng/mL and 20 µg/mL). Syringaldehyde
(1 µg/mL) was used as external standard. Flavonoid glucosides and aglycones were quan-
titated with models prepared with hesperidin or quercetin, respectively, while limonoids
were determined using their corresponding aglycone standards.

2.7. Silica Gel Column Fractionation of Crude Extracts

Crude extracts (1 mL) were fractioned by being passed through a normal-phase silica
gel (5 g) column. The solid phase was conditioned with hexane and the metabolites were
eluted with 2 mL of EA (fraction 1), 2 mL of 1:1 (v/v) EtOH/acetone (fraction 2), and 2 mL
of 1:1 (v/v) EtOH/H2O (fraction 3). Each fraction was evaporated under vacuum and
dissolved with 1 mL of MeOH. The solutions were stored at −80 ◦C in darkness until use.

2.8. Antioxidant Assays
2.8.1. DPPH Radical Scavenging Activity

DPPH radical scavenging activity was evaluated by mixing 100 µL of sample (either
crude extract or fraction) with 900 µL of 20 mg/L DPPH solution in MeOH. The mix-
ture was stirred for 30 min at room temperature and the absorbance was measured at
517 nm. Reference solution was prepared following the same procedure but using MeOH

26



Antioxidants 2023, 12, 781

instead of sample. The antiradical scavenging potential was expressed as the percentage of
decoloration of DPPH solution according to the following equation:

%Radical scavenging =

[
1 − As

AR

]
∗ 100 (1)

where: As, absorbance of the sample; AR, absorbance of the reference solution.

2.8.2. β-Carotene Bleaching Assay

A stock solution for this test was prepared as follows: 500 µL of Tween-20 was
dissolved in 50 mL of water previously saturated with O2 by air bubbling and mixed with
25 µL of linoleic acid and 500 µL of 1 mg/mL β-carotene solution in chloroform. The
mixture was subjected to rotary evaporator under reduced pressure at 30 ◦C to remove
chloroform. Then, the mixture was shaken vigorously until a crystalline emulsion was
obtained (approximately 5 min) with the characteristic orange color of β-carotene. Stock
solution was immediately used after preparation.

For the measurement of antioxidant activity, 100 µL of the crude extract or fraction was
added to 900 µL of the β-carotene/linoleic acid stock solution and stirred for 2 h at 50 ◦C.
The absorbance of the samples was measured at 470 nm immediately after preparation (time
0 min) and after 2 h (time 120 min). A control sample was prepared with MeOH instead
of sample. The blank was composed of water, Tween-20, and linoleic acid at the same
proportions as those used in the stock solution. The antioxidant activity was calculated as
the ability to inhibit the discoloration of β-carotene using the following equation:

%Antioxidant activity =

[
1 −

(
A0

s − A120
s
)

(
A0

c − A120
c
)
]
∗ 100 (2)

where: As, Absorbance of the sample; Ac, absorbance of control; 0 and 120 refer to time
(min).

3. Results
3.1. Characterization of Bioactive Compounds in Citrus Fruits

The analysis of the sample citrus extracts led to the identification of 49 compounds
distributed in 31 flavonoids, 9 limonoids, 6 simple phenols, and 3 carboxylic acids by
following the methodology previously described by the authors [17]. Thirty-two metabo-
lites were successfully identified as confirmed by the analytical standards. In addition,
six isomers (MS2 spectrum correlation with that of the standard above 0.9) were detected
at different retention times. The rest of the 11 metabolites were tentatively identified via
the detection of neutral mass losses and fragmentation patterns. Thus, for the tentative
identification of flavonoid derivatives, the MS2 spectrum should include the product ion
of the aglycone as the dominating peak and the neutral loss of the distinctive glucoside.
Concerning limonoids, their product ion at m/z 161.0595 in the positive ionization mode
dominated the MS2 spectra together with the precursor ion. The identification parameters
are summarized in Table S1.

3.2. Locations of the Bioactive Compounds in Citrus Fruits

Flavonoids were the most abundant phenolic compounds among the studied metabo-
lites, followed by limonoids, simple phenols, and carboxylic acids. However, each metabo-
lite class was distributed in a different proportion depending on the fruit. Figure 1 shows
that flavonoids constituted the most abundant bioactive fraction in limes and mandarins,
representing 64.4% and 73.1% of the total content of identified compounds, respectively. In
addition, carboxylic acids were the second largest group in both fruits (36.7% in limes and
23.3% in mandarins). However, acids predominated in lemons, constituting 58.9% of the
total quantified compounds, followed by flavonoids (34.2%), limonoids (5.6%), and simple
phenols (1.3%).
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Figure 1. Proportion of flavonoids, limonoids, simple phenols, and carboxylic acids in limes, man-
darins, and lemons.

A spatial analysis was carried out to determine the distribution of these metabolites
in the analyzed fractions (flavedo, albedo, segments, and juice). Generally, we observed
that flavonoids were mostly located in the flavedo and albedo, while carboxylic acids were
abundant in the segments and juice. Regarding limonoids, they were mostly found in
albedo and segments, while simple phenols were equally distributed in all parts. Despite
the similar distribution of the monitored families in the analyzed samples, our results
revealed that the fruit was also determinant (Figure 2).
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Finally, the concentration of simple phenols was mainly represented by pyrogallol
among the three studied fruits. The concentrations of individual metabolites can be
found in Table S2. Calibration curves were obtained for limonin, nomilin, hesperidin,
and quercetin, which were used also to quantify the rest of the flavonoid glucosides,
aglycones, and limonoids.

To confirm the observed differences among the fruits and samples, a non-supervised
principal component analysis (PCA) was conducted by grouping the matrix by fruit or
by sample, including the QCs (Supplementary Figure S1). This analysis revealed clear
discrimination in the 3D scores plot for both grouping cases. Once clustering was confirmed,
a multivariate analysis by partial least squares discriminant analysis (PLS-DA) was applied
by (i) grouping the matrix by fruit (Figure 3A) and (ii) by sample (Figure 3B). The results
of these two analyses revealed that the most important variables distinguishing the fruits
were flavonoids and coumaric acid (especially naringenin derivatives, tangeritin, and
luteolin, Figure 3C). On the other hand, discrimination by samples was mainly explained
by limonoid and carboxylic acid concentrations (Figure 3D).
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3.3. Antioxidant Activity of Extracts from Different Citrus Fruit Tissues

Concerning the antioxidant activity measured by the β-carotene assay (Figure 4A), our
results revealed that, generally, the lemon extracts from the flavedo, albedo, and segments
possessed the highest antioxidant activity followed by those from limes and mandarins;
however, it was observed that mandarin juice has superior activity compared to lemon
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and lime juices. Considering the composition of the extracts, it is possible to assume that
limonoids play a key role with respect to antioxidant capacity since this class of metabolites
is particularly concentrated in the extracts from the flavedo, albedo, and segments of
lemons as well as in mandarin juice. Moreover, a Spearman correlation supported this
assumption for limonoids (Figure 4B). The mechanism of the β-carotene bleaching assay
supports the ability of bioactive compounds to minimize the peroxidation of linoleic acid,
given that hydroperoxides from linoleic acid can react with β-carotene. Therefore, greater
activities determined by this assay indicate a higher capacity to prevent the oxidation
of lipids.
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significant differences among tissues extracts in terms of antioxidant or radical scavenging activity.
* p-value < 0.001.

On the other hand, the DPPH assay is based on the ability of bioactive compounds
to stabilize free radicals by donating protons. In this sense, this study revealed that the
mandarin extracts obtained from flavedo had higher radical scavenging potential than
those from limes and lemons (Figure 4C), which could be attributed to a higher proportion
of flavonoids (see Figure 2A–C). This assumption is not supported by the analysis of the
radical scavenging activity in other samples. Thus, the mandarin extracts obtained from
albedo, which were highly enriched in flavonoids, presented greater antioxidant activity
than lemons, even when their content in flavonoids was very similar. On the other hand,
the lime extracts exhibited almost half of the radical scavenging potential of lemons or
mandarins, whose concentrations of flavonoids were only 20%, approximately. These
discrepancies were also observed in the segment extracts that were expected to provide
the highest radical scavenging activity due to their flavonoid content. Particularly, lemon
and lime extracts, which proportionally had lower content in flavonoids than mandarins,
provided greater scavenging potential. Finally, similar inconsistencies were observed
regarding lemon juice, for which higher scavenging activity was reported compared to that
of limes despite the reduced content of flavonoids in the former. According to the extracts’
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compositions, it seems that the content of carboxylic acids should have affected antioxidant
capacity. In fact, the Spearman correlation revealed that acids, especially ascorbic acid,
greatly influence radical scavenging potential despite the content of flavonoids (Figure 4D).

3.4. Antioxidant Activity of Three Fractions of the Extracts from Different Citrus Fruits

To disclose the observed complexity of the studied fruits’ antioxidant activity and rad-
ical scavenging potential, the extracts were partially purified by using a chromatographic
column packed with silica. The purification of complex mixtures such as citrus extracts is
not simple; however, three defined fractions were collected: (i) the less polar fraction (L)
(with high content of limonin and nomilin), the major limonoids in the extracts, aglycone
flavonoids, the minor flavonoids, and a low concentration of conjugated flavonoids; (ii) the
mid-polar fraction (F), which is mainly composed of major flavonoids, simple phenols, and,
to a lesser extent, conjugated limonoids (minor fraction); and, finally, (iii) the polar fraction,
(A) containing mainly carboxylic acids and small amounts of flavonoids and simple phenols
(Supplementary Figure S1). As expected, the activity of the three fractions was lower than
that of the unfractionated extracts. Nevertheless, the obtained results suggest a synergic
effect since the addition of the activities of the three fractions resulted in a higher value
than those observed in the crude extracts (Figure 5).
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Figure 5. Antioxidant activity (β-carotene bleaching assay) and radical scavenging potential (DDPH
assay) measured in fractions enriched in limonoids (L), flavonoids (F), and carboxylic acids (A)
obtained by separation of extracts from citrus fruits. Different letters for the same fruit and fraction
indicate significant differences in antioxidant or radical scavenging activity.

4. Discussion

In this report, the spatial distribution and antioxidant activity of bioactive compounds
in limes, lemons, and mandarin tissues were studied. We observed that flavonoids were
predominant in the flavedo and albedo of the three fruits (97.1% and 67.8%, respectively,
in limes; 97.0% and 92.5% in mandarins; and 92.4% and 56.9% in lemons). However, hes-
peridin, diosmin, and eriocitrin were the most concentrated flavonoids in limes; hesperidin
and naringin were predominant in mandarins; and apigenin and diosmetin derivatives and
hesperidin were highly concentrated in lemons. The presence of these functional ingredi-
ents has been previously described in other citrus limon varieties but not distributed in the
different tissues of the fruit [16]. Similarly, limonin derivatives were the most concentrated
limonoids in limes and mandarins, while nomilin derivatives were the most abundant
in lemons.

The highest proportion of carboxylic acids was found in lemons, followed by man-
darins and limes, with citric acid being the most concentrated in all cases, followed by
malic and ascorbic acids. However, it is worth noting that lemons were the richest fruit in
terms of carboxylic acids (Figure 1), especially ascorbic acid, which was found at a twofold
higher concentration in lemons than in limes and mandarins. The presence of the identified
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carboxylic acids along with others was examined in lemons prior to this study and thus
confirms this statement [17].

The antioxidant activity and radical scavenging capacity of citrus fruits have been
widely discussed in the literature, but most studies have targeted two main sources: juice
and industrial residue extracts [24]. Generally, citrus fruit’s antioxidant activity is mainly
attributed to ascorbic acid, phenols, and, to a lesser extent, other minor compounds such
as limonoids [24]. Measuring the antioxidant activity of complex mixtures such as citrus
juices or extracts is not an easy task since this act is affected by diverse aspects such
as the structural [30], pH [31], or synergistic effects precipitated by different chemical
families [32,33]. In this study, we evaluated the antioxidant activity in extracts from
different citrus fruits to discern the contribution of the studied compounds to bioactivity.
For this purpose, we used the β-carotene bleaching assay and the radical scavenging
potential test (DPPH assay).

The β-carotene assay, which accounted for the composition of the extracts, showed
that limonoids are crucial for antioxidant capacity given that this class of metabolites
is particularly concentrated in mandarin juice and in the extracts from flavedo, albedo,
and segments of lemons. Our DPPH assay revealed that despite their flavonoid content,
carboxylic acids are believed to influence antioxidant capacity. Altunkaya et al. [31] demon-
strated that the antioxidant activity of lettuce extracts also depended on the pH and level
of synergism with added phenols. Hence, the content of carboxylic acids alters the total
antioxidant activity of extracts.

Finally, the purification of the extracts was carried out using a column packed with
silica defining three fractions (less, mid, and polar). Concerning the limonoid fraction
(L), we observed that the antioxidant activity was like that of the extract, with only an
approximate decrease of 20% for all samples. This result reinforces the hypothesis that
limonoids play a key role in reducing the formation of hydroperoxides from linoleic acid
and thus lipidic peroxidation. In addition, the antioxidant activity was generally lower
in the juices compared to the extracts from fruit tissues. On the contrary, the radical
scavenging activity in juice was reduced by more than 50% compared to the extract. In this
case, juices demonstrated higher capacity than the extracts from fruit tissues. These results
agree with those observed by Yu et al. [25], who showed that limonin had reduced radical
scavenging capacity. On the other hand, the fractions rich in flavonoids (F) presented an
antioxidant activity around 30% lower than that measured in the extracts, with the highest
levels observed in lemon flavedo and mandarin and lime segments. Complementarily,
the radical scavenging potential of this fraction was only reduced by around 10%. The
maximum DPPH activity was found in flavedo from limes and mandarins and in lemon
albedo, while minimum values were measured in juices. Finally, the carboxylic acids
fraction (A) was particularly affected with respect to antioxidant capacity as determined in
both assays. Thus, juice provided better values than those found in fruit tissues except for
lime and lemon segments, which presented an antioxidant capacity similar to that obtained
from juice.

5. Conclusions

This study revealed that the spatial distribution of bioactive compounds is constant
in the three citrus fruits. Thus, flavonoids are mostly located in the citrus peel (in both
the flavedo and albedo); on the contrary, carboxylic acids are mainly found in segments
and, therefore, are extracted in the juice. Regarding limonoids, they are quantitatively
distributed in the albedo and segments and, consequently, are also extracted in the juice.
Additionally, the composition of bioactive compounds allows for the discrimination of
both citrus tissues and fruits. Our determination of these fruits’ antioxidant properties
demonstrated that limonoid content can be correlated with the antioxidant activity mea-
sured by the β-carotene bleaching assay, for which there is a synergistic effect caused by
other families. However, the radical scavenging activity was explained by flavonoids and
ascorbic acid. Finally, these results do not enable us to draw plausible conclusions about the
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contributions of individual compounds to the bioactive properties of the complex extracts.
However, the fractionation of the extracts provided information about the antioxidant
capacity of the three main chemical families.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox12040781/s1, Figure S1: 3D PCA score plots obtained by
considering all extracts grouped by fruit, tissue, and fruit × tissue. Figure S2: Relative concentrations
of the monitored chemical families in the three fractions and crude extracts from citrus fruits. These
results were obtained as mean results by considering the three citrus fruits in order to demonstrate
their respective capacities after fractionation. Table S1: Parameters for identification of bioactive
compounds in the studied citrus fruits. Table S2: Concentrations (µg/g) of flavonoids, limonoids,
phenolic acids, and carboxylic acids found in citrus fruits.
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Abstract: Yuja (Citrus junos) has been cultivated and used for food and medicinal purposes in China
and Korea. Its antioxidant, anti-wrinkle, moisturizing, and whitening effects were evaluated in
HaCaT, HDF, and B16F10 cells. UVB has been known to cause cellular stress and the production
of reactive oxygen species (ROS). Ambivalence of oxidative stress has been reported; however,
excessive levels of ROS contribute to skin aging through the loss of elasticity and collagen fibers
of connective tissue in the dermis. Skin aging is one of the biological processes that is affected
by various factors, including UVB. Pro-Collagen I and hyaluronic acid contents were measured
in UVB-irradiated HaCaT and HDF cells to evaluate the anti-wrinkle and moisturizing effects of
Yuja-peel (YJP) fractions in -EA (ethyl acetate), -Hex (hexane), and -BuOH (butanol). The expression
of matrix metalloproteinases (MMPs) involved in collagen degradation was confirmed to be inhibited
by YJP fractions at both the protein and mRNA levels. Filaggrin and serine palmitoyltransferase
(SPT), which are moisturizing factors, were induced by YJP fractions. B16F10 cells were treated with
α-MSH to induce hyperpigmentation, and then the whitening efficacy of YJP fractions was verified
by observing a decrease in melanin content. Overall, our results contribute to the development of
various novel skin-improving cosmetics and pharmaceuticals with YJP fractions as active ingredients.

Keywords: Yuja (Citrus junos); anti-wrinkle; moisturizing; whitening

1. Introduction

Yuja (Citrus junos) is an arboreal species belonging to the genus Citrus of Rutaceae.
It is found in Sichuan, Hubei, Yunnan, and Tibet in China, and also in Korea [1]. Yuja is
mainly prepared in the form of sugar pickles and is used as tea, dressing, and vinegar,
and it is widely used for medicinal purposes [1]. Our study confirmed the anti-wrinkle,
moisturizing, and whitening effects of the skin using a Yuja-peel (YJP) fraction that has
been traditionally used for food and medicine through a molecular mechanism approach.

Skin is a barrier between the organism and the environment [2]. Skin aging reduces its
effectiveness as a barrier, and there are intrinsic (cellular metabolism, metabolic processes,
and hormones) and extrinsic (pollution, chronic light exposure, chemicals, and toxins)
factors that cause aging [2,3]. Specifically, our study focused on skin damage from ultravio-
let (UV) radiation. Long-term exposure to ultraviolet (UV) radiation is a major factor of
extrinsic skin aging (photoaging), causing wrinkle formation, pigment accumulation, and
inflammation reactions [2,4]. According to the wavelength, UV is classified into three types:
UVA (320–400 nm), UVB (280–320 nm), and UVC (200–280 nm) [4,5]. UVB (280–320 nm)
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causes more cellular stress and production of reactive oxygen species (ROS) on human
skin than other types of UV cause [4]. UVB radiation can induce collagen degradation and
generate inflammatory mediators [6,7].

The ambivalence of oxidative stress has been reported through various previous
studies [8–11]. Excessive levels of reactive oxygen species (ROS) stocks are also known
to contribute to tumorigenesis [11]. ROS can be caused by mitochondria and other cells
intracellularly; however, it can also be caused by radiation, drugs, tobacco, pollutants,
and ultraviolet light externally [12–14]. In particular, excessive levels of intracellular ROS
lead to the loss of elasticity and collagen fibers of connective tissue in the dermis [15]. An
imbalance between glutathione (GSH) and oxidized glutathione (GSSG) by the antioxidant
defense system blocks ROS accumulation and prevents skin aging, inflammation, and
cancer [16,17].

Matrix metalloproteinases (MMPs) are a family of zinc-containing peptide hydrolases
that can lead to the degradation of extracellular matrix proteins (ECMs) [18]. UV-irradiation
induces the production of reactive oxygen species (ROS) that can lead to the activation
of MMPs, which degrade the collagen matrix system in the dermis [3]. MMP-1 has been
reported to lead to collagen degradation due to oxidative stress [6,18].

Dehydration of the skin is closely related to skin aging [19]. Hyaluronic acid mod-
ulates hyaluronic acid synthase (HAS-1, 2, and 3) to increase and provide moisture to
the skin [20,21]. Filaggrin and serine palmitoyltransferase (SPT) are known to be key
factors of hydration [22]. Epidermal barrier protein plays an important role in maintaining
skin moisture by forming a protein-lipid matrix, and filaggrin is known as an epidermal
barrier protein [21]. SPT has been reported to be related to ceramide biosynthesis among
intercellular lipids [23].

Melanin is composed of pigments synthesized in epidermal melanocytes; it prevents
and protects the skin from UV rays [24]. However, pigmentation disorders including hyper-
pigmentation cause various skin diseases, such as freckles, chloasma, and melanoma, due
to abnormal melanin production [25,26]. The biosynthesis of melanin can be caused by var-
ious stimuli; for example, stimulation by UV-irradiation releases α-melanocyte stimulating
hormone (α-MSH) and stimulates melanin biosynthesis in epidermal melanocytes [26]. At
this time, α-MSH activates the cAMP-PKA-CREB (cyclic adenosine monophosphate-protein
kinase A-cAMP response element binding protein) axis, and the activated cAMP-PKA-
CREB axis induces the micropthalmia-associated transcription factor (MITF). MITF lead
to increased tyrosinase (TYR), tyrosinase-related protein 1 (TRP-1), and tyrosinase-related
protein 2 (TRP-2) in melanocytes stimulated with α-MSH [26,27].

In our study, we demonstrated anti-wrinkle, moisturizing, and whitening effects
through molecular pathways using the fractions of Yuja-peel (YJP-EA, -Hex, and BuOH).
Our study contributed to expanding the field of the applications of Yuja-peel by proving
various effects along with the value of traditional use of citron peel.

2. Materials and Methods
2.1. Reagents

The seeds of C. junos, cultivated in Goheung, Korea, were cold-pressed for the oil
extraction. After the removal of the oil, the Yuja-peel (YJP) was extracted with 50% ethanol
by sonication for 2 h. The extracted solution was concentrated at room temperature using
an evaporator under a speed vacuum. The extract was suspended in distilled H2O and
partitioned by increasing polarity with n-hexane (YJP-Hex), EtOAc (YJP-EA), and n-butanol
(YJP-BuOH) fractions and water-soluble residue. YJP fractions (YJP-EA, YJP-Hex, and
YJP-BuOH) were obtained from the extract and isolated by Dr. In Jin Ha in the Korean
Medicine Clinical Trial Center, Kyung Hee University. The fractions were classified into EA
(ethyl acetate), Hex (hexane), and BuOH (butanol), according to their chemical properties.
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and bovine serum
albumin (BSA), α-melanocyte stimulating hormone (α-MSH), tyrosinase (from mushroom),
and anti-MMP-1 antibody were purchased from Sigma-Aldrich (St. Louis, MO, USA). A
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Human Pro-Collagen I α1 ELISA kit and a Hyaluronan ELISA kit were purchased from
R&D Systems (Minneapolis, MN, USA). Anti-MMP-9, anti-MMP-13, anti-GR, anti-Collagen
I, anti-TRP-1, anti-TRP-2, anti-tyrosinase, anti-MITF, and anti-β-actin antibodies were
purchased from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-filaggrin and anti-SPT
antibodies were obtained from Abcam (Cambridge, UK).

2.2. Cell Lines and Culture Conditions

Human keratinocyte HaCaT cells were obtained from Dr. Norbert E. Fusenig (Ger-
man Cancer Research Center, Heidelberg, Germany). Human dermal fibroblast (HDF)
cells and mouse skin melanoma B16F10 cells were obtained from the American Type Cul-
ture Collection (Manassas, VA, USA). The HDF cells were cultured in RPMI 1640 and
DMEM/F12 medium (1:1) containing 10% feral bovine serum (FBS) and 1% penicillin-
streptomycin. The HaCaT and B16F10 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) with a low-glucose medium containing 10% feral bovine serum (FBS)
and 1% penicillin-streptomycin. The cells’ conditions were maintained at 37 ◦C in 5% CO2.

2.3. ROS Production Measurement

The HaCaT cells were irradiated with 30 mJ/cm2 of UVB, and the HDF cells were
irradiated with 100 mJ/cm2. Next, the cells were treated with NAC (3 mM) for 15 min or
with YJP-EA, -Hex, and –BuOH (50 µg/mL) for 12 h. The cells were then incubated with
cell-permeable fluorescent 2′,7′-dichlorofluorescin diacetate (H2DCF-DA) (10 µM) for 30
min at 37 °C. Finally, the cells were analyzed using a BD AccuriTM C6 Plus Flow Cytometer
(BD Biosciences, Becton-Dickinson, Franklin Lakes, NJ, USA).

2.4. Glutathione Measurement

The HaCaT cells were irradiated with 30 mJ/cm2 of UVB, and the HDF cells were
irradiated with 100 mJ/cm2. The cells were then treated with NAC (3 mM) for 15 min or
with YJP-EA, -Hex, and –BuOH (50 µg/mL) for 12 h. Next, the supernatants were removed,
and the glutathione levels were measured using a GSH/GSSG-GloTM Assay (Promega,
Madison, WI, USA), according to the manufacturer’s protocol [22].

2.5. MTT Assay

To evaluate the cell viability of the YJP-EA-, Hex-, and BuOH-treated cells, an MTT
assay was used as described previously [28,29]. The cell viability was examined using a
VARIOSKAN LUX (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 570 nm.

2.6. UVB Irradiation

The HaCaT and HDF cells were seeded in a six-well plate (5 × 105 cells/well). The
cells were washed with PBS and subjected to 30 or 100 mJ/cm2 of UVB radiation using a CL-
1000 Ultraviolet Crosslinker (Ultra-violet products Ltd., Cambridge, UK). After irradiation,
the cells were treated with YJP-EA, Hex, and BuOH at the indicated concentrations for 24
h.

2.7. Western Blot Analysis

The protein expression levels were evaluated by Western blot analysis using specific
antibodies as described previously [29]. The cells (5 × 105 cells/well) were seeded and
treated with the various indicated conditions. Whole cell lysates were prepared with equal
amounts of proteins, and then the protein expression levels were evaluated by Western blot
analysis. The proteins were resolved using a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose membrane. The membrane
was then blocked with 5% skimmed milk in 1 × TBST (1 × TBS with 0.1% Tween 20). The
proteins were probed by specific antibodies, and the membranes were detected using an
enhanced chemiluminescence (ECL) kit (EZ-Western Lumi Femto, DOGEN) (Guro, Seoul,
Republic of Korea).
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2.8. Reverse Transcription PCR

The total RNA was extracted from the cells. The desired RNA was reverse transcribed,
and the transcripts were analyzed as indicated in our previous studies [30]. An equal
amount of total RNA was reverse transcribed into cDNA, and then RT-PCR was performed
to evaluate the expression of MMP-1, -9, -13, and Collagen I. The pairs of forward and re-
verse primer sets used were as follows: MMP-1, 5′-ATTCTACTGATATCGGGGCTTTGA-3′,
and 5′-ATGTCCTTGGGGTGTCCGTGTAG-3′; MMP-9, 5′-TTGAGGAGCGGCTCTCCAAG-
3′, and 5′-CGGTCCTGGCAGAAATAGGC-3′; MMP-13, 5′-GGAGCCTCTGAGTCATGGAG-
3′, and 5′- TTGAGCTGGACRCATTGTCG-3′; Collagen I, 5′-GGTGGTGGTTATGACTTTGG-
3′, and 5′-GTTCTTGGCTGGGATGTTTT-3′. MMP-1 was amplified at 94 ◦C for 5 min, at
94 ◦C for 30 s, at 57 ◦C for 30 s, at 72 ◦C for 30 s with 27 cycles, and an extension at 72 ◦C
for 7 min. MMP-9 was amplified at 94 ◦C for 5 min, at 94 ◦C for 30 s, at 60 ◦C for 30 s, at
72 ◦C for 30 s with 30 cycles, and an extension at 72 ◦C for 7 min. MMP-13 was amplified
at 94 ◦C for 5 min, at 94 ◦C for 30 s, at 56 ◦C for 30 s, at 72 ◦C for 30 s with 27 cycles, and
an extension at 72 ◦C for 7 min. Collagen I was amplified at 94 ◦C for 5 min, at 94 ◦C for
30 s, at 50 ◦C for 30 s, at 72 ◦C for 30 s with 27 cycles, and an extension at 72 ◦C for 7 min.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the control.

2.9. Determination of Pro-Collagen I and Hyaluronic Acid Secretion

The HaCaT and HDF cells were irradiated and treated with YJP-EA, Hex, and BuOH.
The culture medium was collected after 24 h of treatment. The Type I Pro-Collagen
amount was determined using a Human Pro-Collagen I α1 ELISA kit from R&D Systems
(Minneapolis, MN, USA). The hyaluronic acid was determined using a Hyaluronan ELISA
kit from R&D Systems (Minneapolis, MN, USA).

2.10. Evaluation of Melanin Contents

The B16F10 cells were treated with α-MSH (200 nM) and YJP-EA, Hex, and BuOH
for 48 h. The cells were dissolved in 1M NaOH for 2 h at 60 ◦C and then detected using
VARIOSKAN LUX (Thermo Fisher Scientific Inc., Waltham, MA, USA) at 490 nm.

2.11. Intracellular Tyrosinase Activity

The B16F10 cells were treated with α-MSH (200 nM) and YJP-EA, Hex, and BuOH for
72 h. The cells were dissolved using a cell lysis buffer, and each lysate was prepared with
20 µL. We then added 80 µL of L-DOPA (2 mg/mL) and incubated the mixtures for 2 h at
37 ◦C. After 2 h, it was measured using VARIOSKAN LUX (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) at 490 nm.

2.12. Mushroom Tyrosinase Activity

The B16F10 cells were treated with α-MSH (200 nM) and YJP-EA, Hex, and BuOH
for 72 h. The supernatants were obtained and prepared with 10 µL. We added 170 µL of
L-DOPA (2 mg/mL) and 20 µL of tyrosinase (250 unit) and then incubated the mixtures for
1 h at 37 ◦C. After 1 h, it was measured using VARIOSKAN LUX (Thermo Fisher Scientific
Inc., Waltham, MA, USA) at 475 nm.

2.13. Statistical Analysis

All numeric values were represented as the mean ± SD. The statistical significance of
the data compared with that of the untreated control was determined using the Student
unpaired t-test. The significance was set at * p < 0.05, ** p < 0.01, and *** p < 0.001.

3. Results
3.1. YJP Fractions Inhibit Collagen I Degradation in UVB-Irradiated Human Keratinocyte
HaCaT Cells

We evaluated the cell viability of HaCaT cells (1 × 104 c/w) under YJP-EA, Hex,
and BuOH (0, 5, 10, 50, 100 µg/mL) for 24 h (Figure 1A). At the highest concentration of
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100 µg/mL, the cell viability of YJP-EA was the lowest, and all cell viability was near or
above 80%. After evaluating the cell viability, the anti-wrinkle effect was confirmed by
selecting a concentration with a survival rate above 80%. The HaCaT cells (5 × 105 c/w)
were irradiated with UVB (30 mJ/cm2) and then treated with YJP-EA, Hex, and BuOH for
24 h. Whole cell lysates were analyzed by Western blot analysis and probed with MMP-1,
-9, -13, and Collagen I (Figure 1B). Collagen degradation-related MMP-1, -9, and -13 were
increased according to UVB irradiation; however, their expressions were decreased under
YJP-EA, Hex, and BuOH treatments. The expression level of Collagen I was suppressed by
UVB irradiation, while YJP-EA, Hex, and BuOH increased Collagen I expression. Under
the same conditions, to investigate the RNA-level expression, we extracted the RNA from
the cells and synthesized cDNA. Using cDNA, we performed a PCR on MMP-1, -9, -13,
and Collagen I and then separated it on 1% agar gel (Figure 1C). Similar to that of the
protein expression, MMP-1, -9, and -13 were induced by UVB irradiation and suppressed
by YJP fractions. The RNA expression of Collagen I was suppressed by UVB irradiation;
however, YJP fractions recovered it. Next, the type I Pro-Collagen was measured using the
Human Pro-Collagen I α1 ELISA kit. The cells were irradiated with UVB (30 mJ/cm2) first
and then treated with YJP-EA, Hex, and BuOH for 24 h. As shown in Figure 1D, the type
I Pro-Collagen was suppressed by UVB irradiation. However, YJP-EA, Hex, and BuOH
recovered the Pro-Collagen content in HaCaT cells. The results show that YJP fractions
have anti-wrinkle effects on UVB-irradiated HaCaT cells.

Figure 1. Cont.
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Figure 1. Anti-wrinkle effects of YJP-EA, Hex, and BuOH on UVB-irradiated human keratinocyte
HaCaT cells. (A) HaCaT cells were treated with YJP-EA, Hex, and BuOH for 24 h. An MTT assay
was performed to evaluate cell viability. (B) HaCaT cells were irradiated with UVB (30 mJ/cm2) and
then treated with YJP-EA, Hex, and BuOH for 24 h. Whole cell lysates were analyzed by Western blot
analysis. (C) HaCaT cells were treated by YJP-EA, Hex, and BuOH for 24 h after UVB (30 mJ/cm2)
irradiation. The RNA level was evaluated using reverse transcription PCR. (D) The Pro-Collagen
of HaCaT cells was measured using an ELISA kit, following the manufacturer’s instructions, with
450 nm. All experiments were performed individually in triplicate. *** p < 0.001 vs. non-treated (NT)
cells, ** p < 0.01 vs. non-treated (NT) cells, and * p < 0.05 vs. non-treated (NT) cells.

3.2. YJP Fractions Inhibit Collagen I Degradation in UVB-Irradiated Human Dermal Fibroblasts
(HDF) Cells

Next, we investigated the anti-wrinkle effects of YJP fractions on human dermal
fibroblasts (HDF) cells. To evaluate cell viability, the HDF cells were treated with YJP-EA,
Hex, and BuOH for 24 h, and an MTT assay was examined (Figure 2A). Specifically, YJP-
Hex-treated HDF cells showed the lowest cell viability among the YJP fractions. After the
MTT assay, we selected the concentrations with a survival rate above 80%. Next, the HDF
cells were irradiated with UVB (100 mJ/cm2) and treated with YJP-EA, Hex, and BuOH (0,
5, 10, 50 µg/mL) for 24 h. The MMP-1, -9, -13, and Collagen I were analyzed by Western
blot analysis with whole cell lysates (Figure 2B). MMP-1, -9, and 13 were induced under
UVB irradiation and then suppressed by YJP-EA, Hex, and BuOH. In addition, the YJP
fractions restored the expression of collagen, which had been suppressed by UVB. Next, the
RNA levels of MMP-1, -9, -13, and Collagen I were investigated using reverse transcription
PCR. After the PCR was done, the cDNA was synthesized from RNA, separated on 1% agar
gel, and evaluated (Figure 2C). Similar to that of the protein’s expression level, the RNA
expressions of MMP-1, -9, and 13 were induced under UVB irradiation and suppressed by
YJP-EA, Hex, and BuOH. Collagen I, however, was suppressed by UVB irradiation and
recovered by YJP-EA, Hex, and BuOH. The contents of type I Pro-Collagen were decreased
with UVB irradiation, and then YJP fractions increased the contents of Pro-Collagen in
HDF cells (Figure 2D). The results show that the YJP fractions also have anti-wrinkle effects
on UVB-irradiated HDF cells.
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Figure 2. Anti-wrinkle effects of YJP-EA, Hex, and BuOH on UVB-irradiated human dermal fibroblast
cells. (A) HDF cells were treated with YJP-EA, Hex, and BuOH for 24 h. An MTT assay was performed
to evaluate cell viability. (B) HDF cells were irradiated with UVB (100 mJ/cm2) and then treated
with YJP-EA, Hex, and BuOH for 24 h. Whole cell lysates were analyzed by Western blot analysis.
(C) HDF cells were treated by YJP-EA, Hex, and BuOH for 24 h after UVB (100 mJ/cm2) irradiation.
The RNA level was evaluated using reverse transcription PCR. (D) The Pro-Collagen of HDF cells
was measured using an ELISA kit, following the manufacturer’s instructions, with 450 nm. All
experiments were performed individually in triplicate. *** p < 0.001 vs. non-treated (NT) cells,
** p < 0.01 vs. non-treated (NT) cells, and * p < 0.05 vs. non-treated (NT) cells.
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3.3. YJP Fractions Restore Moisturizing Effects on HaCaT and HDF Cells under UVB-Irradiation

To investigate the moisturizing effects of YJP-EA, Hex, and BuOH, we stimulated
HaCaT and HDF cells with UVB irradiation. After UVB irradiation, YJP-EA, Hex, and
BuOH (0, 5, 10, 50 µg/mL) were treated for 24 h. The contents of the hyaluronic acid
were measured using a Hyaluronan ELISA kit. As shown in Figure 3A,B, the contents of
the hyaluronic acid were decreased with UVB irradiation in both HaCaT and HDF cells.
However, the treatment of the YJP fraction restored the decreased hyaluronic acid with
increasing concentration. Next, we investigated the protein expression of filaggrin and
SPT by Western blot analysis to study the molecular mechanism of the moisturizing effect
(Figure 3C,D). In both HaCaT and HDF cells, UVB irradiation inhibited the filaggrin and
SPT expression. Despite the UVB irradiation, filaggrin and SPT were restored by YJP-EA,
Hex, and BuOH. The results show that YJP fractions can recover moisturizing effects in
UVB-irradiated HaCaT and HDF cells.
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Figure 3. Moisture-recovery effects of YJP-EA, Hex, and BuOH on UVB-damaged HaCaT and HDF
cells. (A,B) HaCaT and HDF cells were irradiated with UVB (30 or 100 mJ/cm2) and treated with
YJP-EA, Hex, and BuOH for 24 h. The hyaluronic acid was measured using a hyaluronan ELISA kit
and detected with 450 nm. (C,D) The protein-expression levels of filaggrin and SPT were analyzed
by Western blot analysis. All experiments were performed individually in triplicate. *** p < 0.001 vs.
non-treated (NT) cells.

3.4. YJP Fractions Suppress Melanin Contents in Mouse Skin Melanoma B16F10 Cells

We first confirmed the cytotoxicity of YJP-EA, Hex, and BuOH on B16F10 cells using
the MTT assay (Figure 4A). We confirmed that all YJP fractions had no cytotoxicity on
B16F10 cells. Next, we measured the melanin contents from B16F10 cells treated with
α-MSH (200 nM) and YJP-EA, Hex, and BuOH (0, 5, 10, 50 µg/mL) for 48 h. The cell lysates
were measured using VARIOSKAN LUX (Thermo Fisher Scientific Inc., Waltham, MA, USA)
at 490 nm. The melanin contents were increased by α-MSH, which is known to stimulate
melanin synthesis, and then inhibited by YJP fractions. Next, the intracellular tyrosinase
activity and mushroom tyrosinase activity were analyzed under the same conditions as
that of the B16F10 cells (Figure 4C,D). α-MSH also induced both intracellular tyrosinase
activity and mushroom tyrosinase activity. However, the YJP fractions significantly in-
hibited both activities in the B16F10 cells. From the whole cell lysate, we confirmed the
protein-expression levels of TRP-1, -2, and tyrosinase and the microphthalmia-associated
transcription factor (MITF), known as the enzymes and factors that promote melanin for-
mation (Figure 4E). TRP-1, -2, tyrosinase, and MITF were induced by α-MSH; however, all
YJP fractions reduced it. The results show that YJP-EA, Hex, and BuOH inhibit melanin
contents and the related enzyme in mouse skin melanoma B16F10 cells.
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Figure 4. Melanin inhibition effects of YJP-EA, Hex, and BuOH on B16F10 cells. (A) B16F10 cells
were treated with YJP-EA, Hex, and BuOH for 24 h. Next, the cell viability was measured using the
MTT assay. (B) Melanin contents from α-MSH-stimulated B16F10 cell. The cells were treated with
α-MSH (200 nM) and YJP-EA, Hex, and BuOH for 48 h. The cell lysates were measured at 490 nm.
(C) To measure intracellular tyrosinase activity, the B16F10 cells were treated with -MSH (200 nM)
and YJP-EA, Hex, and BuOH for 72 h. L-DOPA was added into the lysates and measured at 490 nm.
(D) The mushroom tyrosinase activity was evaluated at -MSH (200 nM) and in YJP-EA-, Hex-, and
BuOH-treated B16F10 cells. The supernatants with L-DOPA and tyrosinase were measured at 475 nm.
(E) The whole cell lysates were analyzed by Western blot analysis. All experiments were performed
individually in triplicate. *** p < 0.001 vs. α-MSH-treated cells, ** p < 0.01 vs. α-MSH-treated cells,
and * p < 0.05 vs. α-MSH-treated cells. ### p < 0.001 vs. non-treated (NT) cells.

3.5. YJP Fractions Induce GSH/GSSG Imbalance and Inhibit ROS Production in HaCaT, HDF,
and B16F10 Cells

Next, we investigated the antioxidant effects of YJP-EA, -Hex, and -BuOH in HaCaT,
HDF, and B16F10 cells under UVB irradiation or α-MSH stimulation. In HaCaT and HDF
cells, the ROS production and GSH/GSSG levels were measured with UVB-irradiated cells.
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The B16F10 cells were stimulated by α-MSH. N-acetyl-l-cysteine (NAC) has been proven
to prevent the development of oxidative stress and activate antioxidant enzymes [31]. We
used NAC as a positive control. The HaCaT cells were irradiated with 30 mJ/cm2 of UVB;
the HDF cells were irradiated with 100 mJ/cm2; and the B16F10 cells were stimulated with
α-MSH (200 nM). The cells were then treated with NAC (3 mM) for 15 min or with YJP-EA,
-Hex, and -BuOH (50 µg/mL) for 12 h. First, we evaluated the ROS production in HaCaT,
HDF, and B16F10 cells. The cells were incubated with H2DCF-DA and analyzed using a
flow cytometer. Both UVB irradiation and α-MSH increased the ROS level in HaCaT, HDF,
and B16F10 cells. However, YJP fractions reduced the increased-ROS production level
(Figure 5A–C). Next, we evaluated the GSH and GSSG levels. The cells were treated the
same as when the ROS production was measured. As shown in the results, in HaCaT, HDF,
and B16F10 cells, both UVB irradiation and α-MSH reduced the GSH level and increased
the GSSG level. As a result, it was confirmed that the GSSG/GSH ratio was increased
by UVB irradiation and α-MSH. However, when the YJP fractions were treated, it was
confirmed that the decreased GSH level recovered and the GSSG level decreased, despite
UVB irradiation and α-MSH (Figure 5D–F).

Figure 5. Cont.
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Figure 5. Antioxidant effects of YJP-EA, -Hex, and -BuOH on HaCaT, HDF, and B16F10 cells. HaCaT
and HDF cells were irradiated with UVB; B16F10 cells were stimulated by α-MSH. We then treated
them with NAC (3 mM) for 15 min or with YJP-EA, -Hex, and -BuOH (50 µg/mL) for 12 h. (A–C) The
ROS production was analyzed by flow cytometer. (D–F) The GSH and GSSG levels were measured,
and the GSSG/GSH ratio was evaluated in both cells. All experiments were performed individually
in triplicate. ### p < 0.001 vs. non-treated (NT) cells, ## p < 0.01 vs. non-treated (NT) cells, *** p < 0.001
vs. UVB or α-MSH-stimulated cells, ** p < 0.01 vs. UVB or α-MSH-stimulated cells, and * p < 0.05 vs.
UVB or α-MSH-stimulated cells.

4. Discussion

In our study, we analyzed and evaluated the anti-wrinkle, moisturizing, and whitening
effects of Yuja-peel fractions (YJP-EA, -Hex, and -BuOH) in HaCaT, HDF, and B16F10 cells.
Prior to the experiment, we first evaluated the toxicity of the three fractions on each cell,
and we then conducted a sub-experiment by selecting a concentration with low toxicity. In
addition, we stimulated HaCaT and HDF cells with UVB irradiation and B16F10 cells with
α-MSH to create a hyperpigmented state [4,26,27].

To evaluate the antioxidant effects, we measured GSH and GSSG levels [16,17]. Under
UVB irradiation, cells lost their antioxidant capacity. The ROS productions were increased
by UVB; however, the YJP fractions reduced the ROS level in both HaCaT and HDF cells.
In addition, the GSH level was reduced and GSSG level was increased by UVB irradiation.
However, YJP-EA, -Hex, and –BuOH recovered the GSH level and reduced the GSSG level
with N-acetyl-l-cysteine (NAC) [31]. These results demonstrate that YJP fractions have
antioxidant effects on HaCaT and HDF cells.

The expression of MMPs (MMP-1, -9, -13), contributing to collagen degradation, were
increased in UVB-irradiated HaCaT and HDF cells, while Collagen I was decreased [3,6,18].
However, YJP-EA, -Hex, and -BuOH inhibited MMP-1, -9, and -13 but restored Collagen I in
the protein and mRNA levels. In addition, when the Pro-Collagen content was investigated,
it was confirmed that the percentage of Type I Pro-Collagen, which had been reduced by
UVB-irradiation, was restored by treatment with YJP-EA, -Hex, and -BuOH. These results
demonstrate that YJP fractions have significant anti-wrinkle effects through regulating
MMPs at low toxicity in both HaCaT and HDF cells.

Next, to confirm the moisturizing effect, we irradiated HaCaT and HDF cells with
UVB [19]. We confirmed that the intracellular hyaluronic acid content from both cells were
reduced by UVB irradiation and that the treatment of YJP fractions significantly increased
the hyaluronic acid. To confirm this moisturizing effect, the protein expressions of filaggrin
and SPT, which are key factors of hydration, were evaluated [21–23]. Both filaggrin and
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SPT were suppressed under UVB irradiation; however, the YJP fractions induced their
expression. These results show that YJP fractions can recover moisturization through
regulating filaggrin and SPT in HaCaT and HDF cells.

In the B16F10 cells, we treated α-MSH to induce hyperpigmentation [25,26]. α-MSH
induced hyperpigmentation, and as a result, it was confirmed that melanin content, intra-
cellular tyrosinase activity, and mushroom tyrosinase activity were all increased in B16F10
cells [25,26]. Increased melanin content, intracellular tyrosinase activity, and mushroom
tyrosinase activity were decreased by YJP-EA, -Hex, and -BuOH. Additionally, α-MSH-
induced MITF, tyrosinase (TYR), tyrosinase-related protein 1 (TRP-1), and tyrosinase-related
protein 2 (TRP-2) were all confirmed to have decreased protein expression levels after treat-
ment with YJP fractions [26,27]. These results demonstrate that YJP fractions suppress
hyperpigmentation through the modulation of MITF, TRP-1, TRP-2, and tyrosinase.

5. Conclusions

Our study demonstrated the potential effects of YJP fractions by confirming their
anti-wrinkle, moisturizing, and whitening effects at low toxicity. Depending on the polarity
and previous reports [32,33], it was assumed that YJP-BuOH includes flavonoid glycosides,
YJP-EA contains limonoids and coumarins, and YJP-Hex is comprised of limonoids and
some fatty acids. In particular, the yield of YJP-Hex from C. junos seed shells appears to
be higher than that of other fractions, and thus there may be some economic advantages
associated with product development. These results encourage a focus on the excellence of
materials coming from nature.
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Abstract: Comparative chemical analyses among peel and pulp essential oils (EOs) and methanolic
extracts of four Citrus australasica varieties (Red, Collette, Pink Ice, and Yellow Sunshine), and the
hybrid Faustrime, were performed using GC-MS and UHPLC-DAD-HR-Orbitrap/ESI-MS. Peel and
pulp extracts were also analysed for their in vitro antioxidant activity on a Balb/3T3 clone A31
mouse embryo fibroblast cell line. The results of peel and pulp EOs were mainly characterised by
monoterpenes and sesquiterpenes, respectively. All peels displayed a higher total phenol content
(TPC) than pulps, and consequently a greater antioxidant activity. Collette peels and Pink Ice
pulps showed the highest amount of identified flavonoids (e.g., luteolin, isosakuranetin, and poncirin
derivatives). Collette and Red peels were rich in anthocyanins (delphinidin and petunidin glycosides),
exhibiting the maximum protective activity against induced oxidative damage. In conclusion, finger
lime fruits are good sources of health-promoting phytocomplexes, with the Red, Collette, and Pink
Ice varieties being the most promising.

Keywords: Citrus australasica; finger lime; phenols; volatiles; antioxidant; UHPLC-MS/Orbitrap;
chemometrics

1. Introduction

The Citrus genus, belonging to the Rutaceae family, includes widely distributed,
consumed, and studied species, such as Citrus limon (L.) Osbeck (lemon), C. medica L.
(cedar), C.× aurantium L. (bitter orange), C. paradisi Macfad. (grapefruit), C. reticulata Blanco
(tangerine), and C. sinensis (L.) Osbeck (orange), but also the lesser known C. australasica
F. Muell [1,2]. Citrus australasica is a small tree native to Australia which is recently acquiring
growing commercial interest in Italy and in Europe, in general, due to the uniqueness of
its fruits that are used in gourmet culinary preparations. Citrus australasica is commonly
called finger lime or lemon caviar, because its spindle-shaped fruits are finger-like, while
the vesicles of its pulp are similar to pearls of caviar. There are several varieties and hybrids
of C. australasica that differ macroscopically in peel and pulp color, and have more or less
acidulous or floral odorous notes [3]. These differences reflect changes in qualitative and
quantitative chemical composition, and may mean a greater or lesser content of bioactive
compounds and/or secondary metabolites of therapeutic interest. Previous evidence
reports that Citrus fruits are a source of both macronutrients (e.g., simple sugars, fibers,
and water) and micronutrients (e.g., folic acid, thiamine, niacin, vitamin C, and vitamin
B6). Their pulps, peels, and seeds contain minerals (potassium, calcium, phosphorus,
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and magnesium), and are free of sodium and cholesterol; moreover, they are low in
proteins and fats [4]. However, their secondary metabolites are the constituents of major
interest, especially flavonoids (flavones, flavonols, flavanones, and flavanonols), phenolic
acids (hydroxybenzoic acids and hydroxycinnamic acids), anthocyanins, coumarins, and
limonoids, which have demonstrated antioxidant, anti-inflammatory, anti-cancer, and
neuro-cardioprotective activities [5,6]. Among the flavonoids, the most common aglycones
in the Citrus genus are naringenin, hesperetin, apigenin, nobiletin, tangeretin, and quercetin,
often carrying saccharide chains that are composed of glucose, rhamnose, rutinose, and
neohesperidose. Sinapic, p-coumaric, ferulic, caffeic, and gallic acids are the most common
phenolic acids that have been identified in the fruits of this genus. Furthermore, among
the bitter limonoid constituents, limonin, nomilin, obacunone, and limonexic acid are also
present [7].

More than 170 molecules with antioxidant activity have been identified in the most
common fruits of the Citrus genus. The antioxidant activity could be attributed to the whole
phytocomplex, which is capable of ensuring the maintenance of healthy cell structure and
function through the inactivation of free radicals, the inhibition of lipid peroxidation, and
the prevention of harmful oxidative mechanisms [8]. Free radicals, or reactive oxygen
species (ROS), by-products of the metabolism of aerobic cells, can generate other peroxidic
and hydroperoxidic radicals that are capable of interacting with lipid molecules, or, in
a cytotoxic manner, with nucleic acids and proteins essential for life, damaging them
or altering their functionality. Therefore, the search for molecules that are capable of
counteracting these free radicals is of great interest [7,9].

In this context, C. australasica fruits attract great attention as a potential source of
bioactive molecules with antioxidant properties. To the best of our knowledge, few
current studies have been reported in the literature, with most focused on volatile
components of Alstonville, Judy’s Everbearing, and Durham’s Emerald varieties, along
with Faustrime hybrid [10,11]; total phenolic content of four Florida-grown selections [3];
the phenolic composition of XiangBin and LiSiKe varieties [2]; and a Spanish cultivated
plant [12].

Based on the previous promising studies and the growing economic, gastronomic,
and health-related demands on this peculiar Citrus fruit, the aim of the present study
was to carry out a full comparative chemical analysis on both volatile and non-volatile
components of the peel and pulp of C. australasica varieties, with particular attention to
phenolic compounds and anthocyanins, still lacking in the literature. To this purpose,
four C. australasica varieties (Collette, Yellow Sunshine, Pink Ice, and Red), and the hybrid
species Faustrime (Monocitrus australasica × Fortunella sp. × Citrus aurantifolia) (Figure 1A),
were selected. The metabolomic profile of all varieties was investigated by means of
ultra-high performance liquid chromatography (UHPLC), coupled with a diode array
detector (DAD) and a high-resolution Orbitrap-based electrospray ionization source mass
spectrometer (HR-Orbitrap/ESI-MS); meanwhile, the EO composition was established
through gas chromatography coupled with mass spectrometry (GC/MS). All of the extracts
were also investigated for their in vitro antioxidant activity on a Balb/3T3 clone A31 mouse
embryo fibroblast cell line. This study is part of a larger project conducted by our research
group, which is aimed at re-evaluating the beneficial properties of fruits of the genus Citrus,
due to their high content of bioactive compounds belonging to the class of polyphenols
and triterpenoids [13–17].
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Figure 1. (A) Citrus australasica studied varieties; (B) comparison of chromatograms of C. australasica 
peels and pulps extracts, recorded by UHPLC-HR-Orbitrap/ESI-MS analyses in negative ion mode; 
(C) anthocyanin HR-Orbitrap/ESI-MS profiles of C. australasica peels and pulps, recorded in positive 
ion mode.  

2. Materials and Methods 
2.1. Chemicals and Reagents 

UHPLC-grade n-hexane, acetonitrile, methanol, water, and formic acid Supelco® 
were purchased from Merck KGaA (Darmstadt, Germany). All analytical-grade solvents 
were purchased from VWR (Milano, Italy). Standards of rutin, hesperidin, and gallic acid 
were purchased from Merck KGaA (Darmstadt, Germany), cyanidin 3-O-glucoside chlo-
ride was purchased from Extrasynthese (Extrasynthese, France), and luteolin-4′-O-neohe-
speridoside was previously obtained in our laboratory by isolation from plant materials 
and characterised by 1D- and 2D-NMR techniques. Folin–Ciocâlteu reagent was pur-
chased from Merck KGaA (Darmstadt, Germany). The Balb/3T3 clone A31 mouse embryo 
fibroblast cell line was purchased from the American Type Culture Collection LGC stand-
ards (ATCC CCL163, Milan, Italy) and propagated as indicated by the supplier. Dul-
becco’s Modified Eagle’s medium (DMEM), 0.01 M pH 7.4 phosphate buffer saline with-

Figure 1. (A) Citrus australasica studied varieties; (B) comparison of chromatograms of C. australasica
peels and pulps extracts, recorded by UHPLC-HR-Orbitrap/ESI-MS analyses in negative ion mode;
(C) anthocyanin HR-Orbitrap/ESI-MS profiles of C. australasica peels and pulps, recorded in positive
ion mode.

2. Materials and Methods
2.1. Chemicals and Reagents

UHPLC-grade n-hexane, acetonitrile, methanol, water, and formic acid Supelco® were
purchased from Merck KGaA (Darmstadt, Germany). All analytical-grade solvents were
purchased from VWR (Milano, Italy). Standards of rutin, hesperidin, and gallic acid were
purchased from Merck KGaA (Darmstadt, Germany), cyanidin 3-O-glucoside chloride was
purchased from Extrasynthese (Extrasynthese, France), and luteolin-4′-O-neohesperidoside
was previously obtained in our laboratory by isolation from plant materials and charac-
terised by 1D- and 2D-NMR techniques. Folin–Ciocâlteu reagent was purchased from
Merck KGaA (Darmstadt, Germany). The Balb/3T3 clone A31 mouse embryo fibroblast
cell line was purchased from the American Type Culture Collection LGC standards (ATCC
CCL163, Milan, Italy) and propagated as indicated by the supplier. Dulbecco’s Modified
Eagle’s medium (DMEM), 0.01 M pH 7.4 phosphate buffer saline without Ca2+ and Mg2+

(PBS), bovine calf serum (BCS), glutamine, and antibiotics (penicillin/streptomycin) were
obtained from Merck KGaA (Darmstadt, Germany). Cell proliferation reagent WST-1 was
provided by Roche Diagnostic (Milan, Italy).
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2.2. Plant Materials and Non-Volatile Extract Preparation

The fruits of C. australasica varieties (Red, Collette, Pink Ice, and Yellow Sunshine), and
the hybrid species Faustrime (Figure 1A), were provided by the Agrumi Lenzi Company
(Pescia, Pistoia, Italy) in October 2019. Fruits (6 for each variety) were collected at the
ripening stage from plants that were growing in pots. For each fruit, peels were separated
from pulps. For the extraction of non-volatile compounds, peels were dried in an oven
at 40 ◦C, while pulps were freeze-dried (Modulyo, Pirani 501, Edwards, UK). The dried
material was stored at room temperature, and protected from light until extraction. A
portion of fresh material was stored at −20 ◦C for essential oil preparation (see Section 2.5)
and anthocyanin extraction.

For each variety, powdered peels and pulps were first defatted with n-hexane, then
subjected to extraction with methanol (solid:liquid mg/mL ratio 1:20 w/v) via dynamic
maceration (120 rpm) with a digital orbital shaker (IKA™ KS 501, Minerva S.r.l., Pisa, Italy)
for three consecutive days at room temperature, renewing the solvent every 24 h. Finally,
the solvent was removed under vacuum to obtain dry extracts, as reported in Table S1.

Anthocyanins were extracted from the peels of Red and Collette varieties, and from the
pulps of Red and Pink Ice varieties, and characterised by visible pigmentation. For extrac-
tion, 500 mg of defrosted plant material were placed in 3 mL of a 2% methanol/hydrochloric
acid mixture for 15 min under stirring, then centrifuged for 5 min at 4000 rpm. The su-
pernatants were withdrawn using a syringe, and directly analysed in triplicate using
UHPLC-HR-ESI-MS.

2.3. Determination of the Total Polyphenol Content

Total polyphenol content (TPC) was evaluated in the methanolic extracts of C. australa-
sica peels and pulps following the colorimetric method of Folin–Ciocâlteu [18]. Methanol
solutions (10 mg/mL) of peel and pulp extracts were diluted with water until a final con-
centration of 0.48 mg/mL was reached for peels and 0.70 mg/mL for pulps. Samples were
prepared by adding 1 mL of distilled water, 100 µL of Folin–Ciocâlteu reagent, and 300 µL
of Na2CO3 (20%) to 500 µL of the aqueous solutions; then, the samples were mixed and
incubated in the dark at room temperature for 2 h. The absorbance was measured at 765 nm
against a blank solution using a UV-VIS spectrophotometer (Lambda 25, Perkin-Elmer,
Waltham, MA, USA). Gallic acid was employed as the standard in the concentration range
0.005–0.030 mg/mL (R2 = 0.999). All of the samples were tested in quadruplicate, and the
results were expressed as mg of gallic acid equivalents (GAE)/g of dry weight (DW) [19].

2.4. UHPLC-DAD-HR-Orbitrap/ESI-MS Analyses
2.4.1. Quali-Quantitative Analyses of Phenols

Quali-quantitative chemical analyses were performed via UHPLC using a Vanquish
Flex Binary pump that was coupled with a DAD and an HR Q Exactive Plus MS, based
on Orbitrap technology, equipped with an ESI source, a hybrid-quadrupole analyser and
Xcalibur 3.1 software (Thermo Fischer Scientific Inc., Bremem, Germany). Elutions were
conducted at a flow rate of 0.5 mL/min, using a splitting system of 1:1 to an MS detector
(250 µL/min) and a DAD/UV detector (250 µL/min), respectively.

For each variety of C. australasica, methanol extracts were solubilized in methanol at
concentrations of 2 and 10 mg/mL for the peels and the pulps, respectively. These solutions
were prepared in triplicate, and centrifuged for 5 min at 4000 rpm in order to remove
suspended particles. Volumes of 5 µL of the supernatants were injected into the LC-MS
system. Chromatographic analyses were performed using a 2.1× 100 mm, 2.6 µm, Kinetex®

Biphenyl C-18 column provided from a Security GuardTM Ultra Cartridge (Phenomenex,
Bologna, Italy), and a mixture of HCOOH in H2O 0.1% v/v (solvent A) and acetonitrile in
H2O 0.1% v/v (solvent B) as the mobile phase. A linear gradient was used, increasing from
5 to 35% B in 15 min for both the methanol extracts of peels and pulps. DAD data were
recorded in a 200–600 nm range, with the three preferential channels set at 254, 280, and
325 nm, which are typical absorbances for phenolic compounds. The HR-MS results were
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acquired in a m/z scan range of 250–1200 in negative ion mode, operating in full (resolution
70,000 and maximum injection time of 220 ms) and data dependent-MS/MS (resolution
17,500 and maximum injection time of 60 ms). The used ionization parameters were the
following: nebulization voltage of 3500 V, capillary temperature of 300 ◦C, sheath gas (N2)
20 arbitrary units, auxiliary gas (N2) 3 arbitrary units, and an HCD (higher-energy C- trap
dissociation) of 18 eV.

In order to quantify the phenolic compounds that were identified in the five methanol
extracts of C. australasica varieties, four calibration curves were constructed using rutin as
the external standard for flavonol glycosides, hesperidin for flavanones glycosides, luteolin
4′-O-neohesperidoside for flavone glycosides, and chlorogenic acid for hydroxycinnamic
acids and their esters. Stock solutions of 1 mg/mL of each standard were prepared, and
then different concentrations were obtained using serial dilutions. Rutin, hesperidin,
and luteolin 4′-O-neoesperidoside were prepared in triplicate acetonitrile solutions in a
concentration range of 15.63–1.95 µg/mL, while concentrations of 200–20 µg/mL were used
for the chlorogenic acid standard. Integration of the peak areas obtained for each standard
in UHPLC-HR-MS was related to the respective concentration, and the equation of the
resulting curve was used to quantify the phenolic compounds. The obtained curves showed
a good linearity in the range of prepared concentrations and correlation coefficients (R2)
equal to 0.993 for rutin, 0.990 for hesperidin, 0.995 for luteolin 4′-O-neoesperidoside, and
0.999 for chlorogenic acid, were obtained. The amount of each compound was calculated
using Microsoft® Office Excel, and expressed as µg/g of dried peel or freeze-dried pulp
(DW) ± standard deviation.

2.4.2. Quali-Quantitative Analyses of Anthocyanins

The anthocyanin extracts were analysed in triplicate using UHPLC-DAD-HR-ESI-MS.
The solutions (5 µL injection volume) were injected in a 2.1 × 100 mm, 2.6 µm, Kinetex®

Biphenyl C-18 column provided by a Security GuardTM Ultra Cartridge (Phenomenex,
Bologna, Italy), at a flow rate of 0.5 mL/min. A mixture of HCOOH in H2O 0.1% v/v
(solvent A) and acetonitrile in H2O 0.1% v/v (solvent B) was used for the elution, according
to a linear gradient from 5 to 20% B in 5 min. UV data were recorded using 515 nm as
a detection wavelength, the typical absorbance of anthocyanins. The HR-MS data were
acquired in a m/z scan range of 120–1200 in positive ion mode, operating in full and data
dependent-MS/MS using the same ionization parameters as for phenols.

In order to quantify the anthocyanins in the peels of the Collette and Red varieties,
as well as in the pulps of Red and Pink Ice varieties, a calibration curve was constructed
with cyanidin 3-O-glucoside as an external standard. Triplicate acetonitrile solutions at the
concentrations of 0.05, 0.025, and 0.0025 µg/mL were prepared, beginning from a stock
1 mg/mL solution. By correlating the integrations of the peak areas with the respective
standard concentrations, a curve was obtained that showed good linearity in the selected
concentration range, and an R2 equal to 0.996. The amount of the anthocyanins identified
in the plant material was obtained by Microsoft® Office Excel, and finally expressed as
µg/g of dried peel or freeze-dried pulp (DW) ± standard deviation.

2.5. Essential Oils (EOs) Hydrodistillation and Analysis

For all of the samples, 15 g of defrosted peels and 30 g of fresh pulps (after removal of
the seeds) were subjected to hydrodistillation in a standard Clevenger apparatus for 2 h.
The hydrodistillation duration was experimentally determined as the time necessary for the
complete EO volatilisation from the samples. For each sample, triplicates were performed.
The hydrodistillation yields could not be evaluated, given the small material amount; thus,
the volatile fraction was captured in HPLC-grade n-hexane in the Clevenger apparatus.
The EOs in HPLC-grade n-hexane were stored in amber-glass vials and maintained at
–20 ◦C until analysis.

The hydrodistilled samples were injected into a GC-MS apparatus. Gas chromatography–
electron impact mass spectrometry (GC-EIMS) analyses were performed with an Agilent
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7890B gas chromatograph (Agilent Technologies Inc., Santa Clara, CA, USA) that was
equipped with an Agilent HP-5MS (Agilent Technologies Inc., Santa Clara, CA, USA)
capillary column (30 m × 0.25 mm; coating thickness 0.25 µm) and an Agilent 5977B single
quadrupole mass detector (Agilent Technologies Inc., Santa Clara, CA, USA). The analytical
conditions used were as follows: injector and transfer line temperatures 220 and 240 ◦C,
respectively; oven temperature programmed from 60 to 240 ◦C at 3 ◦C/min; carrier gas
helium at 1 mL/min; injection of 1 µL (0.5% HPLC grade n-hexane solution); split ratio
1:25. The acquisition parameters used were as follows: full scan; scan range: 30–300 m/z;
scan time: 1.0 sec. The identification of the constituents was based on a comparison of
their retention times with those of authentic samples (when available), comparing their
linear retention indices relative to the series of n-hydrocarbons. Computer matching was
also used against a commercial [20] and a laboratory-developed mass spectra library that
was built up from pure substances and components of commercial essential oils of known
composition, and from MS literature data [21].

2.6. Cell Viability

Cell viability evaluations of C. australasica extracts were performed using the Balb/3T3
clone A31 cell line. Cells were grown in complete DMEM containing 10% bovine calf serum
(BCS), 4 mM glutamine, and 100 U/mL:100 µg/mL penicillin:streptomycin. Balb/3T3 clone
A31 fibroblast cells were seeded in 96-well culture plates at a concentration of 104 cells per
well, incubated at 37 ◦C and 5% CO2, and left to proliferate for 24 h prior to the incubation
with the samples. The culture medium from each well was removed and replaced with a
medium containing pre-dissolved sample in dimethyl sulfoxide (DMSO), and diluted with
complete DMEM at different concentrations. Cells incubated with fresh growth medium
were used as a control. The DMSO percentage in control and extract samples was kept
at 1% v/v. With a view to the assessment of antioxidant effects, cytotoxicity ranges of
peel and pulp extracts were set on GAE equivalents, resulting in 15–120 µg/mL for peels,
and 30–300 µg/mL for pulps. After 2 h of incubation, cell viability was assessed using
WST-1 tetrazolium salt reagent diluted to 1:10, and incubated for 4 h at 37 ◦C and 5% CO2.
Measurements of formazan dye absorbance were carried out at 450 nm, with the reference
wavelength of 655 nm, using a microplate reader (BioTek 800/TS, Thermo Scientific).

2.7. Cell Treatment and Oxidative Stress

Adherent Balb/3T3 fibroblast cells, grown on 96-well culture plates, were incubated
for 2 h with peel and pulp extracts that were diluted to polyphenol concentrations of
0.25, 0.50, and 1.00 µg/mL GAE in complete DMEM (Table S2). After the treatment, the
cells were washed with phosphate buffered saline (PBS), and stressed with 1500 µM of
commercial H2O2 for 1 h. Fibroblast cells incubated with H2O2 without sample treatment
were considered as reference for the oxidative stress. The cells were evaluated for viability
by means of WST-1 reagent. Cell viability percentages were referred to Balb/3T3 control
cells, in the absence of treatment and without H2O2 incubation [22].

2.8. Statistical Analyses

All of the analyses were performed with JMP® Pro 14.0.0 (SAS Institute Inc., Cary, NC,
USA) software.

For the statistical evaluation of all the EO compositions, an 89 × 10 correlation matrix
(89 individual compounds × 10 samples = 890 data) was used, while for composition
of phenols and anthocyanins, a 28 × 10 correlation matrix (28 individual compounds ×
10 samples = 280 data) was applied. In order to perform the principal component analysis
(PCA), linear regressions were operated on mean-centred, unscaled data to select the two
highest principal components (PCs). This unsupervised method reduced the dimensionality
of the multivariate data of the matrix, whilst preserving most of the variance [23]. For the
essential oil analyses, the chosen PC1 and PC2 explained 58.5% and 20.0% of the variance,
respectively, for a total explained variance of 78.5%. For the non-volatile components, the
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chosen PC1 and PC2 explained 52.9% and 25.1% of the studied variance, respectively, for a
total studied variance of 78.0%. A hierarchical cluster analysis (HCA) was performed using
Ward’s method, with Euclidean distances as a measure of similarity. The observations of
the groups of samples performed with HCA and the PCA unsupervised methods can be
applied even when there are no available reference samples that can be used as a training
set to establish the model.

The significant difference (p value < 0.05) between groups of values was evaluated
using a one-way ANOVA.

3. Results and Discussion
3.1. Polyphenol Content of Finger Lime Fruits

The TPC was determined for both peels and pulps of the four varieties of C. australasica
(Red, Collette, Pink Ice, and Yellow Sunshine), and the hybrid species Faustrime (Table 1).
In general, the results highlighted significantly different TPC among the varieties, but
always a higher content of polyphenols in peels than pulps. Specifically, Red and Pink
Ice peels had similar TPC values that were higher than the other varieties (9.1 ± 0.2 and
8.2 ± 0.2 mg of GAE/g of DW, respectively). Meanwhile, the hybrid species Faustrime was
the most lacking in TPC, as shown by the quantitative datum 4.9 ± 0.1 mg of GAE/g DW.
Regarding the pulps, Pink Ice and Collette were the two varieties that were most abundant
in polyphenols (6.4 ± 0.2 and 5.6 ± 0.2 mg of GAE/g DW, respectively); Faustrime was
confirmed to be poor in TPC, as was Yellow Sunshine variety (3.1 ± 0.2 and 2.6 ± 0.1 mg of
GAE/g DW, respectively). Even though Yellow Sunshine peels had a TPC value that was
comparable to the other C. australasica varieties, a significant decrease was observed in the
pulps (Table 1). Compared to previous results reported by [12], all of the extracts showed
higher TPC levels in both peels and pulps.

Table 1. Total polyphenol content (TPC) of Citrus australasica peel and pulp extracts, expressed as mg
of gallic acid equivalents (mg GAE) for mass of dry weight (g DW) ± standard deviation (SD).

Finger Lime Varieties
Peel Pulp

mg GAE/g DW ± SD mg GAE/g DW ± SD

Red 9.1 ± 0.2 5.0 ± 0.2
Collette 7.4 ± 0.2 5.6 ± 0.2
Pink Ice 8.2 ± 0.2 6.4 ± 0.2

Yellow Sunshine 6.8 ± 0.2 2.6 ± 0.1
Faustrime 4.9 ± 0.1 3.1 ± 0.2

3.2. Metabolomic Fingerprint and Quantitative Analysis of Non-Volatile Components
3.2.1. Phenol Composition

The quali-quantitative analyses of C. australasica fruits were performed using UHPLC-
DAD-HR-Orbitrap/ESI-MS technique. The chromatographic profiles of all peels and pulps
showed similarities and differences, both within the same variety and among different
varieties (Figure 1B).

The tentative identification of constituents was performed by comparing their elution
order, UV data, HR full mass spectra, and fragmentation patterns, with data that were
reported in the literature [2,24]. The level of the identification led to the proposal of
tentative candidates, since it was not possible to establish the position of substituents
based only on full MS and MS/MS experiments. In addition, a mass error < 5 ppm on
the experimental molecular formula was considered for the annotation. Following this
approach, 7 hydroxycinnamic acid derivatives, 18 glycosylated flavonoids, and a limonoid,
were tentatively identified from all of the analysed finger lime fruits (Table 2). Compounds
7, 16, and 24 were confirmed on the basis of injection of reference standards.
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Table 2. Chromatographic data (retention time, tR) and HR-ESI-MS/MS data of compounds 1–26,
detected in peels and pulps of Citrus australasica F. Muell. C = Collette; F = Faustrime; PI = Pink Ice; R
= Red; YS = Yellow Sunshine. pe = only peel; pu = only pulp.

N. a Compound tR(min) [M-H]− Formula Error
(ppm)

-ESI-MS/MS
(m/z) b Extract

Hydroxycinnamic acids

1a Caffeoylisocitric acid
(isomer I) 0.50 353.0723 C15H14O10 −0.8497 293.05; 191.02;

173.01; 111.01 R; F; PI; C; YS

1b Caffeoylisocitric acid
(isomer II) 0.66 353.0723 C15H14O10 −0.8497 173.01; 120.20;

111.01; 87.01 R; F; PI; C; YS

2 Caffeoylmethylisocitric acid 0.7–2 367.0879 C16H16O10 −0.8172

205.03, 191.02;
179.06; 169.01; 161.05;

143.03; 111.00;
101.02; 89.02

R; F; PI; C; YS

3 Methylisocitric acid
derivative 0.88 433.0596 - -

401.04; 227.02;
205.03; 173.01;

143.03; 111.01; 87.01
R; F; PI; C; YS

4
3-Hydroxy-3-

methylglutaric acid
derivative

2.62 365.1451 - -
303.14; 263.11; 221.10;
161.04; 125.02; 99.04;

59.87; 57.03
R; F; PI; C

5a p-Coumaroylglucoside acid
(isomer I) 2.87 325.0927 C15H18O8 −0.9228 163.04; 159.05; 145.03 R; F (pe); PI;

C; YS

5b p-Coumaroylglucoside acid
(isomer II) 3.11 325.0927 C15H18O8 −0.9228 163.04; 159.05; 145.03 R; F(pe); PI;

C; YS

6a Feruloylglucoside acid
(isomer I) 3.99 355.1034 C16H20O9 −0.2816 193.05; 175.04;

160.02
R; F(pe); PI;

C; YS

6b Feruloylglucoside acid
(isomer II) 4.19 355.1034 C16H20O9 −0.2816 193.05; 175.04;

160.02
R; F(pe); PI;

C; YS

Flavonoids

7 Rutin 7.02 609.1458 C27H30O16 −0.4925 301.04; 300.03; 271.03 R; F; PI; C; YS

8 Quercetin glucoside 7.33 463.0880 C21H20O12 −0.4319 301.04; 300.03 R; F; PI; C; YS

9 Neoeriocitrin/eriocitrin 7.99 595.1666 C27H32O15 −0.3360
459.11; 287.06;

193.01; 161.02; 151.00;
135.04

F; PI(pu);
C(pu);
YS(pu)

10 Luteolin 7-O-
neohesperidoside/rutinoside 8.19 593.1514 C27H30O15 +0.3372 529.27; 474.31;

285.04; 182.91
R; F (pu); PI;

C; YS

11 Kaempferol glucoside 8.47 447.0933 C21H20O11 0
327.05; 304.33;
285.04; 284.03;

256.04; 255.03; 227.03

R; F(pe); PI;
C; YS

12a Isorhamnetin glucoside
(isomer I) 9.07 477.1035 C22H22O12 −0.8384

357.06; 327.06; 315.05;
314.04; 286.05; 285.04;
271.02; 257.05; 243.03

R; F; PI; C; YS

12b Isorhamnetin glucoside
(isomer II) 9.52 477.1035 C22H22O12 −0.8384

449.11; 357.06; 333.73;
315.04; 299.02;

285.04; 271.02; 243.03
R; F; PI; C; YS

13a Naringin/Naringenin
rutinoside 9.50 579.1713 C27H32O14 −1.0360

471.43; 397.56;
313.07; 295.06;

285.08; 271.06; 151.00

F; PI(pu);
C(pu); YS

13b Naringin/Naringenin
rutinoside 9.94 579.1713 C27H32O14 −1.0360 313.07; 271.06; 151.00 R; F; PI; C; YS

14a

3-Hydroxy-3-
methylglutaryl

isorhamnetin glucoside
(isomer I)

10.30 621.1457 C28H30O16 −0.6440

596.51; 559.15;
519.11; 477.10;
315.05; 299.02;

285.04; 271.02; 243.03

R; F; PI; C; YS

14b

3-Hydroxy-3-
methylglutaryl

isorhamnetin glucoside
(isomer II)

10.59 621.1458 C28H30O16 −0.6440 559.15; 519.11; 477.10;
315.05; 300.03; 271.03 R; F; C; PI; YS
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Table 2. Cont.

N. a Compound tR(min) [M-H]− Formula Error
(ppm)

-ESI-MS/MS
(m/z) b Extract

15 Neodiosmin/diosmin 10.46 607.1666 C28H32O15 −0.3294 341.07; 299.06; 284.03;
266.07; 255.03; 151.00

R(pu); F;
PI(pu); C(pu);

YS

16a Neohesperidin/hesperidin 10.65 609.1820 C28H34O15 −0.8208 418.95; 343.08;
301.07; 286.05; 151.00 R; F; PI; C; YS

16b Neohesperidin/hesperidin 11.01 609.1820 C28H34O15 −0.8208 301.07; 286.05; 151.00 R; F; PI;
C(pu); YS

17 Isosakuranetin
rhamnosildiglucoside 11.93 755.2415 C34H44O19 +1.4565 771.95; 755.24;

657.34; 490.63; 285.08 R; F; PI; C; YS

18
Di-(3-hydroxy-3-
methylglutaryl)

isorhamnetin glucoside
12.03 765.1881 C34H38O20 −0.3921

678.23; 642.82; 621.15;
519.12; 477.11;
315.05; 299.02;

271.03; 187.04; 151.00

R; F; PI; C; YS

19 Kaempferol triglucoside 13.29 771.2354 C34H44O20 +0.1297 527.23; 499.11;
408.51; 285.08; 251.90 PI; C

21 Poncirin 14.47 593.1878 C28H34O14 +0.1564 593.19; 427.38;
327.09; 285.08 R; F; PI; C; YS

Limonoids

20 Limonexic acid 13.76 501.1763 C26H30O10 −0.5986 457.18; 413.20;
271.89; 145.08 F; C; YS

Anthocyanins

N.a Compound tR(min) [M]+ Formula Error
(ppm)

+ESI-MS/MS
(m/z) Extract

22 Cyanidin 3-O-glucoside 2.78 449.1068 C21H21O11
+ −2.2266 287.05; 241.05;

213.05; 185.06; 157.06
R(pe, pu);

C; PI

23 Petunidin
rhamnosyldiglucoside 3.68 787.2272 C34H43O21

+ −2.4135 625.17; 479.12;
427.10; 317.06; 302.04 R(pe, pu)

24 Cyanidin
3-(6′ ′-malonylglucoside) 3.87 535.1071 C24H23O14

+ −2.0557 287.05; 241.05;
213.05; 171.04

R(pe, pu);
C

25 Delfinidin
rhamnosylglucoside 4.76 611.1593 C27H31O16

+ −2.1271 366.30; 303.05;
203.84; 173.85 R(pe); C; PI

26 Peonidin
3-(6′ ′-malonylglucoside) 4.85 549.1227 C25H25O14

+ −2.0032 517.09; 449.11; 301.07;
287.05; 241.05; 213.05

R(pe, pu);
C; PI

a Compounds are listed in ascending order of retention time; the numbering of the compounds corresponds to
that used in Figure 1. All compounds were tentatively identified based on MS data, except for rutin (7), hesperidin
(16), and cyanidin 3-O-glucoside (24), which were confirmed via injection of reference standards. b The base ion
peak is indicated in bold.

In the first chromatographic region (0–5 min; Figure 1B), hydroxycinnamic acid deriva-
tives were characterised. Compounds 1a and 1b (tR = 0.50 and 0.66 min) are two caf-
feoylisocitric acid isomers, as indicated by HR mass data, showing the deprotonated ion
[M-H]− at m/z 353.0723, the ion product [M-162-H]− at m/z 191.02 corresponding to
isocitric acid that was generated by the loss of 162 u due to the cleavage of an ester bond
with a caffeic acid residue. Compound 2 was annotated as caffeoylmethylisocitric acid,
due to the deprotonated ion [M-H]− at m/z 367.0879, and the presence of a methylisocitric
product ion at m/z 205.03 that was generated by the loss of a caffeoyl residue (−162 u).
These hydroxycinnamic acid tricarboxylic acid esters are metabolites that are not com-
monly found in plants, especially isocitric acid derivatives [25]. Compounds 5a and 5b
were identified as two p-coumaroylglucoside acid isomers. In the mass spectrum recorded
in full scan, a parent ion at m/z 325.0927 was observed for both molecules, which under
collision energy lost a hexose residue, and generated a p-coumaroyl fragment at m/z 163.04.
Compounds 6a and 6b showed the same deprotonated ion [M-H]− at m/z 355.1034 in the
full MS, while in the MS/MS experiment a feruloyl ion product at m/z 193.05 that was

57



Antioxidants 2022, 11, 2047

generated by the cleavage of the glycosidic bond was observed; thus, the two compounds
were tentatively attributed to feruloylglucoside acid isomers. Compounds 3 and 4 were
not fully identified, but information about a portion of the molecule was deduced by
the analyses of their MS fragmentation patterns. Compound 3 ([M-H]− at m/z 433.0596)
showed product ions that were in common with compound 2 at m/z 205.03, 143.03, and
111.00, indicating the occurrence of a methylisocitric acid derivative. Compound 4 ([M-H]−

at m/z 365.1451) showed the presence of typical product ions at m/z 303.14, 263.11, and
221.10, due to the loss of 62, 102, and 144 u, respectively, indicating the occurrence of a
3-hydroxy-3-methylglutaric acid derivative.

In the chromatographic region within 7–15 min, nine flavonol glycosides (compounds
7, 8, 11, 12a, 12b, 14a, 14b, 18, and 19), seven flavanone glycosides (compounds 9, 13a, 13b,
16a, 16b, 17, and 21), and two flavone glycosides (compounds 10 and 15) were found. Both
compounds 7 and 8 displayed the flavonol quercetin (m/z 301.04) as an aglycon portion.
In particular, compound 7 was identified as rutin, as deduced by the parent ion at m/z
609.1458 and the observed loss of a rutinose residue (308 u); meanwhile, for compound 8
(deprotonated ion [M-H]− at m/z 463.0880), a loss of a hexose unit was observed, suggesting
the occurrence of a quercetin glucoside. Compounds 11 and 19 were kaempferol derivatives,
as indicated by the product ion at m/z 285.04 in the MS/MS. Compound 11 (deprotonated
molecular ion [M-H]− at m/z 447.1035) was annotated as a kaempferol glucoside, due to
the loss of a hexose residue (−162 u), while for compound 19 ([M-H]− at m/z 771.2354),
a kaempferol triglucoside structure was suggested ([M-162-162-162-H] − at m/z 285.04).
Compounds 12a, 12b, 14a, 14b, and 18 all exhibited a base ion peak at m/z 315.04 in the
MS/MS, which was attributed to isorhamnetin. Compounds 12a and 12b ([M-H]− at m/z
477.1035) were assigned as isorhamnetin glucoside isomers, showing the loss of a hexose
unit. Compounds 14a and 14b showed the same deprotonated ion at m/z 621.1457, and
diagnostic fragments for a hexose unit (−162), and a 3-hydroxy-3-methylglutaryl residue
(−62, −102, −144 u). Compound 18 ([M-H]− at m/z 765.1881) differed from 14a and 14b,
only for having one more unit of 3-hydroxy-3-methylglutaric acid; thus, it was annotated
as a di-(3-hydroxy-3-methylglutaryl) isorhamnetin glucoside. Compound 9 was revealed
only in the fruits of the hybrid species Faustrime, and it could correspond to neoeriocitrin
or eriocitrin, two flavanones glycosides that are commonly found in the genus Citrus [9]. In
addition to the deprotonated ion [M-H]− at m/z 595.1666, a base ion peak at m/z 287.06
that corresponded to the aglycone portion of eriodictyol was observed, due to the loss
of a disaccharide (308 u) which could be attributed to a rutinose or a neohesperidose,
since they cannot be distinguished only on the basis of mass spectra. Peaks 13a and 13b
displayed the same parent ion at m/z 579.1713 and the same base ion peak at m/z 271.02
attributed to naringenin. The loss of a disaccharide unit [M-H–308]− due to a rutinose or
neohesperidose residue suggested the presence of two isomers, tentatively identified as
naringin (naringenin neohesperidoside) and naringenin rutinoside. Compounds 16a and
16b were two isomeric forms of the same molecule, as deduced from the same deprotonated
molecular ion [M-H]− at m/z 609.1029, and from the overlapping fragmentation mass
spectra in which the base ion peak at m/z 301.07 was attributed to hesperetin. The two
isomers were annotated as neohesperidin (hesperetin neohesperidoside) and hesperidin
(hesperetin rutinoside). Peak 17 ([M-H]− at m/z 755.2415) was tentatively identified as
isosakuranetin rhamnosyldiglucoside, since in the ESI-MS/MS, a base ion peak at m/z
285.08 ([M-162-162-146-H] −) generated by the loss of two hexose residues (probably
glucose) and a deoxyhexose (probably rhamnose) was observed. Poncirin (21, [M-H]− at
m/z 593.1878) displayed a fragment ion at m/z 285.08 that was assigned to isosakuranetin,
previously reported in C. australasica by Wang et al. (2019). The full MS ([M-H]− at m/z
593.1514) and MS/MS (base ion peak at m/z 285.04) suggested compound 10 as luteolin
7-O-neohesperidoside or luteolin 7-O-rutinoside, according to the aforementioned previous
study (Wang et al., 2019). Compound 15 exhibited a parent ion at m/z 607.1666, and a
diagnostic product ion at m/z 299.06, which was assigned to diosmetin. For its glycosidic
portion, the option between two disaccharides (308 u), neohesperidose and rutinose, was
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considered; therefore, 15 could be annotated as diosmin or neodiosmin. Compound 20
([M-H]− at m/z 501.1763) was identified as limonexic acid, which belongs to the class of
limonoids, typical terpenoids of the genus Citrus and responsible for their bitter taste [26].
The fragmentation peaks observed in the ESI-MS/MS at m/z 457.18 and 413.20 are in
agreement with the data reported in the literature [27].

From a qualitative point of view, our results confirmed the presence of some com-
ponents that were identified in C. australasica peel and pulp via UHPLC-MS/MS from
a previous study [12]. To the best of our knowledge, the chemical composition of the
hybrid species Faustrime has herein been reported for the first time. There are differences
among the five varieties, especially in the case of the hybrid species Faustrime (Table 2),
which showed several typical constituents of the Citrus genus, such as (neo)eriocitrin,
(neo)diosmin, and naringenin rutinoside/naringin, that are rarely found in the other
C. australasica varieties.

The quantitative estimation of all of the constituents (Table 3) that were obtained
through UHPLC-MS highlighted greater differences among all studied fruits. Generally,
it was confirmed that all phenol constituents are more abundant in peels than in pulps.
The hydroxycinnamic acid derivatives were present in peels and the pulps of all varieties
in very similar amounts, with the exception of Pink Ice, which was particularly rich in
caffeoylisocitric acid. The largest amount of total flavonoids found among peels was in Col-
lette (3432 ± 239 µg/g dry weight, DW), and in Pink Ice among pulps (897 ± 43 µg/g DW).
Considering the whole fruit, among the identified compounds, the most abundant ones
were rutin, luteolin 7-O-neohesperidoside/rutinoside, isosakuranetin rhamnosyldigluco-
side, and poncirin, in Collette and Pink Ice; quercetin glucoside, isorhamnetin glucoside,
and neohesperidin in Yellow Sunshine; quercetin glucoside, naringin, and poncirin in Red.
The hybrid species Faustrime was distinguished by the significant presence, especially in
the peels, of (neo)eriocitrin (316 ± 27 µg/g DW), (neo)diosmin (606 ± 41 µg/g DW), and
naringenin rutinoside/naringin (145 ± 12 µg/g DW).

3.2.2. Anthocyanins Characterisation

Anthocyanins were identified in the extracts that were obtained from Red and Collette
peels, and from Red and Pink Ice pulps, by comparing the data obtained through UHPLC-
UV-ESI-MS/MS (Figure 1C) with those from a previous study on the Citrus fruits [28]. Five
anthocyanins derived from cyanidin, delphinidin, petunidin, and peonidin were found
(compounds 22–26, Table 2).

Compound 22 (tR = 2.78 min) was characterised as cyanidin 3-O-glucoside, as deduced
by ESI-MS/MS data showing a molecular ion [M]+ at m/z 449.1068, and a base ion peak
at m/z 287.05 that corresponded to the aglycone portion of cyanidin, and generated by
the loss of a hexose residue (−162 u). Compound 23 (tR = 3.68 min) was assigned a
molecular weight equal to 787.2272 u, on the basis of molecular ion [M]+ recorded in
full scan MS. In the fragmentation spectrum, a base ion peak at m/z 317.06 ([M-162-146-
162]+) was observed, corresponding to the aglycone portion, petunidin, generated by the
loss of two hexose and one deoxyhexose residues; thus, 23 was tentatively identified as
petunidin rhamnosyldiglucoside. Cyanidin 3-(6”-malonylglucoside) (24, tR = 3.87 min)
was characterised by a molecular ion [M]+ at m/z 535.1071, and a base ion peak at m/z
287.05 that was attributed to the aglycone, cyanidin, generated by the loss of a malonyl
residue and a hexose [M-162-86]+. Peonidin 3-(6”-malonylglucoside) (25, tR = 4.85 min)
displayed a molecular ion [M]+ at m/z 549.1227, a product ion at m/z 301 corresponding
to peonidin, and similarly to compound 24, the loss of 86 and 162 u residues. Compound
26 (tR = 4.76 min, [M]+ = 611.1593) was annotated as delphinidin rhamnosylglucoside.
The analysis of the fragmentation pattern highlighted the aglycone portion at m/z 303.05,
which was identified as delphinidin, and the loss of a disaccharide ([M-162-146]+) was
attributable to hexose and deoxyhexose residues.
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Based on the quantitative analysis (Table 3), cyanidin 3-O-glucoside was found to be
the most representative anthocyanin, both in peels and pulps, of all of the investigated
varieties. In agreement with our results, cyanidin 3-O-glucoside was found to be the most
abundant anthocyanin from a previous study of red finger lime [29]. The peels of the
Collette variety were the richest in anthocyanins (143.2 ± 3.2 µg/g DW), followed by the
peels (96.2 ± 2.3 µg/g DW) and the pulps (8.26 ± 0.56 µg/g DW) of the Red variety.

3.2.3. Multivariate Statistical Analyses of the Non-Volatile Components

The dendrogram of the HCA (Figure 2A) shows a sample distribution into two macro-
clusters: the first one (red samples) comprised Collette and Pink Ice peels, while the second
one comprised two clusters (blue and green). The blue cluster is composed only of Red peel,
while the green cluster includes the pulps of all of the varieties, as well as the Faustrime and
Yellow Sunshine peels.

This organ-driven statistical distribution was confirmed through the PCA. Collette and
Pink Ice peels were plotted on the right quadrants (PC1 > 0) of the score plot (Figure 2B).
Red peels were plotted in the right area of the upper left quadrant (PC1 < 0, PC2 > 0) (score
plot, Figure 2B), due to their high anthocyanin content (loadings plot, Figure 2C). The
pulps of all of the varieties and of Yellow Sunshine peels were plotted on the left quadrants
(PC1 < 0) of the score plot (Figure 2B), due to their content of neodiosmin/diosmin and
neoeriocitrin/eriocitrin. Pink Ice and Yellow Sunshine varieties were plotted along the PC1
axis, and in the upper region of the bottom quadrants (PC2 < 0) (score plot, Figure 2B),
due to their content of caffeoylisocitric acid (isomers I and II) and hydroxycinnamic acid
derivatives (loadings plot, Figure 2C).

3.3. Essential Oil (EO) Composition of All of the Samples

The complete composition of all of the EOs that were hydrodistilled from both the
peels and pulps of all the C. australasica varieties (Collette, Pink Ice, Red, and Yellow
Sunshine), and the Faustrime hybrid, are reported in Table 4. Overall, 89 compounds were
identified from the EO compositions.

Monoterpenes were the most abundant compounds found in all of the peel EOs, with
the exception of the Yellow Sunshine variety, where sesquiterpenes prevailed. The Collette
and Red varieties, as well as the Faustrime peel EOs, can be considered a limonene chemo-
type, whereas the Pink Ice and the Yellow Sunshine EOs exhibited a 4-terpineol/limonene
and a limonene/bicyclogermacrene chemotype, respectively. This difference in peel EO
chemotypes was found to be consistent with previous literature studies for other finger lime
varieties [10,30,31], although the latter analysed a dichloromethane extract of the volatile
peel constituents. Among the monoterpenes, their hydrocarbon form prevailed in all of the
peel EOs, with the exception of the Pink Ice variety, where the oxygenated monoterpenes
were more abundant. Among the monoterpene hydrocarbons, limonene was found to be
the most quantitatively relevant in all of the samples, accounting for up to 73.6% in the
Red variety. With the exception of the Red and Yellow Sunshine varieties, γ-terpinene and
α-phellandrene followed, as relative concentrations. Among the peel EOs, oxygenated
monoterpenes were more abundant in the Pink Ice variety and the Faustrime hybrid, ex-
hibiting a relative presence of 48.0 and 35.5%, respectively. Among this class, 4-terpineol
was observed to be the most abundant in the former, while citronellal and piperitone
prevailed in the latter. This quantitatively relevant presence of citronellal and piperitone in
the Faustrime hybrid EO is in accordance with [32], although their analysis was performed
with an essential oil that was obtained by peel cold-pressing, and [11]. Bicyclogermacrene
was the sesquiterpene hydrocarbon that exhibited the highest relative abundance in all of
the peel EOs. Sesquiterpenes dominated all of the pulp EO compositions, with the only
exception being the Faustrime hybrid, whose composition was mainly represented by
monoterpenes. The Yellow Sunshine pulp EO was mainly composed of oxygenated
sesquiterpenes, among which viridiflorol and globulol were the most represented; how-
ever, like the Red variety, the most characterising compound in its composition was
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bicyclogermacrene, a sesquiterpene hydrocarbon. Among the latter chemical classes,
β-caryophyllene was detected as the main relevant compound in the Collette variety,
while it exhibited a comparable presence to its oxidized counterpart (caryophyllene
oxide) in the leaf EO of the Pink Ice variety. α-Humulene and β-bisabolene followed
within this class, reaching up to 12.7% in the Pink Ice pulp EO and 24.6% in the Red
variety pulp EO, respectively. Viridiflorol, globulol, and guaiol were detected as the
most abundant oxygenated sesquiterpenes in the pulp EOs of all of the analysed samples,
with the exception of the Faustrime hybrid. The latter was, indeed, chiefly composed of
monoterpene hydrocarbons, which represented over 70% of its complete composition,
with limonene being the most abundant compound (48.3%), followed by γ-terpinene
(10.8%), and α-phellandrene (7.2%).

Multivariate Statistical Analyses of the EO Compositions

The dendrogram of the HCA (Figure 2D) evidenced a distribution of the samples into
two macro-clusters: the first comprised two clusters (red and green) and included all of the
peel Eos, and the Faustrime pulp sample; the second macro-cluster was homogeneous (blue
samples), and comprised all of the C. australasica pulp EOs, except the Faustrime pulp.

This organ-driven statistical distribution was confirmed with principal component
analysis. All of the peel EOs were plotted on the left quadrants (PC1 < 0) of the score plot
(Figure 2E), together with the Faustrime pulp sample. The Pink Ice peel EO was plotted
in the right area of the upper left quadrant (PC1 < 0, PC2 > 0) (score plot, Figure 2E),
due to its 4-terpineol content (loadings plot, Figure 2F). Collette and Faustrime peel EOs
were closely grouped towards the center of the same quadrant, very close to the Faustrime
pulp EO (score plot, Figure 2E): all of these samples were grouped in this area due to the
contribution of γ-terpinene and α-phellandrene (loadings plot, Figure 2F). Both the Red
and Yellow Sunshine peel EOs were plotted in the bottom right quadrant (PC1 and PC2
> 0) of the PCA score plot (Figure 2E): as evidenced in the loadings plot (Figure 2F), their
position was due to their high relative content of limonene. With the exception of the
Faustrime hybrid sample, all of the pulp EOs were plotted in the right quadrants (PC1 > 0)
of the PCA score plot (Figure 2E). Collette and Pink Ice pulp EOs were grouped in the
upper quadrant (PC2 > 0): the positioning of the former was mainly due to its high relative
content of caryophyllene oxide, while β-caryophyllene and α-humulene showed a high
relative presence in both samples. Finally, Yellow Sunshine and Red pulp EOs were plotted
in the bottom right quadrant (PC1 > 0, PC2 < 0) of the PCA score plot (Figure 2E), due to
the contributions of bicyclogermacrene, globulol, viridiflorol, and guaiol vectors (loadings
plot, Figure 2F).

3.4. Cell Viability Assay and In Vitro Cellular Assessment of Antioxidant Properties

Before evaluating the extent of the protection they provided from oxidative stress, the
cytotoxicity on Balb/3T3 of the peel and pulp extracts was assayed. The concentration
ranges were set on the basis of relevant GAE equivalents, resulting in 15–120 µg/mL for
peels, and 30–300 µg/mL for pulps. Neither the peel nor pulp extracts showed cytotoxic
effects at any of the tested concentrations (Figure 3A,B).
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on peels (PE) and pulps (PU) for essential oil and non-volatile compositions of all of the samples
(C = Collette; F = Faustrime; PI = Pink Ice; R = Red; YS = Yellow Sunshine).
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Figure 3. In vitro cell evaluation of the Balb/3T3 cell line. Cytotoxicity screening after 2-hour treat-
ments with peel (A) and pulp (B) extracts. Protective effects of peel (C) and pulp (D) extracts from 
H2O2-induced oxidative stress, reported as cell viability % after 2-hour treatments with 1500 μM 
H2O2 of pre-treated Balb/3T3 cells. H2O2 = stressed control; C = Collette; F = Faustrime; GA = gallic 
acid; PI = Pink Ice; R = Red; YS = Yellow Sunshine; *** = p value < 0.0001; ** = p value < 0.005; * = p 
value < 0.05 vs. stress. 
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profile of potentially health-promoting agents that were represented by hydroxycinnamic 
acids (ferulic, p-coumaric, and caffeic acid derivatives) and glycosylated flavonols 
(kaempferol, quercetin, and isorhamnetin derivatives), flavanones (naringenin, eriodic-
tyol, and hesperetin derivatives), and flavones (luteolin and diosmetin derivatives). Fur-
thermore, the glycosides of cyanidin, delfinidin, petunidin, and peonidin were the antho-
cyanins that were detected in the Red, Pink Ice, and Collette varieties. Among limonoids, 
triterpenoids typically found in Citrus fruits that are responsible for their bitter taste, only 
limonexic acid was revealed. For each variety, the peel and pulp showed similar qualita-
tive profiles; among all of the samples, the hybrid species Faustrime differed for the pres-
ence of neoeriocitrin, eriocitrin, neodiosmin, and diosmin, components that are usually 
predominant in other common Citrus fruits. All of the peels differed from their relative 
pulps in terms of phenol amount; they were richer in bioactive components, as confirmed 
by their higher antioxidant capacity observed in their provided protection from oxidative 
damage. Similarly, the volatile compositions of peel EOs of all of the samples were char-
acterised mainly by monoterpenes, while pulp EOs were rich in sesquiterpenes. 

The uniqueness of the organoleptic characteristics of these fruits, jointly with their 
composition that is rich in antioxidant metabolites, make them promising candidates for 
their use as fresh fruits, or for the development of nutraceutical products with beneficial 
properties. 
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Figure 3. In vitro cell evaluation of the Balb/3T3 cell line. Cytotoxicity screening after 2-h treatments
with peel (A) and pulp (B) extracts. Protective effects of peel (C) and pulp (D) extracts from H2O2-
induced oxidative stress, reported as cell viability % after 2-h treatments with 1500 µM H2O2 of
pre-treated Balb/3T3 cells. H2O2 = stressed control; C = Collette; F = Faustrime; GA = gallic acid;
PI = Pink Ice; R = Red; YS = Yellow Sunshine; *** = p value < 0.0001; ** = p value < 0.005; * = p value
< 0.05 vs. stress.

The antioxidant protective effect was assessed in vitro for all peel (Figure 3C) and pulp
(Figure 3D) extracts. Three different concentrations were evaluated, namely 0.25, 0.50, and
1.0 µg/mL GAE, and compared to gallic acid that was used as a reference. The oxidative
treatment with H2O2 resulted in a drastic decrease in cell viability (45%) with respect to
untreated and unstressed control cells. Cell viability was increased with the pretreatment of
all extracts, thus protecting cells from the induced oxidative stress. In general, the observed
effects were directly proportional to the corresponding concentration of gallic acid, with
greater accordance recorded for the Red and Collette extracts. In these cases, the effects on
cell viability correlated with increasing GAE concentration treatments, incrementing from
65 to 96%, and from 61 to 87% for Red peel and pulp, respectively; and from 61 to 86%,
and from 66 to 80% for Collette peel and pulp, respectively. Concerning the hybrid species
Faustrime, a poor protection effect was detected for both its peel and pulp. This evidence
could be explained on the basis of the higher polyphenol content in the Red and Collette
varieties, and moreover, due to the valuable amounts of anthocyanins in these varieties.

4. Conclusions

The chemical investigation of the four finger lime varieties revealed an interesting pro-
file of potentially health-promoting agents that were represented by hydroxycinnamic acids
(ferulic, p-coumaric, and caffeic acid derivatives) and glycosylated flavonols (kaempferol,
quercetin, and isorhamnetin derivatives), flavanones (naringenin, eriodictyol, and hes-
peretin derivatives), and flavones (luteolin and diosmetin derivatives). Furthermore, the
glycosides of cyanidin, delfinidin, petunidin, and peonidin were the anthocyanins that
were detected in the Red, Pink Ice, and Collette varieties. Among limonoids, triterpenoids
typically found in Citrus fruits that are responsible for their bitter taste, only limonexic
acid was revealed. For each variety, the peel and pulp showed similar qualitative profiles;
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among all of the samples, the hybrid species Faustrime differed for the presence of neoeri-
ocitrin, eriocitrin, neodiosmin, and diosmin, components that are usually predominant in
other common Citrus fruits. All of the peels differed from their relative pulps in terms of
phenol amount; they were richer in bioactive components, as confirmed by their higher an-
tioxidant capacity observed in their provided protection from oxidative damage. Similarly,
the volatile compositions of peel EOs of all of the samples were characterised mainly by
monoterpenes, while pulp EOs were rich in sesquiterpenes.

The uniqueness of the organoleptic characteristics of these fruits, jointly with their
composition that is rich in antioxidant metabolites, make them promising candidates for
their use as fresh fruits, or for the development of nutraceutical products with benefi-
cial properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11102047/s1, Table S1: Results of peel and pulp extraction
from Citrus australasica varieties. Table S2: Concentrations of peel and pulp extracts from Citrus
australasica varieties applied in the in vitro assay for protection from H2O2 oxidative stress on
Balb/3T3.
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Abstract: The effects of five different drying methods, namely, freeze drying (FD), shade drying (SD),
hot-air oven drying at 50 ◦C (OD50), 70 ◦C (OD70), and microwave drying (MD) on the bioactive
phytochemicals and antioxidant capacity of navel orange peel were assessed and comprehensively
discussed in detail. Compared with other drying methods, MD-treated peel contained the lowest total
phenolic content (TPC) and total flavonoid content (TFC). The peel subjected to OD70 treatment was
superior in TPC relative to other treatments and the highest TFC was found in the peels treated with
FD. HPLC analysis identified thirteen flavonoids involving three flavanone glycosides (FGs) and ten
polymethoxyflavones (PMFs) in navel orange peel and revealed that PMFs in peel were stable under
all these drying methods, whereas the three major FGs (narirutin, hesperidin, and didymin) in peel
significantly degraded in response to MD treatment. The peels subjected to OD50/OD70 treatments
had the most potent antioxidant capacity when compared to other drying methods. Furthermore,
Pearson’s correlation analysis was performed. The results revealed here allow us to recommend the
use of OD50 or OD70 for the drying of orange peel, both of which help the maintenance of bioactive
compounds in the peel and improve its antioxidant capacity.

Keywords: drying methods; orange peel; chemical composition; antioxidant activity

1. Introduction

Navel orange, one of the main varieties of citrus fruits, is widely grown in Ganzhou
of Jiangxi Province, China. In 2021, the total planting area and the annual output of navel
orange in Ganzhou reached over 100 thousand hectares, and over 1 million tons, respec-
tively [1]. With the consumption of orange flesh, large quantities of peels were discarded,
which caused the waste of resources and environmental pollution, thus raising concerns
about the value-added utilization of this abundant resource [2]. Citrus peels contain large
amounts of biologically active compounds, mainly phenolic acids and flavonoids, which
exhibit pronounced antioxidant, neuroprotective, anti-inflammatory, antiproliferation, an-
tiallergy, and antiviral properties [3–5]. Therefore, orange peel could be considered a
valuable source of bioactive substances which may function as important ingredients in
the production of cosmetics, pharmaceuticals, and nutraceuticals [6,7]. Fresh orange peel
with a moisture content of over 70% is difficult to preserve due to the deterioration caused
by microbes or enzymes [4]. Drying is one of the extensively used methods to extend the
storage life of orange peel by removing water to inhibit spoilage as well as reduce the
activity of enzymes [4,7]. In general practice, the drying process of the citrus peel should
be conducted before carrying out further procedures, such as storage, transportation and
extraction of bioactive components.

Antioxidants 2022, 11, 1543. https://doi.org/10.3390/antiox11081543 https://www.mdpi.com/journal/antioxidants72
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Several drying techniques have been applied to the dehydration of citrus byprod-
ucts, involving shade drying, sun drying, far-infrared radiation drying, hot-air drying,
freezing drying, microwave drying, etc. [3,4,8]. Shade drying usually takes a long time
and is generally applied to some traditional Chinese medicines containing volatile oils or
mucus [3]. Freeze drying can prevent the degradation of heat or oxygen-sensitive bioactive
compounds, but requires high energy consumption and lengthy processing time, making
it much more suitable for some high-value products [8]. In contrast, hot-air drying is a
relatively inexpensive and user-friendly method [9]. Microwave drying has been reported
to efficiently transfer energy for the removal of moisture, thus decreasing the drying time
and preserving the quality of the product, whereas it is hard to control the temperature
to have a homogeneous treatment [10]. The effects of different drying methods on the
chemical and biological properties of citrus products have been reported previously, but
with some controversial results, suggesting that more influential factors such as citrus
cultivar, the parameter of drying method, and extracting method, might influence the
results as well. For example, the freeze-drying method resulted in the highest total phe-
nolic content (TPC) and antioxidant effects in the immature citrus fruits of four citrus
species (Ponkan, Gaocheng, Foyu, and Huyou), compared to the hot-air and sun drying
methods [3]. However, Papoutsis et al. reported that the lemon pomace dried by hot
air at 110 ◦C had the highest TPC, whereas the freeze-dried one had the lowest [8]. On
the other hand, Ledesma-Escobar et al. reported that the lemon dried by freeze-drying
had higher TPC than that dried by hot-air drying at 45 ◦C [11]. The total polyphenols,
flavonoids, ascorbic acid, and antioxidant capacity of orange peel markedly decreased after
drying processing [7]. In other studies, the highest antioxidant capacity for orange peel
was obtained when the peel was dried in a hot-air oven at 60 ◦C [9], and the microwave
drying at 450W significantly improved the extractible amounts of phenolics compared to
the fresh orange peel [10]. Therefore, the selection of suitable drying methods for orange
peel is challengeable and it plays an important role in realizing the optimal valorization of
orange peel. To the best of our knowledge, the research about the drying methods of peel
from navel orange planted in Ganzhou of China is largely unavailable yet.

Herein, the effects of five different drying methods, namely, freeze drying (FD), shade
drying (SD), hot-air oven drying at 50 ◦C (OD50), 70 ◦C (OD70), and microwave drying
(MD) on the chemical composition and antioxidant capacity of navel orange peel were
evaluated for the first time. In the present study, the chemical compositions involving TPC,
total flavonoid content (TFC) and thirteen individual flavonoids were comparatively ana-
lyzed, and three antioxidant assays as 2,2-diphenyl-1-picrylhydrazyl free radical (DPPH),
2,2′-azinobis-(3-ethylbenzthiazoline-6-sulphonate) free radical (ABTS), and ferric reduc-
ing antioxidant power (FRAP) assays were employed together for the antioxidant tests.
Moreover, Pearson’s correlation analysis was adopted to examine the relationships among
all variables tested. The present results might provide useful information for the drying
processing of orange peel, and contribute to the value-added utilization of this abundant
side-product.

2. Materials and Methods
2.1. Chemicals

2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ), 2,2-diphenyl-1-picryhydrazyl (DPPH, 97%), 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, 98%) and Folin–
Ciocalteu reagent (1 M) were purchased from Solarbio Science and Technology Co., Ltd. (Bei-
jing, China). Methanol, 95% ethanol, petroleum ether, ethyl acetate, dichloromethane, and N,
N-Dimethylformamide (DMF) were of analytical grade and purchased from Damao Chemi-
cal Reagent Factory (Tianjin, China). The flavonoids involving narirutin, hesperidin, didymin,
isosinensetin, 3,3′,4′,5,7,8-hexamethoxyflavone, sinensetin, 4′,5,7,8-tetramethoxyflavone,
3,3′,4′,5,6,7-hexamethoxyflavone, nobiletin, 4′,5,6,7-tetramethoxyflavone, 3,3′,4′,5,6,7,8-
heptamethoxyflavone, 5-hydroxy-6,7,3′,4′-tetramethoxyflavone, and tangeretin were iso-
lated from the orange peel by authors according to chromatographic methods [2] and each
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had a purity of >95% (data shown in the supplement material). Acetonitrile (ACN) was
of high-performance liquid chromatography (HPLC) grade (Anaqua Chemicals Supply,
Houston, TX, USA). De-ionized water used for chromatography was obtained from a
Milli-Q Gradient A10 system (Millipore, Billerica, MA, USA). All other chemicals were of
analytical grade and purchased from Sigma-Aldrich (Shanghai, China).

2.2. Plant Materials

Newhall navel oranges (50 kg) at a commercial mature stage were harvested on
15 December 2020 from an orchard located in Ganzhou (23.1291◦ N, 113.2644◦ E) of Jiangxi
Province, China. The orange trees were planted in red-yellow loam soil (pH 5.39 ± 0.3) and
spaced at 4 m and 3 m between and along the rows, respectively. The freshly harvested
fruits were transferred to the laboratory, washed and squeezed immediately. The peels
were then collected from the pomace by hand and were cut into pieces of approximately
1 cm2 each. The pieces of peel were pooled together and stored at −80 ◦C in sealed plastic
bags until drying experiments.

2.3. Drying of Orange Peel

Orange peels were subjected to five different drying methods termed FD, SD, OD50,
OD70, and MD. For each treatment, 1 kg of orange peel was used. The detailed procedures
were described as follows: (1) For FD, the pieces of peel were spread out on trays to form a
thin layer of about 0.5 cm thickness. The peels on trays were pre-frozen in the refrigerator
at −80 ◦C overnight. The frozen peels were then dried to a constant weight for 48 h by
using a freeze dryer (FD8-6 P, SIM International Group, Newark, NJ, USA). (2) For SD, the
pieces of peel were spread out on trays to form a thin layer having a thickness of about
0.5 cm. The trays were kept in a well-ventilated and shady area at ambient temperature
(approximate temperature 5–20 ◦C) and 60–80% relative humidity for 14 days to achieve a
constant weight. (3) For both OD50 and OD70, the peels were distributed on a stainless
steel wire mesh to form a thin layer (thickness of about 0.5 cm) and dried in a hot-air
oven (DHG-9240A, Jinghong Co., Shanghai, China) at 50 or 70 ◦C with 2 m/s air flow
rate and 5–10% relative humidity for 12 h (OD50) or 8 h (OD70) to achieve a constant
weight. (4) The MD treatments were performed in a domestic microwave oven equipped
with a glass turntable (M1-L204A, Midea, Guangdong, China) with the following features:
220 V (voltage), 1150 W (input power), 700 W (output power) and 2450 MHz (operating
frequency). The peels were distributed on glass dishes to form a single layer (thickness
of about 0.5 cm). The dishes containing peels were then placed on the turntable of a
microwave oven and dried at 600 W for 12 min to achieve a constant weight.

After drying, samples were kept in a desiccator overnight to allow a homogeneous
distribution of moisture, and the final moisture content was 10 ± 0.5% wet basis. The dried
peels were ground to a powder by using an electric grinder (QE-100, Zhejiang YiLi Tool
Co., Ltd., Jiaxing, China), followed by sieving through a 40-mesh sieve. The powders were
packed in plastic bags, labeled and stored at −80 ◦C until extraction. The experiments were
performed in triplicate for each drying method.

2.4. Extraction of Dried Orange Peel

Maceration extraction at room temperature was employed to extract bioactive com-
pounds from the dried orange peel. Briefly, dried peel powders (5 g) were added into a
250 mL conical bottle, followed by the addition of 50 mL of 95% ethanol. The conical bottle
was placed on the bench for 24 h with occasional shaking. After that, the mixture was
filtered with Whatman filter paper (No 1) and the residue was collected and repeatedly
extracted four times as described above. All filtrates were combined and concentrated
by a vacuum rotary evaporator at 35 ◦C to give a brown residue, which was subjected to
lyophilization for 48 h by using a freeze dryer (FD8-6 P, SIM International Group, Newark,
NJ, USA) and stored at −80 ◦C until further analysis. The experiments were performed in
triplicate for each dried sample.
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2.5. TPC Analysis

TPC was determined spectrophotometrically with the Folin–Ciocalteu reagent accord-
ing to one of our previous reports [2]. Briefly, the extract solution in methanol (20 µL),
distilled water (60 µL), and Folin–Ciocalteu reagent (15 µL, pre-diluted from 1 M to 0.5 M
with water at a volume ratio of 1:1) were sequentially added to a 96-well plate and mixed
well by smoothly shaking for 3 min. After 4 min of static incubation at room temperature,
75 µL Na2CO3 aqueous solution (2% w/v) was added, followed by slightly shaking for
3 min. The optical density was measured at 750 nm using a microplate reader (Tecan
Spark 10M, Männedorf, Switzerland) after 15 min of static incubation at room temperature.
The methanol was used as a blank control. TPC was calculated from a linear calibration
curve (y = 0.0046x + 0.012, R2 = 0.9998, linear range from 6.25 to 100 mg/L) which was
constructed by plotting the absorbance values against the concentrations of gallic acid,
and expressed as micromole of gallic acid equivalent per gram dry weight of extract (µM
GAE/g DW). Each measurement was conducted in triplicate.

2.6. TFC Analysis

TFC was estimated by the method described previously [2]. Briefly, 500 µL NaNO2
(5% w/v), 500 µL AlCl3 (10% w/v) and 500 µL NaOH (1.0 M) were sequentially added to a
10 mL volumetric flask containing 500 µL of extract solution in methanol at 0, 5 and 11 min,
respectively. Each addition was followed by gentle shaking. Methanol was used as a blank
control. The reaction mixture was kept at room temperature for 15 min with occasional
shakings, distilled water was then added to achieve a final volume of 10 mL. The absorbance
of the reaction mixture was measured at 415 nm by a UV-vis photospectrometer (Model
2450, Shimadzu Co., Ltd., Kyoto, Japan). TFC was calculated from a linear calibration curve
(y = 0.0013x + 0.0031, R2 = 0.9996, linear range from 31.25 to 500 µg) which was constructed
by plotting the absorbance values against the amounts of quercetin, and expressed as
micromole of quercetin equivalent per gram dry weight of extract (µM QE/g DW). Each
measurement was conducted in triplicate.

2.7. HPLC Analysis

The individual flavonoids were analyzed according to the method reported previously
with some minor modifications [12]. The peel extract was dissolved in 5% DMF/methanol
solution (v/v) to form a clear solution with a concentration of 25 mg/mL, which was then
filtered through a 0.22 µm Millipore filter. The flavonoids of the extract were analyzed by
Agilent 1200 HPLC system coupled with an XBridge-C18 reverse phase column (150 mm
length× 4.6 mm id, 5.0 µm particle size) at 340 nm detection wavelength. The mobile phase
consisted of acetonitrile (A) and water (B) with a gradient elution: 10–25% A (0–15 min),
25–35% A (15–25 min), 35–50% A (25–50 min), 50–90% A (50–60 min), 90% A (60–70 min),
90–10% A (70–75 min). The injection volume was 20 µL with a flow rate of 1.0 mL/min.
The identification of individual flavonoids in the extract was achieved by comparisons
of retention time and UV absorption pattern with those of standard compound, and the
calibration equation was used to quantify the amount of each flavonoid with the result
being expressed as µg flavonoid per mg of the dry weight of peel extract (µg/mg DW). The
retention time, regression parameters, and linear range of standard compounds analyzed by
HPLC were reported in Table S1 (Supplementary File). Each measurement was conducted
in triplicate.

2.8. DPPH Scavenging Assay

DPPH assay was performed according to the method reported previously with some
modifications [13]. Briefly, DPPH was freshly prepared in methanol at a concentration
of 0.1 mM. The peel extract was dissolved in methanol and subjected to two-fold di-
lution with methanol to prepare desired solutions with concentrations ranging from
0.625 to 10 mg/mL. In total, 50 µL of each solution was placed into a 96-well plate,
followed by the addition of a freshly prepared DPPH reagent (150 µL). The plate was
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incubated at 37 ◦C in dark for 20 min, then the absorption at 517 nm was detected
by using a microplate reader (Tecan Spark 10M, Männedorf, Switzerland). Vitamin C
(VC) was used as a positive control. The measurements were performed in triplicate
with three replications. The inhibitory rate was calculated according to the formula:
Inhibition (%) = [1 − (Atreated − Ablank)/Acontrol] × 100, where Atreated represents the av-
erage absorption of wells adding both DPPH and extract solution, Ablank is the average
absorption of wells only adding extract solution, and Acontrol is the average absorption of
wells only adding DPPH. The IC50 value represents the sample concentration scavenging
50% of the DPPH radical.

2.9. ABTS Scavenging Assay

ABTS radical scavenging ability was determined according to a previous method
with some minor modifications [2]. The ABTS aqueous solution (7 mM) and ammonium
persulfate aqueous solution (2.45 mM) were mixed at a volume ratio of 1:1 and reacted
in dark at room temperature for 12 h to form a stable ABTS radical solution, which was
then diluted with 70% ethanol/water to an absorbance of 0.70 ± 0.02 at 734 nm before use.
The peel extract was dissolved and two-fold diluted with 70% ethanol/water to prepare
test solutions. In total, 50 µL of each test solution was added to the wells of a 96-well
plate, followed by the addition of freshly prepared ABTS radical solution (200 µL). A
70% ethanol/water and vitamin C mixture was employed as a blank and positive control,
respectively. The plate was smoothly shaken for 10 min, then the absorbance was measured
at 734 nm by using a microplate reader (Tecan Spark 10M, Männedorf, Switzerland).
The scavenging capacity was calculated according to the formula: Inhibition (%) = [1 −
(Atreated−Ablank)/Acontrol] × 100, where the Atreated represented the average absorption of
wells containing both ABTS and extract solution, Ablank was the average absorption of wells
containing only extract solution, and Acontrol was the average absorption of wells containing
only ABTS. The measurements were performed in triplicate with three replications. The
IC50 value was expressed as the concentration scavenging 50% of ABTS radical.

2.10. FRAP Assay

FRAP assay was carried out according to a previous method with minor modifica-
tions [14]. FRAP solution was prepared by mixing TPTZ (10 mM in 40 mM HCl aqueous
solution), acetate buffer (0.1 mM, pH 3.6), and ferric chloride (20 mM in 40 mM HCl
aqueous solution) at a volume ratio of 1:10:1. The peel extract was dissolved and two-fold
diluted with 70% ethanol/water to give test solutions. In total, 50 µL of each test solution
was added to the wells of a 96-well plate, followed by the addition of a freshly prepared
FRAP reagent (200 µL). A 70% ethanol/water and vitamin C mixture was used as the
blank and positive control, respectively. The plate was smoothly shaken for 10 min, and
the absorbance was then measured at 593 nm by a microplate reader (Tecan Spark 10M,
Männedorf, Switzerland). The measurements were performed in triplicate with three repli-
cations. FRAP value was calculated from a linear calibration curve (y = 0.0345x − 0.0084,
R2 = 0.9997, linear range from 1.56 to 50 mg/L) which was constructed by plotting the
absorbance values against the concentrations of vitamin C (VC), and expressed as µg of VC
equivalent antioxidant capacity per mg of the dry weight of the extract (µg VC/mg).

2.11. Statistical Analysis

Data were expressed as mean ± standard deviation (SD) of independent experiments
performed in triplicate and were analyzed by using one-way analysis of variance (ANOVA)
(p < 0.05) with SPSS 21 (IBM Corporation, Armonk, NY, USA). Pearson’s correlation analysis
was performed using SPSS 21 (IBM Corporation, Armonk, NY, USA) and the heatmap was
obtained by the software TBtools (version 1.0692).
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3. Results and Discussion
3.1. Effect of Different Drying Methods on the Extracting Yield, TPC, and TFC

The maceration extraction at room temperature was used to extract the dried peel
in the present study since it had a minimum side effect on the chemical components
compared to other extraction methods employing heat or sonication treatments which
might cause degradation or decomposition of compounds. Therefore, the present result
might give convincing results reflecting the effect of only different drying methods without
the influence of extraction processing. The extracting yield was shown in Table 1. The
peel treated with MD had the best extracting yield (35.63%) when compared to other
treatments, followed in sequence by FD (34.59%), OD50 (33.33%), OD70 (32.08%), and SD
(32.44%) treatments. Similarly, a previous study has reported that freeze drying has an
obvious advantage in extracting yield compared with the hot-air drying method [15]. The
microwave radiation might make the fiber matrix become larger and looser and promote
the formation of a more porous structure in the peel, thus facilitating the extraction with
solvent, which might account for the highest extracting yield for MD treatment in the
present study. This assumption was supported by previous studies indicating that the pore
size of the citrus peel dried by the microwave method was greater than that of the citrus
peel dried by the hot-air method [16] and that the fiber structure in hot-air dried shiitake
mushrooms was arranged tightly while the microwave-dried samples demonstrated a clear
porous structure [17].

Table 1. Extracting yield, TPC and TFC of extracts from navel orange peel dried by different methods.

Drying Methods Yield (%) TPC
(µM GAE/g DW)

TFC
(µM QE/g DW)

FD 34.59 ± 0.27 b 75.42 ± 0.41 c 183.06 ± 1.57 a

SD 32.44 ± 0.31 d 77.75 ± 0.62 b 160.41 ± 1.22 c

OD50 33.33 ± 0.15 c 78.93 ± 1.04 b 182.57 ± 3.21 a

OD70 32.08 ± 0.11 d 81.36 ± 0.91 a 168.14 ± 0.92 b

MD 35.63 ± 0.12 a 71.72 ± 0.73 d 139.93 ± 3.28 d

The data are reported as average ± SD (three replicates). The different superscript lowercase letters within the
same column indicate significant statistical difference (p < 0.05). GAE: Gallic acid equivalent. QE: Quercetin
equivalent. DW: Dry weight. TPC: Total phenolic content. TFC: Total flavonoid content. FD: Freeze drying. SD:
Shade drying. OD50: Hot-air oven drying at 50 ◦C. OD70: Hot-air oven drying at 70 ◦C. MD: Microwave drying.

The TPC in peel subjected to different drying methods was listed in the order OD70 >
OD50 > SD > FD > MD. As shown in Table 1, the two highest TPC values were obtained both
from the OD treatments, suggesting that the heat treatment might enhance the production
of extractable phenolics in the peel. This suggestion was supported as well by the TPC
results showing OD > SD > FD, where the drying temperature decreased in sequence. The
phenolics in citrus were present in two forms—bound or free form—and the bound form
was supposed to be liberated to the free form as the temperature increased [3]. The present
result supported this assumption and suggested that the high drying temperature would
liberate some bound phenolics to free form, thus resulting in more extractable phenolics in
OD-treated peel than those in SD or FD-treated ones. Similarly, Papoutsis et al. reported
that TPC was higher in lemon pomace dried by hot air than that dried by freeze drying
and it increased as the drying temperature increased [8].

In addition, the TPC result in the present study could be attributed to the presence
of polyphenol oxidase (PPO) in the peel as well. PPO is an enzyme responsible for the
selective oxidation of polyphenols, and its activity tends to reduce as temperature in-
creases [18]. In the present study, the PPO activity in OD70-treated peel should be lower
than in other treatments since the drying temperature during OD70 processing is 70 ◦C,
which might deactivate the enzymatic activity and cause less oxidative degradation of
phenolics, thus resulting in the highest TPC value in the peel treated with OD70 compared
to other treatments.
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The TFC in dried peel was significantly affected by different drying methods (p < 0.05).
As shown in Table 1, the peel treated with FD had the highest TFC value, followed by
OD50, OD70, SD, and MD in sequence. The flavonoids could be degraded by thermal
treatment and by some endogenous enzymes such as PPO and peroxidase (POD) [19].
The TFC in OD50 was slightly lower than that in FD (no significant difference at p > 0.05),
suggesting that the heat temperature at 50 ◦C could be capable of deactivating the enzymes
associated with the degradation of flavonoids, but not be high enough to significantly
destroy flavonoids by thermal decomposition during drying processing. When the tem-
perature is raised to 70 ◦C, some heat-sensitive flavonoids might be decomposed, thus
resulting in lower TFC in OD70 relative to OD50 in the present study. The SD treatment
was performed at ambient temperature which might be an appropriate temperature for the
catalytic activity of some related enzymes such as PPO or POD, implying the flavonoids
might be exposed to these high-activity enzymes for a long time, therefore, the TFC in SD
treated peel was significantly lower than that in OD treated ones. It has been reported
that the optimum temperature for the enzymatic activity of PPO and POD in Rumex ob-
tusifolius L. is 30 and 25 ◦C, respectively [20], which is supportive of this assumption. In
agreement with the present result, the TFC of physiologically dropped immature citrus
fruit dried by hot air at 60 ◦C was not significantly different from that obtained from freeze
drying, and both of them were higher than that treated with sun drying at a temperature
around 25 ◦C [3]. Interestingly, the present result indicated that both the TPC and TFC
values in the peel treated with MD were the smallest among all these five treatments. The
microwave radiation with high energy can rapidly diffuse into the internal cells and be
quickly absorbed by some molecules such as phenolics and flavonoids [21], thus causing
their decomposition by breaking down covalent bonds, which might account for this ob-
servation. Similarly, Liu et al. reported that the microwave treatment contributed to the
greatest losses of phenolics and antioxidant capacities in buckwheat samples relative to all
other thermal treatments [22], and the microwave drying caused the greatest decrease in
TPC of Phyllanthus amarus as compared to the sun and hot-air drying methods [23].

3.2. Effect of Different Drying Methods on the Contents of Individual Flavonoids

As shown in Figure 1, thirteen flavonoids involving three flavanone glycosides (FGs)
and ten polymethoxyflavones (PMFs) were identified from the peel extract. The contents
of these flavonoids were quantified by HPLC as shown in Table 2. The present study
indicated that the most abundant FG in navel orange peel was hesperidin, followed by
narirutin and didymin. The PMFs mainly consisted of sinensetin, nobiletin, 3,3′,4′,5,6,7,8-
heptamethoxyflavone, 3,3′,4′,5,6,7-hexamethoxyflavone, and 4′,5,6,7-tetramethoxyflavone
with a descending order in content, as revealed in Table 2. In line with the present result,
previous phytochemical investigations have shown that hesperidin and narirutin are the
two dominant flavanone glycosides present in the orange peel [6], and PMFs involving
nobiletin, tangeretin, and sinesetin are abundant flavones in citrus peel [5]. The contents
of these thirteen individual flavonoids from peels dried with different methods were
compared in the present study. As shown in Table 2, the contents of PMFs were slightly
influenced by different drying methods, which showed no significant statistical difference
among all these different treatments. However, the MD treatment significantly reduced
the content of all three FGs in peel extract compared with other treatments. The content of
narirutin, hesperidin, and didymin was 6.22, 17.28, and 0.88 µg/mg DW, respectively, in
the peel treated with MD, whereas it ranged from 8.17 to 9.57, 31.29 to 36.27, and 1.71 to
1.85, respectively, for other treatments.
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The letters from a to e, represent FD, SD, OD50, OD70, and MD, respectively. The number above
the peak represent the following compounds: (1) narirutin, (2) hesperidin, (3) didymin, (4) isosi-
nensetin, (5) 3,3′,4′,5,7,8-hexamethoxyflavone, (6) sinensetin, (7) 4′,5,7,8-tetramethoxyflavone, (8)
3,3′,4′,5,6,7-hexamethoxyflavone, (9) nobiletin, (10) 4′,5,6,7-tetramethoxyflavone, (11) 3,3′,4′,5,6,7,8-
heptamethoxyflavone, (12) 5-hydroxy-6,7,3′,4′-tetramethoxyflavone, (13) tangeretin.

Table 2. HPLC quantification analysis of flavonoids (µg/mg DW) in extracts from the orange peels
dried by different methods.

NO Flavonoids FD SD OD50 OD70 MD

1 narirutin 9.10 ± 0.32 a 8.17 ± 0.80 a 9.13 ± 0.70 a 9.57 ± 0.32 a 6.22 ± 1.11 b

2 hesperidin 36.27 ± 3.25 a 31.29 ± 1.19 a 32.79 ± 2.14 a 35.51 ± 1.22 a 17.28 ± 2.91 b

3 didymin 1.71 ± 0.05 a 1.72 ± 0.26 a 1.85 ± 0.35 a 1.82 ± 0.14 a 0.88 ± 0.25 b

4 isosinensetin 0.12 ± 0.01 a 0.12 ± 0.01 a 0.11 ± 0.02 a 0.12 ± 0.01 a 0.10 ± 0.01 a

5 3,3’,4’,5,7,8-hexamethoxyflavone 0.05 ± 0.01 a 0.04 ± 0.01 a 0.05 ± 0.01 a 0.06 ± 0.01 a 0.05 ± 0.01 a

6 sinensetin 1.59 ± 0.04 a 1.62 ± 0.01 a 1.59 ± 0.09 a 1.56 ± 0.05 a 1.56 ± 0.07 a

7 4’,5,7,8-tetramethoxyflavone 0.05 ± 0.01 a 0.04 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a 0.05 ± 0.01 a

8 3,3’,4’,5,6,7-hexamethoxyflavone 0.58 ± 0.01 a 0.59 ± 0.01 a 0.59 ± 0.03 a 0.59 ± 0.02 a 0.58 ± 0.02 a

9 nobiletin 1.09 ± 0.03 a 1.13 ± 0.04 a 1.12 ± 0.06 a 1.10 ± 0.04 a 1.09 ± 0.05 a

10 4’,5,6,7-tetramethoxyflavone 0.52 ± 0.01 a 0.56 ± 0.02 a 0.53 ± 0.03 a 0.51 ± 0.02 a 0.52 ± 0.04 a

11 3,3’,4’,5,6,7,8-heptamethoxyflavone 0.90 ± 0.01 a 0.93 ± 0.02 a 0.92 ± 0.05 a 0.92 ± 0.03 a 0.89 ± 0.04 a

12 5-hydroxy-6,7,3’,4’-
tetramethoxyflavone 0.09 ± 0.01 a 0.08 ± 0.01 a 0.08 ± 0.01 a 0.11 ± 0.03 a 0.10 ± 0.01 a

13 tangeretin 0.13 ± 0.01 a 0.14 ± 0.01 a 0.15 ± 0.01 a 0.14 ± 0.02 a 0.14 ± 0.01 a

The data are reported as averages ± SD (three replicates). Different superscript lowercase letters within the same
line indicate significant statistical difference (p < 0.05). FD: Freeze drying. SD: Shade drying. OD50: Hot-air oven
drying at 50 ◦C. OD70: Hot-air oven drying at 70 ◦C. MD: Microwave drying.

Despite there being no significant difference in the content of FGs in peels treated
with FD, SD, OD50, and OD70, the peel treated with SD contained the lowest amounts of
both narirutin and hesperidin among them. This result was consistent with the TFC result
showing that the peel treated with MD and SD contained the lowest and the second-lowest
TFC, respectively. Previous studies indicated that microwave irradiation can cleave the ester
and glycosidic bond of phenolics in citrus peel [24], and have the ability to hydrolyze rice
starch by breaking down C-O-C covalent linkage between monosaccharides [25]. Therefore,
we assumed that the glycosidic bond of FGs might be vulnerable to the MD treatment,
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which might initially break down upon absorbing the microwave irradiation, then inducing
the further degradation of FGs, thus making the peel treated with MD contain low amounts
of FGs as shown in Table 2. Moreover, the PMFs’ structural differences from FGs mainly
by the absence of sugar moiety were slightly influenced by MD treatment, which further
supported this assumption. However, more studies should be carried out to elucidate the
degradation mechanisms of FGs. The present result also revealed that the PMFs were much
more stable under all these drying conditions, which was in line with a previous study
showing that the methylation treatments improved the stability of flavonoids [26].

3.3. Evaluation of Antioxidant Capacity

The antioxidant capacity of peels dried with different methods was evaluated by
DPPH, ABTS, and FRAP assays. As shown in Table 3, the extract from peel treated with
OD50 demonstrated the most potent capacity in scavenging both DPPH and ABTS radicals,
and the extract from peel treated with OD70 was superior in FRAP assay when compared
to other treatments. In contrast, the extract from the peel treated with FD had the highest
IC50 value in both DPPH and ABTS assays, and the SD treatment made the peel extract less
powerful in reducing ferric (III) to ferrous (II) ions as revealed in the FRAP assay relative to
other treatments. Both DPPH and ABTS are stable free radicals, the scavenging of these two
radicals is mainly based on the electron transfer and the hydrogen atom transfer reaction
mechanisms [27]. Being different from the radical-scavenging assays, the FRAP assay is
commonly used to evaluate the overall reducing ability of antioxidants by measuring the
reduction of ferric (III) to ferrous (II) ions [28]. The antioxidant capacity evaluated by the
DPPH assay is much more consistent with that by the ABTS assay but different from that
obtained by the FRAP assay in the present study, which might be due to the discrepancy
in the mechanisms of different antioxidant assays. The present result also supported that
more than one antioxidant assay should be performed to comprehensively evaluate the
antioxidant capacity because a single antioxidant assay is not sufficient to measure the
various modes of action of antioxidants [29]. Similar to the present study, the extract
from lemon pomace dried by hot air exhibited higher antioxidant capacity in scavenging
DPPH radical than that dried by freeze drying [8]. However, Sun et al. reported that the
antioxidant capacity of physiologically dropped immature citrus fruits dried by freeze
drying was higher when compared to those dried by hot air or sun drying in both DPPH
and FRAP assays [3], which was inconsistent with the present study. These differences
could be attributed to the different drying conditions and the extraction methods applied,
as well as the different citrus cultivars used.

Table 3. Antioxidant capacity of extracts from the navel orange peels dried by different methods via
DPPH, ABTS, and FRAP assays.

Drying Methods DPPH
(IC50 mg/mL)

ABTS
(IC50 mg/mL)

FRAP
(µg VC/mg)

FD 1.37 ± 0.01 a 0.32 ± 0.01 a 4.03 ± 0.04 b

SD 1.23 ± 0.02 b 0.24 ± 0.01 c 3.39 ± 0.05 d

OD50 1.15 ± 0.04 c 0.23 ± 0.00 c 3.92 ± 0.03 bc

OD70 1.18 ± 0.01 bc 0.28 ± 0.01 b 4.27 ± 0.09 a

MD 1.34 ± 0.01 a 0.29 ± 0.01 b 3.86 ± 0.06 c

VC (positive control) 0.0033 ± 0.0003 d 0.0029 ± 0.0001 d —
The data are reported as average± SD (three replicates). The different superscript lowercase letters within the same
column indicate significant statistical difference (p < 0.05). VC: Vitamin C. —: Not applicable. FD: Freeze drying.
SD: Shade drying. OD50: Hot-air oven drying at 50 ◦C. OD70: Hot-air oven drying at 70 ◦C. MD: Microwave dry-
ing. DPPH: 2,2-Diphenyl-1-picrylhydrazyl free radical. ABTS: 2,2′-Azinobis-(3-ethylbenzthiazoline-6-sulphonate)
free radical. FRAP: Ferric reducing antioxidant power.

3.4. Pearson’s Correlation Analysis

Pearson’s correlation analysis was used to evaluate the relationships among all vari-
ables in the present study. The result of Pearson’s correlation analysis is usually expressed
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as a correlation coefficient value, which is represented as r. The values of r range between
−1.000 and 1.000. A correlation of −1.000 shows a perfect negative correlation, while a
correlation of 1.000 shows a perfect positive correlation [30]. As shown in Figure 2, TFC was
highly correlated with all three FGs involving narirutin (r = 0.777), hesperidin (r = 0.843)
and didymin (r = 0.795) at p < 0.01, suggesting that these three FGs should be the major
flavonoids present in peel extract. In addition, the consistent variation trend of DPPH
and ABTS in response to different drying methods was found in the present study, which
was supported by the strong positive correlation between DPPH and ABTS (r = 0.770,
p < 0.01). Similarly, several previous studies reported a high positive correlation between
them [13]. Moreover, DPPH was highly negatively correlated with TPC (r = −0.793,
p < 0.01), and moderately negatively correlated with TFC (r = −0.455, p < 0.01), suggesting
that the phenolics rather than flavonoids should be the main contributors in scavenging the
DPPH radical in peel extract. DPPH was expressed as IC50 in the present study, the lower
value of it representing the higher antioxidant capacity of extract, therefore, the negative
correlation coefficient value was obtained. FRAP showed a weak correlation with both TPC
(r = 0.258, p < 0.01) and TFC (r = 0.313, p < 0.01), indicating that the antioxidant capacity
evaluated by FRAP assay could be ascribed to the synergistic effects among antioxidants,
or come from other compounds such as polysaccharides, limonoids, and ascorbic acid.
Consistent with the present study, a very weak correlation (r = 0.118) was observed between
FRAP and TPC of extracts from the pomelo peel [14].
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Actually, the antioxidant activity might not always correlate with phenolic content,
and the presence of other bioactive compounds such as terpenoids and limonoids in citrus
peel could act as an antioxidant [5]. The high correlations between DPPH with didymin
(r = −0.529, p < 0.01) and between FRAP with 3,3′,4′,5,6,7-hexamethoxyflavone were found
in the present study, suggesting these two compounds might be potent antioxidants in
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the orange peel. In line with our results, a high correlation between didymin and DPPH
(r = 0.83, p < 0.01) was found in a recent report studying immature dropped Citrus sinensis
L. Osbeck fruits [31].

4. Conclusions

This study comprehensively studied the effects of five different drying methods,
namely FD, SD, OD50, OD70, and MD, on the chemical compositions and antioxidant
capacity of navel orange peel. The peel treated with OD70 had the highest TPC and
FRAP values, and the peel treated with OD50 exhibited the best antioxidant capacity in
both DPPH and ABTS assays, when compared to other treatments. The highest TFC was
obtained in peel dried by the FD method, which was slightly higher than that in the peel
treated with OD50, but there was no significant difference between them (p > 0.05). The
peel dried by the MD method had the highest extracting yield but contained the lowest TPC
and TFC, as well as the lowest contents of three FGs involving narirutin, hesperidin, and
didymin, relative to other drying methods. HPLC analysis identified thirteen flavonoids
(three FGs and ten PMFs) in the peel extract, and all PMFs were stable during the drying
process, showing slight variation in all five different drying methods applied. Pearson’s
correlation analysis was further employed to test the relationships among all variables. The
results revealed here allow us to recommend the use of OD50 or OD70 for the drying of
orange peel, both of which help the maintenance of bioactive compounds in the peel and
improve its antioxidant capacity. This recommendation is supported as well since the OD
drying method is a relatively inexpensive and user-friendly method.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11081543/s1. Table S1. The retention time, regression
parameters, and linear range of standard compounds analyzed by HPLC. Figures S1–S13. HPLC
profile (340 nm) of flavonids (1-13) obtained from the navel orange peel.
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The Flavonoid Hesperidin Methyl Chalcone Targets
Cytokines and Oxidative Stress to Reduce Diclofenac-
Induced Acute Renal Injury: Contribution of the Nrf2
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Abstract: Hesperidin is derived from citrus fruits among other plants. Hesperidin was methylated to
increase its solubility, generating hesperidin methyl chalcone (HMC), an emerging flavonoid that
possess anti-inflammatory and antioxidant properties. The nuclear factor erythroid 2-related factor 2
(Nrf2) is a powerful regulator of cellular resistance to oxidant products. Previous data evidenced
HMC can activate Nrf2 signaling, providing antioxidant protection against diverse pathological
conditions. However, its effects on kidney damage caused by non-steroidal anti-inflammatory drugs
(NSAIDs) have not been evaluated so far. Mice received a nephrotoxic dose of diclofenac (200 mg/kg)
orally followed by intra-peritoneal (i.p.) administration of HMC (0.03–3 mg/kg) or vehicle. Plasmatic
levels of urea, creatinine, oxidative stress, and cytokines were assessed. Regarding the kidneys, oxida-
tive parameters, cytokine production, kidney swelling, urine NGAL, histopathology, and Nrf2 mRNA
expression and downstream targets were evaluated. HMC dose-dependently targeted diclofenac
systemic alterations by decreasing urea and creatinine levels, and lipid peroxidation, as well as IL-6,
IFN-γ, and IL-33 production, and restored antioxidant properties in plasma samples. In kidney sam-
ples, HMC re-established antioxidant defenses, inhibited lipid peroxidation and pro-inflammatory
cytokines and upregulated IL-10, reduced kidney swelling, urine NGAL, and histopathological
alterations. Additionally, HMC induced mRNA expression of Nrf2 and its downstream effectors
HO-1 and Nqo1, as well as reduced the levels of Keap1 protein detected in renal tissue. The present
data demonstrate HMC is a potential compound for the treatment of acute renal damage caused by
diclofenac, a routinely prescribed non-steroidal anti-inflammatory drug.

Keywords: citrus flavonoid; hesperidin methylchalcone; Nrf2; diclofenac; acute renal injury;
oxidative stress
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1. Introduction

The use of non-steroidal anti-inflammatory drugs (NSAIDs) is a common approach
due to their analgesic, anti-inflammatory, and anti-pyretic effects [1]. Based on their recog-
nized effectiveness for the treatment of inflammatory diseases and pain, their prescription
is preferred in primary health care. However, NSAIDs can induce acute kidney injury
(AKI) [2,3], a condition with potential health risks. Increased risk of AKI is observed in
older individuals and in patients with chronic kidney disease [2]. Even in healthy patients,
long term NSAID use may cause subclinical kidney dysfunction [4,5]. Diclofenac repre-
sents the most prescribed and used NSAID in low-, middle-, and high-income countries
worldwide [6,7]. As a phenylacetic acid derivative, diclofenac is classified as a non-selective
NSAID applied to treat pain, fever, and inflammation [1]. It is one of the main options
for the treatment of acute and chronic pain, related mainly to the musculoskeletal system,
including myalgia, lower back pain, osteoarthritis, rheumatoid arthritis, and ankylosing
spondylitis [8–10]. Unfortunately, diclofenac has many adverse effects, such as gastroin-
testinal injury, hepatotoxicity, cardiovascular pathology, and AKI [1,3,9,11].

The main mechanism related to NSAID-induced AKI is prostaglandin inhibition,
which in turn, has a fundamental role in the control of renin release, electrolytic dysfunction,
and vasoconstriction [4,12]. At standard treatment doses, cyclooxygenase (COX)-2 selective
and non-selective COX-2 NSAIDs induce a similar risk of AKI, depending on the study, and
findings also suggest a higher risk upon the use of COX-2 NSAIDs with <5-fold selectivity
compared to >5-fold selectivity [2]. Despite being considered as possessing equivalent
inhibition of all COX enzymes, evidence also suggests diclofenac is more selective for
COX-2 [7,13]. We previously demonstrated diclofenac does not alter COX-2 levels in renal
tissue [9]. This particular aspect highlights the fact that diclofenac may induce AKI via a
different primary pathological mechanism. It is postulated that a mechanism related to the
induction of oxidative stress and/or reduction of antioxidant capacity may be determinant
for diclofenac-induced nephrotoxicity [14,15]. In this sense, investigations have shown
that through oxidative stress, increased cytokine release, and nuclear factor κB (NFκB)
activation, diclofenac may induce AKI [1,9,16]. Therefore, the search for compounds that
target these effector mechanisms, especially oxidative stress, is pertinent.

Hesperidin methyl chalcone (HMC; C29H36O15; Figure 1) is a product of methylation
of the flavanone hesperidin (hesperidin-7-rhamnoglucoside), a flavonoid found in plants
and foods, for instance, Rutaceae and citrus fruits, respectively [17,18]. Hesperidin presents
poor water solubility, resulting in unsatisfactory absorption in the small intestine; however,
its solubility is improved after a methylation reaction under alkaline conditions, which pro-
motes hesperidin isomerization, and the generation of the HMC. Thus, the higher solubility
of HMC confers enriched bioavailability, metabolic stability, and tissue absorption [19,20].
Methods applied to obtain HMC from hesperidin include methylation with dimethylsul-
fate [21]. Chromatography analysis indicates HMC is composed of both fully and partially
methoxylated hesperidin, generated from methylation of the hydroxyl substituents on
aglycon and linked sugars, characterizing this compound as a mixture of chalcones and
flavanones species [21]. HMC peaks in the blood 1–2 h after oral administration and is
excreted in both urine and feces within the first 24 h after administration [20]. In models of
inflammation and pain, the biological properties of HMC include vasoprotective, antioxi-
dant, anti-inflammatory, and analgesic effects [19,22–25]. HMC can both inhibit the major
pro-inflammatory transcription factor nuclear factor κB (NFκB) [19,22,24] as well as induce
nuclear factor erythroid 2-related factor 2 (Nrf2) signaling [23]. After the release of the
Kelch-like ECH-associated protein 1 (Keap1)-Nrf2 complex in the cytoplasm, Nrf2 translo-
cates to the nucleus where it activates nuclear antioxidant responsive elements (ARE) that
regulate the dynamic expression of phase II genes, triggering the transcription of several
detoxification enzymes and cytoprotective genes [26,27]. In humans, the efficacy of HMC
in combination with other molecules for the treatment of vascular dysfunction, including
hemorrhoid and chronic venous insufficiency, is supported by clinical trials [25,28–30].
Importantly, experimental and clinical data demonstrated that HMC is safe, even during
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long term use and high doses [31,32]. Thus, the eventual repurposing of HMC is feasi-
ble. Nevertheless, an investigation of its effects in kidney tissue stimulated with toxic
doses of diclofenac, which mimics AKI induced by NSAIDs, has yet to be conducted. The
present study aims to explore the beneficial therapeutic properties of HMC on experimental
NSAID-induced AKI and the mechanisms underlying these effects.
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2. Materials and Methods
2.1. Animals and Experimental Design

The study was carried out on Swiss mice (male, 30–35 g, aged 6–8 weeks) obtained
through the State University of Londrina (Paraná State, Brazil). The conditions of the facility
in which mice were maintained were as follows: ad libitum feed, twelve/twelve hours
light/dark cycle, regular thermal comfort (21 ◦C), and circulation of air (15–30 cubic feet
per minute/square feet). Animals were maintained in pathogen-free conditions. During
the process of euthanasia for sample collection, animals were exposed to a lethal dose of 5%
isoflurane, followed by cervical dislocation, and subsequent decapitation. The experimental
protocol was carried out according to previous studies by our group [1,9]. Mice received
a standard toxic dose of diclofenac (200 mg/kg, 100 µL, per oral), and 30 min later, were
administered HMC (0.03, 0.3, and 3 mg/kg; 200 µL) or vehicle (saline; 200 µL) via the
intra-peritoneal (i.p.) route. Blood, kidney, and urine samples were analyzed 24 h after
NSAID (sodium diclofenac, SDCF) administration. Blood samples were collected after a
dose-response experiment for the assessment of urea and creatinine levels to determine
the best dose of HMC, and a dose of 3 mg/kg of HMC was chosen for all subsequent
experiments in the study. After this initial analysis, blood samples were collected for
a new round of experiments that included evaluations of oxidative stress (antioxidant
capacity parameters and lipid peroxidation) and cytokine production (both described in
detail below). Renal tissue and urine samples were collected to evaluate the following
parameters: oxidative stress (antioxidant capacity parameters and lipid peroxidation),
cytokine production, swelling, histopathological changes, and mRNA expression of Nrf2
and its downstream effectors, as well as the concentration of a well-known urinary marker
of AKI (NGAL). The experiments using kidney samples were conducted on the entire organ
(one kidney per analysis).

2.2. Compounds Used in the Study

SDCF (Neutaren®) was purchased from Novartis (São Paulo, SP, Brazil); HMC was
acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA); and saline was acquired
from Gaspar Viana S/A (Fortaleza, CE, Brazil). The dilution of SDCF and HMC us-
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ing saline was performed immediately before administration via the oral (p.o.) and i.p.
routes, respectively.

2.3. Evaluation of Renal Function Markers

The evaluation of plasma concentrations of urea and creatinine were performed in
blood samples after p.o. administration of SDCF (24 h). Samples were collected into
heparinized tubes with posterior centrifugation (200× g, 10 min, 4 ◦C), and subsequently
processed for determination of renal function markers using commercial kits (Labtest
Diagnóstico S.A., Lagoa Santa, MG, Brazil). The data are shown as milligram per deciliter
(mg/dL) of plasma.

2.4. Ferric-Reducing Ability Potential (FRAP), 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic
Acid) (ABTS•+) Radical Cation, and Reduced Glutathione (GSH) Assays

FRAP, ABTS and GSH assays were performed to evaluate antioxidant capacity during
the protocols in the present model [1,9]. Kidney and blood samples (EDTA microtubes)
were collected 24 h after SDCF administration and homogenized with 500 µL of 1.15%
KCl, subsequently centrifuged (10 min × 200× g × 4 ◦C), and the ability of the sample
to resist oxidative damage was determined by measuring ferric-reducing ability with the
FRAP assay and free radical scavenging ability with the ABTS assay. FRAP determination
used 50 µL of supernatant, together with 150 µL of deionized water and 1.5 mL of freshly
prepared FRAP reagent. The reaction mixture was incubated at 37 ◦C for 30 min, and
subsequently, the absorbance was measured at 595 nm. The ABTS test was conducted by
using ABTS solution diluted with phosphate-buffered saline at pH 7.4 to an absorbance
of 0.80 at 730 nm. After this step, 1.0 mL of diluted ABTS solution was mixed with
20 µL of supernatant (as prepared for the FRAP assay). After 6 min, the absorbance
was measured at 730 nm. The results were equated against a Trolox standard curve
(1.5–30 µmol/L, final concentrations). The results are expressed as nanomoles (nmol) of
Trolox equivalents per milliliter (mL) or milligram (mg) of tissue for plasma and kidney,
respectively, for both analyses. For the GSH assay, kidney samples were harvested 24 h after
SDCF administration. Samples were homogenized in 0.02 M ethylenediamine tetraacetic
acid (EDTA) reagent and treated with 2 mL of water plus 0.5 mL of 50% TCA (trichloroacetic
acid). Next, homogenates underwent centrifugation (1500× g, 15 min, 4 ◦C) and the
resultant supernatants were carefully removed for subsequent addition to 2 mL of Tris
0.4 M (pH 8.9) plus 50 mL of dithionitrobenzoic acid (DTNB) solution. After 5 min,
spectrophotometric readings were carried out at 412 nm. Data are expressed as nmol of GSH
per mg of tissue. For the three analyses, a Multiskan GO Microplate Spectrophotometer
(Thermo Scientific, Vantaa, Finland) was used.

2.5. Assessment of Thiobarbituric Acid-Reactive Substances (TBARS)

Lipid peroxidation in kidney and blood samples (EDTA microtubes) was assessed 24 h
after the administration of SDCF via TBARS determination using an adapted methodology
described previously [9]. In brief, TCA (10%) was included in the tissue homogenate or
plasma samples to precipitate the proteins. Subsequently, samples underwent centrifu-
gation (1000× g, 3 min, 4 ◦C) and the supernatant was removed for the next step. The
supernatants were then mixed with thiobarbituric acid (TBA; 0.67%), incubated for 15 min
in a boiling water bath (100 ◦C), then transferred to an ice bath. Malondialdehyde (MDA)
was then quantitated as an indicator of lipid peroxidation in kidney and plasma samples
by measuring the absorbance by spectrophotometry (572–535 nm). Data are presented as
TBARS (nmol of MDA per mL) for plasmatic samples, and as TBARS (nmol of MDA per
mg of tissue) for renal samples.

2.6. Evaluation of Cytokines and Neutrophil Gelatinase-Associated Lipocalin (NGAL) Production

The following cytokines were assessed in blood and kidney samples 24 h after the
administration of SDCF: interleukin (IL)-1β, IL-6, interferon (IFN)-γ, IL-33, and IL-10.
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Considering plasmatic assay, after collection (EDTA microtubes), samples were centrifuged
(800× g, 10 min, 4 ◦C), and the generated supernatants were used to assess the levels of
cytokines. Kidney samples were homogenized in 500 µL of saline. Cytokine levels in
both tissues were then measured using enzyme-linked immunosorbent assays (ELISA)
according to the manufacturer’s instructions (eBioscience, San Diego, CA, USA) and
analyzed spectrophotometrically. Data are expressed as mg/dL for plasma samples and as
picograms (pg) per 100 mg of tissue for kidney samples [1,9]. NGAL urine level was also
evaluated by ELISA 24 h after the administration of SDCF. Urine samples were collected
into EDTA microtubes after applying moderate compression of the pelvic region of mice.
Samples were then transferred into anti-mouse NGAL pre-coated plates and processed
according to the manufacturer’s instructions (Cloud-Clone Corp., Katy, TX, USA). The
levels of NGAL were analyzed by spectrophotometry at 450 nm, and the data are presented
as nanogram (ng) per mL of urine [1].

2.7. Histopathological and Swelling Evaluations

For histopathological analysis, kidneys were collected 24 h after the administration of
SDCF. Kidneys initially underwent a fixation process using 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS). Subsequently, the kidneys were dehydrated in a graded
series of ethanol solutions and finally processed for paraffin embedding. The process of
sectioning the cortical potions of the organs was carried out using a cryostat (CM1520,
Leica Biosystem, Richmond, IL, USA) with a thickness of 5 µm. After this step, for the
sections underwent hematoxylin and eosin (H&E) and periodic acid–Schiff (PAS) staining.
Stained sections from the control group, model group (SDCF) treated with vehicle, and
model group treated with HMC were analyzed in a blinded manner through the use of
light microscopy at 40×magnification. A semi-quantitative assessment of kidney damage
was carried out in 10 high-power fields randomly selected as described previously with
modifications [1,9,33] with scoring for each animal. Summed histopathological scores
of different experimental groups were determined by the morphological analysis of the
following parameters: (1) glomerular pathology; (2) impairment of the cortical brush
border; and (3) the presence of vacuoles in tubular cells. A four-point scale was used to
describe the level of pathological change: 0, normal; 1, mild; 2, moderate; 3, severe. The
score for each parameter were combined into a total histopathological score (9 maximum).
Kidney swelling was also evaluated 24 h after SDCF administration by using the organ wet
weight as an indicator. After collection, the kidneys were weighed on a precision balance
and the results presented as mg of renal tissue per gram (g) bodyweight.

2.8. Reverse Transcription and Quantitative Polymerase Chain Reaction (RT-qPCR) Assay

RT-qPCR was performed as previously described [34]. Kidneys were collected 24 h
after the administration of SDCF, homogenized in TRIzol™ Reagent (Thermo Fisher Scien-
tific, Waltham, MA, USA), and total RNA was isolated according to the manufacturer’s
guidelines. The purity of total RNA was measured spectrophotometrically (Multiskan
GO Microplate Spectrophotometer, Thermo Scientific, Vantaa, Finland), and the wave-
length absorption ratio (260/280) was between 1.8 and 2.0 for all preparations. Reverse
transcription of total RNA to cDNA and qPCR were performed using the GoTaq® 2-Step
RT-qPCR System (Promega, Madison, WI, EUA) and target primers with the Step One
Plus TM Real-Time PCR System (Applied Biosystems®, Waltham, MA, USA). The relative
gene expression was measured using the comparative 2−(∆∆Cq) method. The primers used
in this study were as follows: Nrf2—forward, 5′-TCACACGAGATGAGCTTAGGGCAA-
3′; reverse, 5′-TACAGTTCTGGGCGGCGACTTTAT-3′ (gene accession number 18024);
heme-oxygenase-1 (Ho-1)—forward, 5′-CCCAAAACTGGCCTGTAAAA-3′; reverse, 5′-
CGTGGTCAGTCAACATGGAT-3′ (gene accession number 15368); NAD(P)H dehydro-
genase (quinone 1) (Nqo1)—forward, 5′-TGGCCGAACACAAGAAGCTG-3′; reverse, 5′-
GCTACGAGCACTCTCTCAAACC-3′ (gene accession number 18104). The expression of β-
actin (forward, 5′-AGCTGCGTTTTACACCCT TT-3′; reverse, 5′-AAGCCATGCCAATGTT-
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GTCT-3′ (gene accession number 11461) mRNA was used as a control for tissue integrity in
all samples.

2.9. Immunofluorescence Assay in Confocal Microscopy

Twenty-four hours after the administration of SDCF, animals underwent a perfusion
process using 4% PFA in PBS injected via the ascending aorta artery. Next, the kidney was
carefully removed and immersed in 4% PFA and remained in this solution for the next
24 h. After this period, samples were placed in 30% saccharose and incubated for 3 days.
Once embedded (Tissue-Tek® reagent, Torrance, CA, USA), the kidneys were sectioned
to a thickness of 10 µm using cryostat equipment (CM1520, Leica Biosystems, Wetzlar,
Germany). Four samples per animal per slide and five animals per group were analyzed.
Antigenic recovery was performed (exposure to 90 ◦C followed by immediate cooling
until 30 ◦C) then the sections passed through a blocking stage (200 µL/slide; 0.5% tween
20 and 5% bovine serum albumin in PBS) for 2 h, followed by overnight incubation at
4 ◦C with the primary antibody (keap1, D6B12, rabbit IgG mAb, #8047, 1:100 dilution,
Cell Signaling Technology, Danvers, MA, EUA). A solution containing the secondary
antibody (anti-rabbit IgG Fab2 Alexa Fluor® 647, #4414S, 1:1000 dilution, Cell Signaling
Technology, Danvers, MA, EUA) was applied to the slides the next day for 1 h. Treatment
with secondary antibody alone was used to test for non-specific staining. For assembly of
the slides, DAPI melting media reagent (ProLongTM Gold Antifade Mountant, #P36931,
Thermo Fisher Scientific, Waltham, MA, USA) was used. Immunofluorescence analysis of
aleatory fields using a confocal microscope (TSC SP8 Leica microsystem, Wetzlar, Germany)
were performed on different portions of the cortical region of kidneys with a magnification
of 40×. Representative images from each group are presented with a 50 µm scale. Keap1
fluorescence intensity were analyzed by a blinded experimenter and measured using
confocal microscope software to provide quantitative data for the experiment.

2.10. Statistical Methodology

Statistical methods were applied to 6 animals per group (5 animals for immunoflu-
orescence) in individual experiments. For histopathological evaluations, the final score
considered 12 animals per group in individual experiments. The results are representative
of two independent experiments. One-way analysis of variance with Tukey’s post hoc
test was used for the determination of statistical interpretations. Additionally, the non-
parametric Kruskal–Wallis test with Dunn’s post hoc tests was applied to the analysis of
categorical variables. The analyses were carried out with GraphPad Prism 7.00 (GraphPad
software Inc., La Jolla, CA, USA) software. All data are presented as the mean ± standard
deviation (SD). Results with values of p < 0.05 were considered statistically significant.

3. Results
3.1. HMC Reduces SDCF-Triggered Renal Dysfunction: Urea and Creatinine Levels, and
Oxidative Stress in Plasma

Our first approach was designed to determine the most effective dose of HMC to
inhibit SDCF-induced renal dysfunction. SDCF was administrated to the mice orally,
and after 30 min, they received i.p. treatment with HMC (0.03, 0.3, and 3 mg/kg). The
plasmatic levels of urea and creatinine (Figure 2A,B, respectively) were determined 24 h
later. HMC treatment inhibited the elevation of renal dysfunction markers induced by
SDCF in a dose-dependent manner. For urea, it was observed that only a dose of 3 mg/kg
inhibited the increase induced by SDCF. For creatinine, intermediate and high doses of
HMC (0.3, and 3 mg/kg, respectively) inhibited the effect of SDCF. Since 3 mg/kg was the
only dose able to inhibit both markers of impaired renal function, this dose was selected for
the following experiments. Thereafter, we investigate the antioxidant properties of HMC
upon SDFC-induced oxidative stress (Figure 2C–E). HMC treatment restored the impaired
plasmatic antioxidant status induced by SDFC, seen as increased FRAP and ABTS levels
compared to the vehicle control, and inhibited lipid peroxidation levels, seen as a reduced
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concentration of TBARS. These results indicate HMC protects renal tissue from the toxic
effects of SDFC. Further, HMC reduces systemic oxidative parameters in AKI mice, which
reflects its potential antioxidant actions in response to increased free radical activity.
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Figure 2. HMC inhibits SDCF-induced increase of plasmatic levels of urea, creatinine, and oxidative
stress. Blood samples were collected 24 h after the administration of SDCF for the evaluation of urea
(A), creatinine (B), FRAP (C), ABTS (D), and TBARS (E) levels. Results are expressed as mean ± SD,
n = 6 mice per group per experiment, and are representative of two independent experiments.
* p < 0.05 vs. control (C) group; # p < 0.05 vs. vehicle (V) treated group; one ANOVA followed by
Tukey’s post hoc test.

3.2. HMC Reduces IL-6, IFN-γ, and IL-33, but Does Not Modify IL-1β and IL-10 Levels in Plasma

The next investigation aimed to evaluate the levels of pro- and anti-inflammatory
cytokines in plasma. For this approach, SDCF was administrated to the mice orally, and
after 30 min, they received i.p. treatment with HMC (3 mg/kg) for the evaluation of
plasmatic levels of IL-1β, IL-6, IFN-γ, IL-33, and IL-10 (Figure 3A–E). SDCF did not
interfere with IL-1β and IL-10, however, it induced a significant increase in IL-6, IFN-γ, and
IL-33 levels in plasma. HMC treatment did not affect IL-1β and IL-10, but inhibited SDCF-
induced IL-6, IFN-γ, and IL-33 (Figure 3A–E). These data suggest HMC may modulate
some pro-inflammatory cytokines systemically in AKI mice.
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3.3. HMC Reduces Oxidative Stress in Renal Tissue

Antioxidant parameters and lipid peroxidation levels were measured in the kidneys,
the target organ for oxidative stress induced by SDCF, to investigate the effects of HMC.
SDCF was administrated to the mice orally, and after 30 min, they received i.p. treat-
ment with HMC (3 mg/kg) for the evaluation of FRAP, ABTS, GSH, and TBARS levels
(Figure 4A–D). The toxic dose of SDCF impaired antioxidant defenses, observed as reduced
FRAP, ABTS, and GSH levels, and increased lipid peroxidation, observed as increased
TBARS levels in renal tissue. HMC treatment re-established all antioxidant parameters,
and even inhibited lipid peroxidation in kidneys (Figure 4A–C). These data demonstrate
HMC can effectively counteract the oxidative stress induced by SDCF in renal tissue.

3.4. HMC Reduces IL-1β, IL-6, IFN-γ, and IL-33, as well as Increases IL-10 Levels in Renal Tissue

After determining the systemic modulation of cytokines by HMC in SDCF-induced
AKI, our next objective was to evaluate the modulation of cytokines by HMC in renal
tissue. Therefore, SDFC was administrated to the mice orally, and after 30 min, they
received i.p. treatment with HMC (3 mg/kg) and IL-1β, IL-6, IFN-γ, IL-33, and IL-10
levels were determined in renal tissue (Figure 5A–E). SDCF increased the production of
pro-inflammatory cytokines IL-1β, IL-6, IFN-γ, and IL-33, and reduced the production
of the anti-inflammatory cytokine IL-10. Treatment with HMC efficiently inhibited the
increased levels of IL-1β, IL-6, IFN-γ, and IL-33 induced by SDCF, and restored the levels
of IL-10 significantly (Figure 5A–D). These results indicate that in addition to inhibiting
oxidative stress, HMC acts by inhibiting pro-inflammatory and inducing anti-inflammatory
cytokines to combat the toxic effects of SDCF in the kidney.
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the evaluation of IL-1β (A), IL-6 (B), IFN-γ (C), IL-33 (D), and IL-10 (E) levels. Results are expressed
as mean ± SD, n = 6 mice per group per experiment, and are representative of two independent
experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. vehicle (V) treated group; one ANOVA
followed by Tukey’s post hoc test.

3.5. HMC Reduces SDCF-Induced Renal Histopathology, Swelling and Tubular Cells Cytotoxicity

Our next goal was to investigate the protective effects of HMC upon tissue inflam-
matory pathology induced by SDCF. For this approach, SDCF was administrated to the
mice orally, and after 30 min, they received i.p. treatment with HMC (3 mg/kg) for the
evaluation of renal histopathology and swelling, and NGAL urinary levels (Figure 6).
SDCF altered the regular morphology of the cortical layer of renal tissue, observed as
tubular cell dilatation together with flattening of the renal epithelium and disruption of the
brush borders in the proximal convoluted tubes, as well as deformation in glomeruli shape
and Bowman’s capsule injury (Figure 6C,D, respectively), which were not observed in
control mice (Figure 6A,B, respectively). HMC treatment reduced this altered morphology,
conferring protection on the kidney (Figure 6E,F). Besides reducing the histopathology
in renal tissue (Figure 6G), HMC treatment also inhibited kidney swelling and reduced
NGAL levels in urine (Figure 6H,I, respectively), which denotes a reduction in organ
inflammation and tubular cells damage. Altogether, these data show HMC can act as a
powerful therapeutic compound for SDCF-induced AKI-related tissue pathology.
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Figure 6. HMC inhibits SDCF-induced renal histopathology, swelling and tubular cells cytotoxicity.
Kidney samples were collected 24 h after the administration of SDCF for the evaluation of histopathol-
ogy with H&E (A,C,E), and PAS (B,D,F) staining, total histopathological score (G), swelling (H), and
NGAL urinary levels (I). Original magnification 40×; 100 µm scale. Stars show tubular dilatation;
black arrows show glomeruli/Bowman’s capsule lesions; and white arrows show brush border
differences in varied experimental groups. Data are shown as mean ± SD, n = 12 and n = 6 mice
per group per experiment for histopathological analysis and swelling/NGAL, respectively, and are
representative of two independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. SDCF
+ vehicle (V) treated group; Kruskal-Wallis followed by Dunn’s post hoc test (G) and one ANOVA
followed by Tukey’s post hoc test (H,I). G, glomerulus; PT, proximal tubule.
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3.6. HMC induces Nrf2 Signaling to Reduce SDCF-Induced AKI

Considering the importance of oxidative stress to SDCF-triggered AKI and HMC
activity, we investigated whether the HMC protective mechanism involves the activation
of the major antioxidant pathway, Nrf2/ARE. Therefore, SDCF was administrated to the
mice orally, and after 30 min, they received i.p. treatment with HMC (3 mg/kg) for the
evaluation of Nrf2, HO-1, and Nqo1 mRNA expression (Figure 7). Nrf2 and Nqo1 mRNA
expression were not altered by SDCF administration (Figure 7A,C, respectively), however
Ho-1 expression was increased by SDCF (Figure 7B). Treatment with HMC significantly
increased Nrf2 and Nqo1 mRNA expression compared to control mice, and more robustly,
increased Ho-1 mRNA expression in comparison to both control and SDCF administered
mice (Figure 7A–C). These results demonstrate the induction of the Nrf2 pathway by HMC,
and consequently, its downstream signaling effectors, contributing to the mechanism that
reduces SDCF-induced AKI.
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Figure 7. HMC induces Nrf2 signaling in renal tissue. Kidney samples were collected 24 h after the
administration of SDCF for the evaluation of Nrf2 (A), Ho-1 (B), and Nqo1 (C) mRNA expression.
Results are expressed as mean ± SD, n = 6 mice per group per experiment, and are representative
of two independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. vehicle (V) treated
group; one ANOVA followed by Tukey’s post hoc test.

3.7. HMC Reduces Keap1 in the Kidney

The results in Figure 7 indicate that the Nrf2 system is stimulated by HMC treatment.
Keap1 is a negative regulator of Nrf2 present in the cytoplasm. Keap1 favors cullin-based
E3 ubiquitin ligase-mediated ubiquitination of Nrf2 [26]. Control and SDCF + vehicle
groups presented similar renal staining for Keap1 indicating that Nrf2 is under control
(Figure 8A,B,D). HMC treatment reduced Keap1 fluorescence detection (Figure 8C,D),
and Nrf2 would be able to translocate to the nucleus and activate ARE-dependent gene
expression in these mice. Thus, these data line up with the previous results indicating
HMC reduces oxidative stress and enhances endogenous antioxidant defenses as well as
stimulating the Nrf2 pathway and its downstream targets.

94



Antioxidants 2022, 11, 1261

Antioxidants 2022, 11, x FOR PEER REVIEW 12 of 18 
 

 
Figure 7. HMC induces Nrf2 signaling in renal tissue. Kidney samples were collected 24 h after the 
administration of SDCF for the evaluation of Nrf2 (A), Ho-1 (B), and Nqo1 (C) mRNA expression. 
Results are expressed as mean ± SD, n = 6 mice per group per experiment, and are representative of 
two independent experiments. * p < 0.05 vs. control (C) group; # p < 0.05 vs. vehicle (V) treated group; 
one ANOVA followed by Tukey’s post hoc test. 

3.7. HMC Reduces Keap1 in the Kidney 
The results in Figure 7 indicate that the Nrf2 system is stimulated by HMC treatment. 

Keap1 is a negative regulator of Nrf2 present in the cytoplasm. Keap1 favors cullin-based 
E3 ubiquitin ligase-mediated ubiquitination of Nrf2 [26]. Control and SDCF + vehicle 
groups presented similar renal staining for Keap1 indicating that Nrf2 is under control 
(Figure 8A,B,D). HMC treatment reduced Keap1 fluorescence detection (Figure 8C,D), 
and Nrf2 would be able to translocate to the nucleus and activate ARE-dependent gene 
expression in these mice. Thus, these data line up with the previous results indicating 
HMC reduces oxidative stress and enhances endogenous antioxidant defenses as well as 
stimulating the Nrf2 pathway and its downstream targets. 

 
Figure 8. HMC reduces Keap1 protein expression in renal tissue. Kidney samples were collected 24 
h after the administration of SDCF for the evaluation of immunofluorescence detection of Keap1 
(A–D). Original magnification 40×; 50 μm scale. DAPI was used for nuclear detection in samples. 

Figure 8. HMC reduces Keap1 protein expression in renal tissue. Kidney samples were collected
24 h after the administration of SDCF for the evaluation of immunofluorescence detection of Keap1
(A–D). Original magnification 40×; 50 µm scale. DAPI was used for nuclear detection in samples.
Data are showed as mean ± SD, n = 5 mice per group per experiment, and are representative of
two independent experiments. f p < 0.05 vs. control (C) and SDFC + vehicle treated (V) groups; one
ANOVA followed by Tukey’s post hoc test.

4. Discussion

Although considered an effective pharmacological tool for the treatment of fever,
acute and chronic pain, and inflammatory diseases, the clinical applicability of diclofenac
is frequently hampered by adverse effects related to its use [1,3,9,11]. Kidneys represent
the master human organ related to diclofenac excretion [35]. For this reason, renal tissue is
frequently exposed to diclofenac and its metabolites, such as diclofenac acyl glucuronide
(diclofenac beta-D-glucosiduronic acid; C20H19Cl2NO8), and thus, is especially vulnerable
to their toxic effects [36]. The nephrotoxic effects of diclofenac are dose-dependent, increas-
ing concomitantly with higher doses [37]. Moreover, the interaction of diclofenac with
other drugs, including the nucleotide analogue inhibitor of reverse transcriptase, tenofovir
disoproxil, substantially boosts the risk of acute kidney injury [38]. Evidence also indicates
that long-term use together with the analgesic drug paracetamol (acetaminophen) leads
to drug-induced chronic kidney disease [39]. All these data highlight the need for new
alternative therapies to treat AKI.

The present study demonstrates for the first time the nephroprotective effects of the
flavonoid HMC in diclofenac-induced AKI in mice. HMC reversed the dysfunctional
pathological aspects of AKI since we observed an improvement in the levels of the renal
function markers urea and creatinine. The magnitude of inflammation in acute kidney
injury may vary according to some aspects, including age and weight of animals [40,41].
Kidney inflammation caused by SDCF was also counteracted by HMC, reducing kidney
swelling and modulating systemic and renal cytokine production. Mechanistically, we
showed HMC presents a remarkable antioxidant effect in blood and kidney (restoration of
antioxidant capacity and reduction of lipid peroxidation), with this effect being attributed
to the structural antioxidant activity of HMC [23] and activation of the Nrf2 pathway.
The outcomes observed in the present model indicated diminished damage to kidney
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tissue after SDCF administration (attenuation of renal histopathological score and NGAL
urinary levels in HMC treated mice). The HMC dose needed to achieve these effects
in the present intoxication model was 3 mg/kg. In other models studied by our group,
including those of inflammation and pain, treatment effects were obtained with higher
doses [19,22,24,35,42]. The difference among these models is a major point for the difference
in HMC action. Models in which an inflammatory stimulation activated tissue resident and
recruited immune cells through receptors to cause inflammation and pain characterizes
our previous studies. The current SDCF-induced AKI is a different condition because it
is not related to the primary mechanism of action for SDCF, that is, the inhibition of COX
isoforms. SDCF does not induce oxidative stress at therapeutic doses. However, there is
overuse and intentional intoxication on some occasions. Thus, it is essential to note that
in previous studies we adopted models based on pharmacology principles in which the
recruitment and activation of leukocytes was higher, and consequently, oxidative stress
was also higher. It is hypothesized that SDCF and its metabolites cause kidney damage
via interaction with renal organic anion transporters (OATs) [36], a different mechanism to
that induced by inflammatory stimuli. Furthermore, our previous studies were of arthritis,
skin inflammation and colitis, thus, the targets tissues involved and the physiopathological
mechanisms in each model were different, as were the stimuli. Additionally, the routes
used for the administration of HMC varied between these studies (oral and i.p.), which
modifies the pharmacokinetics of the drug, as well as its bioavailability. In addition to all
these differences, it is important to highlight that HMC is excreted is the urine [20], likely
allowing more abundant accumulation of the compound in the kidney. Thus, we speculate
that it may reach higher concentrations in the kidney than in other organs, such as joints
and skin, which were used in previous studies. Therefore, these variables (different stimuli,
physiopathological mechanisms, affected tissues, disease duration, route of excretion, and
routes of HMC administration of) may explain the different dosages needed for a treatment
effect among these studies.

Acute renal failure is clinically observed as a rapid elevation in serum creatinine and
urea concentrations above the limits considered normal. The main rationale characterizing
the use of urea and creatinine levels as markers of AKI concerns glomerular filtration rate
(GFR) status, a fundamental aspect for clinical diagnosis of AKI. As GFR declines, the
excretion of urea and creatinine in urine decreases and blood concentrations increase [43].
We observed a clear glomerular architectural change after SDCF administration together
with increased urea and creatinine levels in the blood, indicating glomerulus injury and
reduced GFR, respectively. These changes were inhibited in mice that received HMC
treatment, indicating this flavonoid targets SDCF toxicity to prevent functional deficits in
renal tissue. Importantly, although frequently used, urea and creatinine serum levels may
not be as sensitive for identifying AKI [1,43]. Thus, we are also concerned with evaluating
the most reliable markers for kidney damage. Preclinical studies were very important for
the discovery of more specific markers of kidney injury [44]. NGAL protein is considered a
sensitive and predictive early molecule of AKI [45], and its urinary increase reflects damage,
especially to the glomeruli and proximal tubules [46,47]. In a previous study by our group,
we demonstrated for the first time that NGAL is also an important marker of SDCF-induced
AKI [1]. In this sense, we evaluated the effects of HMC on SDCF-induced increased NGAL
urinary levels. HMC treatment efficiently mitigated the rise in NGAL levels, which is
consistent with the improvement in renal function (reduced urea and creatinine levels) and
histopathological score (reduced glomerular and proximal tubular cells damage) observed
in HMC-treated mice.

After observing that HMC leads to reduced SDCF toxicity in renal tissue, the mech-
anisms by which HMC confers such protection were investigated. As mentioned earlier,
HMC is known for its anti-inflammatory and antioxidant effects. SDCF induces the activa-
tion of NFκB in the kidney [1,9,48] and leads to an increase in the production of inflamma-
tory mediators, including cytokines [1,9]. In AKI, cytokines may be released by recruited
and/or resident leukocytes as well as by renal tubular cells, promoting kidney inflamma-
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tion (as observed by kidney swelling in the present study). Cytokines are also released
into the blood, thus reflecting potential urine and blood biomarkers of AKI [1,9,49,50].
Their systemic release during AKI may even promote damage to distant organs, raising
the importance of inhibiting cytokine production to avoid both kidney and distant organ
injury [49]. We observed that HMC inhibited pro-inflammatory cytokine production and
stimulated an anti-inflammatory cytokine after SDCF administration. In plasma samples,
HMC inhibited IL-6, IFN-γ, and IL-33 levels, whereas it did not affect IL-1β and IL-10 levels
since they were not altered in SDCF AKI. In the kidney, the inhibition detected after HMC
treatment included IL-6, IFN-γ, IL-33, and IL-1β. The profile for IL-10 levels in plasma and
renal tissue differed between the experimental groups. In the plasma, there was only a
tendency for a reduction in IL-10 in the SDCF vehicle-treated group, and for an increase in
the HMC-treated group, which contrasts with the significant changes observed in renal
tissue. This apparent incongruence in the data may represent differences in the dynamics
of cytokine production and release after SDCF stimulus. Regardless, HMC inhibited all
evaluated pro-inflammatory cytokines altered by SDCF, and at the same time, it induced
IL-10 in the kidney. In renal tissue, an increase in IL-10 production is interesting considering
that besides being a fundamental cytokine for controlling excessive inflammation through
inhibition of pro-inflammatory cytokines, IL-10 may positively regulate HO-1 [51]. In
turn, HO-1 promotes adaptive antioxidant cellular response to reduce or prevent damage
resulting from oxidative stress. In SDCF-induced AKI, we demonstrated that in addition
to inducing IL-10 production, HMC also activated another decisive signaling cascade that
mediates HO-1 production, the Nrf2/ARE antioxidant pathway, which is discussed below.

Mice that were treated with HMC presented increased antioxidant capacity in both
plasma and renal samples, as indicated by FRAP and ABTS tests. Reduced levels of lipid
peroxidation were also detected in both tissues in animals treated with HMC. Moreover,
HMC induced increased production of the non-enzymatic antioxidant GSH in renal tissue.
These data are extremely important, since oxidative stress accounts for the impairment
in GFR [52,53]. In fact, in a reactive oxygen species-dependent manner, cytokines such as
IL-1β and IL-6 may promote dysfunction of glomerular permeability to impair the GFR
rate [53]. These latter data highlight the intimate link between cytokines and oxidative stress
in renal damage caused by SDCF. The present results corroborate previous studies which
demonstrated potential antioxidant effects of HMC in other models involving different
pathological mechanisms [19,22–24,54]. For instance, in ultraviolet B (UVB)-irradiated
mouse skin, HMC restored impaired GSH production and inhibited the expression of
gp91phox subunit of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase that
generates superoxide anions [23,54]. Increased production of cellular superoxide anion
is a contributing mechanism to the perpetuation of an oxidant cascade that ultimately
leads to lipid peroxidation. The restoration of GSH levels and inhibition of oxidative
stress by HMC were also demonstrated in models of zymosan-induced arthritis [22] and
experimental ulcerative colitis [42]. In the present experimental model, HMC efficiently
reduced lipid peroxidation in blood and renal tissues. HMC has the structural ability to
act as an antioxidant [23]; however, the activation of the Nrf2/ARE signaling pathway
might also account for the effects of HMC. HMC can induce Nrf2 signaling in inflamed
skin [23], and here, we demonstrate this modulation can also occur in the kidney after
suffering the toxic effects of SDCF. ARE-dependent gene expression drives the canonical
expression of HO-1, NQO1, glutamatecysteine ligase (GCL), glutathione S-transferases
(GSTs), catalase (CAT), superoxide dismutase (SOD), and thioredoxin, among others [26],
which mediate powerful antioxidant effects. Through GCL induction, Nrf2 can upregulate
GSH levels [55]. Therefore, the upregulation of GSH observed here after HMC treatment
is consistent with an effect on Nrf2 activity. In addition to increasing GSH levels in renal
tissue, HMC effectively enhanced mRNA expression for Nrf2 and its downstream effectors
Nqo1 and Ho-1 in the kidney, further contributing to the antioxidant effects observed.
We also observed that Keap1 immunostaining was reduced in the kidneys after HMC
treatment, which is also consistent with the notion that Nrf2 signaling was enhanced by
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this flavonoid [26]. The inhibition of NFκB by HMC is possibly an additional mechanism for
containing oxidative stress in SDCF-induced AKI, as this pro-inflammatory transcription
factor is redox sensitive [1,9,26,34].

Besides being a potent inducer of antioxidant responses, Nrf2 can also contribute to
reducing inflammation [26,56]. This concept is supported by several preclinical studies
evaluating Nrf2 during the modulation of inflammatory states. For instance, Nrf2 activity
may reduce the expression of pro-inflammatory cytokines (including tumor necrosis factor-
α (TNF-α) and IL-6) in immune cells, such as neutrophils and macrophages. High Nrf2
expression counteracts the expression of pro-inflammatory genes by inhibiting NFκB
and Nrf2 disruption aggravates the inflammatory response in models of sepsis, pleurisy,
emphysema, and autoimmune diseases [56]. Through GATA binding protein-3 (GATA-3)
induction, Nrf2 can simultaneously suppress the production of IFN-γ and increase the
production of Th2 cytokines IL-4, IL-5, and IL-13 [57] and CD4+ T cells from Nrf2 knockout
mice produce more IFN-γ and less Th2 cytokines [57]. Finally, Nrf2 can promote the
production of IL-10 and transforming growth factor-β (TGF-β) in FoxP3-expressing Treg
cells [56]. Thus, this robust body of evidence indicates Nrf2 per se is crucial for the control
of inflammation.

5. Conclusions

Although considered a drug of first choice for many clinical conditions related to pain
and inflammation, SDCF may induce kidney toxicity. One relevant pathological mechanism
of SDCF for the induction of renal damage involves the depletion of antioxidant defenses
together with increased oxidative stress. Therefore, alternative pharmacological tools with
antioxidant properties and no adverse reactions for renal tissue need to be validated to
reduce the potential negative impacts of this condition. Data obtained from this study
indicates HMC improves antioxidant status, as measured by total antioxidant capacity
in blood and renal tissue, and GSH levels in the kidney. Reduced lipid peroxidation
in kidney and blood was also observed after HMC treatment. The alleviation of SDCF-
induced nephrotoxicity by HMC was not limited to redox state modulation since it also
inhibited pro-inflammatory cytokines in blood and kidney and increased production of the
anti-inflammatory cytokine IL-10 in the kidney. These antioxidant and anti-inflammatory
properties of HMC in the present model reduced the damage in renal tissue caused by
SDCF with a contribution from the activation of the Nrf2/ARE redox-sensitive pathway
and a reduction in Keap1. Thus, the present study supports clinical investigation of HMC
as an effective therapeutic option for the treatment of SDCF-induced AKI.
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Abstract: Citrus (genus Citrus L.) fruits are essential sources of bioactive compounds with antioxidant
properties, such as flavonoids. These polyphenolic compounds are divided into subclasses, in
which flavanones are the most prominent. Among them, naringenin and hesperidin are emerging
compounds with anticancer potential, especially for breast cancer (BC). Several mechanisms have
been proposed, including the modulation of epigenetics, estrogen signaling, induction of cell death
via regulation of apoptotic signaling pathways, and inhibition of tumor invasion and metastasis.
However, this information is sparse in the literature and needs to be brought together to provide an
overview of how naringenin and hesperidin can serve as therapeutic tools for drug development and
as a successful co-adjuvant strategy against BC. This review detailed such mechanisms in this context
and highlighted how naringenin and hesperidin could interfere in BC carcinogenesis and be helpful
as potential alternative therapeutic sources for breast cancer treatment.

Keywords: citrus fruits; bioactive compounds; breast cancer; flavanones; naringenin; hesperidin;
antioxidants; anticancer activity

1. Introduction

Breast cancer (BC) is the most common malignancy in women worldwide and the
leading cause of cancer-related deaths in the population [1]. BC cases are expected to
increase by 4.4 million annually by 2070 [2]. Based on the expression of hormonal receptors
(estrogen—ER and progesterone—PR) and the human epidermal growth factor receptor 2
(HER2) amplification, BC is classified as luminal (ER and/or PR+), HER2-amplified (any
ER/PR status), or triple-negative (ER and PR -). These molecular subtypes are pivotal
for clinical management and chosen therapeutic strategies [3,4]. BC is a multifactorial
disease, and despite advances in screening and treatment, the underlying mechanisms and
treatment alternatives are under continuous investigation [5].

Oxidative stress has been implicated as a mechanism involved in breast cancer de-
velopment [6,7]. This type of stress can result from various factors, including menopause,
aging, exposure to estrogen, or even genetic predisposition, and occurs when there is an
imbalance between the production and neutralization of reactive species (RS). Normal
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cells continuously generate RS from the incomplete oxygen reduction that occurs during
respiratory chain reactions. Thus, complex antioxidant systems are essential to protect
the organism and are composed of a range of enzymatic (such as superoxide dismutase
(SOD), glutathione peroxidase (GPx), glutathione reductase, catalase), and nonenzymatic
antioxidants (e.g., glutathione (GSH), vitamins C and D), which help to reduce or inhibit
oxidative damage caused by RS [6,8–10]. These systems act as scavengers or quenchers of
RS, converting these reactive species into less reactive intermediates and preventing cell
damage [11,12]. Antioxidants significantly prevent or delay the oxidation of sensitive sub-
strates, such as lipids, proteins, and DNA, even at low concentrations, thereby maintaining
cellular homeostasis [13].

However, when the oxidant-antioxidant balance is disrupted due to excessive RS
production or insufficient antioxidants, the accumulation of RS can cause oxidative stress.
This condition is directly linked to the physiopathology of numerous diseases, includ-
ing chronic inflammation and cancer. Despite significant redundancy in the antioxidant
systems, they all neutralize RS to preserve redox stability and protect lipids, proteins,
and DNA from oxidative stress damage [14,15]. Under sustained environmental stress,
RS can cause significant damage to cell structures, including DNA damage, which can
contribute to abnormal cell growth and promote metastasis, angiogenesis, and hypoxia
adaptation [16]. DNA damage can lead to genomic instability, which is a necessary step for
cancer initiation, promotion, and progression [10,17,18].

Nonenzymatic antioxidants can be obtained from the diet and are indispensable for
proper defense against widespread oxidation [19]. Therefore, they play a crucial role in
maintaining cellular health, and maintaining an antioxidant-rich diet has been shown to
prevent more than two-thirds of human cancers [14,20]. It is widely accepted that fruits
and vegetables rich in antioxidants are pivotal components of a healthy diet and can reduce
the incidence of numerous malignancies [14]. Phytochemicals appear to contribute to
cancer prevention by reversing the malignant transformation caused by oxidative stress,
indicating their chemopreventive potential [21]. It is worth noting that phytochemicals are
great sources of oncological drugs and are usually cost-effective [22].

Investigating natural compounds derived from vegetables and fruits has the potential
to provide new insights into both prevention and complementary therapeutics, thereby
strengthening the field of “green chemistry.” Among the fruits commonly consumed world-
wide, citrus fruits belong to the Citrus genus, which encompasses some of the most widely
cultivated fruit crops worldwide and stands out as a rich source of phenolic compounds
that have been linked to reducing oxidative stress-related disorders [16,23]. The phenolic
compounds found in citrus fruits have been shown to have several positive impacts on
the body, including reducing inflammation [24], improving cardiovascular health [25], and
protecting against oxidative stress-related disorders [26,27]. Several in vitro and in vivo
studies have shown that flavonoids, especially flavanones, the main class of flavonoids
in citrus extracts, such as naringin and naringenin [22,28], possess antiproliferative, anti-
inflammatory, and pro-apoptotic properties [29–34]. Other compounds found in citrus
fruits that have demonstrated potential anticancer effects include quercetin [15,35–41],
hesperidin [42–44], hesperetin [45,46], polymethoxyflavones [47–49], eriodyctiol [50,51],
bergapten [52,53], tangeretin [54,55], auraptene [56–58], limonin [59], naringenin [60–65],
and naringin [66–68], as shown in (Table 1). These findings suggest a potential role for
flavonoids in cancer therapy, including breast cancer.
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Table 1. Activities of several citrus-derived natural bioactive compounds.

Compounds Classification Review Highlights
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Bergapten 
5-Methoxypsoralen 

Polyphenol class: Other polyphenols 
Polyphenol sub-class: Furanocoumarins 

Family: Furanocoumarins 

Anti-inflammatory, 
antimicrobial, antifungal, 
antiviral, anticancer, and 

antiosteoporosis [52]. 
Neuroprotection activity, effect 

on vitiligo and psoriasis, 
analgesic activity, 

immunosuppressive properties, 
and antidiabetics [53]. 

 
 
 

 
 
 

Eriodictyol 
5,7,3′,4′-Tetrahydroxyflavanone 

Polyphenol class: Flavonoids 
Polyphenol sub-class: Flavanones 

Family: Flavanones 

Antioxidant, anti-
inflammatory, anticancer, 

neuroprotective, 
cardioprotective, 

hepatoprotective, anti-diabetic, 
and anti-obesity activity [50]. 

Skin protection, 
immunomodulatory, analgesic, 

antipyretic, antinociceptive, 
and miscellaneous activities 

[51]. 

 
 
 

 
 
 
 
 

Auraptene 
7-geranyloxycoumarin 

Class: Phenol lipids 
Sub-class: Terpene Lactones 

Family: Terpene Lactones 

Antitumor activity against BC, 
colorectal, ovarian, skin, 

gastric, esophageal, hepatic, 
and prostate cancer [56]. 

Cardioprotective, 
gastrointestinal protective, 

immune protective, and 
miscellaneous effects [57]. 

Effects on neurodegenerative 
diseases, periodontal disease, 
oncogenesis, cystic fibrosis, 

hypertension, and lipid profile 
[58]. 

 
 
 

 
 
 

Polyphenol class: Flavonoids 
Polyphenol sub-class: Flavanones 

Family: Methoxyflavanones 

Antioxidant and anti-
inflammatory effects [45]. 

Anticancer activities against 
glioblastoma, breast, lung, 

prostate, colon, liver, 
pancreatic, kidney, gastric, oral, 

ovarian, and leukemia [46]. 

Bergapten
5-Methoxypsoralen

Polyphenol class: Other polyphenols
Polyphenol sub-class: Furanocoumarins

Family: Furanocoumarins

Anti-inflammatory, antimicrobial,
antifungal, antiviral, anticancer, and

antiosteoporosis [52]. Neuroprotection
activity, effect on vitiligo and psoriasis,
analgesic activity, immunosuppressive

properties, and antidiabetics [53].
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Eriodictyol
5,7,3′,4′-Tetrahydroxyflavanone

Polyphenol class: Flavonoids
Polyphenol sub-class: Flavanones

Family: Flavanones

Antioxidant, anti-inflammatory,
anticancer, neuroprotective,

cardioprotective, hepatoprotective,
anti-diabetic, and anti-obesity
activity [50]. Skin protection,

immunomodulatory, analgesic,
antipyretic, antinociceptive, and

miscellaneous activities [51].
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inflammatory effects [45]. 

Anticancer activities against 
glioblastoma, breast, lung, 

prostate, colon, liver, 
pancreatic, kidney, gastric, oral, 

ovarian, and leukemia [46]. 

Auraptene
7-geranyloxycoumarin

Class: Phenol lipids
Sub-class: Terpene Lactones

Family: Terpene Lactones

Antitumor activity against BC, colorectal,
ovarian, skin, gastric, esophageal, hepatic,

and prostate cancer [56].
Cardioprotective, gastrointestinal

protective, immune protective, and
miscellaneous effects [57]. Effects on

neurodegenerative diseases, periodontal
disease, oncogenesis, cystic fibrosis,
hypertension, and lipid profile [58].
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antipyretic, antinociceptive, 
and miscellaneous activities 

[51]. 

 
 
 

 
 
 
 
 

Auraptene 
7-geranyloxycoumarin 

Class: Phenol lipids 
Sub-class: Terpene Lactones 

Family: Terpene Lactones 

Antitumor activity against BC, 
colorectal, ovarian, skin, 

gastric, esophageal, hepatic, 
and prostate cancer [56]. 

Cardioprotective, 
gastrointestinal protective, 

immune protective, and 
miscellaneous effects [57]. 

Effects on neurodegenerative 
diseases, periodontal disease, 
oncogenesis, cystic fibrosis, 

hypertension, and lipid profile 
[58]. 

 
 
 

 
 
 

Polyphenol class: Flavonoids 
Polyphenol sub-class: Flavanones 

Family: Methoxyflavanones 

Antioxidant and anti-
inflammatory effects [45]. 

Anticancer activities against 
glioblastoma, breast, lung, 

prostate, colon, liver, 
pancreatic, kidney, gastric, oral, 

ovarian, and leukemia [46]. 
Hesperetin

5,7,3′-Trihydroxy-4′-methoxyflavanone

Polyphenol class: Flavonoids
Polyphenol sub-class: Flavanones

Family: Methoxyflavanones

Antioxidant and anti-inflammatory
effects [45]. Anticancer activities against

glioblastoma, breast, lung, prostate,
colon, liver, pancreatic, kidney, gastric,

oral, ovarian, and leukemia [46].
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Polyphenol class: Flavonoids 
Polyphenol sub-class: Flavanones 

Family: Flavanones 

Effect on obesity, diabetes, 
hypertension, cardiac toxicity, 

hypertrophy, remodeling, 

Hesperidin
Hesperetin 7-O-rutinoside

Polyphenol class: Flavonoids
Polyphenol sub-class: Flavanones

Family: Flavanones

Effects on cardiovascular, neurological,
psychiatric disorders, and antitumor

activity [42]. Lipid metabolism, glucose
metabolism, and inflammation

activity [43]. Improvements in epidermal
permeability barrier function, protection
against UV irradiation, melanogenesis,

acceleration of cutaneous wound
healing, antioxidant [44].
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Polyphenol class: Flavonoids 
Polyphenol sub-class: Flavanones 

Family: Flavanones 

Effect on obesity, diabetes, 
hypertension, cardiac toxicity, 

hypertrophy, remodeling, 

Limonin

Class: Prenol lipids
Sub-class: Triterpenoids

Anticancer, anti-inflammatory, analgesic,
antibacterial, antiviral, anti-insect,

antioxidant, liver protection,
neuroprotection, anti-osteoporosis,

anti-obesity, and
anti-allergy activities [59].
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Naringenin
5,7,4′-Trihydroxyflavanone

Polyphenol class: Flavonoids
Polyphenol sub-class: Flavanones

Family: Flavanones

Immunomodulator [60], neuroprotective
effects [61], anticancer activity against

breast, colorectal, lung, liver, brain,
leukemia, lymphoma, skin, cervical,

prostate, pancreatic, gastric, oral,
osteosarcoma, bladder, and ovarian

cancer [62]. Effects on atherosclerosis,
coronary artery disease, hypertension,

cardiac hypertrophy, myocardial
infarction, ischemic stroke [63], and
fibrosis [64]. Antioxidant, antiviral,

and antidiabetic [65].
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Naringin
Naringenin 7-O-neohesperidoside

Polyphenol class: Flavonoids
Polyphenol sub-class: Flavanones

Family: Flavanones

Effect on obesity, diabetes, hypertension,
cardiac toxicity, hypertrophy, remodeling,

steatosis, hepatic protection,
atherosclerosis, oxidative stress [66],

metabolic syndrome, bone regeneration,
genetic damage, central nervous system

(CNS) diseases, anticancer and
anti-inflammatory activity [67,68].
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(A) 5,7,3′,4′-Tetra-methoxyflavone
(B) 7,8,3′,4′-Tetra-methoxyflavone

Polyphenol class: Other polyphenols
Polyphenol sub-class:
Polymethoxyflavones

Family: Polymethoxyflavones

Effects on circadian rhythm and
metabolism [47] and neurodegenerative

diseases [48]. Induces apoptosis via
modulating the anti-tumor immunity,

endoplasmic reticulum (ER)
stress-mediated apoptosis, epigenetics

modulators, protective autophagy,
pyroptosis, ferroptosis, and anoikis

cell death [49].
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Family: Flavonols 

Anti-cancer properties in BC, 
prostate cancer, ovarian cancer, 

lung cancer, colon cancer, 
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Quercetin
3,5,7,3′,4′-Pentahydroxyflavone

Polyphenol class: Flavonoids
Polyphenol sub-class: Flavanols

Family: Flavonols

Anti-cancer properties in BC, prostate
cancer, ovarian cancer, lung cancer, colon

cancer, hepatocellular carcinoma,
lymphoma, and pancreatic cancer [15].
Effects on autoimmune diseases [35],

metabolic syndrome [36], oxidative stress,
and autophagy [37]. Anti-allergic [38],

anti-inflammatory, anti-hypertensive [39],
antiviral [40], and

neuroprotective efficacy [41].
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Tangeretin
5,6,7,8,4′-Pentamethoxyflavone

Polyphenol class: Flavonoids
Polyphenol sub-class: Flavanes

Family: methoxyflavones

Antitumor, neuroprotective, antidiabetic,
hepatoprotective, immunomodulatory,

melanogenesis, and antioxidant activities
[54]. Induces apoptosis and autophagy

and suppresses migration, invasion,
and angiogenesis [55].

Structures presented in Table 1 were obtained from the ACD/ChemSketch software (Freeware) based on those
presented in the original articles.

Citrus fruits are an important source of phenolic compounds that have the properties
and the potential to be co-administered in chemotherapeutic regimens, but their mechanism
of action is complex and requires further research. While there is evidence suggesting that
citrus flavones may have a protective effect against breast cancer, more research is needed
to fully evaluate the potential for their use in breast cancer prevention or treatment. In
this context, the present review focuses on the current understanding of the anti-breast
cancer effects of naringenin and hesperidin to investigate potential insights for co-adjuvant
treatment strategies.

2. Data Analysis Methodology

This review focuses on research considering the composition, function, and anti-
cancer properties of two citrus flavanones, naringenin and hesperidin, for BC. PubMed,
ScienceDirect, and Google Scholar databases were searched using the keywords “cit-
rus fruits/naringenin/anti-breast cancer”, “Citrus fruits/hesperidin/anti-breast cancer”,
“naringenin/anti-breast cancer”, and “hesperidin/anti-breast cancer”. The studies selected
were published between 2012 and 2022, and a total of 1.861 articles were analyzed thor-
oughly, examining the titles and abstracts to verify their relevance. We selected 162 original
articles that specifically analyzed the bioactivity of naringenin and hesperidin concerning
BC. Articles that did not fit these criteria were excluded.

3. Naringenin and Hesperidin: An Overview
3.1. Citrus Fruits and Flavanones

The genus Citrus, a member of the Rutaceae family and the Aurantioidae subfamily, is
one of the most widely cultivated and consumed plant species globally [23,69]. Originating
in the Himalayan region of southwestern China, northeastern India, and northern Burma,
it has since been grown in over 140 countries [70]. The taxonomy of the genus Citrus is
complex and controversial, mainly because of sexual compatibility between species and
genera, the high frequency of bud mutations, and the long history of cultivation and wide
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dispersion, making the quantification of species uncertain, but it is known that this genus
contains numerous species that differ in their fruit, flower, leaf, and twig characteristics [71].

Some of the most commercially important species of Citrus include the sweet orange
(Citrus sinensis), sour orange (C. aurantium), mandarin (C. reticulata), grapefruit (C. paradisi),
pummelo (C. grandis), lemon (C. limon), citron (C. medica), lime (C. aurantifolia), kumquat
(C. japonica), and hybrids [70]. Citrus fruits are rich in secondary metabolites such as
polyphenols and terpenoids [71]. A hundred polyphenols have been detected in citrus,
with flavonoids being the most important bioactive components with a wide variety and
distribution present in almost all the parts of citrus fruits in different species [72].

Flavonoids, responsible for the flavor and color of fruits and flowers, are involved
in metabolic processes and chemical signaling. They are further divided into subclasses
such as flavanones, flavonols, anthocyanins, flavones, and polymethoxyflavones [73,74].
Although the content and types of flavonoids vary among Citrus species and fruit parts,
flavanones are the most important in Citrus species, which are represented by two main cat-
egories, further classified into glycoside (hesperidin and narirutin) or aglycone (hesperetin
and naringenin) (Figure 1) [69,71,73]. They can be found in all plant parts, such as stems,
branches, bark, flowers, leaves, roots, and seeds [71].
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Figure 1. Naringenin and hesperidin derived from citrus fruits. Schematic representation of the
sequential distribution of the major functional bioactive compounds (polyphenols, flavonoids, and
flavanones) found in Citrus species and characterization of the molecular structure of the flavanone
subclasses aglycone (naringenin) and glycoside (hesperidin).

Of all the flavanone varieties, hesperidin (3,5,7-trihydroxyflavanone 7-rhamnoglucoside)
and naringenin (4′,5,7-trihydroxyflavanone) are the predominant flavanones in citrus
fruits [75,76] and can be found in all parts of the plant, including stem, branches, bark,
flowers, leaves, roots, rhizomes, seeds, fruits, and peels [71]. These flavones have well-
established beneficial effects on human health and, in addition to citrus fruits, can also be
found in other natural sources such as honey, mint, and tomatoes [76].

Hesperidin is a flavanone glycoside consisting of hesperetin (aglycone) and rutinose
disaccharide (glucose-related rhamnose) (Table 1). It is most abundant in clementines,
sweet oranges, mandarin oranges, and lemons. Studies have shown that hesperidin is
most abundant in the peel and membranous sections of citrus fruits [72]. Naringenin is
the predominant flavanone found mainly in grapefruit. It is an aglycone flavanone, and it
can exist in different forms depending on the sugar molecule attached to it. Naringenin
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can be found as glycoside forms naringenin-7-O-rutinoside (narirutin) and naringenin-7-O-
glucoside (naringin), both occurring naturally as aglycone and glycoside forms [72,77].

In general, the biological properties of hesperidin and naringenin include antioxidant,
anti-inflammatory, inhibitory effects against obesity-associated diseases, and anti-cancer
properties. They also act in cardiovascular protection and analgesic manner [30,43,78–81].
Moreover, studies have demonstrated that these compounds can modulate molecular
targets and signaling pathways involved in cell survival, proliferation, differentiation,
migration, angiogenesis, and hormonal activity [82].

3.2. Sites of Interaction and Structure-Activity Relationship by Naringenin and Hesperidin

Secondary metabolites are generated during the biosynthesis process, which, for
naringenin and hesperidin, follow a common pathway through the phenylpropanoid
pathway. First, the phenylalanine is transformed into p-coumaronyl-CoA through the ac-
tion of the enzymes phenylalanine ammonia-lyase (FAL), cinnamate 4-hydroxylase (C4H),
and 4-coumaronyl-CoA ligase (4CL). Then, three malonyl-CoA molecules combine with
one p-coumaronyl-CoA to form an aromatic ketone converted to naringenin (Figure 2).
Subsequent events of hydroxylation and methylation result produce hesperidin [74]. Acti-
nomycetes can also make naringenin. The bacterium Streptomyces clavuligerus synthesizes
naringenin using p-coumaric acid and the P450 monooxygenase enzyme as pathway initia-
tors rather than the general phenylpropanoid pathway seen in plants. Other bacteria in the
genus Streptomyces can produce naringenin by the same principle, using p-coumaric acid or
other pathway initiators, such as caffeic acid and benzoic acid [83].

The basic structure of phenolic compounds is based on two benzene rings and fifteen
carbon atoms linked by a short chain of three carbon atoms, which in turn form a pyran ring.
Structural variations are currently used to classify different types of flavonoids, such as the
content of hydroxyl and methoxyl groups [84]. This is the case for flavanones, a phenolic
class including naringenin and hesperidin. These compounds have a saturated C ring, and
due to this fact, the double bonds present on carbons 1 and 2 are also saturated [73].

Naringenin is a solid compound with dissociation constants (pKa) values of 7.05
and 8.84, with a melting point of 208–251 ◦C, and basic nature. The compound is sol-
uble in ethanol, dimethylformaldehyde dimethylsulfoxide, but poorly soluble in water
(4.38 µg/mL). In a similar way, hesperidin also shows a low solubility (4.95 µg/mL) [85].
This characteristic of the two flavanones means that their biological activities are reduced
when used alone. Therefore, the use of other compounds complexed to naringenin and
hesperidin may be an alternative to increase their solubility in an aqueous medium and
their biological activity. Cyclodextrin and its derivatives are the most used compounds
for the formation of this type of complex. For example, naringenin complexed with
hydroxylpropyl-β-cyclodextrin (P-β-CD) achieves a solubility of >500 g/L at 20 ◦C [73,86].

A study examined the complexation of naringenin with different cyclodextrin deriva-
tives, including β-cyclodextrin (β-CD), 2,6-di-O-methyl-β-cyclodextrin (DM-β-CD), and
randomly methylated β-CD (RAMEB). The study found that the naringenin/RAMEB com-
plex had increased stability and solubility in aqueous solutions, with stability constants of
1015.5 Kc (M-1). The main type of force involved in binding the complexes was found to be
van der Waals, which had a binding energy six times higher than electrostatic forces in all
of the complexes. Additionally, the naringenin/DM-β-CD complex was found to have a
stronger cytotoxic effect on MCF-7 and HeLa cells than on free naringenin. The study also
showed that hesperetin, the compound from which hesperidin is derived, had improved
stability and solubility after complex formation, as well as increased cytotoxicity, similar
to naringenin [86].

Studies exploring the molecular interactions of naringenin and hesperidin are limited.
Those examining the molecular interactions of hesperidin are even more scarce. In our
search, we found a few papers that evaluated derivatives of this compound. One interaction
that has been discovered for naringenin is with lysozyme, where it acts as a non-competitive
inhibitor of the enzyme by binding to its active site through the remnants of the amino
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acids tryptophan (Trp) 62, 63, and 108. This binding uses hydrophobic interactions, and
positive entropy change (∆S◦) values contribute to the binding reaction. These findings,
in a model using Micrococcus lysodeikticus, suggest that naringenin may act as an inhibitor
of the lysozyme molecule [87]. Hesperidin has also shown the ability to spontaneously
interact with the active site of trypsin to form a flavonoid-trypsin complex. This type of
interaction influences the hydrophobicity of the microenvironment of tryptophan (Trp)
residues, leading to a decrease in the enzymatic activity of trypsin [88].
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Similarly, hesperidin is also able to inhibit the enzyme xanthine oxidase (XO), an
essential enzyme of the purine catabolism pathway indirectly associated with pathological
conditions such as cancer. Six products selected based on docking simulation studies were
synthesized as aniline and hydrazine derivatives 3HDa 1–3 and 4HDb 1–3. The compounds
showed potential antioxidant activity in vitro and an inhibitory effect on XO capacity
in a competitive manner, with IC50 ranging from 0.263 µM–14.870 µM. The molecular
simulation verified that the compounds showed interaction with the amino acid residues
phenylalanine 798 (Phe798), glutamine 1194 (Gln1194), arginine 912 (Arg912), threonine
585 (Thr585), serine 1080 (Ser1080), and methionine 1038 (Met1038) positioned within the
XO binding site [89].

The pharmacological mechanisms of neohesperidin dihydrochalcone (NHDC), a
commercially synthesized by the catalytic alkali hydrogenation of hesperidin [90], were
evaluated in vivo and identified 19 metabolites, with 18 being characterized for the first
time. The metabolic reactions were evaluated using an optimized liquid chromatogra-
phy method. The study also used network pharmacology to determine the targets of the
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NHDC metabolites and found they were involved in various pathways related to cancer,
ovarian steroidogenesis, proteoglycans in cancer, PI3K/protein kinase B (Akt) signaling
pathway, and progesterone-mediated oocyte maturation, providing new insights into the
pharmacological antitumoral potential mechanisms of NHDC [91].

The antioxidant properties of phytochemicals are particularly well-studied in cancer,
as exacerbated free radical production is directly associated with developing malignant
tumors [84]. The flavonoid antioxidant activity is linked to their chemical structure, i.e., the
neutralizing free radicals’ properties are influenced by the arrangement, number, and shape
of hydroxyl groups and the presence of glycosides. The higher the number of hydroxyl
groups, the greater the compound’s antioxidant activity [74]. In this context, the loss of the
hydroxyl group on carbon 5 of the naringenin (liquiritigenin) molecule increases its IC50
from 1.97 µM to 6.55 µM, and the presence of C(2)=C(3) double bond in the C ring of the
(apigenin) molecule decreases the antioxidant capacity of the molecule when compared to
naringenin (C(2)–C(3)) [92].

These findings show that naringenin and hesperidin have relevant properties. These
compounds act on key enzymes in signaling pathways linked to inflammation and have
evidence of potent antioxidant action. However, studies on naringenin and hesperidin
and their molecular interactions still need to be made available. Still, these interactions
are directly linked to their chemical structure and the type of bond between them. Even
though it lacks further studies on their interaction and action mechanisms, naringenin and
hesperidin may be an option for treating diseases such as cancers.

3.3. Anti-Breast Cancer Role of the Citrus-Derivated Compounds Naringenin and Hesperidin

Breast cancer, like other types of cancer, can be initiated and progressed by endogenous
or exogenous oxidative stress, which can also increase therapy resistance, angiogenesis, and
metastasis [7,93]. In this context, several studies have shown the anti-breast cancer role of
naringenin. Naringenin cytotoxic effects were evaluated against three cell lines, including
MDA-MB-231 and MDA-MB-468, both of which are triple-negative breast cancer cell lines,
and CHO, a Chinese hamster ovary cell line, in comparison to kaempferol. Naringenin
showed cytotoxicity against MDA-MB-468 and MDA-MB-231, obtaining IC50 values of
238 µg/mL and 70 µg/mL, respectively, without causing toxicity to CHO cells. The
combination of kaempferol and naringenin resulted in higher IC50 values of 43 µg/mL and
44 µg/mL against MDA-MB-468 and MDA-MB-231, respectively. Additionally, naringenin
induced morphological changes in tumor cells while being non-toxic to normal cells [94].

The breast cancer resistance protein (BCRP), a critical ATP-binding cassette (ABC)
efflux transporter, acts in drug and xenotoxin disposition; its overexpression in tumors
can result in multidrug resistance (MDR). The antiproliferative activity of 99 flavonoids,
which are major components of traditional Chinese medicine (TCM), vegetables, and fruits,
were evaluated in the BCRP-MDCKII cell line (canine kidney cell line containing breast
cancer resistance protein) in the presence of mitoxantrone. Of the 99 compounds tested, 11
showed more than 50% inhibition of cell viability, including naringenin. In the same study,
it was suggested that naringenin might have potential as an adjunctive therapy for brain
tumors since it increased the concentration of mitoxantrone and increased the cytotoxicity
of doxorubicin and temozolomide in several cell lines of human brain tumors after rats
received a single dose of 30 mg/kg naringenin [95].

Another study investigated whether naringenin would act on the E0771 (mammary
adipose tissue carcinoma) cell line. Naringenin treatment inhibited cell proliferation,
increased phosphorylation of AMP-activated protein kinase (AMPK), negatively regulated
cyclin D1 expression, and induced cell death. To confirm these data, obese ovariectomized
C57BL/6 mice were fed a high-fat (HF), high-fat low-naringenin diet (LN; 1% naringenin),
or high-fat high-naringenin diet (HN; 3% naringenin) and xenografted with E0771 cells for
three weeks. The authors observed more significant naringenin accumulation in the tumor
than in the mammary adipose tissue in HN mice. Furthermore, NH decreased body weight,
fat mass, adipocyte size, smooth muscle actin mRNA in mammary adipose tissue, and
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inflammatory cytokine. Also, compared to mice fed a HF diet, HN slowed tumor growth
early but did not alter the final tumor weight, suggesting that naringenin exhibits beneficial
effects on metabolic health and tumor origin [96].

In a study, ethanol extracts were obtained from the peels of several citrus fruits
(Citrus sinensis, C. aurantifolia, C. tangerine, C. aurantium, C. aurantium, and C. paradisi), and
their main components were isolated and tested for cytotoxicity against human breast
cancer (MCF-7 and T47D) and normal human melanocytes (HFB4) cell lines. The results
showed that the extracts and isolated compounds reduced cell viability without causing tox-
icity to normal cells, with naringenin being one of the most potent. The authors concluded
that the effect of naringenin was not related to the modulation of the estrogen receptor or
inhibition of aromatase. Furthermore, treatment with naringenin showed no uterotrophic
activity and no changes in uterine weight or cornification, indicating that it does not have
estrogenic activity. The treatment also reduced tumor volume and aromatase levels in
mice with Ehrlich ascites carcinoma, suggesting that naringenin may have a potential
role in breast cancer treatment before and after menopause. In contrast, hesperidin did
not show significant anticancer activity at the tested concentration (0–50 µg/mL) in both
cell lines [31].

Hesperidin also has pharmacological activity on breast cancer due to its anti-inflammatory
and antioxidant properties [42]. Thus, the protective effect against oxidative stress and
inflammation of hesperidin was evaluated in a study using MCF-7 cells and male Balb/c
mice. The authors demonstrated that hesperidin can reduce cell proliferation starting at
40 µM. There was also reduced colony formation, increased nuclear condensation, and
formation of apoptotic features. In the same study, mice treated with hesperidin showed
an increased anti-inflammatory response, reducing IL-33 and TNF-α after stimulation with
lipopolysaccharide (LPS). In addition, hesperidin treatment reduced lipid peroxidation
and increased antioxidant capacity, where levels of the enzymes CAT and GSH increased
in mice co-treated with LPS and hesperidin. They suggested that hesperidin may be a
promising treatment for cancer [97].

In a case-control study, associations were made between serum concentrations of
flavonols (quercetin, isorhamnetin, and kaempferol), flavones (apigenin and luteolin),
flavanones (naringenin and hesperidin), and flavan-3-ols (catechin, epicatechin (EC), epi-
gallocatechin (EGC), epicatechin-3-gallate (ECG), and epigallocatechin-3-gallate (EGCG))
and the risk of breast cancer in 792 female patients. It was demonstrated that higher blood
levels of isorhamnetin, kaempferol, flavanones, and naringenin were associated with a
lower risk of breast cancer (Figure 3) [98].
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3.4. Naringenin and Hesperidin on Modulation of Epigenetics and Estrogens Mechanisms

Epigenetic modifications coordinate gene expression and interfere with hormonal sig-
naling pathways, triggering multistep breast carcinogenesis [99]. Flavanones are involved
in the epigenetic regulation of cancer pathogenesis by interfering with DNA methylation,
histone modification, and expression of non-coding RNAs, events that influence tumor
progression and drug resistance [100–103]. Both transcriptional receptor α (Erα or ER66),
which stimulates cell proliferation, and transcriptional receptor β (Erβ), which facilitates
cytostatic and differentiation processes, are involved in breast cancer progression [104,105].
Some of these epigenetic mechanisms lead to this abnormal ER activity, resulting in the
upregulation of oncogenes, gene suppression, or the silencing of DNA repair genes [105].

One of the most described processes of DNA methylation in breast cancer occurs
through the silencing of Wnt antagonist genes, leading to the constitutive activation of
β-catenin and promoting stem cell renewal and proliferation [106]. The Wnt/β-catenin
signaling pathway such as PI3K/AKT, p53, and MAPK have frequently altered signal-
ing pathways in resistant tumor cells and transmit extracellular and intracellular signals
involved in cell growth, proliferation, survival, differentiation, migration, metabolism,
and apoptosis.

Flavonoids are a promising group of compounds with potential therapeutic appli-
cations for breast cancer. Their ability to regulate epigenetic modifications and interfere
with hormonal signaling pathways makes them attractive candidates for the develop-
ment of new treatments or the enhancement of existing therapies. Several studies have
demonstrated the effectiveness of various flavonoids in inhibiting breast cancer cell prolif-
eration, inducing apoptosis, and inhibiting the activity of estrogen receptors. Flavonoids
have been reported to activate proapoptotic proteins such as the Bcl2-associated X pro-
tein (Bax), bH3-interacting death domain (Bid), and Bcl-2-interacting protein (Bim), and
inhibit the anti-apoptotic members Bcl-2, Bcl2-like protein (Bcl2L), and the long isoform of
Bcl-2-related protein (BclXL), making them potentially useful anticancer agents [107].

Breast cancer subtypes expressing hormone receptors (ER and/or progesterone recep-
tor (PR)) are the most prevalent [93]. Interestingly, co-exposure to tamoxifen and naringenin
was able to modulate four ER subtypes, downregulating mRNA transcription of ER66,
ER36, and GPR30 but upregulating Erβ expression, suggesting an apoptosis induction
process [108]. While targeting the ER with drugs like tamoxifen (Tam) is a common treat-
ment approach, long-term use can lead to resistance. In combination with tamoxifen,
naringenin (Nar-Tam) was found to be more effective at impairing the cell viability of
MCF-7 than either treatment alone [109]. This is because naringenin inhibits proliferation
pathways PI3K and MAPK activated in breast cancer cells, blocks the activation of ER, and
prevents MCF-7 proliferation [109]. Even in the absence of estrogen, naringenin was shown
to inhibit ERK1/2 phosphorylation and alter ERα localization, confirming that it affects
signaling pathways other than those dependent on estrogen [110].

Due to their structural similarity to estrogen, they can also be referred to as phytoestro-
gens because they can modulate estrogen function. These compounds have the potential
to act as selective estrogen receptor modulators (SERMs) and act as ERα antagonists, im-
pacting hormone signaling and synthesis [111]. Naringenin has also been identified as a
potential therapeutic target for inhibiting breast cancer stem cells (BCSC). Bioinformatics
analysis and in vitro modeling showed that naringenin upregulates ERα and p53, which
regulate transforming growth factor-β (TGF-β) and Wnt/β-catenin pathways, resulting
in BCSC inhibition [112]. Reinforcing this study, Pang et al. [113] also showed a virtual
screening descriptor model that investigated, through a luciferase reporter gene assay on
the MCF-7 cell line, the effects of naringenin as a potential ERα antagonist [113].

In another study, the effect of naringenin, 17-estradiol (E2), and genistein on the ac-
tivity of estrogen receptor (ER) in T47D-KBluc (cells containing the triplet reporter gene
ERE (estrogen-responsive elements)-promoter-luciferase) and ER-negative MDA-MB-231
breast cancer cell lines was investigated. Naringenin was found to be a partial agonist
(functioning as a competitive antagonist in the presence of a full agonist such as E2 or
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genistein) and not an efficient antagonist of the ER [114]. Additionally, in co-exposure with
bisphenol A (BPA), naringenin was found to have a proapoptotic effect, which reduced
the number of cells in both MCF-7 and T47D cell lines. On the other hand, BPA and E2
increased the number of cells in both cell lines by activating the Akt signaling pathway
through Erα, leading to impaired cell proliferation and survival. However, naringenin
prevented the proliferative effects of BPA by impairing Erα-mediated signals (Akt phospho-
rylation and Bcl-2 accumulation) and inducing persistent activation of p38, which initiated
a proapoptotic cascade. Consequently, this study suggested that natural xenoestrogens, like
naringenin, act as selective ER modulators by functioning on extranuclear Erα signaling
pathways and providing critical information to develop tissue-specific E2 agonists and
antagonists for breast cancer treatment [115].

The combination of hesperidin and chlorogenic acid also showed promising results
for adjunctive therapies in breast cancer. The association enhanced toxicity towards MCF-7
cells but did not cause a cytotoxic effect on MCF-10A (non-tumorigenic epithelial). The
synergistic effects of hesperidin and chlorogenic acid, which regulate multiple biochemical
pathways, disrupt oxidative phosphorylation, mitochondrial dysfunction, and down-
regulated synthesis of ATP and lipid functions by the ER pathway. The combined treatment
significantly reduced gene expression of cytochrome-C (CYC1), mitochondrial transcription
factor A (TFAM), mitochondrial membrane ATP synthase (mtATP6), ATP synthase subunit
B (ATP5PB), mitochondrial DNA (mtDNA), and caused a slight reduction in nuclear
respiratory factor 1 (NRF-1), but no change in ERα. Furthermore, the synergistic treatment
did not induce RS production, which may be appropriate for chemotherapy [116].

The molecular interactions of hesperidin extracted from C. limetta with the Bcl-2, Bcl-W,
myeloid cell leukemia 1 (MCL-1), and ERα receptors overexpressed in breast cancer were
investigated. Hesperidin was found to have strong binding energy with BCL-W, MCL-1,
and ERα proteins, and the hesperidin-MCL-1 complex was more stable. Following these
analyses, hesperidin-loaded nanoliposomes were used to test cytotoxicity in MDA-MB-
231 and MCF-10A cell lines. Both encapsulated and isolated hesperidin decreased tumor
cell proliferation without causing toxicity to healthy cells. These findings suggest that
hesperidin may be a promising target for breast cancer treatment [117].

3.5. Induction of Cell Death via Regulation of Apoptotic Signaling Pathways by Naringenin
and Hesperidin

Apoptosis is programmed cell death responsible for the balance between proliferation
and induction of death. This biological phenomenon replaces senescent, injured, or disease-
derived cells. Disrupting the machinery that promotes this cellular control can allow
genomic-damaged cells to survive, allowing their uncontrolled proliferation and initiating
carcinogenesis. Cancer therapy is based on inhibiting cell proliferation and blocking or
stimulating the signaling pathways that lead to the death of these aberrant cells [118].
Therefore, compounds that selectively induce cancer cell death are potential candidates
for treating the disease. However, cancer’s high clinical, morphological, and biological
heterogeneity makes developing new therapies challenging and time-consuming. Thus, it
is critical to understand how new compounds, such as naringenin and hesperidin, interact
with cell signaling and how they induce cell death [119–122].

Anti-cancer activity of naringenin is related to apoptosis, cell cycle signaling and
proliferation, and DNA repair mechanisms of cancer cells. Naringenin was tested against
the MDA-MB-231 and MCF-10A cell lines and inhibited cell proliferation in a time and
concentration-dependent manner in the MDA-MB-231 cell line. Moreover, naringenin was
able to promote cell cycle arrest in the G0/G1 phase and increase in sub-G1 (indicative
of apoptosis and DNA fragmentation), in addition to inducing apoptosis, with increased
caspase 3/7, DNA fragmentation, and reduction of nuclear factor-kB (NF-kB) binding to
DNA. To prove these findings, female Wistar rats that received dimethylbenz[α]anthracene
(DMBA) (an immunosuppressive agent and inducer of mammary gland tumors) were
treated with naringenin for eight days. Naringenin reduced tumor incidence and tumor
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burden, reduced thiobarbituric acid reactive substances (TBARS), protein carbonyl and
nitrate levels, down-regulated superoxide dismutase (SOD) and catalase expression, and
up-regulated glutathione reductase (GR) and glutathione peroxidase (GPx) expression.
Naringenin also increased markers of mitochondria-mediated apoptosis, including voltage-
dependent anion channel (VDAC) and cytochrome-C (Cyt-C), increasing apoptosis in
animals with breast cancer [123].

In another study, pure naringenin and its cyclic aminoethyl derivatives (ND): 4-methyl
piperidine (3a), piperidine (3b), morpholine (3c), pyrrolidine (3d), 4 hydroxy piperidine
(6-membered ring with -OH group on carbon 4) (3e), 3-methyl piperidine (6-membered
ring with methyl group on carbon 3) (3f), thiomorpholine (6-membered ring with sulfur)
(3g) and piperazine (6-membered ring with nitrogen) (3h)) were tested against several cell
lines, including MCF-7, to assess viability and toxicity. The authors observed that 3a–3d
reduced the proliferation of the tumor cell lines without causing damage to healthy cells.
The compounds 3e–3h were highly cytotoxic. From these data, pure naringenin and ND
3a–3d were tested for their anticarcinogenic effects. After treatment, induction of selective
apoptotic cell death was observed in MCF-7 by targeting intrinsic apoptosis signaling
pathways and increased expression of p53, which was related to increased expression of
Bax and suppression of Bcl-2 gene expression. There is a relationship between Bax/Bcl-2,
in which Bax is favored due to Cyt-C and Apaf-1 (apoptotic protease activation factor 1).
An increase in these factors was demonstrated when compared to the control group. The
overexpression of these proteins forms the apoptosome (protein complex) in the cytosol,
leading to an increase in caspase 3, which is responsible for apoptosis [124].

Naringenin was found to decrease the metabolic activity and the number of colony
formations in MDA-MB-231 and MCF-7 breast cancer cells, as well as increase cytoplas-
mic membrane permeability and induce morphological changes indicating apoptotic cell
death [125,126]. It also led to cell cycle arrest and reduced cellular capacity for migration
and invasion. In MDA-MB-231 cells, naringenin increased the quantification of caspases
3, 8, 9, and Bax, while Bcl-2 was decreased [125]. In MCF-7 cells, naringenin reduced the
phosphorylation of histone H3 (pH3), resulting in G2/M cell cycle arrest and increased
the activities of poly (ADP-ribose) polymerase (PARP) and caspases 3 and 9, leading to an
increase in the number of apoptotic cells [126].

Cyclin-dependent protein kinase 6 (CDK6) is overexpressed in many types of cancer
and is responsible for regulating multiple pathways that maintain cell growth and develop-
ment. Naringenin was also described to be strongly bound to CDK6, thereby preventing
tumor development and progression in A549 and MCF-7 cells. Naringenin interacts with
CDK6, leading to decreased viability of MCF-7 cells, inducing apoptosis, and reducing the
ability to form colonies. This suggests that naringenin may act as a CDK6 inhibitor and can
further direct future therapeutic approaches [127].

Naringenin also acts as an adjuvant in breast cancer [108,128]. MDA-MB-231 and MCF-
10A treated with pure naringenin (NGEN) and naringenin complexed with copper (Cu(II))
and 2,2′-bipyridine (NGENCuB) were tested. The study exhibited its antiproliferative effect
on MDA-MB-231 cells treated with NGEN and NGENCuB. Moreover, the co-treatment
was also able to alter morphology, decrease wound closure and the number of colonies,
and, in addition, showed apoptotic nuclei with up-regulation of caspase-9 expression.
However, NGEN and NGENCuB reduced the viability of the normal lineage by 10% and
30%, respectively [129].

Similarly, the association of naringenin with doxorubicin and metformin affected
the cell proliferation of MDA-MB-231 and 4T1 (mammary gland cancer) cell lines, being
more effective in reducing cell proliferation, particularly in the 4T1 cell line. In the same
study, breast carcinoma was chemically induced and treated with naringenin, liposomal
doxorubicin (lipo-dox), and metformin separately or in combination for 28 days. The
treatments led to a reduction in tumor weight and an increase in the necrotic area without
any effect on blood glucose levels, body weight, or survival. The same results were
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observed when mice with orthotopic 4T1-induced breast carcinoma were treated with
naringenin, metformin, and lipo-dox [128].

The effects of the flavonoids naringenin, quercetin, and naringin, alone or in combina-
tion with the type 1 ribosome-inactivating protein, balsamin, on HepG2 (human hepato-
carcinoma) and MCF-7 cell lines were evaluated. Treatment with naringenin, quercetin,
and naringin together with balsamin reduced the viability of HepG2 and MCF-7 cells,
increased caspase-3 and -8 activation, and induced apoptosis through the up-regulation of
Bax (BCL-2 associated X protein), Bid (BH3 interacting domain death agonist), Bad (BCL2
associated agonist of cell death), and p53 gene and down-regulation of Bcl-2 and Bcl-XL.
These effects were most effective in both cells’ balsamin-naringenin and balsamin-quercetin
combinations. Furthermore, the co-treatments were also able to increase the expression of
the glucose-regulated protein (GRP) 78 and C/-EBP homologous protein (CHOP) (mark-
ers of endoplasmic reticulum stress (ERS)) in HepG2 and MCF-7. Therefore, combining
flavonoids with balsamin can be a promising therapeutic approach to sensitize cells and
enhance efficacy in breast and liver cancer therapy [130].

Hesperidin also shows proven cytotoxic activity in the literature. A study conducted
on the synergism of the natural bioflavonoid compound hesperidin ((2S)-3′,5-dihydroxy-4′-
methoxy-7-[α-L-rhamnopyrano-syl-(1→6)-β-D-glucopyranosyloxy]flavan-4-one, HSP) found in
oranges and lemons with a synthetic derivative (3,5,7,8-tetrahydro-2-4-(trifluoromethyl)phenyl-
4H-thiopyrano-4,3-dpyrimidin-4-one, XAV939), to evaluate the cytotoxic potential obtained
in molecular and pathological profiles against HepG2 and MDA-MB-231 cell lines, revealed
that the cytotoxicity was cell type- and concentration-dependent. HSP-XAV showed IC50
10.25 µg/mL and 17.1 µg /mL for MDA-MB-231 and HepG2 cells, respectively. There was
significant upregulation of the phosphoprotein 53 (p53) and pro-apoptotic genes, such as the X
protein associated with B-cell lymphoma (Bax, creatine kinase (CK), and Caspase-3). In B-cell
lymphoma, the anti-apoptotic gene (Bcl-2) was significantly down-regulated. In addition, the
treatment increased RS levels, accompanied by higher DNA accumulation during the G2/M
phase in both cell lines. According to the results, the authors suggest that the synergism
promoted between HSP and XAV may be promising as an alternative in the therapy of human
liver and breast cancer [131].

Changes in the proliferation, apoptosis, and cell cycle of MDA-MB-231 and MCF-7
breast carcinoma cells were compared concerning the effects of flavonoids hesperidin,
apigenin, genistein, naringin, and quercetin. Their cytotoxic activity showed that only
hesperidin at a lower dose (5 µM) significantly reduced the cell viability of MDA-MB-231
cells and presented the highest cytotoxic activity with a 100 µM dose in MCF-7 cells. Further
analysis revealed that unlike all flavonoids tested, hesperidin did not reduce the percentage
of live cancer cells or stimulate apoptosis, although increasing the dosage resulted in an
increased number of dead cells. Therefore, the cell cycle progression of MDA-MB-231 and
MCF-7 changed significantly after treatment with hesperidin, increasing the percentage of
cells in phase G0/G1 [132].

The administration of hesperidin and luteolin demonstrated anti-cancer activity
against the MCF-7 cell line. It was reported that in a dose-dependent manner, treatment
with 100 or 140 mg/mL effectively reduced cell viability in MCF-7 cells to approximately
36% for hesperidin and 15% for luteolin after 48 h, increasing apoptotic cell populations.
From these data, treatment with both compounds resulted in cell cycle arrest, accumulating
cell population in the sub-G1 phase or the G0/G1 phase. Hesperidin and luteolin-induced
apoptosis in MCF-7 cells led to caspase-3 and -9 expression in hesperidin-treated cells and
increased expression of both caspase-9 and -8 in luteolin-treated cells, with the expression
of miRNA (miR-16, -34a and -21). In contrast, an increase in the expression of pro-apoptotic
proteins Bax was observed [133].

P-glycoprotein (P-gp) transporter is one of the main proteins that contribute signifi-
cantly to the development of MDR [134]. Interestingly, hesperidin has been investigated to
overcome doxorubicin resistance in MCF-7-resistant doxorubicin cells (MCF-7/Dox). In
response to treatment, hesperidin increased MCF-7/Dox cells’ sensitivity to doxorubicin
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(IC50 value of 11 µmol/L) compared to MCF-7 cells. Thus, combining hesperidin with
doxorubicin inhibits cancer cell growth and prevents resistance by suppressing P-gp ex-
pression [135]. Another study also investigated the influence of hesperidin and apigenin
(API) on doxorubicin-treated MCF-7 breast cancer cells. First, an optimal concentration
of apigenin and hesperidin (50 M) was used to sensitize cells in DOX treatment, and the
synergistic effects on MCF-7 viability were confirmed.

Moreover, the combination treatment did not inhibit the cell cycle but showed an
increase in cells in the subG1 phase, which corresponds to the dead cell population. It
was also confirmed that a co-administration of hesperidin and apigenin with doxorubicin
reduced the expression of genes involved in DNA repair, which API + Dox reduced the ex-
pression of genes (ERCC11, MSH2, MGMT, and XPC) in 70%, and hesperidin + Dox reduced
expression of genes (ERCC1, ATM, OGG1) in over 80%. In summary, these flavonoids have
shown an ability to enhance the effectiveness of classical anti-cancer drugs [136].

As discussed above, the search for potential targets to inhibit BCSCs using bioinformat-
ics is also related to hesperidin. In one study, a functional network analysis was performed,
and 75 likely therapeutic target proteins correlated with hesperidin were identified, with
p53 emerging as a critical gene for the inhibition of BCSCs. In vitro experiments showed
that hesperidin was cytotoxic to MCF-7 cells, decreased colony formation and migration
ability, and induced cell cycle arrest in G0/G1 phase. In addition, hesperidin treatment
significantly downregulated MMP-9 and aldehyde dehydrogenase 1 (ALDH1) while up-
regulating cyclin D1. Thus hesperidin can be used to develop drugs for BCSCs [137].

A recent study demonstrated the chemopreventive potential of hesperidin alone and in
combination with doxorubicin against DMBA-induced breast cancer in female Wistar rats.
Animals pretreated with hesperidin showed a decrease in tumor volume and incidence and
a significant improvement in survival rate compared with the control group. In this study,
an association between antioxidant and anti-inflammatory effects was found, resulting in
a substantial decrease in malondialdehyde (MDA) and an increase in the concentration
of GSH in the pretreated animals. Also, improvement in the inflammatory response and
reduced organ damage and toxicity was found when compared to doxorubicin alone. The
expression of the cell proliferation indicator Ki67 was analyzed. It showed that hesperidin
is associated with attenuated Ki67 expression, resulting in a slight improvement in tumor
spread and invasion [138].

In another study, the pretreatment of male Wistar rats with hesperidin before cisplatin
administration resulted in less liver damage when compared to cisplatin alone. Animals
with hesperidin pretreatment showed a significant reduction of known parameters induced
by cisplatin, such as serum AST and ALT activity, as well as decreased triglycerides
and total cholesterol. Oxidative stress markers resultant of cisplatin in the liver, such as
MDA and NO metabolites, were also reduced, as opposed to GSH content, which was
significantly higher. Cisplatin also activates a proinflammatory cascade, leading to tissue
damage. However, prior administration of hesperidin resulted in NF-kB downregulation,
ameliorating this inflammatory response and up-regulating p-Akt, a serine/threonine
kinase that promotes cell survival and apoptosis blockade. Furthermore, co-administered
cisplatin and hesperidin in several concentrations on MCF-7 cells did not differ from the
cytotoxic activity of cisplatin alone. Thus, hesperidin demonstrated a protective effect
against cisplatin toxicity in rats without affecting cisplatin’s antitumoral effect [139].

Indeed, under in silico, in vitro, and in vivo approaches, naringenin and hesperidin
can interfere with or target distinct cellular pathways in breast cancer cells (Table 2).
However, many of these mechanisms still need to be fully understood, which may influence
clinical outcomes. Because of this, it is interesting to consider further investigations for
possible therapeutic applications.
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Table 2. Summary of the mechanisms of naringenin and hesperidin in different analyses.

Compounds Type of Study Experimental Aspects Proposed Mechanism Reference

Naringenin

In vitro and in vivo

MDA-MB-231 and
MCF-10A cell lines and

female Wistar rats
(120–160 g)

↓cell proliferation, tumor incidence and weight, TBARS,
SOD, catalase, protein carbonyl, nitrate, GSH, vitamin
C, vitamin E, GR, Bax, and Bad, ↑body weight (DMBA
group) ↑G0/G1 and sub-G1 cell cycle, ↑caspase-3/-7,

Apaf-1, VDAC, Bcl-2, cytochrome c, Bcl-xl,
and procaspase-9

[123]

In vitro
MCF-7, HT29, HeLa,
DU145, and C8-D1A

cell lines

For MCF-7: ↓cell proliferation, ↑expression P53 gene,
Bax, cytochrome c, Apaf-1, and caspase-3 [124]

In vitro MDA-MB-231 cell line
↓cell proliferation, migration, invasion, and colony
formation, ↑apoptosis, caspases-3/-8/-9, Bax, and

↓Bcl-2, ↑G2/M cell cycle
[125]

In vitro MDA-MB-231 cell line
↓cell viability, colony formation, percentage of

pH3-positive cells, and ↑apoptosis, caspase-3/-9,
anti-PARP levels, LDH release and G2/M cell cycle

[126]

In silico and in vitro MCF-7 and A549 cell lines ↓cell viability and colony formation, ↑apoptosis and
binding affinity to CDK6 [127]

In vitro MDA-MB-231 and
MCF-10A cell lines

↓cell proliferation, migration, colony number and size,
pro-MMP9 activity, and ↑induce apoptosis/necrosis [129]

In vivo
Female Sprague Dawley

rats (80–120 g) and female
Balb/c mice (18–22 g)

↓tumor weight, volume, and ↑tumor necrosis [128]

In vitro MCF-7 and HepG2
cell lines

↓cell viability, ↑apoptosis, caspase-3/-8, Bax, Bid, Bad,
p53, ↑GRP78 and CHOP [130]

Hesperidin

In vitro MDA-MB-231 and HepG2
cell lines

↓cell viability, ↑caspase-3, Bax, and p53, ↓Bcl-2, ↓MMP1,
↑ROS, ↑G2/M cell cycle, apoptotic and

nuclear fragmentation
[131]

In vitro MCF-7 and MDA-MB-231
cell lines ↓cell viability, cell cycle arrest, and ↑apoptosis [132]

In vitro MCF-7 and HEK 293
cell lines

↓cell viability, ↑number of apoptotic cells, ↑G0/G1 and
sub-G1 cell cycle, ↑caspase-3/-9, ↑miR-16 and -34a,

↓miR-21, ↑Bax and ↓Bcl-2
[133]

In vitro
MCF-7-resistant
doxorubicin cells

(MCF-7/Dox)
↓cell viability and expression of Pgp [135]

In vitro MCF-7 cell line
↓cell viability, ↑cells in sub-G1 phase, ↑early apoptosis,

↓GSH, ↑DNA damage, ↓expression of DNA
repair genes

[136]

In vitro MCF-7 breast cancer
cell line

↓cell viability, mammosphere formation, colony
formation, cell migration, ↑G0/G1 cell cycle, ↓p21,
↑cyclin D1, ↓ALDH1, ↓MMP9, ↑p53, and ↓Bcl-2

[137]

In vivo Female Wistar rats
↑Survival rate, ↑body weight, ↓tumor volume, tumor

spread and invasion, ↓MDA, ↑GSH, ↑IL-1β, ↓IL-6,
NF-κB, TNF-α, and Ki67 expression

[138]

In vivo Adult male Wistar rats
(120–150 g)

↓ALT, AST, TG, TC and MDA, ↑GSH, ↓hepatic NO,
↓NF-κB, ↑p-Akt expression [139]

Abbreviations: DMBA: 7,12-dimethylbenz[a] anthracene; TBARS: thiobarbituric acid-reactive substances; SOD:
superoxide dismutase; GSH: reduced glutathione; GR: glutathione reductase; Apaf-1: apoptotic protease activating
factor-1; VDAC: voltage-dependent anion channel; Bcl-2: B-cell lymphoma 2; Bcl-xl: B-cell lymphoma-extra large;
Bax: Bcl-2 associated X-protein; Bad: Bcl-2 associated agonist of cell death; HT29: colorectal adenocarcinoma; HeLa:
cervix carcinoma; DU145: prostate carcinoma; C8-D1A: normal brain astrocyte; LDH: lactate dehydrogenase;
pH3: phospho-histone H3; PARP: poli ADP-ribose polymerase; A549: lung adenocarcinoma; NAG: naringenin;
CDK6: cyclin dependent kinase 6; pro-MMP9: pro-matrix metallopeptidase 9; HepG2: human hepatocellular
carcinoma; GRP78: glucose-regulated protein 78; CHOP: CCAAT/enhancer-binding protein homologous protein;
MMP1: matrix metallopeptidase 1; ROS: reactive oxygen species; HEK293: human embryotic kidney 293; miR-
16,-34a,-21: microRNAs; Pgp: P-glycoprotein; ALDH1: aldehyde dehydrogenase 1; MDA: malondialdehyde;
IL-1β: interleukin 1 beta; IL-6: interleukin 6; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B
cells; TNF-α: tumor necrosis factor alpha; Ki67: nuclear antigen; ALT: alanine aminotransferase; AST: aspartate
aminotransferase; TG: triglycerides; TC: total cholesterol; NO: nitrate/nitrite; p-Akt: protein kinase B. The arrows
represent up-regulated (↑) or down-regulated (↓).
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3.6. Inhibition of Tumor Invasion and Metastasis by Naringenin and Hesperidin

Metastasis is considered one of the main problems for breast cancer patients, resulting
in more than 90% of cancer-related deaths. During the metastatic process, cancer cells
escape from the primary tumor, promote migration, adhesion, and invasion in a differ-
ent location, and may settle predominantly in the bones, lungs, liver, brain, and lymph
nodes [140,141].

The signaling transducer and activator of transcription 3 (STAT3) are activated in
various types of cancer and are related to cell proliferation, migration, and invasion [142].
Thus, treatment with naringenin in MDA-MB-231 cells showed a decrease in cellular
metabolic activity and an increase in apoptosis and its markers, such as Bax, caspase
3, and 9, decreasing the Bcl-2 protein. However, the co-administration of naringenin
with cyclophosphamide enhanced the antitumor effect against this cell line. In addition,
naringenin also inhibited the IL-6 effect on the Janus-kinase 2/signaling transducer and
activator of the transcription 3 (JAK2/STAT3) pathway by blocking STAT3 phosphorylation,
consequently decreasing cell proliferation capacity [143].

As mentioned earlier, estrogen metabolism plays a significant role in mediating breast
cancer initiation and development; higher plasma levels and more prolonged exposure
to estrogen increase the risk for this disease. To examine the modulatory mechanism and
effects of naringenin in estrogen metabolism, chronic psychological stresses, which increase
circulating estradiol concentration and promote breast cancer growth, were experimentally
induced. In zebrafish (WT AB staining) and C57BL/6 female mice models, naringenin
decreased psychological stress, reducing estradiol levels, thus limiting breast cancer growth
and metastasis [144].

The control of breast cancer invasiveness and growth is also explained by abnormal
signaling by TGF-β cytokines. In advanced-stage tumors, TGF-β activity is upregulated,
stimulating the secretion of pro-angiogenic factors, extracellular matrix proteins, and sup-
pression of the immune response culminating in epithelial-mesenchymal transition (EMT),
reducing cell adhesion and increased motility [145,146]. Interestingly, naringenin as a
treatment prevented TGF-β1 secretion from the 4T1 cell line and suppressed pulmonary
metastasis. In this study, the role of protein kinase C (PKC) in regulating the intracellular
trafficking machinery of TGF-β cytokines from the trans-Golgi network (TGN) compart-
ment to the cell membrane was analyzed. The proposed mechanism was that naringenin
decreased TGF-β1 trafficking from the trans-Golgi network via inhibiting PKC phosphory-
lation or activity, leading to the accumulation of intracellular TGF-β1, which suppressed
tumor cell migration. These results suggest that naringenin can achieve antimetastatic
activity by developing anti-cytokine therapies [147].

Dietary phytochemicals, such as hesperidin, allicin, and astragalus polysaccharides
present in citrus fruits combined with an optimal diet, have inhibitory effects on breast
cancer metastasis. For this, Balb/c mice were xenografted with 4T1 (mammary gland
cancer) cells to evaluate the development of primary tumors and detect circulating tumor
cells (CTCs) on days 7, 14, 21, and 28. The authors observed that the diet interventions
inhibited primary tumor growth and metastasis to the lung. When they were combined
with the phytochemicals tested, this effect was enhanced. Furthermore, the inhibitory effect
of hesperidin on breast cancer metastasis occurred before day 14 and after day 21. Thus,
these dietary compounds and dietary patterns can be evaluated as adjuvant therapies in
cancer patients [148].

The overexpression of programmed death ligand 1 (PD-L1) is associated with triple-
negative breast cancer (TNBC) (highly metastatic). The EMT process mediated PD-L1
upregulation through PI3K/Akt, mothers against decapentaplegic (SMAD), NF-κB, and
ERK/MAPK signaling pathways, with consequent cell migration. Moreover, PD-L1 expres-
sion is accompanied by immune evasion modulation, resulting in tumor growth [149]. In
this sense, hesperidin exhibited in vitro activity against MDA-MB231 cells by decreasing
mRNA levels and PD-L1 protein expression by suppressing Akt and NF-κB signaling
pathways. In addition, hesperidin reduced the secretion of the matrix metalloproteinases
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(MMP-9 and MMP-2), inhibiting migration in MDA-MB-231 cells with high PD-L1 expres-
sion. Overall, hesperidin acts as an antitumor agent, and immunotherapy targeting PD-L1
can improve treatment efficacy [150].

Doxorubicin is essential to breast cancer chemotherapy; however, long-term use causes
EMT and initiates invasion through lamellipodia formation, a fundamental first stage of
the metastatic process [151]. Thus, the effect of Citrus sinensis (L.) peel extract (CSP) in
combination with doxorubicin on the MDA-MB-231 cell line was examined. The CSP extract
containing hesperidin and naringenin increased cytotoxicity and inhibited the induction of
metastasis in these cell lines, suggesting that CSP is a potential co-chemotherapy agent to
be developed (Figure 4) [152].
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Figure 4. Antimetastatic potential of naringenin and hesperidin. (1) The primary tumor is capable
of metastasis under the influence of abnormal signaling pathways, such as increased expression of
activator of transcription 3 (STAT3), transforming growth factor-β (TGF-β), pro-angiogenic factors,
matrix metalloproteinases, and programmed death ligand 1 (PD-L1); (2) Administration of naringenin
and hesperidin inhibited tumor cell migration by blocking these activated signals, which reverse the
epithelial-mesenchymal transition (EMT) process and consequent loss of ability to disseminate.

3.7. Nanotechnology as a Potentiator of Naringenin and Hesperidin Activity

Nanotechnology has been increasingly used in drug development as it improves
bioavailability and produces co-delivery of two or more drugs. There are several nanopar-
ticle delivery systems that can be employed for this purpose. Polymeric nanoparticles,
such as polymeric micelles, dendrimers, nanogels, and nanocapsules, are considered
to be nanocarriers made of biodegradable polymers. Their preparation can be done in
nanospheres or nanocapsules, where the nanosphere is encapsulated uniformly within the
polymer chains, and in the nanosphere, the drug is placed in the center and surrounded
by a polymeric membrane. Lipid-based nanoparticles can be made of solid lipids or solid
and liquid lipids. The main lipids in the nanoparticle are free fatty acids, phospholipids,
glycolipids and sphingolipids, steroids, waxes, and triglycerides. Nanosuspensions cause
the appearance of particles with a size <1 µm, which are drug-release systems that contain a
pure therapeutic agent and a stabilizer. It can be a good choice to solve the low bioavailabil-
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ity and pharmacokinetics of insoluble drugs. Nanoemulsions are prepared by combining
surfactants, oils, hydrophilic solvents, and co-solvents that have the unique ability to form
fine colloidal dispersions of oil in water [153–157]. Therefore, the use of nanotechnology
offers a considerable advantage to the pharmacological potential of flavonoids, which have
low solubility, rapid metabolism, and poor absorption in the gastrointestinal tract [156]. In
this regard, the citrus compounds naringenin and hesperidin were nano-encapsulated and
studied for their potential for successful drug delivery and promising results.

Hesperidin was synthesized by a nanoprecipitation technique using Poly (D, L-lactic-
co-glycolic acid) (PLGA) polymers and Poloxamer 407 (a stabilizer) and tested on the MCF-7
cell line to increase stability and bioactive potentials. After treatment, nanohesperidin re-
duced proliferation and colony formation and induced apoptotic cell death, with increased
expression of p53 and caspase-3, compared to native hesperidin. Moreover, nanohesperidin
promoted DNA fragmentation. Finally, when tested against human erythrocytes, the mod-
ified hesperidin did not cause hemolysis. Therefore, hesperidin nanoparticles have the
potential to be developed as a chemotherapeutic agent for human breast cancer, but further
investigation is required [158].

In another study, hesperidin was synthesized using a chemical synthesis technique,
loaded onto gold nanoparticles (Hsp-AuNPs), and tested on MDA-MB-231 and HBL-100
(normal human breast epithelial) cell lines. It was observed that the synthesized Hsp-
AuNPs exhibited higher anti-cancer activity compared to hesperidin or AuNPs separately,
without causing damage to normal cells. In the crystal violet assay (also used in cytotox-
icity evaluation), Hsp-AuNPs induced morphological changes in tumor cells, including
impaired cell-cell communication and reduced cell clusters. Normal cells maintained
their full morphology. Furthermore, Hsp-AuNPs promoted the induction of cell death
through apoptotic mechanisms. To confirm these data, male Balb/c mice were treated
with a Hsp-AuNP dose ranging from 20–200 µg kg for 14 days and then their body weight
and cytotoxicity in the kidney and liver were analyzed. Hsp-AuNPs did not alter serum
concentrations of alanine transaminase (ALT), aspartate transaminase (AST), or alkaline
phosphatase (ALP). In assessing tumor growth in Ehrlich tumor-bearing mice, it was
observed that Hsp-AuNPs inhibited growth by inducing functional macrophage activ-
ity. In addition, pro-inflammatory cytokines (IL-1β, IL-6, and TNF-A) derived from bone
marrow macrophages were inhibited after treatment with Hsp-AuNPs, demonstrating
its antioxidant activity. Finally, in the human erythrocyte hemolysis assay, it was shown
that synthesized Hsp-AuNPs are potentially biocompatible and can be safely used within
the body [159]. Thus, Hsp-AuNPs may be effectively used in clinical cancer therapy and
explored for drug delivery applications.

Although exhibiting therapeutic effects, naringenin is a hydrophobic compound with
low oral bioavailability [160]. Thus, dextran-coated magnetic nanoparticles loaded with
curcumin-naringenin (CUR-NAR-D-MNPs) were prepared by chemical coprecipitation and
tested on MCF-7 cells. It was observed that MCF-7 cells treated with CUR-NAR-D-MNPs
had reduced proliferation and were induced to die by apoptosis after 48 h of incubation.
The co-treatment, using CUR-NAR-D-MNPs and single dose 6 Gy radiotherapy (represents
the amount of ionizing radiation energy absorbed) on the tumor cells, caused apoptotic
and necrotic cell death and increased RS levels. However, cells incubated with CUR-NAR-
D-MNPs 48 h before radiotherapy had exacerbated apoptosis and necrosis percentages
compared to those that received radiotherapy, indicating this compound’s antiproliferative
and radiosensitizing activity. When evaluating the effect of CUR-NAR-D-MNPs in female
Sprague Dawley rats, the treatment reduced tumor volume, leading to cell cycle arrest and
induction of apoptosis through modulation of signaling, high p53, high p21, low TNF-α,
low CD44, and high RS [161].

Naringenin nanosuspension (NARNS) was prepared using a high-pressure homog-
enization method with polyethylene glycol D-α-tocopheryl succinate 1000 (TPGS) as a
co-stabilizer. This study evaluated the ability of TPGS-coated NARNS to reverse drug
resistance in the MCF-7 cell line and human breast adenocarcinoma animal model. In vitro,
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NARNS demonstrated greater cytotoxic efficacy when compared to free NARNS. The treat-
ment reduced GSH levels and increased mitochondrial membrane potential, intracellular
RS, lipid peroxidation (TBARS), and caspase-3 activity, also showing apoptotic index (mem-
brane blebs and nuclear fragmentation). In the animal model of breast adenocarcinoma,
mice treated with NARNS exhibited a decrease in the number of tumor cells and a longer
life expectancy. Therefore, NARNS can be considered a good chemotherapeutic agent [162].

Flavonoids such as naringenin and hesperidin have already demonstrated health bene-
fits and positive results against cancer, but poor absorption is still a problem. Nanoparticles
in this scenario are a promising target as they are a technology that improves the delivery
of compounds.

4. Conclusions

Citrus fruits commonly present in the human diet are one of the most important dietary
sources of flavonoids, and naringenin and hesperidin have significant impacts on many
biological processes. The rising prevalence of breast cancer, whose primary therapeutic
approach is represented by chemotherapy with side effects and resistance, brings to light
the discussion of the role of natural antioxidants as possible co-adjuvant therapeutic agents.
Managing cancer therapy to improve efficacy involves a more detailed explanation of
molecular targets and signaling pathways by increasing the selectivity for cancer cells.
The main mechanisms of hesperidin and naringenin in breast cancer are linked to their
ability to interfere with cell survival by inhibiting proliferation and reducing tumor growth,
volume, and incidence. These compounds also play a direct role in modulating epigenetic
and estrogen receptor activity. In the case of cell death and metastasis, administration of
these flavanones may induce apoptosis and impair the ability to metastasize. Based on the
anticancer effects of flavanones, it is clear that further efforts are needed to treat patients
and that many important aspects still need to be explored to improve our understanding of
these compounds in cancer.
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124. Zaim, Ö.; Doğanlar, O.; Zreigh, M.M.; Doğanlar, Z.B.; Özcan, H. Synthesis, Cancer-Selective Antiproliferative and Apoptotic
Effects of Some (±)-Naringenin Cycloaminoethyl Derivatives. Chem. Biodivers. 2018, 15, e1800016. [CrossRef] [PubMed]

125. Qi, Z.; Kong, S.; Zhao, S.; Tang, Q. Naringenin Inhibits Human Breast Cancer Cells (MDA-MB-231) by Inducing Programmed
Cell Death, Caspase Stimulation, G2/M Phase Cell Cycle Arrest and Suppresses Cancer Metastasis. Cell. Mol. Biol. 2021, 67, 8–13.
[CrossRef]

126. Wang, R.; Wang, J.; Dong, T.; Shen, J.; Gao, X.; Zhou, J. Naringenin Has a Chemoprotective Effect in MDA-MB-231 Breast Cancer
Cells via Inhibition of Caspase-3 and -9 Activities. Oncol. Lett. 2018, 17, 1217–1222. [CrossRef]

127. Yousuf, M.; Shamsi, A.; Khan, S.; Khan, P.; Shahwan, M.; Elasbali, A.M.; Haque, Q.M.R.; Hassan, M.I. Naringenin as a Potential
Inhibitor of Human Cyclin-Dependent Kinase 6: Molecular and Structural Insights into Anti-Cancer Therapeutics. Int. J. Biol.
Macromol. 2022, 213, 944–954. [CrossRef]

128. Pateliya, B.; Burade, V.; Goswami, S. Enhanced Antitumor Activity of Doxorubicin by Naringenin and Metformin in Breast
Carcinoma: An Experimental Study. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2021, 394, 1949–1961. [CrossRef]

129. Filho, J.C.C.; Sarria, A.L.F.; Becceneri, A.B.; Fuzer, A.M.; Batalhão, J.R.; da Silva, C.M.P.; Carlos, R.M.; Vieira, P.C.; Fernandes, J.B.;
Cominetti, M.R. Copper (II) and 2,2’-Bipyridine Complexation Improves Chemopreventive Effects of Naringenin against Breast
Tumor Cells. PLoS ONE 2014, 9, e107058. [CrossRef]

130. Ajji, P.K.; Walder, K.; Puri, M. Combination of Balsamin and Flavonoids Induce Apoptotic Effects in Liver and Breast Cancer
Cells. Front. Pharmacol. 2020, 11, 574496. [CrossRef]

131. Fazary, A.E.; Alfaifi, M.Y.; Elbehairi, S.E.I.; Amer, M.E.; Nasr, M.S.M.; Abuamara, T.M.M.; Badr, D.A.; Ju, Y.-H.; Mohamed, A.F.
Bioactivity Studies of Hesperidin and XAV939. ACS Omega 2021, 6, 20042–20052. [CrossRef]

132. Kabała-Dzik, A.; Rzepecka-Stojko, A.; Kubina, R.; Iriti, M.; Wojtyczka, R.D.; Buszman, E.; Stojko, J. Flavonoids, Bioactive
Components of Propolis, Exhibit Cytotoxic Activity and Induce Cell Cycle Arrest and Apoptosis in Human Breast Cancer Cells
MDA-MB-231 and MCF-7—A Comparative Study. Cell. Mol. Biol. 2018, 64, 1–10. [CrossRef] [PubMed]

133. Magura, J.; Moodley, R.; Mackraj, I. The Effect of Hesperidin and Luteolin Isolated from Eriocephalus Africanus on Apoptosis,
Cell Cycle and MiRNA Expression in MCF-7. J. Biomol. Struct. Dyn. 2022, 40, 1791–1800. [CrossRef] [PubMed]

134. Robinson, K.; Tiriveedhi, V. Perplexing Role of P-Glycoprotein in Tumor Microenvironment. Front. Oncol. 2020, 10, 265. [CrossRef]
[PubMed]

135. Febriansah, R.; Dyaningtyas, D.P.; Nurulita, N.A.; Meiyanto, E.; Nugroho, A.E. Hesperidin as a Preventive Resistance Agent in
MCF-7 Breast Cancer Cells Line Resistance to Doxorubicin. Asian Pac. J. Trop. Biomed. 2014, 4, 228–233. [CrossRef]

136. Korga-Plewko, A.; Michalczyk, M.; Adamczuk, G.; Humeniuk, E.; Ostrowska-Lesko, M.; Jozefczyk, A.; Iwan, M.; Wojcik, M.;
Dudka, J. Apigenin and Hesperidin Downregulate DNA Repair Genes in MCF-7 Breast Cancer Cells and Augment Doxorubicin
Toxicity. Molecules 2020, 25, 4421. [CrossRef]

126



Antioxidants 2023, 12, 586

137. Hermawan, A.; Khumaira, A.; Ikawati, M.; Putri, H.; Jenie, R.I.; Angraini, S.M.; Muflikhasari, H.A. Identification of Key Genes
of Hesperidin in Inhibition of Breast Cancer Stem Cells by Functional Network Analysis. Comput. Biol. Chem. 2021, 90, 107427.
[CrossRef]

138. Patel, P.; Shah, J. Protective Effects of Hesperidin through Attenuation of Ki67 Expression against DMBA-Induced Breast Cancer
in Female Rats. Life Sci. 2021, 285, 119957. [CrossRef]

139. Omar, H.A.; Mohamed, W.R.; Arafa, E.-S.A.; Shehata, B.A.; El Sherbiny, G.A.; Arab, H.H.; Elgendy, A.N.A.M. Hesperidin
Alleviates Cisplatin-Induced Hepatotoxicity in Rats without Inhibiting Its Antitumor Activity. Pharmacol. Rep. 2016, 68, 349–356.
[CrossRef]

140. Riggio, A.I.; Varley, K.E.; Welm, A.L. The Lingering Mysteries of Metastatic Recurrence in Breast Cancer. Br. J. Cancer 2021,
124, 13–26. [CrossRef]

141. Farooqi, A.A.; Tahir, F.; Fakhar, M.; Butt, G.; Colombo Pimentel, T.; Wu, N.; Yulaevna, I.M.; Attar, R. Antimetastatic Effects of
Citrus-Derived Bioactive Ingredients: Mechanistic Insights. Cell. Mol. Biol. 2021, 67, 178–186. [CrossRef]

142. Casey, S.C.; Amedei, A.; Aquilano, K.; Azmi, A.S.; Benencia, F.; Bhakta, D.; Bilsland, A.E.; Boosani, C.S.; Chen, S.;
Ciriolo, M.R.; et al. Cancer Prevention and Therapy through the Modulation of the Tumor Microenvironment. Semin. Cancer Biol.
2015, 35, S199–S223. [CrossRef] [PubMed]

143. Noori, S.; Rezaei Tavirani, M.; Deravi, N.; Mahboobi Rabbani, M.I.; Zarghi, A. Naringenin Enhances the Anti-Cancer Effect of
Cyclophosphamide against MDA-MB-231 Breast Cancer Cells via Targeting the STAT3 Signaling Pathway. Iran. J. Pharm. Res.
2020, 19, 122–133. [CrossRef] [PubMed]

144. Zhang, J.; Wang, N.; Zheng, Y.; Yang, B.; Wang, S.; Wang, X.; Pan, B.; Wang, Z. Naringenin in Si-Ni-San Formula Inhibits Chronic
Psychological Stress-Induced Breast Cancer Growth and Metastasis by Modulating Estrogen Metabolism through FXR/EST
Pathway. J. Adv. Res. 2022. [CrossRef] [PubMed]

145. Daroqui, M.C.; Vazquez, P.; Bal de Kier Joffé, E.; Bakin, A.V.; Puricelli, L.I. TGF-β Autocrine Pathway and MAPK Signaling
Promote Cell Invasiveness and in Vivo Mammary Adenocarcinoma Tumor Progression. Oncol. Rep. 2012, 28, 567–575. [CrossRef]
[PubMed]

146. Goto, N.; Hiyoshi, H.; Ito, I.; Iida, K.; Nakajima, Y.; Nagasawa, K.; Yanagisawa, J. Identification of a Novel Compound That
Suppresses Breast Cancer Invasiveness by Inhibiting Transforming Growth Factor-β Signaling via Estrogen Receptor α. J. Cancer
2014, 5, 336–343. [CrossRef] [PubMed]

147. Zhang, F.; Dong, W.; Zeng, W.; Zhang, L.; Zhang, C.; Qiu, Y.; Wang, L.; Yin, X.; Zhang, C.; Liang, W. Naringenin Prevents TGF-B1
Secretion from Breast Cancer and Suppresses Pulmonary Metastasis by In-Hibiting PKC Activation. Breast Cancer Res. 2016,
18, 1–16. [CrossRef] [PubMed]

148. Pang, S.; Jia, M.; Gao, J.; Liu, X.; Guo, W.; Zhang, H. Effects of Dietary Patterns Combined with Dietary Phytochemicals on Breast
Cancer Metastasis. Life Sci. 2021, 264, 118720. [CrossRef] [PubMed]

149. Alsuliman, A.; Colak, D.; Al-Harazi, O.; Fitwi, H.; Tulbah, A.; Al-Tweigeri, T.; Al-Alwan, M.; Ghebeh, H. Bidirectional Crosstalk
between PD-L1 Expression and Epithelial to Mesenchymal Transition: Significance in Claudin-Low Breast Cancer Cells. Mol.
Cancer 2015, 14, 149. [CrossRef]

150. Kongtawelert, P.; Wudtiwai, B.; Shwe, T.H.; Pothacharoen, P.; Phitak, T. Inhibitory Effect of Hesperidin on the Expression of
Programmed Death Ligand (PD-L1) in Breast Cancer. Molecules 2020, 25, 252. [CrossRef]

151. Amalina, N.; Nurhayati, I.P.; Meiyanto, E. Doxorubicin Induces Lamellipodia Formation and Cell Migration. Indones. J. Cancer
Chemoprevention 2017, 8, 61. [CrossRef]

152. Suzery, M.; Cahyono, B.; Amalina, N.D. Citrus Sinensis (L) Peels Extract Inhibits Metastasis of Breast Cancer Cells by Targeting
the Downregulation Matrix Metalloproteinases-9. Open Access Maced. J. Med. Sci. 2021, 9, 464–469. [CrossRef]

153. Barani, M.; Bilal, M.; Sabir, F.; Rahdar, A.; Kyzas, G.Z. Nanotechnology in Ovarian Cancer: Diagnosis and Treatment. Life Sci.
2021, 266, 118914. [CrossRef] [PubMed]

154. Aiello, P.; Consalvi, S.; Poce, G.; Raguzzini, A.; Toti, E.; Palmery, M.; Biava, M.; Bernardi, M.; Kamal, M.A.; Perry, G.; et al. Dietary
Flavonoids: Nano Delivery and Nanoparticles for Cancer Therapy. Semin. Cancer Biol. 2021, 69, 150–165. [CrossRef]

155. Liu, C.H.; Grodzinski, P. Nanotechnology for Cancer Imaging: Advances, Challenges, and Clinical Op-Portunities. Radiol. Imaging
Cancer 2021, 3, e200052. [CrossRef] [PubMed]

156. Khan, H.; Ullah, H.; Martorell, M.; Valdes, S.E.; Belwal, T.; Tejada, S.; Sureda, A.; Kamal, M.A. Flavonoids Nanoparticles in Cancer:
Treatment, Prevention and Clinical Prospects. Semin. Cancer Biol. 2021, 69, 200–211. [CrossRef] [PubMed]

157. Bhia, M.; Motallebi, M.; Abadi, B.; Zarepour, A.; Pereira-Silva, M.; Saremnejad, F.; Santos, A.C.; Zarrabi, A.; Melero, A.;
Jafari, S.M.; et al. Naringenin Nano-Delivery Systems and Their Therapeutic Applications. Pharmaceutics 2021, 13, 291. [CrossRef]

158. Ali, S.H.; Sulaiman, G.M.; Al-Halbosiy, M.M.F.; Jabir, M.S.; Hameed, A.H. Fabrication of Hesperidin Nanoparticles Loaded
by Poly Lactic Co-Glycolic Acid for Improved Therapeutic Efficiency and Cytotoxicity. Artif. Cells Nanomed. Biotechnol. 2019,
47, 378–394. [CrossRef]

159. Sulaiman, G.M.; Waheeb, H.M.; Jabir, M.S.; Khazaal, S.H.; Dewir, Y.H.; Naidoo, Y. Hesperidin Loaded on Gold Nanoparticles as a
Drug Delivery System for a Successful Biocompatible, Anti-Cancer, Anti-Inflammatory and Phagocytosis Inducer Model. Sci.
Rep. 2020, 10, 9362. [CrossRef]

127



Antioxidants 2023, 12, 586

160. Wadhwa, R.; Paudel, K.R.; Chin, L.H.; Hon, C.M.; Madheswaran, T.; Gupta, G.; Panneerselvam, J.; Lakshmi, T.; Singh, S.K.;
Gulati, M.; et al. Anti-Inflammatory and Anticancer Activities of Naringenin-Loaded Liquid Crystalline Nanoparticles in Vitro. J.
Food Biochem. 2021, 45, e13572. [CrossRef]

161. Askar, M.A.; El Shawi, O.E.; Abou Zaid, O.A.R.; Mansour, N.A.; Hanafy, A.M. Breast Cancer Suppression by Curcumin-
Naringenin-Magnetic-Nano-Particles: In Vitro and in Vivo Studies. Tumour Biol. 2021, 43, 225–247. [CrossRef]

162. Rajamani, S.; Radhakrishnan, A.; Sengodan, T.; Thangavelu, S. Augmented Anticancer Activity of Naringenin-Loaded TPGS
Polymeric Nanosuspension for Drug Resistive MCF-7 Human Breast Cancer Cells. Drug Dev. Ind. Pharm. 2018, 44, 1752–1761.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

128



antioxidants

Review

Influence of the Neuroprotective Properties of Quercetin on
Regeneration and Functional Recovery of the Nervous System
Simone Ortiz Moura Fideles 1, Adriana de Cássia Ortiz 1, Daniela Vieira Buchaim 2,3,
Eliana de Souza Bastos Mazuqueli Pereira 2, Maria Júlia Bento Martins Parreira 1, Jéssica de Oliveira Rossi 4,5,
Marcelo Rodrigues da Cunha 6,7, Alexandre Teixeira de Souza 8, Wendel Cleber Soares 9

and Rogerio Leone Buchaim 1,4,*

1 Department of Biological Sciences, Bauru School of Dentistry (FOB/USP), University of Sao Paulo,
Bauru 17012-901, Brazil

2 Postgraduate Program in Structural and Functional Interactions in Rehabilitation,
University of Marilia (UNIMAR), Marília 17525-902, Brazil

3 Teaching and Research Coordination of the Medical School, University Center of Adamantina (UNIFAI),
Adamantina 17800-000, Brazil

4 Graduate Program in Anatomy of Domestic and Wild Animals, Faculty of Veterinary Medicine and
Animal Science, University of Sao Paulo, Sao Paulo 05508-270, Brazil

5 Medical Bill Audit, Holy House of Mercy (Santa Casa de Misericórdia), Marília 17515-900, Brazil
6 Anatomy Department, Padre Anchieta University Center (UniAnchieta), Jundiai 13210-795, Brazil
7 Department of Morphology and Pathology, Jundiaí Medical School, Jundiai 13202-550, Brazil
8 Department of Medicine, University Center of Adamantina (UNIFAI), Adamantina 17800-000, Brazil
9 Department of Exact Sciences, University Center of Adamantina (UNIFAI), Adamantina 17800-000, Brazil
* Correspondence: rogerio@fob.usp.br; Tel.: +55-14-3235-8220

Abstract: Quercetin is a dietary flavonoid present in vegetables, fruits, and beverages, such as onions,
apples, broccoli, berries, citrus fruits, tea, and red wine. Flavonoids have antioxidant and anti-
inflammatory effects, acting in the prevention of several diseases. Quercetin also has neuroprotective
properties and may exert a beneficial effect on nervous tissue. In this literature review, we compiled
in vivo studies that investigated the effect of quercetin on regeneration and functional recovery of the
central and peripheral nervous system. In spinal cord injuries (SCI), quercetin administration favored
axonal regeneration and recovery of locomotor capacity, significantly improving electrophysiological
parameters. Quercetin reduced edema, neutrophil infiltration, cystic cavity formation, reactive oxygen
species production, and pro-inflammatory cytokine synthesis, while favoring an increase in levels of
anti-inflammatory cytokines, minimizing tissue damage in SCI models. In addition, the association of
quercetin with mesenchymal stromal cells transplantation had a synergistic neuroprotective effect on
spinal cord injury. Similarly, in sciatic nerve injuries, quercetin favored and accelerated sensory and
motor recovery, reducing muscle atrophy. In these models, quercetin significantly inhibited oxidative
stress and cell apoptosis, favoring Schwann cell proliferation and nerve fiber remyelination, thus
promoting a significant increase in the number and diameter of myelinated fibers. Although there is
still a lack of clinical research, in vivo studies have shown that quercetin contributed to the recovery
of neurological functions, exerting a beneficial effect on the regeneration of the central and peripheral
nervous system.

Keywords: quercetin; nerve regeneration; nervous system; spinal cord; peripheral nerves

1. Introduction

Neurological disorders affect millions of people and can lead to complications that
compromise quality of life [1,2]. Several factors may be associated with the etiology of
neurological disorders, such as neurodegenerative and metabolic diseases, injuries, trauma,
ischemia, and tumors. Among them, injuries and traumatic lesions have become a public
health problem, considering the sequelae commonly associated with trauma [3]. Depending
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on the severity and the affected site, injury to the nervous system can lead to different
degrees of functional disability and not always a satisfactory recovery can be achieved.
Although nervous tissue has a certain regenerative capacity, several neurological functions
can be impaired as a result of injuries to the central or peripheral nervous system. Spinal
cord injuries can lead to partial or total loss of functional capacity [1,4]. Traumatic brain
injury, in turn, is one of the main causes of death or disability and has been considered
a risk factor for the development of neurodegenerative pathologies, such as Parkinson’s
disease [5,6]. Similarly, peripheral nerve injuries can lead to neuropathies, sensory and
motor deficits, muscle atrophy and neuritic pain [4,7,8].

In this regard, nerve regeneration and the recovery of neurological functions are
influenced by events resulting from the imbalance in the homeostasis of the injured tis-
sue [1]. Injuries in the nervous system cause several physiopathological changes in the
microenvironment that impair the regenerative process, such as increased cellular oxida-
tive stress and elevated synthesis of pro-inflammatory cytokines, like interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α) [8]. Increased concentra-
tions of these cytokines activate the expression of other factors, such as cyclooxygenase-2
(COX-2) and inducible nitric oxide synthase (iNOS). Additionally, abnormalities that lead
to mitochondrial dysfunction also promote increased oxidative stress, predisposing to
alterations in neurotransmitters and neuronal activity [9]. Oxidative stress results from the
accumulation of reactive oxygen species (ROS) or reactive nitrogen species (RNS) in cells
and constitutes one of the main factors associated with neurodegenerative disorders [9–
11]. The excessive production of free radicals can lead to alterations in macromolecules,
such as DNA, proteins, and lipids, causing significant cellular damage and leading to cell
death [9,12]. Therefore, an exacerbated and prolonged inflammatory response, increased
oxidative stress, and cellular apoptosis are the main events associated with the neurode-
generation process [8]. These events favor axonal degeneration and demyelination, while
inducing necrosis and apoptosis of nervous cells, such as neurons and oligodendrocytes.
These physiopathological alterations can also favor the formation of a scar at the injury site,
which is another factor that impairs axonal growth and tissue regeneration (Figure 1) [1].

Thus, considering the challenges encountered to obtain adequate regeneration and
a satisfactory recovery of functional capacity, therapeutic strategies have been searched that
can act as adjuvants to the resources available for the treatment of injured nervous tissue [3].
Therefore, the use of some bioactive agents with therapeutic potential, such as flavonoids,
has been investigated as a strategy to promote tissue regeneration. Flavonoids are dietary
phytochemicals, from the polyphenol class, found in a variety of fruits, vegetables, and
beverages, including citrus fruits, strawberries, raspberries, apples, grapes, cocoa, legumes,
grains, coffee, green tea, and red wine [13]. According to their chemical characteristics,
flavonoids are classified into subgroups, such as flavonols, flavones, isoflavones, flavanones,
flavanols, and anthocyanidins [14]. In general, flavonoid subgroups have nutritional
properties and therapeutic potential on different pathologies, such as cancer, cardiovascular,
neurological, inflammatory, and metabolic diseases [14–16]. Due to their antioxidant, anti-
inflammatory, antiallergic, antimicrobial, antitumor, and antiviral properties, flavonoids can
exert significant beneficial effect, modulating various biological processes [17]. Flavonoids
exhibit the ability to scavenge ROS, activate antioxidant enzymes and inhibit enzymes
related to the production of free radicals, as well as downregulate the expression and
synthesis of factors related to oxidative stress, such as iNOS and nitric oxide (NO) [18,19].
Thus, the main mechanisms of action by which flavonoids exert their effect are related to
their ability to inhibit ROS production and reduce the synthesis of inflammatory mediators,
such as TNF-α, IL-6, interleukin-1 beta (IL-1β), COX-2, and prostaglandin E2 (PGE2) [16,20].

Considering the nutritional value and therapeutic potential of flavonoids, and with
diet as a source of a wide variety of phytochemicals, studies have investigated the effect
of the use of these bioactive agents in the control and progression of several pathologies.
Among the various types of dietary flavonoids, quercetin is a flavonoid that is highlighted
for having neuroprotective properties and biological effect on nervous tissue [10]. Thus,
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this literature review compiled in vivo studies that investigated the effect of quercetin
administration on regeneration and recovery of functional capacity in spinal cord injury
(SCI) or peripheral nerve injury models.

Figure 1. Injuries in the central or peripheral nervous system can lead to an increase in the synthesis
of inflammatory cytokines, in the production of reactive oxygen species, and in cell apoptosis. These
physiopathological alterations favor the degeneration of nervous cells, impair tissue regeneration,
and compromise the recovery of neurological functions. Consequently, lesions in nervous tissue
can cause complications of different degrees of severity, such as muscle atrophy, sensory and motor
deficits, partial or total functional disability, and neuropathic pain. Interleukin-6 (IL-6); Tumor
Necrosis Factor alpha (TNF-α); Interleukin-1 beta (IL-1β); Reactive Oxygen Species (ROS).

2. Flavonoid Quercetin
Biological Properties

The term quercetin is derived from the Latin “quercetum”, commonly referred to as
“oak forest” [12,21]. Quercetin is a bioactive agent that is widely distributed among a
diversity of vegetable species and medicinal plants, such as Ginkgo biloba, Hypericum perfora-
tum, and Sambucus canadensis [21]. Structurally, quercetin (3,3′,4′,5,7-pentahydroxyflavone)
has two benzene rings linked by a heterocyclic pyran or pyrone ring and five hydroxyl
groups [22], with the molecular formula C15H10O7 [9,12,21]. Considering the chemical
aspect, quercetin has a greenish-yellow crystalline solid appearance, being responsible
for the pigmentation of various fruits, flowers, and vegetables [12,23,24]. Quercetin has
an important nutritional value, constituting one of the most abundant flavonoids in the
diet [21–24]. The main dietary sources of quercetin are onions and apples, in addition to
other foods, such as cherries, grapes, blueberries, citrus fruits, red leaf lettuce, cabbage,
broccoli, tomatoes, peppers, asparagus, wine, and tea [21,22,25,26].

In fruits and vegetables, quercetin is usually present in the form of glycosides, conju-
gated to carbohydrate residues, such as glucose and rutinose [12,22,25,27]. After ingestion,
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quercetin glycosides are hydrolyzed by β-glycosidases in the intestine. Most of the aglycone
form is absorbed in the gastrointestinal tract and metabolized in the liver [9,12,21,22,25].
Thus, the microbial of the gastrointestinal tract plays an important role in the degradation
and metabolism of this bioactive agent [22]. Quercetin, therefore, has a rapid and extensive
metabolism, being efficiently eliminated by the intestine and kidneys [9,19]. One of the
important issues in this process refers to its bioavailability. In addition to the intestinal
flora, some factors, such as diet, can alter the bioavailability of quercetin and its metabo-
lites. Certain dietary elements can interfere to increase the plasmatic concentration of these
molecules. Quercetin, however, has a short half-life and relatively low bioavailability, which
may influence its biological effect [9,12,23,25]. Considering these issues, some studies have
investigated different delivery systems that could increase the bioavailability and facilitate
the access of quercetin in the target tissues, such as the use of loaded quercetin in hydrogels,
nanoparticles, nanofibers, polymeric micelles, or mucoadhesive nanoemulsions [9,28–32].
Thus, research has advanced in the use of these technologies since the therapeutic effect of
a bioactive agent depends largely on its bioavailability.

As with the other flavonoids, quercetin has several biological properties that are respon-
sible for its therapeutic potential. Quercetin has anti-inflammatory, antioxidant, anticancer,
neuroprotective, immunoprotective, antiviral, and antibacterial properties [21,22,33–36]. Stud-
ies report that quercetin can act in the prevention of several pathologies, such as cancer, bacterial
and viral infections, cardiovascular, neurodegenerative, inflammatory, immunological, and
metabolic diseases, like asthma and diabetes mellitus (Figure 2) [12,19,21,22,24,36]. Therefore,
regular consumption of a diet rich in quercetin may provide health benefits, contributing to the
prevention of diseases related to aging and lifestyle [12,27]. Thus, considering that quercetin is
already part of the diet and considering the scientific evidence from in vivo studies and clinical
trials that did not indicate adverse toxicological effects, in 2010, high purity quercetin was
recognized by the Food and Drug Administration (FDA) as GRAS (Generally Recognized as
Safe) for use as a food ingredient [22]. In addition to its recognized nutritional properties, the
effects of quercetin as a therapeutic agent have also been investigated in various pathological
conditions, such as in the rehabilitation of neurological functions.

There is evidence in the literature that quercetin has a neuroprotective effect and
the potential to favor neurogenesis and regeneration of nervous tissue [9,12]. One of
the characteristics that contributes to the neuroprotective action of quercetin concerns its
solubility. Despite being relatively insoluble in water, quercetin is lipophilic [9,12,21]. The
lipophilic nature of quercetin facilitates its passage through the blood-brain barrier. Then,
quercetin absorbed and available in the plasma can easily access the brain tissue to exert
its biological activity [10,12]. In the nervous system, quercetin can act in injured areas
to minimize or reverse the dysfunctions resulting from neurodegenerative disorders, as
well as to delay the advance of neurological alterations [9,12]. The neuroprotective effect
of quercetin is mainly related to its anti-inflammatory and antioxidant potential, since
quercetin acts by protecting the tissue against oxidative stress induced or resulting from
physiological metabolism [10]. In addition to physiopathological changes, physiological
conditions, such as aging, can compromise the antioxidant capacity of the tissue, resulting
in increased oxidative damage [9]. Overall, the antioxidant action of quercetin occurs
through several mechanisms, such as free radical scavenging, chelating action on metal ions,
acting on mitochondrial function, on gene expression and on the synthesis of antioxidant
factors [10]. In addition to reducing ROS formation and lipid peroxidation, quercetin also
acts by modulating the inflammatory response, inhibiting the synthesis of pro-inflammatory
cytokines, such as TNF-α, IL-1β, and IL-6, and favoring the synthesis of anti-inflammatory
cytokines, such as interleukin-10 (IL-10) [19].

The anti-inflammatory and antioxidant properties of quercetin have been reported
in several studies. In vitro studies showed that quercetin reduced the production of NO
and ROS, inhibited the activation of nuclear factor-kappa B (NF-kB), and downregulated
the expression of inflammatory mediators, such as IL-1β, IL-6, TNF-α, and COX-2, even
in lipopolysaccharide-stimulated cells (LPS) [37–41]. The neuroprotective properties of
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quercetin have also been reported in studies with animal models subjected to neuronal in-
jury induced by trauma, hypoxia, or LPS. In animals with traumatic brain injury, quercetin
administration reduced inflammatory response, oxidative stress, neuronal apoptosis, and
brain edema [42,43], improving cognitive functions, biogenesis, and mitochondrial func-
tion [43–46]. Quercetin treatment also modulated the inflammatory response, minimized
oxidative stress, and reduced neuronal apoptosis in animals with cerebral ischemia, sup-
pressing the expression and synthesis of inflammatory cytokines (TNF-α, Il-1β, and Il-6),
as well as inhibiting NF-kB activation [41,47]. In addition to modulating tissue responses
induced by hypoxia, quercetin inhibited blood-brain barrier disruption and cerebral infarc-
tion, attenuating the neurological deficit [47].

Figure 2. Quercetin is a dietary flavonoid widely distributed among a diversity of fruits, vegetables,
and medicinal plants. Quercetin has anti-inflammatory, antioxidant, antitumor, antiviral, antibacterial,
and neuroprotective properties. Due to its properties, quercetin can exert beneficial biological
activity, acting in the prevention of various pathologies, such as cancer, bacterial and viral infections,
cardiovascular, neurodegenerative, inflammatory, immunological, and metabolic diseases. Reactive
Nitrogen Species (RNS).

In addition, under conditions of cerebral hypoxia, a synergistic pharmacological
effect was obtained by the association of quercetin administration with the transplanta-
tion of human umbilical cord mesenchymal stromal cells (HUMSCs) [48]. In this study,
treatment with quercetin and HUMSCs reduced cellular apoptosis and the synthesis of
inflammatory mediators (IL-1β and IL-6), while favoring the synthesis of anti-inflammatory
cytokines (IL-4, IL-10 and TGF-β1). Additionally, the combined treatment favored the
survival of HUMSCs at the site of injury and promoted an improvement in the recovery
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of neurological functions [48]. In LPS-induced animal models, quercetin administration
reduced ROS production and the synthesis of inflammatory mediators (Il-1β, TNF-α and
COX-2), minimizing neurotoxicity and neurodegeneration, in addition to improving mem-
ory function [38,49]. Similar results were obtained in studies that used quercetin to treat
animals with neurodegenerative or metabolic diseases. In rotenone-induced parkinsonian
rats, quercetin minimized neurological deficits and downregulated the expression of in-
flammatory mediators, such as Il-1β, TNF-α and NF-kB [50]. Similarly, an inhibition of
inflammatory mediator synthesis (Il-1β and TNF-α) was obtained in diabetic peripheral
neuropathy animal model treated with quercetin [51]. Other in vivo studies have also
reported that the administration of quercetin promoted a beneficial effect by alleviating
neuropathic pain [52–55].

In general, in several studies conducted with animal models, quercetin has shown
beneficial effects on the microenvironment of nervous tissue, modulating the inflammatory
response, and minimizing oxidative stress, cell apoptosis and neurodegenerative disorders,
in addition to alleviating neuropathic pain.

3. Therapeutic Effect of Quercetin
3.1. Animal Models with Central and Peripheral Nervous System Injuries

The influence of the neuroprotective properties of quercetin on the regeneration and
functional recovery of the nervous system after injuries or traumas has also been reported
in several studies. This review selected studies that investigated the effect of quercetin
administration in animal models of spinal cord injury (SCI) or peripheral nerve injury
and, for the most part, investigated the effect of quercetin used alone, without association
with other agents [56–61]. Two studies compared the effect of administration of quercetin
alone or in combination with other agent or with stem cells [62,63]. Some studies also
compared the effect of quercetin administration in relation to the effect of other agents with
pharmacological action, such as methylprednisolone, SB203580 (p38 mitogen-activated
protein kinases inhibitor), and nerve growth factor (NGF) [64,65].

In general, the effects of the treatment with quercetin were measured using different
methods of analysis, such as behavioral and electrophysiological assessment, quantita-
tive real-time reverse-transcriptase polymerase chain reaction (qRT-PCR), Western blot,
immunohistochemistry, immunofluorescence, histological assays, and motor nerve conduc-
tion velocity analysis. The main outcomes of these studies showed that quercetin favored
the regeneration and recovery of the functional capacity. Table 1 synthesizes the exper-
imental design and summarizes the main outcomes of studies that evaluated the effect
of quercetin administration in animal models with spinal cord injury (SCI) or peripheral
nerve injury.

3.1.1. Spinal Cord Injury (SCI)

In the studies of this review that investigated the effect of quercetin administration in
SCI animal models, the behavioral assessment was performed using the Basso, Beattie, Bres-
nahan Locomotor Rating Scale (BBB scores), which is a valid measure to detect alterations
in locomotor performance after SCI [66]. In SCI animals, quercetin administration reduced
histopathological damage, inflammatory cytokine synthesis, and cellular oxidative stress,
promoting a significant recovery of neurophysiological functions and locomotor capacity.
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Several biological conditions resulting from spinal cord injuries can influence the
recovery of neurophysiological functions, such as the inflammatory process and oxidative
stress, which can cause secondary damage in the injury area. Considering these issues,
studies have investigated whether the use of an agent with potential to modulate the inflam-
matory process and oxidative stress could constitute a strategy to favor the regeneration of
nervous tissue. Song et al., (2013) evaluated the effect of quercetin on cellular oxidative
stress resulting from acute spinal cord injury in rats, which were treated with quercetin
(0.2 mg/kg/day), methylprednisolone (30 mg/kg/day), or SB203580 (10 mg/kg/day) [65].
Methylprednisolone has been used as a neuroprotective agent in the treatment of central
nervous system injuries. SB203580 is a specific inhibitor of p38 mitogen-activated protein
kinases (p38MAPK) signaling. The results showed that quercetin administration signifi-
cantly downregulated the expression of phosphorylated p38MAPK and iNOS, similarly to
SB203580, contributing to minimize cellular oxidative stress. In contrast, the expression of
these factors was significantly increased in the SCI group.

These authors also evaluated malondialdehyde (MDA) content and superoxide dismu-
tase (SOD) activity, which are biomarkers related to oxidative stress. MDA constitutes an
end product of lipid peroxidation and acts in the activation of pro-inflammatory cytokines.
SOD is an antioxidant enzyme responsible for scavenging free radicals [67,68]. Quercetin
treatment significantly reduced MDA content and increased SOD activity compared to
SB203580. In this study, BBB scores showed that quercetin significantly improved the func-
tional capacity of SCI animals, similarly to the positive control methylprednisolone. These
authors concluded that the inhibition of p38MAPK/iNOS signaling may constitute one of
the mechanisms of neuroprotective action of quercetin [65]. Corroborating with these data,
Jiang et al., (2016) reported that the administration of quercetin (100 mg/kg) promoted
a significant improvement in the functional recovery of SCI rats from the 3rd postoperative
day, according to BBB scores [57]. SCI caused an increase in the formation of reactive oxygen
species, in the production of TNF-α, and in the synthesis of pro-inflammatory cytokines,
such as IL-1β and interleukin-18 (IL-18), which were significantly reduced by quercetin.
Additionally, quercetin minimized histopathological damage, providing a considerable
reduction in congestion, edema, neutrophil infiltration, and structural disruption in the
lesion area [57].

The functional recovery of nervous tissue can also be favored by treatment with
quercetin and cells with regenerative potential. Wang et al., (2018) evaluated the effect of
quercetin administration (50 µmol/kg) associated with transplantation of human umbilical
cord mesenchymal stromal cells (HUMSCs) in SCI rats [62]. The behavioral assessment
measured by BBB scores showed that the neurological functions of the animals were
significantly improved by the treatment with quercetin and HUMSCs, differing significantly
from the other groups. Furthermore, the treatment combining quercetin and HUMSCs
reduced the formation of cystic cavities, exhibited greater axonal preservation, and showed
a significant reduction in the levels of pro-inflammatory cytokines, such as IL-1β and
IL-6, in addition to exhibiting an increase in the levels of anti-inflammatory cytokines,
such as IL-10, interleukin-4 (IL-4), and transforming growth factor beta 1 (TGF-β1). These
authors concluded that the administration of quercetin combined with the transplantation
of HUMSCs had a synergistic effect, which may constitute a strategy to favor the recovery
of neurological functions and to minimize the damage resulting from SCI [62].

Some studies with SCI animal models have investigated the effect of quercetin on
nerve cells, such as astrocytes and oligodendrocytes. Wang et al., (2018) evaluated the effect
of quercetin (20 mg/kg/day) on astrocyte activation and on the expression of factors, such
as glial fibrillary acidic protein (Gfap) and S100 calcium binding protein B (S100b) [61]. Gfap
and S100b are biomarkers related to neurological damage. S100b constitutes a neurotrophic
protein present in astrocytes [69]. Gfap, in turn, is the main component of the cytoskeleton
of astrocytes and constitutes a marker of differentiation and activation of these cells [70,71].
Analyses showed that the quercetin-treated group showed an overexpression of Gfap and
S100b at 7 days post-SCI, evidencing a positive effect on astrocyte activation. Astrocytes
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perform several functions in nervous tissue, being responsible for neuronal homeostasis [72].
In the early stages of the regenerative process, activation of astrocytes can be considered
beneficial. However, prolonged activation of astrocytes can lead to tissue damage, making it
difficult to regenerate the injured area [72]. Additionally, histological analyses also showed
that quercetin considerably reduced the area of cavities at the site of injury and favored
axonal regeneration, minimizing tissue damage, and promoting an increase in axon density.
Thus, quercetin treatment promoted a significant improvement in functional recovery and
electrophysiological capacity of SCI rats [61].

Fan et al., (2019) investigated the effect of the anti-inflammatory properties of quercetin
(7.5 mg/kg) on oligodendrocyte necroptosis after SCI [56]. Oligodendrocytes are present
in the central nervous system, and they act in the formation of the myelin sheath [73].
Necroptosis of oligodendrocytes is often involved with the inflammatory process, and it
can be exacerbated after SCI, leading to more severe neurological damage. In this study,
quercetin administration improved the functional recovery of the animals, significantly
reducing myelin and axonal loss, which were markedly expressive in the SCI group. Im-
munofluorescence staining showed that quercetin minimized the reduction of myelin basic
protein (Mbp) and neurofilament (NF200) in the white matter of SCI mice. Mbp constitutes
the main component of the myelin sheath of oligodendrocytes. NF200 is a structural con-
stituent of the cytoskeleton, and it is involved in axon development. Analysis by qRT-PCR
also showed that the mRNA expression of factors involved in the inflammatory process,
such as TNF-α and iNOS, were significantly downregulated by quercetin. Additionally,
according to immunohistochemistry, quercetin favored the survival of oligodendrocytes by
approximately 80%, significantly reducing the necroptosis of these cells after SCI [56].

The effect of quercetin administration (20 mg/kg/day), alone or associated with
a specific autophagy inhibitor (3-methyladenine, 3-MA, 400 nmol) was investigated by
Wang et al., (2021) [63]. BBB scores were employed over time to assess locomotor perfor-
mance and recovery of functional capacity in SCI rats, with assessments performed at 1-,
3-, 7- and 14-days post-SCI. The results showed that there was no significant difference
between the scores of the three groups (SCI, SCI + quercetin, SCI + quercetin + 3-MA) on
day 1. However, quercetin administration promoted a significant recovery of locomotor
capacity from the 3rd day, which increased over time, differing from the SCI group. In
addition, the SCI + quercetin group showed better recovery of functional capacity than the
SCI + quercetin + 3-MA group, but with no significant difference between them. Similarly,
treatment with quercetin favored the electrophysiological recovery of the animals, while
3-MA partially reduced the beneficial effects of quercetin. In this study, histological anal-
ysis showed that SCI caused the disruption of nerve fibers, leading to cavity formation.
However, quercetin administration reduced the deformity and the degree of histological
alterations in the nervous tissue, so that the lesion area and the presence of cavities were
reduced in the SCI + quercetin group.

However, 3-MA partially minimized the effects of quercetin. Additional analyses
performed at 14 days post-SCI showed that SCI led to other significant changes in the
nervous tissue. Immunofluorescence staining showed that the SCI group had a reduction of
5-hydroxytryptamine (5-HT) or serotonin positive nerve fibers and neurofilament (NF200)
positive neurons, in addition to an increase in the detection of Gfap-positive astrocytes.
Quercetin administration improved this condition, promoting an increase in 5-HT posi-
tive nerve fibers and NF200 positive neurons and a decrease in Gfap-positive astrocytes,
which is favorable for tissue regeneration at this more advanced stage. Quercetin also
downregulated Gfap expression and upregulated the expression of RNA binding fox-1
homolog 3 (Neun), confirmed in this study by Western blotting. Immunohistochemistry
staining also showed a high number of Gfap-positive cells and a reduced number of NF200
and Neun-positive cells in the SCI group. Quercetin treatment reduced Gfap-positive
cells and increased NF-200 and Neun-positive cells; however, these effects were also par-
tially inhibited by 3-MA. Another important parameter investigated in this study was
cellular autophagy, evaluated by the expression of the biomarkers Beclin 1 (Beclin 1) and
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microtubule-associated protein 1 light chain 3 alpha (LC3-II). Autophagy is essential for
neuronal homeostasis. The SCI group showed an overexpression of Beclin 1 and LC3-II in
relation to Sham, on days 1 to 3 post-SCI. Quercetin upregulated the expression of these
biomarkers and 3-MA partially minimized this effect. According to the data from this
study, quercetin favored autophagy, which contributed to minimize neuronal damage and
to improve recovery of functional capacity after SCI [63].

3.1.2. Peripheral Nerve Injury

The studies of this review that investigated the effect of quercetin on the regeneration
and functional recovery of the peripheral nervous system were conducted with animal
models with sciatic nerve injuries. In these animal models, quercetin administration
also modulated the inflammatory response and significantly inhibited oxidative stress
and cellular apoptosis, favoring nerve fiber remyelination and improving sensory and
motor recovery. Wang et al., (2011) implanted a silicone rubber nerve chamber filled with
quercetin or saline solutions into the sciatic nerve gaps (15 mm) of rats [60]. After 8 weeks,
morphometric analysis showed that the groups treated with different dosages of quercetin
(0.1, 1 and 10 µg/mL) showed an adequate reinnervation of the gastrocnemius muscle
and a considerable increase in the number and density of myelinated axons compared to
the control.

However, at this stage, the gastrocnemius muscle still showed significant atrophy,
exhibiting relatively smaller muscle fibers at the injury site. Among the experimental
groups, the group treated with quercetin, at a dosage of 1 µg/mL, presented an area of
evoked muscle action potential significantly greater in relation to the control. These authors
also found that quercetin, at all concentrations (0.1, 1 and 10 µg/mL), significantly favored
the survival and growth of Schwann cells in vitro, not inducing cellular apoptosis [60].
Chen et al., (2017) also reported that quercetin administration promoted functional recov-
ery after sciatic nerve crush injury in mice [64]. In this study, animals were treated with
quercetin, at different dosages (0.2, 2, and 20 mg/kg/day), or with mice-derived nerve
growth factor (m-NGF, 4.86 µg/kg/day). Sciatic nerve crush injury caused a significant
deficit in the number of myelinated fibers.

Therefore, analyses showed that quercetin (mainly at 20 mg/kg/day) and mNGF
favored the expression of genes related to intrinsic axon growth and promoted an increase
in the number of myelinated fibers. Intrinsic neuronal growth was evaluated by the
expression of cyclic adenosine monophosphate (cAMP) and growth associated protein 43
(Gap43). In all the evaluated periods (7, 14 and 35 days), quercetin at the highest dose tested
(20 mg/kg/day) showed the best results, upregulating the expression of these two factors.
At 20 mg/kg/day, quercetin also significantly accelerated sensory and motor function
recovery, exhibiting sensory responses more rapid than the m-NGF group. In addition,
quercetin (20 mg/kg/day) and mNGF significantly reduced muscle atrophy [64].

Corroborating with these studies, Turedi et al., (2018) investigated the effects of
quercetin in a rat sciatic nerve crush injury model and obtained promising results [59]. In
this study, untreated (T) or quercetin (Q) treated animals (200 mg/kg/day) were sacrificed
at 7 or 28 days. Morphometric analyses were performed considering several parameters,
such as the thickness of the myelin sheath, the diameter of the nerve fibers and the number
of myelinated nerve fibers in the injured sciatic nerve. Analyses showed that the trauma
caused axonal edema, in addition to degeneration in most of the myelinated axons and
in the myelin sheath, signs indicative of Wallerian degeneration. The thickness of the
myelin sheath and the number of myelinated nerve fibers were significantly compromised
by the injury to the sciatic nerve, so that the T-7 and T-28 groups had a lower number of
myelinated nerve fibers, with a thinner myelin sheath, compared to the Sham groups (S-7
and S-28).

Regarding the evaluated periods, analyses showed that the T-7 group presented a more
expressive degree of nerve fiber degeneration; however, the T-28 group already exhibited
the presence of nerve fibers indicating a process of initiated regeneration. Comparing the
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treated and untreated groups, analyses showed that quercetin favored and accelerated
the recovery of the injured nerve, since the T + Q-28 group showed a more advanced
degree of regeneration compared to the T-28 group, exhibiting visible histopathological
findings. Thus, T + Q-28 presented a greater number of myelinated nerve fibers, showing
thicker myelin sheaths compared to T-28, with significant differences between these groups.
Considering quercetin treatment and experimental periods, analyses showed that quercetin
promoted an improvement in morphological parameters over time, since the T + Q-28
group had a significantly greater number of myelinated nerve fibers with thicker myelin
sheaths in relation to the group treated for only 7 days (T + Q-7).

Therefore, the regeneration of the nervous fiber structure was significantly more
expressive in the T + Q-28 group compared to the T + Q-7 group, which indicates that the
regeneration process advanced over the days. These authors also performed biochemical
analyses to evaluate the apoptosis index among the Schwann cells of the sciatic nerve. The
data from these analyses showed that injury to the sciatic nerve increased the rate of cell
apoptosis, as this rate was significantly higher for the T-7 and T-28 groups compared to
the Sham groups (S-7 and S-28). In animals submitted to trauma, the administration of
quercetin significantly reduced the apoptosis index, which was evident in the comparison
of T + Q-7 in relation to T-7, as well as between T + Q-28 and T-28, with no increase in
this index over time for all groups. Considering the results of the analyses, the authors
concluded that quercetin had beneficial effects and potential to shorten the period of
nerve regeneration [59].

Qiu et al., (2019) evaluated the effect of isoquercitrin (quercetin-3-glucoside), at
20 mg/kg/day, in mice sciatic nerve crush injury model [58]. Sciatic nerve injury resulted
in a significant reduction in the thickness and number of layers of the myelin sheath, in
addition to a reduction in the expression of proteins involved in the formation and conser-
vation of the myelin sheath, such as myelin-associated glycoprotein (Mag) and peripheral
myelin protein 22 (Pmp22). Mag is expressed by oligodendrocytes of the central nervous
system and by Schwann cells present in the peripheral nervous system. Pmp22 is involved
in several functions, including the formation and conservation of the myelin sheath of cells
in the peripheral nervous system. Analyses performed at 15 days post-injury showed that
the administration of isoquercitrin reversed part of these events, upregulating the expres-
sion of Mag and Pmp22, as well as the expression of factors involved with axonal growth,
such as Gap43 and NF200. Isoquercitrin showed beneficial effects, favoring peripheral
nerve remyelination, improving motor function recovery, and reducing muscle atrophy.

Additionally, isoquercitrin suppressed cellular oxidative stress resulting from sciatic
nerve injury, downregulating the expression of proteins related to ROS production, such as
NADPH oxidase 4 (Nox4) and dual oxidase 1 (Duox1), and upregulating the expression
of proteins involved with the inhibition of free radical production, such as nuclear factor
erythroid 2-related factor-2 (Nrf2) and superoxide dismutase 2 (Sod2). In this study, in vitro
assays also showed that isoquercitrin promoted the proliferation and migration of Schwann
cells in a dose-dependent manner. These authors concluded that isoquercitrin may have
considerable therapeutic potential as a neuroprotective agent [58].

Figure 3 illustrates and summarizes the main outcomes of the in vivo studies that
were included in this literature review, considering the effects of quercetin administration
in animal models with SCI or sciatic nerve injury.

In addition to the content reported in this review, complementary therapies can also
be considered, which can also be used in peripheral nerve regeneration, such as the use
of Mesenchymal Stem Cells (MSCs) [74], fibrin sealants or fibrin “glues” [75], and photo-
biomodulation therapy (PBM), with the use of low-level laser (LLLT) [76] or light emitting
diode (LED) [77], to improve the process of morphological and functional recomposition of
injured nervous tissues, in which we envisage future studies to be carried out.
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Figure 3. Schematic illustration of the main outcomes of the studies included in this literature
review. In SCI and sciatic nerve injury models, quercetin administration inhibited the synthesis of
pro-inflammatory cytokines, oxidative stress, and cell apoptosis, thus minimizing tissue damage
and muscle atrophy. Similarly, quercetin favored the synthesis of anti-inflammatory cytokines and
the expression of growth-related genes, promoting axonal remyelination and neuronal regeneration,
accelerating sensory and motor recovery, and improving locomotor capacity. Interleukin-4 (IL-4);
Interleukin-10 (IL-10); Interleukin-1 beta (IL-1β); Interleukin-6 (IL-6); Reactive Oxygen Species (ROS).

4. Conclusions

Injuries and traumas that affect the nervous system cause an imbalance in tissue
homeostasis, leading to several physiopathological alterations, such as increased synthesis
of inflammatory mediators, oxidative stress, and cellular apoptosis. These alterations may
result in secondary damage in the injury site that can impair adequate nerve regeneration,
compromising the recovery of functional capacity. The use of agents with antioxidant and
anti-inflammatory properties, such as flavonoids, may constitute a strategy to favor the re-
generation of nervous tissue. Quercetin is a dietary flavonoid, from the flavonols subgroup,
which has neuroprotective properties and biological activity on nervous tissue. In animal
models with SCI or sciatic nerve injuries, quercetin administration reduced histopatholog-
ical damage, inflammatory cytokine synthesis, and cellular oxidative stress, promoting
a significant recovery of neurophysiological functions and locomotor capacity. Although
there is still a lack of clinical research, in vivo studies have shown that quercetin may
have a beneficial effect on the nervous system, with the potential to minimize deleterious
alterations, to favor regeneration and to improve the recovery of neurological functions.
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Abstract: The increased consumption of fruits, vegetables, and whole grains contributes to the
reduced risk of many diseases related to metabolic syndrome, including neurodegenerative diseases,
cardiovascular disease (CVD), diabetes, and cancer. Citrus, the genus Citrus L., is one of the most
important fruit crops, rich in carotenoids, flavonoids, terpenes, limonoids, and many other bioactive
compounds of nutritional and nutraceutical value. Moreover, polymethoxylated flavones (PMFs), a
unique class of bioactive flavonoids, abundantly occur in citrus fruits. In addition, citrus essential oil,
rich in limonoids and terpenes, is an economically important product due to its potent antioxidant,
antimicrobial, and flavoring properties. Mechanistic, observational, and intervention studies have
demonstrated the health benefits of citrus bioactives in minimizing the risk of metabolic syndrome.
This review provides a comprehensive view of the composition of carotenoids, flavonoids, terpenes,
and limonoids of citrus fruits and their associated health benefits.

Keywords: orange; mandarin; polymethoxylated flavones (PMFs); nobiletin; essential oil; β-citraurin;
limonene; metabolic syndrome; neurodegenerative diseases; cardiovascular disease (CVD)

1. Introduction

Mechanistic, observational, and intervention studies have shown that increased con-
sumption of fruits, vegetables, and whole grains contributes to the reduced risk of many
diseases related to metabolic syndrome, including neurodegenerative diseases, cardio-
vascular disease (CVD), type 2 diabetes, and cancer [1,2]. These diseases are primarily
associated with systemic and low-grade chronic inflammation prompted by oxidative
stress. The bioactive compounds present in fruits, vegetables, and whole grains prevent the
oxidative damage of cells by detoxifying the free radicals, thus minimizing the incidence of
such diseases [3].

Citrus, the genus Citrus L. of the family Rutaceae, subfamily Aurantioideae [4], is
one of the most important fruit crops, including pomelo, sweet orange, sour, lemon, lime,
citron, grapefruit, kumquat, and hybrids [5,6]. The citrus fruit species widely investigated
for their bioactive composition and their health benefits are listed in Table 1.
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Table 1. The list of citrus fruit species widely investigated for their composition of bioactive com-
pounds and their health benefits.

Botanical Name Common Name

C. aurantifolia (Christm.) Swingle or C. × lumia Risso. & Poit. Lime, key lime, lumy, ancient Mediterranean citrus

C. × aurantium L. Bitter/sour orange

C. × clementina Clementine

C. × deliciosa Tanore Montenegrin mandarin

C. japonica Thunb. Kumquat

C. junos Siebold ex Tanaka Junos, yuzu

C. × latifolia (Yu.Tanaka) Tanaka Persian lime

C. limon (L.) Osbeck) Lemon

C. × limonia Osbeck Rangpur lime

C. maxima (J. Burman) Merr. or C. grandis (L.) Osbeck Pomelo, pummelo

C. medica L. Citron, finger citron

C. poonensis Hort. ex Tanaka Ponkan

C. × paradisi Macfad. or C. × paradise Macfad Grapefruit, pink/white grapefruit

C. reticulata × C. paradisi Tangelo

C. reticulata Blanco Mandarin, tangerine, Phlegraean mandarin, ougan

C. reticulata × C. sinensis Tangor

C. × sinensis (L.) Osbeck Orange, Valencia orange, blood orange, sweet orange

C. unshiu Marc. Satsuma mandarin, Mandarin orange

Southeast Asia, especially the Yunnan province of Southwest China, Myanmar, and
Northeastern India in the Himalayan foothills, is generally considered the origin of
Citrus [4]. Citrus plants are now widely cultivated in the tropical and subtropical ar-
eas of the world, especially China, followed by Brazil and the European Union, with annual
production of approximately 102 million tons [7]. Oranges account for half of the produc-
tion/exports, followed by tangerines/mandarins (one third of total citrus production),
lemons/limes (≈8%), and grapefruit (≈7%) [7].

The Citrus genus is popular worldwide because of its pleasant flavor and richness of
bioactive and nutrients. Citrus fruits are an excellent source of bioactive compounds [3],
mainly phenolic compounds (flavonoids, phenolic acids, and coumarins), terpenoids
(limonoids and carotenoids), and pectin [5,8,9]. In addition, citrus fruits are rich in nutrients,
such as ascorbic acid (vitamin C), tocopherols and tocotrienols (vitamin E), and minerals
(selenium, zinc, copper, iron, and manganese) [3,5,8].

Several outstanding reviews have recently been published on citrus’ bioactive com-
position and health benefits (Table 2), centering primarily on flavonoids and essential
oil (terpenes and limonoids). However, a comprehensive review of all major bioactive
components of citrus fruits is lacking. Thus, this review provides a comprehensive view
of the composition of flavonoids, carotenoids, terpenes, and limonoids of citrus fruits and
their associated health benefits. Most importantly, this review highlights the significant
recent advancement in this area.
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Table 2. List of recently published outstanding reviews on composition and health benefits of citrus
bioactive compounds.

Compounds Review Highlights Reference

Essential oil

Extraction, purification, detection methods, composition, and
applications of citrus essential oil [10]

Composition of volatile compounds from peel, leaves, and
flowers of different citrus species [11]

Flavanones (hesperidin and naringin) The intestinal fate, bioavailability, intestinal metabolism, and
interaction with the gut microbiota [12]

Flavones Sources, antioxidant, anti-inflammatory, antimicrobial,
anticancer properties [13]

Flavonoids

Chemistry, biosynthesis, composition, extraction techniques,
health benefits, and industrial applications [14]

Composition, antioxidant evaluation, and regulation of
Nrf2-Keap1 pathway by citrus flavonoids [15]

Role of citrus flavonoids in brain health: evidence from
preclinical and human studies [16]

Biosynthesis, location, and distribution of flavonoids in citrus
plants, factors affecting biosynthesis, and

health-promoting properties
[17]

In vitro, in vivo, and human studies of citrus flavonoids in
minimizing the incidence of inflammatory bowel disease [18]

Antidiabetic potential of 19 citrus flavonoids, including
diosmin, hesperidin, hesperetin, naringin, naringenin, nobiletin,

neohesperidin, quercetin, rutin, and tangeretin
[19]

Therapeutic potential in diabetes and diabetic cardiomyopathy,
endothelial dysfunction, atherosclerosis, and platelet function [20]

Chemistry, metabolism, bioavailability, biotransformation and
delivery systems, and health benefits [6]

Hesperidin and vitamin C Antiviral properties against acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) [21]

Naringenin

Antidiabetic properties; in vitro, in vivo, and human studies [22]

Combating oxidative stress disorders: cardiovascular disease,
diabetes mellitus, neurodegenerative disease, pulmonary

disease, cancer, and nephropathy
[23]

Nobiletin Beneficial effects against Alzheimer’s disease (AD) and
Parkinson’s disease (PD) [24]

Nobiletin, 5-demethylnobiletin,
and derivatives

Beneficial effects against colon cancer, pharmacokinetics,
and bioavailability [25]

Nutrients and bioactive

Description of the genus Citrus, the composition of nutrients
and bioactive components, and biological activities of lemon

extract and essential oil
[26]

Nutrients (proteins, lipids, vitamins, minerals, fiber) and
bioactive (flavonoids, essential oil, limonoids, carotenoids,
synephrine) content, their structural characteristics, and

health benefits

[5]

Polymethoxyflavones (PMF) Biological properties against metabolic disorder, atherosclerosis,
inflammation, neuroinflammation, cancer, and oxidation [27]
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2. Literature Search Methodology

Available electronic databases, especially Web of Science, PubMed, and Google Scholar,
were searched for studies (review or experimental) that analyzed the composition of bioac-
tive compounds in citrus fruits and their health benefits (in vitro, in vivo, and epidemi-
ological). The primary search keywords were: (1) Citrus (title) and antioxidants (topic)
or health (topic) and (2) Citrus (title) and bioactive (topic) or health (topic). The other
keywords were: (1) Citrus (title) and flavonoid (title) or health (topic); (2) Citrus (title)
and carotenoids (title) or health (topic); (3) Citrus (title) and essential oil (title) or health
(topic); (4) Citrus (title) and essential oil (title) or health (topic); (5) Fruits (title) and health
(topic); and (6) Diet (title) and health (topic). The relevant 320 articles were downloaded;
they had been published mostly between 2018 and 2022. A total of 135 articles, including
128 published in the years 2022 (02), 2021 (37), 2020 (35), and 2019 (30), are discussed in
this review.

3. Bioactive Compounds of Citrus Fruits
3.1. Flavonoids

Flavonoids, a significant contributor of antioxidant components within the human diet, are
a class of polyphenolic secondary metabolites widely found in plants. Chemically, flavonoids
are composed of a 15-carbon skeleton (C6-C3-C6) with two six-carbon phenyl rings joined
by a heterocyclic ring containing the embedded oxygen. According to the substitu-
tion patterns of a heterocyclic ring, flavonoids can be divided into subgroups, such as
flavones, flavonols, flavanones, flavanonols, flavanols (flavan-3-ols), isoflavones, and an-
thocyanins. Citrus fruits contain a substantial amount of flavanone-7-O-glycosides (e.g.,
naringin, eriocitrin, hesperidin, and narirutin), flavones (e.g., rhoifolin, vitexin, diosmin),
polymethoxylated flavones (PMFs, e.g., nobiletin, tangeritin, and 5-demethyl nobiletin),
flavonols (quercetin, rutin, and kaempferol), and anthocyanin (cyanidin and peonidin
glucosides) [28–31] (Figure 1).

PMFs are a unique class of bioactive flavonoids with more than two methoxyl (–OCH3)
groups on their chemical skeletons, and they abundantly occur in citrus fruits [29]. PMFs have at-
tracted growing interest in recent years due to their anti-inflammatory [32], anti-atherosclerosis [33],
anti-obesity [34,35], and anti-cancer properties [36]. Moreover, de-methylated PMFs, a
product of fruit metabolism, chemical reactions during the drying process, and human
metabolism, possess greater anticancer and anti-inflammatory activities than their corre-
sponding methylated counterparts [37].

Deng et al. [38] isolated 11 flavonoids from (cv. Shatianyu) pulp; among them, naringin
and rhoifolin showed the highest oxygen radical absorbance capacity (ORAC) activity.
However, melitidin, bergamjuicin, and naringin were the major contributors to the ORAC
activity in flavonoid extracts. In the albedo (inner layer) of ancient Mediterranean citrus
fruit, flavonoids occupied 89.34% of polyphenolic fractions, dominated by flavanones
eriocitrin and hesperidin as significant components, which accounted for 52.81% and
31.31% of the total flavonoids, respectively [30].

Citrus fruits contain the highest amount of flavonoids during the middle stages
(60–80 days after pollination (DAP)) of development, and a decrease during complete
maturation, probably due to the high expression of Chalcone synthase-1 (CHS-1) and chalcone
isomerase, the rate-limiting enzymes in flavonoid biosynthesis [28,39,40]. In contrast, hes-
peridin peaked at the last developmental stage in the juice sacs of lemon (cv. Akragas) [41].
Moreover, the citrus fruit peel flavedo (outer layer) and the albedo contain more flavonoids
than the juice sacs [41]. Among the 116 citrus accessions screened by Peng et al. [28],
the highest amounts of PMFs, especially OCH3-PMFs (nobiletin and tangeritin), were
recorded in loose-skin mandarins (including mandarins and tangerines) and their hybrids,
followed by tangelo (C. reticulata × C. paradisi), sweet orange, junos, Rangpur lime, sour
orange, and grapefruit [28]. Interestingly, the content of nobiletin, 5-demethylnobiletin,
and tangeritin increased during the maturation and reached the highest at 60 DAP and
decreased again (60–210 DAP). In the Persian lime, the highest amounts of flavanones (hes-
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peridin, 2005 µg/g; eriocitrin, 1171 µg/g; and narirutin, 1207 µg/g) and flavones (disomin,
366 µg/g; rhoifolin, 285 µg/g; and vitexin, 237 µg/g) were recorded at 12 weeks of growth
and found to reduce at complete maturity (16 weeks). In contrast, in this study, the contents
of flavanols (rutin and quercetin) were found to be highest at five weeks of maturation.

Figure 1. The major flavonoids of citrus fruits.
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In a comparative study, the highest amounts of total phenolic compounds were
recorded in the albedo of unripe sweet orange (cv. Washington navel, 10910 mg kg−1

DW) and accounted for 50% of the cumulative content (flavedo + albedo + juice sacs),
followed by orange (cv. Tarocco) flavedo, lemon (cv. Akragas) flavedo, and pummelo (cv.
Chandler) albedo of unripe stages [41]. In this study, in the juice sacs of ripened fruits,
flavanone hesperidin was the dominating phenolic compound in lemon (2213 mg/kg
DW) and oranges (1957 and 1975 mg/kg DW in Washington novel and Tarocco, respec-
tively), whereas flavanone narirutin was the most prevalent in pummelo (292 mg/kg DW).
A significant amount of flavanone eriocitrin was recorded from lemon (913 mg/kg DW).

In the fruit pulp of Sanguinello and Tarocco blood oranges, hesperidin (78–143 mg/100 g)
dominated, followed by narirutine (37.0–93.0 mg/100 g) and quercetin (28.1–42 mg/100 g) [8].
In addition, in this study, cyanidin 3-(6”-malonylglucoside) and cyanidin 3-glucoside were
detected in the fruit pulp.

3.2. Carotenoids and Apocarotenoids

Carotenoids are a ubiquitous class of isoprenoid pigments involved in photosynthesis
and signaling [42,43]. Based on their chemical structure, the carotenoids are divided into
two major groups: (a) carotenes—the hydrocarbon carotenoids, such as α- and β-carotene,
and lycopene; (b) xanthophylls—oxygenated derivatives of hydrocarbon carotenoids,
such as neoxanthin, violaxanthin, lutein, and β-cryptoxanthin [42,43]. The oxygenated
functional groups of xanthophylls can be esterified with fatty acids, and thus found in free
or fatty acid esterified forms, while, due to the simple hydrocarbon structure, carotenes
are found only in free form (no esterification possible due to the absence of oxygenated
functions groups). In citrus fruits, xanthophylls are commonly acylated with saturated
and unsaturated fatty acids, including caprate (C10:0), laurate (C12:0), myristate (C14:0),
palmitate (C16:0), stearate (C18:0), palmitoleate (C16:1), and oleate (C18:1) acyl moieties
(Figure 2) [44,45].

Apart from the carotenes and xanthophylls, apocarotenoids are another category of
carotenoids. The carotenoid cleavage dioxygenases, i.e., the (CCDs)/9-cis-epoxycarotenoid
dioxygenase (NCED)-mediated cleavage of carotenoids, gives rise to ecologically and
nutritionally important apocarotenoids [46]. In citrus, β-citraurin is generated from the
CCD4b1/CitCCD4-catalyzed asymmetric cleavage (at either position 7, 8 or 7′, 8′) of
β-cryptoxanthin or zeaxanthin [47].

The presence of carotenoids and apocarotenoids confers the orange-red color to the
peel and pulp of citrus fruits [47]. The carotenoid composition of citrus fruits is dominated
by carotenoid fatty acid esters (xanthophyll esters) [44,45]. The occurrence of specific
xanthophyll esters and total carotenoids largely depends on the species, maturity stage,
and fruit parts [44,45]. For instance, at the fully mature stage, the total carotenoid contents
of the flavedo of sweet orange were nine-fold higher (12.6 mg/100 g FW) than those in the
pulp (1.4 mg/100 g FW) [45]. In this study, the most abundant carotenoids in the endocarp
and flavedo of fully mature oranges were (all-E)- and (9Z)-violaxanthin, monoesters, and
diesters esters carrying caprate, laurate, myristate, palmitate, stearate, palmitoleate, and
oleate acyl moieties. The other major carotenoids were (all-E)-antheraxanthin, (all-E)-lutein,
and (all-E)-β-carotene. In contrast, in this study, (all-E)-violaxanthin, (all-E)-lutein, (all-E)-
α-carotene, and (all-E)-β-carotene were also found to be prevalent in the flavedo of fully
mature green fruits. Moreover, the esters of β-citraurin were also detected in the flavedo of
fully mature oranges.

In the Valencia orange fruit pulp, esters of violaxanthin, antheraxanthin, β-cryptoxanthin,
and mutatoxanthin esterified mainly with laurate, myristate, and palmitate as monoesters
or diesters are the most dominant carotenoids. Meanwhile, free xanthophylls and carotenes,
such as α-, β-, and ζ-carotene, are found in a small amount [44]. In the extracted juice,
the natural acidity of the juice catalyzes the isomerization and rearrangement of 5,6-
epoxy-carotenoids (e.g., violaxanthin and antheraxanthin) to their respective 5,8-epoxy-
carotenoids (e.g., luteoxanthin, mutatoxanthin, auroxanthin) [44]. Although xanthophylls
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dominate in the citrus fruits, a substantial amount of lycopene is also found in the red-
fleshed pomelo and grapefruit [48,49].

Figure 2. The major carotenoids and apocarotenoids of citrus fruits.

The β-cryptoxanthin content is commonly used to distinguish mandarins from sweet
oranges [50]. In sweet orange (cv. ‘Pêra’), (9Z)-violaxanthin, and (9′Z)- or (9Z)-antheraxanthin
dominate, while it is low in (all-E)-β-cryptoxanthin [50]. In contrast, (all-E)-β-cryptoxanthin
dominates in tangor (C. reticulata × C. sinensis cv. Murcott), followed by (9Z)-violaxanthin.
Interestingly, in this study, the hybrids between cv. ‘Pêra’ (female genitor) and cv. ‘Murcott’
(female genitor) produced several orange-like groups with low β-cryptoxanthin content,
and the mandarin-like group contained the highest level of β-cryptoxanthin xanthophyll
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(80.6–124.8 µg/g, 25-fold higher than sweet orange and twice that of tangor), suggesting
the transgressive segregation of carotenoid biosynthesis.

Similar to the phenolic compounds, the citrus fruit peel flavedo contains a higher
amount of carotenoids than the juice sacs [41]. However, unlike phenolic compounds,
carotenoid contents increase during maturation [41,50]. In addition, in contrast to phenolic
compounds, the albedo contains only a trace amount of carotenoids [41]. In a comparative
study among oranges (cv. Washington navel and cv. Tarocco), lemon (cv. Akragas), and
pummelo (cv. Chandler), the highest amount of total carotenoids was recorded in the
flavedo of ripened Washington navel orange (159 mg/kg DW), while, among the juice sacs
of ripened fruits, the highest content of total carotenoids was recorded from Tarocco orange
(63.7 mg/kg DW). In this study, lutein was the most dominating carotenoid in the juice
sacs of the studied fruits, accounting for 83% of the total carotenoids in the juice sacs of
Tarocco orange, whereas violaxanthin, antheraxanthin, β-cryptoxanthin, and β-carotene
were minor carotenoids.

3.3. Essential Oil (Terpenes and Limonoids)

The essential oil obtained mainly from the flavedo of citrus fruits is an economi-
cally important product with beneficial health activities due to the presence of terpenes
and limonoids with other bioactive components, including flavonoids, carotenoids, and
coumarins [51,52]. The citrus essential oils are widely used in the pharmaceutical, cosmetics,
perfumery, and food industries due to their natural fruity perfumes [11,53]. Moreover, cit-
rus essential oils possess potent antioxidant, analgesic, anxiolytic, neuroprotective, and
antimicrobial activities [11,54,55]. In particular, bioactive compounds from citrus essential
oil are well known for their potential antimicrobial properties, as they cause significant lysis
of the bacterial cell wall, intracellular ingredient leakage, and, subsequently, cell death [54].
Due to its potent antimicrobial activities, in recent years, the citrus essential oil has received
significant attention as a preservation agent of fruits, vegetables, meat, and processed food
products [53].

The monoterpene hydrocarbons (e.g., D-limonene, γ-terpinene, p-cymene, β-phellandrene,
β-pinene, δ-3-carene, myrcene), oxygenated monoterpenes (e.g., geranial, nonanal, and (Z)-
neral), terpene alcohol (e.g., linalool, (E)-carveol, (E)-verbenol, geraniol, and α-terpineol),
sesquiterpenes (e.g., (Z)-α-bergamotene), aldehyde (e.g., decanal), and esters (e.g., ethyl
cinnamate and ethyl p-methoxycinnamate) are the major chemical constituents of the
volatile fractions of citrus essential oil (Figure 3) [5,54]. Moreover, the non-volatile fraction
(1 to 15% of cold-pressed citrus essential oil) is mainly composed of fatty acids, long-chain
hydrocarbons, sterols, wax, and limonoids (e.g., limonin) [51]. In mandarin/tangerine,
grapefruit, orange, citron, and lemon essential oil, D-limonene accounts for nearly 45–90%
of the total terpenoids [51,54,56,57]. In lemon and mandarin essential oil, γ-terpinene
and β-pinene account for 8–20% and 0.3–11% of the total compounds, respectively [51].
Among the cold-pressed citrus essential oil from lemon, bergamot, sweet orange, clemen-
tine, bitter orange, blood orange, mandarin (green, yellow, red), and pink grapefruit, the
highest amount of limonin (21.2 mg/L) was recorded from bergamot essential oil, while es-
sential oils from clementine and blood orange presented the lowest (0.5–0.9 mg/L) limonin
content [58]. In this study, among the green, yellow, and red mandarin, green mandarin
showed four-times higher limonin (4.5 mg/L) than yellow and red mandarin (1.1 mg/L).

In the essential oil obtained from the fruit peel of Montenegrin mandarin, D-limonene
and γ-terpinene were the major fractions, with the minor presence of citronellol and β-
linalool [59]. Surprisingly, in this study, the presence of these minor components favored
the antioxidant activity, while colorectal cancer HT-29 cells’ cytotoxicity was significantly
decreased. In a comparative study among essential oils obtained from grapefruit, lemon,
mandarin, and orange, the highest 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) radical cation reducing activities and ferric reducing antioxidant power (FRAP)
was obtained from mandarin essential oil, while lemon essential oil showed the highest
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2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging and cupric ion reducing
antioxidant capacity (CUPRAC) [51].

Figure 3. The major bioactive compounds (terpenes and limonoids) of citrus essential oil.

4. Bioactive Compounds of Citrus Fruit Byproducts

The domestic and industrial processing of citrus fruit generates a considerable amount
of peel, pulp, and seeds as byproducts, called pomace. A significant amount of re-
search has been conducted to recover the commercially vital compounds from citrus
fruit pomace [60–62]. Citrus peel is a rich source of essential oils [63], carotenoids [64–66],
pectin [67,68], flavonoids [69–71], and several other bioactive components with excellent
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antioxidant [69] and health-promoting potential [62,72–74]. Among the flavonoids, hes-
peridin, naringin, rutin, and neohesperidin are the major flavonoids found in the peel
of citrus fruits [71,74], with especially high amounts in mandarins, which exhibit high
antioxidant potency [71]. Surprisingly, the peel of most citrus fruits contains more polyphe-
nols and other antioxidant compounds than edible pulp [65,75]. Therefore, peels from
citrus fruits can potentially be used to recover these health-beneficial compounds. More-
over, given the low lignin content, the citrus peel can serve as a promising alternative to
lignocellulosic biomass to produce biofuels [76].

Similar to citrus peel, the seeds are rich in nutritionally vital proteins [73], ascor-
bic acid [65], fatty acids, phytosterols and tocopherols, limonoids, dietary fibers, and
flavonoids [65,77]. A comparative study among the seeds, peel, and pulp of fruits of three
cultivars of mandarins, including Phlegraean mandarin (C. reticulata), kumquat (C. japonica),
and clementine (C clementina), revealed that Phlegraean mandarin is richer in bioactive
compounds, including total polyphenols (seeds > peel > pulp), antioxidant activity (seeds
> peel > pulp), and ascorbic acid (seeds > peel > pulp) [65].

Hesperidin and narirutin are the major flavonoids of C. unshiu peel [78,79]. Using the
response surface model (RSM), the optimal extraction temperatures for the semi-continuous
subcritical water extraction (SWE) of hesperidin and narirutin from C. unshiu peel were
predicted as 164.4 ◦C and 154.6 ◦C, respectively, with an optimal flow rate of 2.25 mL/min.
With these extraction conditions, the predicted yields of hesperidin and narirutin were
45.2 and 8.76 mg/g DW, respectively, corresponding to a recovery rate of 90.4% and 94.4%,
respectively. In another study, Hwang et al. [78] optimized the extraction of hesperidin and
narirutin from C. unshiu peel using SWE aided by pulsed electric field (PEF) treatments.
In this study, PEF treatment for 2 min, combined with SWE at 150 ◦C for 15 min, provided
the highest (46.96 mg/g DW) yield of hesperidin, while the narirutin yield was highest
(8.76 mg/g DW) after PEF treatment for 2 min, combined with SWE at 190 ◦C for 5 min.

In view of the above, citrus pomace presents enormous opportunities to recover
bioactive compounds and has a wide range of commercial applications in the food, feed,
and pharmaceuticals industries. Moreover, the utilization of citrus pomace can create a
surplus revenue that can substantially improve the economics of citrus fruit processing.

5. Health Benefits of Citrus Fruit Bioactive Compounds
5.1. In Vitro Studies
5.1.1. Flavonoids

The antioxidant activity of citrus bioactive compounds, especially flavonoids, carotenoids,
terpenes, and limonoids, can attenuate oxidative stress-related disorders [80,81]; they
thus have potential applications against obesity [82], inflammatory diseases [32,83,84],
atherosclerosis [85], neurodegenerative diseases [86–88], and cancer [89,90] (Table 3).

The pancreatic lipase (PL) is a crucial enzyme involved in triglycerides’ hydrolysis
in the gastrointestinal tract, and its inhibition can ameliorate obesity by minimizing lipid
absorption [82]. Hesperidin, neohesperidin, naringin, narirutin, and eriocitrin were found
to be the major components in the citrus peel extracts of grapefruit, pomelo, kumquat,
mandarin, and ponkan [82]. Interestingly, in this study, among these flavonoids, hesperidin,
the most dominant flavonoid in ponkan peel extract, showed the highest pancreatic lipase
inhibition activities, suggesting its promising application in managing obesity.

Citrus peel flavonoid nobiletin suppresses the inflammatory response in lipopolysac-
charide (LPS)-stimulated RAW264.7 cells by enhancing autophagy through decreasing the
levels of inflammatory cytokines (inducible nitric oxide synthase (iNOS) and cyclooxygenase-
2 (COX-2)) and activating the Interleukin-6 (IL-6)/signal transducer and activator of tran-
scription 3 (STAT3)/forkhead box O3a (FOXO3a) signal pathway responsible for the induc-
tion of macrophage autophagy [32].

Dysregulation of IL-5 secretion by antigen-specific T helper 2 (Th2) cells has been
linked to eosinophilic inflammation in asthma [84]. The Th2 cytokine expression is regu-
lated by transcription factors, including the nuclear factor of activated T cells (NFAT) [84].
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Moreover, Heme oxygenase-1 (HO-1) expression is known to suppress the asthmatic im-
mune response modulation of phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT),
extracellular signal-regulated kinases (ERK)/c-Jun N-terminal kinases (JNK), nuclear fac-
tor erythroid 2 related factor 2 (Nrf2), and peroxisome proliferator-activated receptor γ

(PPARγ) signaling [84]. Citrus flavonoid gardenin A and hesperidin exhibited a robust
suppressive effect on IL-5 secretion by PMA/ionomycin-treated EL-4 murine T-lymphoma
cells by downregulating NFAT protein expression [84]. In this study, hesperidin and gar-
denin A induced HO-1 protein expression and repressed IL-5 production through distinct
pathways; hesperidin upregulated HO-1 production via Nrf2 protein expression combined
with the activation of the ERK/JNK and PI3K/Akt signaling pathways, whereas gardenin
A induced HO-1 expression through the transcription factor PPARγ.

Beyond the health-beneficial effects described above, bioactives present in citrus
fruit juices were shown to have direct antiviral activity. Dong et al. [91] mentioned that
hesperidin restricted the replication and progression of the Influenza virus in human lung
carcinoma A549 cells by upregulating the p38 signaling pathway. Hesperidin, hesperetin,
and naringenin were shown to inhibit key proteases involved in coronavirus replication
and prevent virus entry into host cells [92–94].

The flavonoids (hesperidin, naringin, tangeritin, and rutin) rich in the hydro-ethanolic
extract of C. reticulata Blanco peels have shown antiproliferative effects against BT-474
human breast carcinoma [95]. In this study, 500 µg/mL of extract treatment reduced the
viability of BT-474 cells by 47% and 60% after 24 or 48 h of treatment, respectively.

5.1.2. Carotenoids

Carotenoids are widely investigated for their anticancer activities [96,97]. Carotenoids are
well known for their antioxidant function in the normal cellular environment [42]. However, in
cancer cells with an innately high intracellular ROS level, carotenoids may act as potent
pro-oxidant molecules and promote ROS-mediated apoptosis [98]. In our study, we have
demonstrated that the anticancer activities of β-cryptoxanthin derived from mandarin
oranges on human cervical carcinoma (HeLa) cells are mediated through pro-oxidant action,
which enhances the ROS generation, followed by the enhanced expression of caspase-3,
-7, and -9, Bax, and p-53 at the mRNA, with the concordant suppression of antiapoptotic
Bcl-2. These events trigger the nuclear condensation, loss of mitochondrial membrane
potential, activation of caspase-3 proteins, and, finally, cleavage of nuclei DNA. In this
study, β-cryptoxanthin substantially inhibited the proliferation of HeLa cells, with an IC50
value of 4.5 µM after 24 h of treatment.

5.1.3. Essential Oil (Terpenes and Limonoids)

The lumy essential oil rich in limonene (48.9%) and linalool (18.2%) has been shown to
exhibit potent antioxidant and free radical scavenging properties with anti-acetylcholinesterase
activities [86]. Moreover, in this study, lumy essential oil showed neuroactive effects by
significantly reducing the burst frequency (MBR), assessed by the spontaneous electrical
activity of rat cortical neuronal networks.

In the neuronal cells, K+ imbalance, activation (phosphorylation) of extracellular
signal-regulated protein kinase (ERK1), and reactive oxygen species (ROS) production
are associated with the progression of Alzheimer’s disease (AD) [87]. In addition, the
acetylcholinesterase (AChE) enzyme involved in the hydrolysis of acetylcholine plays
a vital role in triggering neuropsychiatric symptoms in AD [87]. Limonene has shown
protective effects in Aβ1–42 oligomer-triggered toxicity in primary cortical neurons (in vitro
model of AD) by suppressing the AChE, ROS production, and voltage-gated K+ channel
KV3.4 hyperfunction, and downregulating phosphorylated (p)-ERK [87].

Citrus limonoids (limonexic acid, limonin, and nomilin) have been shown to induce
apoptosis and inhibit the proliferation (IC50 values < 50 µM after 72 h) of pancreatic cancer
cells Panc-28, by the enhanced cleavage of caspase-3, decreased mitochondrial membrane
potential, and upregulation of the expression of B-cell lymphoma 2 (Bcl-2)-associated X
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protein (Bax)/Bcl-2 proteins [90]. Moreover, in this study, limonoids upregulated the
expression of cyclin-dependent kinase inhibitor (p21) and exhibited anti-inflammatory
activity through downregulating the expression of proinflammatory proteins Cox-2, nuclear
factor-kappa β (NF-κB), and IL-6.

5.1.4. Other Bioactives

Apart from the flavonoids, carotenoids, terpenes, and limonoids, citrus pectin and
coumarin have beneficial health properties [85,99]. For instance, citrus pectin oligosac-
charides and their microbial metabolites exhibited anti-atherosclerosis effects on LPS-
treated human macrophages by regulating the expression of proinflammatory media-
tors (TNF-α, IL-6, IL-10, and NF-κB mRNA) [85]. Moreover, in this study, cholesterol
efflux was also accelerated by the upregulation of the liver X receptor-α (LXRα) and
adenosine triphosphate-binding cassette transporter (ABC) A1 and G1 (ABCG1) mRNA.
Furthermore, pectin oligosaccharides repressed cholesterol synthesis by the downregula-
tion of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) mRNA.

The coumarins isolated from pomelo have shown hepatoprotective activities in D-
galactosamine-treated normal human hepatic LO2 cells by suppressing the levels of alanine
transaminase (ALT) and aspartate transaminase (AST), increasing the activities of antiox-
idant enzymes, including glutathione peroxidase (GSH-Px) and superoxide dismutase
(SOD), and decreasing the level of malondialdehyde (MDA) [99].

Table 3. Health benefits of citrus fruit bioactive compounds demonstrated using in vitro experimen-
tal models.

Compounds Experimental System Disease Target Mechanism of Action Reference

Flavanone-rich
mandarin juice extract

(0.001–1 mg/mL)

6-hydroxydopamine
(6-OHDA)-stimulated

SH-SY5Y human
neuroblastoma cells

Parkinson’s disease
(PD)

↓ROS and NO, restored SOD and
CAT activity, ↓caspase 3 activity,
↑Bcl-2 mRNA, ↓p53 and Bax

mRNA, restored mitochondrial
membrane potential, ↓oxidative

DNA damage, balanced
α-synuclein, LRRK2, parkin,

PINK1, and DJ-1 mRNA levels

[88]

Flavanones (10 µM) Caco-2 cells stimulated
with IL-1 Bowel diseases ↓IL-6, IL-8, and NO release [83]

Hesperetin and
gardenin A (5–10 µM)

PMA/
ionomycin-induced

EL-4 murine
T-lymphoma cell cells

Asthma

↓ROS and IL-5 production, ↓NFAT
activity and IL-5 secretion, ↑HO-1

through ↑Nrf2, PPARγ,
PI3K/AKT, or ERK/JNK signaling

[84]

Limonene
(1–100 mg/mL)

Aβ1–42 triggered
toxicity in primary

cortical neurons

Alzheimer’s disease
(AD)

↓AchE, ROS production,
voltage-gated K+ channel KV3.4

hyperfunction, and
phosphorylated ERK

[87]

Limonin, nomilin, and
limonexic acid

(20–60 µM)

Human pancreatic
Panc-28 cells Cancer (pancreatic)

↓Cell proliferation (IC50 values <
50 µm after 72 h), ↑cleavage of

caspase-3, mitochondrial
membrane potential, ↑Bax/Bcl2

expression, and p21, ↓COX-2,
NF-κβ, and IL-6

[90]

Limonoids (Fortunellon
and nomilin; 30 µM) HeLa cells Cancer (Cervical) ↑Adriamycin-dependent cell death [89]
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Table 3. Cont.

Compounds Experimental System Disease Target Mechanism of Action Reference

Naringenin
(62.5–2000 µM)

Human A549 lung
epithelial cells and

primary human
monocyte-derived

dendritic cells

Zika virus infection ↓Replication or assembly of
viral particles [100]

Naringin- and
hesperidin-rich junos

peel extract
(0.5 mg/mL)

Human lung basal
epithelial NCI-H460

cells exposed to H2O2

Oxidative
stress-induced diseases

↓p53, cytochrome c, and
Bax proteins [80]

Pectin oligosaccharides
(5 mg/mL)

LPS-stimulated
human macrophages Atherosclerosis

↑Immune responses, ↓TNF-α, IL-6,
IL-10, and NF-κβ mRNA,

↑cholesterol efflux via LXRα and
ABCA1, and ABCG1 pathway,
↓cholesterol synthesis

via ↓HMGCR

[85]

Phase-II flavanone
metabolites (2–100 µM)

Pancreatic β-cell MIN6
cells exposed
to cholesterol

Oxidative
stress-induced diseases

↓Oxidative biomarkers
(superoxide anion, H2O2, and

MDA), ↓SOD and GPx, ↑insulin
secretion, ↓apoptosis

[81]

PMF nobiletin
(10–50 µM)

LPS-stimulated
RAW264.7 cells Inflammatory diseases

↓Release of NO, ↓expression of
iNOS and COX-2, ↑autophagy,

activation of the
IL-6/STAT3/FOXO3a

signal pathway

[32]

β-cryptoxanthin from
mandarin oranges;

IC50—4.5µM
(24 h treatment)

HeLa cells Cancer (cervical)

↓Bcl-2 mRNA, ↑Bax, caspase-3, -7,
and -9 mRNA, nuclear

condensation
and disruption of the integrity of

the mitochondrial membrane,
activation of caspase-3 proteins,

nuclei DNA damage,
and apoptosis

[101]

The upregulation and downregulation are denoted by upward (↑) and downward (↓) arrows, respectively.
Abbreviations are as follows: ABCA1: adenosine triphosphate-binding cassette transporter subfamily A member 1;
ABCG1: adenosine triphosphate-binding cassette transporter subfamily G member 1; AChE: acetylcholinesterase;
AKT: protein kinase B; Aβ1–42: amyloid β-protein; Bax: B-cell lymphoma 2 (Bcl-2)-associated X protein; Bcl2:
B-cell lymphoma 2; CAT: catalase; COX-2: cyclooxygenase-2; DJ: Parkinson disease protein 1; EPO: eosinophil
peroxidase; ERK: extracellular signal-regulated kinases; FOXO3a: Forkhead box O3a; GPx: glutathione peroxidase;
H2O2: hydrogen peroxide; HeLa: human cervical cancer cells; HMGCR: 3-hydroxy-3-methylglutaryl-coenzyme
A reductase; HO-1: Heme oxygenase-1; IL: Interleukin; iNOS: inducible nitric oxide synthase; JNK: c-Jun N-
terminal kinases; LPS: lipopolysaccharide; LRRK2: leucine-rich repeat kinase 2; LXRα: liver X receptor-α; MDA:
malondialdehyde; MPO: myeloperoxidase; NFAT: nuclear factor of activated T cells; NF-κβ: nuclear factor-kappa
β; NO: nitric oxide; Nrf2: nuclear factor-erythroid 2 related factor 2; PI3K: phosphoinositide 3-kinase; PINK1:
phosphatase and tensin homolog (PTEN)-induced putative kinase 1; PMA: phorbol 12-myristate 13-acetate; PMF:
polymethoxylated flavone; PPARγ: peroxisome proliferator-activated receptor γ; ROS: reactive oxygen species;
SOD: superoxide dismutase; STAT3: signal transducer and activator of transcription 3; TNF-α: tumor necrosis
factor α.

5.2. In Vivo Studies

Excess caloric supply causes chronic hyperlipidemia and hyperglycemia, triggering
atherosclerosis, hepatic steatosis, obesity, diabetes, and cardiovascular complications [102–104].
These metabolic diseases are linked to a wide array of metabolic complications [102].
Hyperlipidemia is the condition of disorder of lipid metabolism, resulting in abnormally
elevated levels of low-density lipoprotein cholesterol (LDL-c) and very-low-density lipopro-
tein cholesterol (VLDL-c), triglyceride (TG), and total cholesterol (TC) in the blood, as well
as reduced levels of high-density lipoprotein cholesterol (HDL-c) [102]. Similarly, chronic
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hyperglycemia is the condition of persistent and unusually high postprandial (after a meal)
blood glucose levels, primarily due to the flawed insulin production [104]. Several recent
animal studies have demonstrated the beneficial effects of citrus flavonoids, carotenoids,
terpenes, limonoids, and other bioactives (e.g., pectin and coumarins) against metabolic syn-
drome (Table 4). Moreover, the potent antioxidant activities of citrus bioactives have shown
protection against primary dysmenorrhea (PD) [105], pulmonary edema [80], cancer [36],
and neuropsychiatric [106] and neurodegenerative diseases [107,108].

5.2.1. Flavonoids

The citrus flavonoids are most widely investigated for their antihyperglycemic and an-
tihyperlipidemic effects in animal models [104,108]. Citrus flavonoids, such as hesperetin,
have shown potential in attenuating hyperglycemia in streptozotocin (STZ)-induced di-
abetes in rats by releasing insulin from β cells of islets [104]. In this study, hesperetin
supplementation of 40 mg/kg for 45 days showed a significant decrease in plasma glucose
levels and a significant increase in the level of plasma insulin. It restored the compromised
antioxidant status by increasing the activity of SOD, catalase (CAT), and glutathione per-
oxidase (GPx). Moreover, in this study, hesperetin alleviated hyperlipidemia by lowering
the cholesterol, free fatty acid (FFA), TG, and phospholipid (PL) levels in diabetic rats,
probably via the insulin-mediated reduction in the synthesis of fatty acids and cholesterol.
Moreover, the authors suggested that the cholesterol-lowering effect of hesperetin is possi-
bly due to the capability of hesperetin and other flavonoids to bind to bile acids, resulting
in enhanced bile acid secretion and a reduction in cholesterol absorption [104].

The flavanone aglycones present in fermented/non-fermented ougan (cv. Suavissima)
juice exhibited anti-obesity properties in high-fat-diet (HFD)-fed C57BL/6J mice by reduced
weight gain, decreased fat accumulation, enhanced glucose homeostasis and insulin sensi-
tivity, lowered liver steatosis, enhanced white adipose tissue (WAT) browning, augmented
brown adipose tissue (BAT) activity, and increased diversity of gut microbiota [109].

The gastrointestinal microbiota composition plays a vital role in host physiology, nu-
trition, and metabolism [110]. Changes in the gastrointestinal microbiota composition, the
community of pathogenic symbiotic and microorganisms, are probably responsible for the
anti-obesity effects of citrus bioactives, especially flavonoids [35,111]. The abundance
of gut microbiota, Firmicutes over Bacteroidetes, is linked to obesity-related metabolic
syndrome [35]. Moreover, the gut microbiome’s branched-chain amino acid (BCAA)
metabolism is considered responsible for metabolic syndrome [35]. It is likely that micro-
bially produced BCAAs, such as imidazole propionate, impair insulin signaling through
the activation of mammalian target of rapamycin (mTOR) complex 1 (mTORC1) and
P70S6K [35]. Sterol regulatory element-binding proteins (SREBPs) play essential roles
in regulating lipid homeostasis via mTOR. An extract rich in PMFs and hydroxy poly-
methoxyflavones (HOPMFs) (0.5% of HFD for 16 weeks) from citrus peel attenuated the
obesity and modulated gut microbiota in male C57BL/6 mice fed a HFD by altering the gut
microbiota, by increasing Prevotella and decreasing rc4–4 bacteria [111]. In this study, PMFs
and HOPMFs alleviated the total body weight, decreased the lipids in 3T3-L1 preadipocytes,
and reduced the adipocyte size and adipose tissue weight in the HFD mice. Moreover, in
this study, PMFs and HOPMFs decreased the levels of lipid droplets (LD) and perilipin 1
protein and sterol regulatory element-binding protein 1 (SREBP-1) expression. Similarly, in
another study, a citrus PMF (nobiletin and tangeretin)-rich extract was shown to ameliorate
HFD-induced metabolic syndrome via gut dysbiosis (decreased Firmicutes-to-Bacteroidetes
ratio), and regulated branched-chain amino acid (BCAA) metabolism [35]. In this study,
the PMF-rich extract inhibited the phosphorylation of mTOR and P70S6K and decreased
the expression of SREBPs in human liver HL-7702 cells and HFD-fed mice. Therefore, the
authors hypothesized that the decreased BCAAs by the PMF-rich extract contribute to
improving metabolic syndrome by inhibiting the mTOR/P70S6K/SREBP pathway.

Among the four flavanones tested for their anti-atherosclerosis potential in apolipopro-
tein E-deficient (ApoE−/−) mice, naringin showed the most potent anti-atherogenic effect,
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followed by hesperidin, naringenin, and hesperetin [33]. In this study, oral naringin admi-
ration alleviated atherosclerosis by enhancing bile acid synthesis. Hesperidin upregulated
ABCA1 to enhance cholesterol reverse transport, while the aglycones naringenin and
hesperetin inhibited cholesterol synthesis significantly by downregulating 3-hydroxy-3-
methyl-glutaryl-coenzyme A reductase (HMGCR).

Dietary administration of 0.05% PMF 5-demethylnobiletin has shown chemopreven-
tive effects against azoxymethane/dextran sulfate sodium (DSS)-driven colorectal carcino-
genesis in male CD-1 mice by reduced cell proliferation, increased apoptosis, and decreased
mRNA and protein levels of proinflammatory cytokines IL-1β, IL-6, and TNF-α in the
colon [36]. In this study, a significant amount of 5-Demethylnobiletin metabolites, namely
5,3′-didemethylnobiletin, 5,4′-didemethylnobiletin, and 5,3′,4′-tridemethylnobiletin, was
documented in the colonic mucosa of the treated mice. Surprisingly, these metabolites
showed more potent effects than 5-demethylnobiletin on inhibiting the proliferation, induc-
ing cell cycle arrest, and the apoptosis of HCT116 human colorectal cancer cells.

Higher levels of circulating thyroid-stimulating hormone (TSH) are vital for greater
longevity [112]. The upregulation of sirtuin 1, which deacetylates transcription factors
that contribute to cellular regulation, may positively upregulate the exocytosis of TSH-
containing granules [112]. Due to the antioxidant and anti-inflammatory properties,
15 mg/kg body mass (BM) of citrus naringenin has shown increased TSH secretion in
24-month-old male Wistar rats by upregulating the Sirt1 protein expression [112].

Neuroinflammation is also crucial in several neurodegenerative disorders, includ-
ing Alzheimer’s disease (AD) and Parkinson’s disease (PD). Due to its antioxidant and
anti-inflammatory properties, hesperetin has shown protective effects against LPS-induced
neuroinflammation, neuronal apoptosis, oxidative stress, and memory impairments in
C57BL/6 N mice via regulating the toll-like receptor 4 (TLR4)/NF-κB signaling path-
ways [107]. In this study, hesperetin repressed the inflammatory mediators (p-NF-κβ,
TNF-α, and IL-1) and ROS/lipid peroxidation, and improved the antioxidant protein
levels (Nrf2 and HO-1). Moreover, hesperetin reduced neuronal apoptosis by reducing
the expression of Bax, phosphorylated-c-Jun N-terminal kinases (p-JNK), and caspase-3
protein and upregulating the Bcl-2 protein level. Moreover, hesperetin prompted the cogni-
tion, synaptic integrity, and memory processes by augmenting the postsynaptic density
protein-95 (PSD-95), phosphorylated-cAMP response element-binding protein (p-CREB),
and Syntaxin.

Hyperglycemia is considered a vital risk factor in developing neurodegenerative
disorders, as it is known to promote brain astroglial activation, oxidative stress, inflamma-
tion, amyloid-β-accumulation, tau hyperphosphorylation, and memory impairment [108].
Tau hyperphosphorylation induces microtubule dysfunction, leading to the formation of
neurofibrillary tangles (NFTs), which are often observed in AD [108]. The citrus auraptene
and naringin have shown inhibitory effects against tau hyperphosphorylation, astroglial
activation, and recovered the suppression of neurogenesis in the hippocampus of STZ-
induced hyperglycemic mice [108].

Chronic inflammation is involved in the etiology of several intestinal disorders, in-
cluding inflammatory bowel diseases (IBDs), which mainly comprise ulcerative colitis
and Crohn’s disease [113]. The C. kawachiensis peel powder rich in flavonoids (naringin,
narirutin, and auraptene) and dietary fiber protected from the DSS-induced intestinal
inflammation in a murine model of colitis [113]. In this study, supplementation of peel
powder (5% of diet, w/w) ameliorated the DSS-induced body weight loss, colon short-
ening, increased expression of pro-inflammatory cytokines (e.g., TNF-α), and decreased
expression of colonic tight junctions (TJs) (e.g., occluding).

5.2.2. Carotenoids

The provitamin A carotenoids (e.g., β-cryptoxanthin) from citrus fruits have also
shown effectiveness against metabolic syndromes, such as type 2 diabetes [103]. In the
body (intestine and liver), provitamin A carotenoids are bio-converted to retinol by the
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activities of β-carotene 15,15′-oxygenase (BCO1). In a high-fructose-diet-induced type 2
diabetes model of Wistar male rats, feeding of citrus concentrate containing 0.086 mg β-
cryptoxanthin, 5.69 mg hesperidin, and 7.5 mg pectin for eight weeks decreased insulinemia,
glycemia, and dyslipidemia by restoring the LDL-c and TG levels to be similar to the
healthy group [103]. Moreover, in this study, feeding purified β-cryptoxanthin alone
or with a matrix containing hesperidin and pectin showed the synergy between these
constituents. Furthermore, in this study, β-cryptoxanthin from citrus fruits was shown
to restore the vitamin A status in both control and prediabetic (high-fructose fed) rats;
however, prediabetic rats showed lower absorption bioconversion of β-cryptoxanthin
into retinoids.

The synergy between carotenoids and flavonoids is probably due to the enhanced
uptake of carotenoids in the presence of flavonoid glycosides [114]. In Caco-2 cells, it
has been shown that flavanone O-glycosylation (at C7 of the A ring) led to the highest
promoting effect on β-carotene absorption via enhanced paracellular permeability by
transient drop-in tight junction (TJ) protein expression, and the upregulation of peroxisome
proliferator-activated receptor-gamma (PPARγ) and scavenger receptor class B type I
(SR-BI; proteins involved in carotenoid absorption and transport) expression [114].

5.2.3. Essential Oil (Terpenes and Limonoids)

The overproduction of endometrial prostaglandins (PGs), especially prostaglandin
F2α (PGF2α) and prostaglandin E2 (PGE2), is considered to be one of the critical factors
for the progression of primary dysmenorrhea (PD) [105]. A higher ratio of PGF2α/PGE2
is considered to be a principal indicator of PD [105]. The citrus essential oil, particularly
sweet orange essential oil rich in limonene, exhibited relief from estradiol benzoate- and
oxytocin-induced PD in female Sprague Dawley rats via decreasing the level of PGF2α and
increasing PGE2, resulting in a decrease in the ratio of PGF2α/PGE2. Moreover, in this
study, citrus essential oil prevented a decrease in antioxidant status markers, including
total antioxidant capacity (T-AOC), SOD, and CAT, and an increase in MDA levels.

Anxiety and depression are the most common forms of neuropsychiatric disorders [106].
The essential oil from oranges and its main component limonene have shown an antidepressant-
like effect in a chronic unpredictable mild stress (CUMS) male Kunming mice mouse model
by restoring the decreased curiosity and mobility, reduced body weight gain, reduced su-
crose preference, decreased levels of monoamine neurotransmitter 5-hydroxytryptamine (5-
HT), dopamine (DA), norepinephrine (NE), and brain-derived neurotrophic factor (BNDF)
and its receptor tropomyosin receptor kinase B (TrkB) expression in the hippocampus, and
increased levels of corticotropin-releasing factor (CRF) and corticosterone (CORT) [106].

The peel oil of mandarin, rich in limonene, myrcene, and carotenoids, has led to the
dose-dependent growth inhibition of A549 non-small-cell lung cancer (NSCLC) cells and
tumor growth in nude mice implemented with A479 cells [115]. In this study, supplemen-
tation of 5.25 mg/d of peel oil per mouse for seven days significantly decreased tumor
growth by reducing the expression of membrane-bound Ras protein, increasing apoptosis,
and inducing cell cycle arrest at the G0/G1 phase.

Table 4. Health benefits of citrus fruit bioactive compounds demonstrated using the animal models.

Bioactive and Doses Experimental System Disease Target Mechanism of Action Reference

Auraptene (50 mg/kg),
naringin (50 mg/kg) for

14 days

STZ-induced
hyperglycemia in

C57BL/6 mice

Alzheimer’s disease
(AD)

↓Tau hyperphosphorylation,
astroglial activation, and

↑neurogenesis in the hippocampus
[108]

Citrus concentrate
containing 0.086 mg

β-cryptoxanthin, 5.69 mg
hesperidin, and 7.5 mg

pectin for 8 weeks

Wistar male rats fed
with high-fructose diet

Metabolic syndrome
(type 2 diabetes)

↓Plasma glucose, glycemia,
insulinemia, and LDL-C, VLDL-C,

and TG levels, ↑liver retinyl
palmitate, and

plasma β-cryptoxanthin

[103]
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Table 4. Cont.

Bioactive and Doses Experimental
System Disease Target Mechanism of Action Reference

Coumarin (auraptene,
7.5–30 mg/kg for

three days a week for
total of 8 weeks)

TAA-induced
hepatic fibrosis in

male C57BL/6 mice

Hepatic fibrosis
(cirrhosis and
liver cancer)

↓Bile acids in liver by increasing
their efflux,

↓activation of HSCs by suppressing the
expression of TGF-β1 and -SMAα and
↓expression of NF-κB, TNF-α, and IL-1β

[116]

Coumarin auraptene
(5–20 mg/kg)

17α-
Ethinylestradiol

(synthetic estrogen)
induced cholestasis

in male
C57BL/6 mice

Estrogen-induced
cholestasis

↑Bile acid transporters (Bsep and Mrp2)
mRNA and proteins, ↑Shp and Fgf15,

FXR, ↑bile acid metabolism, ↑SULT2A1,
↓Cyp7a1 and Cyp8b1 mRNA, ↓hepatic
inflammation (↓TNF-α, IL-1β, and IL-6)

[117]

Essential oil (0.75% of
the diet for 42 weeks)

Male SD rats fed
with HFD

Metabolic syndrome
(hyperlipidemia)

↓TC, LDL-C, hepatic TC, TG, and
hepatic lipid droplet accumulation,

↓liver FFAs, TG, and CE
[102]

Essential oil (limonene;
daily inhalation for 1.5
and 24 h, for five days)

CUMS male
Kunming mice
mouse model

Depression
↑Curiosity, body weight, sucrose

preference, 5-HT, DA, NE, BNDF, TrkB,
GR, ↓CRF, CORT

[106]

Flavanone aglycones
rich ougan (cv.

Suavissima) juice
(20 mL/kg for

10 weeks)

HFD-fed
C57BL/6J mice

Metabolic syndrome
(obesity)

↓Weight gain, ↓fat accumulation, ↓liver
steatosis, ↑glucose homeostasis and

insulin sensitivity, ↑BAT activity, and
↑WAT browning, ↑diversity of

gut microbiota

[109]

Flavanones (eriocitrin
and eriodictyol), 25 and

50 mg/kg

BALB/c mice with
LPS-induced

periodontal disease
Periodontitis

↓Gingival IL-1β and TNF-α, ↑IL-10,
↓MPO and EPO activity, SOD, ↑CAT

and GPx activities, ↓MDA
[118]

Flavanones (naringin,
naringenin, hesperidin,

and hesperetin;
100 mg/kg/day for

16 weeks)

ApoE−/− mice Atherosclerosis

↑Bile acid synthesis (naringin),
↑cholesterol reverse transport

(hesperidin), ↓cholesterol synthesis
(naringenin and hesperetin)

[33]

Flavonoid-rich
bitter/sour orange fruit

peel extract
(125–500 mg/kg for

3 days)

TNBS-induced IBD
in male

Sprague/Dawley
(SD) rats

IBD

↓Weight loss and diarrhea, colitis
inflammatory cell infiltration, and

proinflammatory cytokines (TNF-α,
iNOS, COX-2), ↓serum and colon NO

and MPO activity

[119]

Hesperetin (40 mg/kg
for 45 days)

STZ-induced
diabetes in male

albino Wistar
strain rats

Diabetes

↓Plasma glucose, ↑plasma insulin and
glycogen, ↑antioxidant system (↑SOD,

CAT, GPx), ↑insulin secretion by
renovating pancreatic β-cells,

↓dyslipidemia (hepatic cholesterol,
FFAs, TG, and PLs), ↓serum levels of
ALT, AST, and ALP, ↓renal damage

(serum urea, creatinine, and uric acid)

[104]
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Table 4. Cont.

Bioactive and Doses Experimental System Disease Target Mechanism of Action Reference

Hesperetin (50 mg/kg
daily for five weeks)

LPS-induced
neuroinflammation

C57BL/6 N mice

Alzheimer’s disease
(AD) and Parkinson’s

disease (PD)

↓Inflammatory mediators
(phosphorylated-NF-κβ, TNF-α,

and IL-1), ROS/lipid peroxidation,
↑antioxidant protein (Nrf2 and

HO-1), ↓phosphorylated-JNK, Bax,
and caspase-3 protein, ↑Bcl-2,

↑synaptic integrity, cognition, and
memory processes, ↑

phosphorylated-CREB, PSD-95,
and Syntaxin

[107]

Hesperetin
(50 mg/kg/day for

46 days)

STZ-induced diabetes
in male Wistar rats

Diabetes-associated
testicular injury

↓Body weight loss, ↓ serum glucose,
↓MDA, ROS, protein carbonyl, DNA

fragmentation, and caspase 3
activity, ↑testicular antioxidant

system (↑GSH, MMP, FRAP, SOD,
CAT, GPx)

[120]

Hesperidin (100 mg/kg
for eight weeks)

Male SD rats fed an
obesogenic

cafeteria diet

Metabolic syndrome
(obesity) ↓TC, LDL-C, FFAs, MCP-1 [121]

Limonene-rich essential
oil (0.0765 mL/kg for

7 days)

SD rats with estradiol
benzoate and

oxytocin-induced
uterine contraction

Primary dysmenorrhea
(PD)

↑Antioxidant status markers
(SOD,T-AOC, CAT, and GSH),

↓MDA and iNOS, and PGF2α/PGE2
[105]

Naringin- and
hesperidin-rich C. junos

peel extract
(200 mg/kg/day,

10 days

Acrolein-induced
pulmonary apoptosis in

male C57BL/6J mice

Pulmonary edema
and COPD

↓Cleaved caspase 3, cleaved PARP,
Bax and PUMA, p53, Prx-SO3 [80]

Pectin oligosaccharides
(0.15–0.9 g/kg for

30 days)

Male C57BL/6 mice fed
with HFD Metabolic syndrome

↓Serum TC, LDL-C, ↓Firmicutes
↑Bacteroidetes

↑SCFAs (acetate, propionate,
and butyrate)

[122]

PMF (nobilitin,
tangeritin)-rich extract

(30–120 mg/kg)

C57BL/6J male mice
fed with HFD Metabolic syndrome

↓Firmicutes-to-Bacteroidetes ratio,
↓serum BCAA, ↓mTORC1 and

P70S6K activation, ↓SREBPs
[35]

PMF (nobilitin,
tangeritin, and 5-OH
nobiletin)-rich aged
chenpi peel extract

(0.25 and 0.5% of diet
weight for 11 weeks)

Male C57BL/6J mice
fed with HFD

Metabolic syndrome
(obesity)

↑Fecal SCFAs (acetic acid and
propionic acid), ↑healthy

gut microbiota
[34]

PMF
5-Demethylnobiletin

(12 mg per kg)

Azoxymethane/DSS-
driven colorectal

carcinogenesis in male
CD-1 mice

Cancer (colorectal)
↓Cell proliferation, ↑apoptosis, and
↓mRNA and protein levels of IL-1β,

IL-6, and TNF-α in the colon
[36]
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Table 4. Cont.

Bioactive and Doses Experimental System Disease Target Mechanism of Action Reference

PMF- and HOPMF-rich
extract (0.5% of HFD

for 16 weeks)

Male C57BL/6 mice fed
with HFD

Metabolic syndrome
(obesity)

↓Adipocyte size, adipose tissue
weight, and alleviated the total body
weight, levels of lipid droplets, and

perilipin 1 protein and
SREBP-1 expression,

↑gut microbiota Prevotella,
↓rc4–4 bacteria

[111]

The upregulation and downregulation are denoted by upward (↑) and downward (↓) arrows, respectively.
Abbreviations are as follows: 5-HT: 5-hydroxytryptamine; ALP: alkaline phosphatase; ApoE: apolipoprotein
E; AST: aspartate aminotransferase; BAT: brown adipose tissue; Bax: B-cell lymphoma 2 (Bcl-2)-associated X
protein; BCAA: branched-chain amino acid; Bcl-2: B-cell lymphoma 2; BNDF: brain-derived neurotrophic factor;
Bsep: bile salt export pump; CAT: catalase; CE: cholesterol esters; COPD: obstructive pulmonary disease; CORT:
corticosterone; COX-2: cyclooxygenase-2; CREB: cAMP response element-binding protein; CRF: corticotropin-
releasing factor (CRF); CUMS: chronic unpredictable mild stress; Cyp7a1: cholesterol 7α-hydroxylase; Cyp8b1:
sterol-12α-hydroxylase; DA: dopamine; DSS: dextran sulfate sodium; FFA: free fatty acids; FFAs: free fatty acids;
Fgf15: fibroblast growth factor 15; FRAP: ferric reducing antioxidant; FXR: farnesoid X receptor; GPx: glutathione
peroxidase; GR: glucocorticoid receptor; GSH: glutathione; HFD: high-fat diet;.HO-1: Heme oxygenase; HOPMFs:
hydroxy polymethoxyflavones; HSCs hepatic stellate cells; HSCs: hepatic stellate cells; IBD: inflammatory
bowel disease; IL: Interleukin; iNOS: inducible nitric oxide synthase; JNK: c-Jun N-terminal kinases; LDL-
C: low-density lipoprotein cholesterol (LDL-c); LPS: lipopolysaccharide; MCP-1: monocyte chemoattractant
protein 1; MDA: malondialdehyde; MMP: mitochondrial membrane potential; MPO: myeloperoxidase; Mrp2:
multidrug-resistance-related protein 2; mTOR: mammalian target of rapamycin; mTORC1: mammalian target of
rapamycin (mTOR) complex1; NE: norepinephrine; NF-κβ: nuclear factor-kappa β; NO: nitric oxide; Nrf2: nuclear
factor-erythroid 2 related factor 2; P70S6K: phospho-p70 S6 kinase; PARP: poly (ADP-ribose) polymerase; PGE2:
prostaglandin E2; PGF2α: prostaglandin F2α;.PLs: phospholipids; PMF: polymethoxyflavones; Prx-SO3: oxidized
peroxiredoxin; PSD-95: postsynaptic density protein-95; PUMA: p53 upregulated modulator of apoptosis; ROS:
reactive oxygen species; SCFAs: short-chain fatty acids; SD: Sprague Dawley; Shp: small heterodimer partner;
SMAα: α-smooth muscle actin; SOD: superoxide dismutase; SREBP-1Sterol regulatory element-binding protein 1;
STZ: streptozotocin;SULT2A1: sulfotransferase family 2a member 1; TAA: thioacetamide; T-AOC: total antioxidant
capacity; TC: total cholesterol; TG: triglyceride and hepatic lipid droplet accumulation; TGF-β1: transforming
growth factor-β1; TNBS: trinitrobenzene sulfonic acid; TNF-α: tumor necrosis factor α; TrkB: tropomyosin
receptor kinase B; VLDL-C: very-low-density lipoprotein-cholesterol; WAT: white adipose tissue.

5.3. Human Studies

Similar to the in vitro and animal studies, case–control, cohort, and interventional stud-
ies have also demonstrated the health benefits of bioactive compounds derived from citrus
fruits. A pooled meta-analysis of 14 case–control (13 hospital-based and two population-
based) and two cohort studies showed that people with the highest citrus fruit intake
had a 50% reduction in risk of oral cavity and pharyngeal cancer compared to the lowest
intake [123]. In this meta-analysis, the protective effect of citrus fruit was substantially
higher in case–control studies (OR 0.47; 95% CI 0.40–0.55) compared to cohort studies (OR
0.73; 95% CI 0.55–0.96).

The oxidized (ox)-low-density lipoprotein (LDL) plays a vital role in converting
macrophages to foam cells and the formation and progression of atherosclerotic lesions [124].
In a 3-month randomized, double-blind, controlled study, 23 untreated human subjects
(16 males and seven females, mean age of 41.9 years) with cardiovascular risk (total choles-
terol level >200 mg/dL and LDL-c > 130 mg/dl) consumed a commercially available
flavonoid-rich hydroethanolic extract (Citrolive™; 1000 mg/day for 90 d) from bitter
orange and olive leaf (Olea europaea L.), and they showed a significant reduction in ox-
LDL-c and LDL-oxidase/LDL-c ratio and increased serum paraoxonase activity (PON1;
athero-protective by preventing LDL oxidation) as compared to controls [124]. In another
eight-week study of 96 healthy human subjects (51 intervention and 45 placeboes), sup-
plementation of Citrolive™ (1000 mg/day for 8 weeks) improved endothelial function,
as measured by flow-mediated vasodilation (FMD), reduced blood pressure and lipid
metabolism-related parameters (TC, LDL-c, LDL-oxidase, oxidized/reduced glutathione
(GSSH/GHS) ratio, protein carbonyl, and IL-6), and improved antioxidant and inflamma-
tory status [125].
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In a randomized, parallel, double-blind, placebo-controlled trial of 153 participants
(53 women and 106 men; age 18 to 65) with pre- or stage-1 hypertensive conditions, supple-
mentation of 500 mL/day of orange juice (containing 345 mg hesperidin) or hesperidin-
enriched orange juice (containing 600 mg of hesperidin) for 12 weeks reduced systolic BP
(SBP; −6.35 and −7.36 mmHg) and pulse (PP) pressure. Interestingly, the SBP and PP
decreased dose-dependently relative to the hesperidin intake.

Visvanathan and Williamson [126] reviewed acute (13 studies) as well as chromic
(22 studies) human intervention studies of the effect of citrus fruits and juice intake on
the risk of developing type 2 diabetes and concluded that the direct acute effect of citrus
polyphenols on the postprandial glycemic response (a risk factor for type 2 diabetes) is
subtle. However, citrus juice intake for longer periods (e.g., 500 mL/day for 12 weeks)
showed improved fasting glucose, fasting insulin (9–32%), and insulin resistance.

The lower solubility hampers the bioavailability and microbial metabolism of flavonoids,
thus probably yielding high inter-individual variability, resulting in inconsistent health
benefits [127]. In a randomized crossover human pharmacokinetic study, 16 healthy
subjects (eight men and eight women) were administered a single dose of 3.1 g lemon
extract containing 260 mg eriocitrin (main flavanone of lemon) or 1.95 g orange extract
containing 260 mg hesperidin (main flavanone of orange) and showed higher bioavailability
of eriocitrin, compared to hesperidin, probably due to the higher solubility of eriocitrin [127].
Thus, the authors suggested that consumption of eriocitrin-rich lemon extract could provide
better health benefits.

The emerging evidence has suggested that the bioactive compounds present in orange
fruits are associated with the metabolism of the gut microbiota [128]. Brasili et al. [128]
revealed that daily consumption of juice of cv. Cara Cara and cv. Bahia oranges, differ-
ing in vitamin C, flavanone, and carbohydrate content, affects the fecal microbiota and
metabolome differently. Intake of Cara Cara orange juice increased the Mogibacteriaceae
and Tissierellaceae families (Firmicutes), while the Odoribacteraceae family and the Odorib-
acter genus (Bacteroidetes) decreased. In contrast, in the Bahia group, the Enterococcaceae
and Veillonellaceae families increased while the Mogibacteriaceae and Ruminococcaceae
families and the Faecalibacterium prausnitzii decreased. The abundance of Mogibacteriaceae
was found in healthy subjects.

The PGs, thromboxanes (TXs), leukotrienes (LT), and isoprostane (IsoPs) metabolites
derived from arachidonic acid are generally considered proinflammatory mediators, and
the hallmark of increased secretion of these metabolites in the urine indicates enhanced
inflammation in the body [129]. In a randomized, double-blind, placebo-controlled, and
crossover study on 16 elite triathletes (6 women and 10 men), consumption of 200 mL
of polyphenol-rich Aronia-citrus juice (95% citrus juice + 5% Aronia melanocarpa juice) for
45 d led to reduced excretion of 2,3-dinor-11β-PGF2α and 11-dehydro-thromboxin B2 (11-
dh-TXB2), although the levels of other metabolites related to vascular homeostasis and
smooth muscle function, such as PGE2, 15-keto-15-F2t-IsoP, 20-OH-PGE2, leukotrienes E4
(LTE4), and 15-epi-15-E2t-IsoP, were increased after juice supplementation compared to the
placebo, suggesting a positive effect on the cardiovascular system [129].

6. Toxicity and Safety Profile of Citrus Fruit Bioactive Compounds

Bioactive compounds derived from citrus fruits have shown a good safety profile in
animal toxicological evaluation. In a 90 d sub-chronic and acute oral toxicity study on
Sprague Dawley rats, hesperidin isolated from the dehydrated peel of C. sinensis showed
a low observed adverse effect level (LOAEL) at 1 g/kg, and a median lethal dose (LD50)
of 4.83 g/kg [130]. These observations suggest a good safety profile in the animals, as
this concentration is much lower than the flavonoids administered in animal models
(10–200 mg/kg) to obtain the health benefits (Table 4). Moreover, other citrus flavonoids,
including nobiletin, tangeretin, and naringin, have shown a good safety profile [131,132].

The limonene, and other terpene-rich citrus flavor ingredients, such as oil, essential
oil, whole fruit extract, and peel extract, are generally recognized as safe (GRAS) [133].
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R-(+)-limonene has shown no observed adverse effect level (NOAEL) in rodents ranging
from <75 to 500 mg/kg, and LD50 values range from 4.40 to 6.60 g/kg [134].

7. Conclusions

Citrus fruits are a rich and exceptional source of bioactive flavonoids, especially
polymethoxylated flavones (PMFs), including nobiletin, tangeritin, and 5-demethyl no-
biletin. Moreover, citrus fruits are a dense source of bioactive xanthophylls (e.g., vio-
laxanthin esters), provitamin A carotenoids (e.g., β-cryptoxanthin), and apocarotenoids
(e.g., β-citraurin). These bioactive compounds reduce the inflammatory mediators and
reactive oxygen species (ROS) in the body, thus minimizing the risk of metabolic syndrome,
including neurodegenerative diseases, cardiovascular disease (CVD), diabetes, and cancer.
In addition, citrus essential oil, rich in terpenes (e.g., D-limonene) and limonoids (limonin),
is an economically important product due to its flavoring, antimicrobial, antioxidant, and
other health-beneficial properties.

Significant advancements have been made to study the composition, content, and
health-promoting activities of citrus fruit bioactives. However, in future investigations,
the following fields should be addressed to overcome the bottlenecks: (1) screening of
traditional and new cultivars with modern analytical techniques to identify the genetic
variation in content and composition; these data can help to select bioactive-rich cultivars
for food formulations; moreover, precise identification of the bioactive-rich growth stage
of citrus fruits suitable for consumption is necessary; (2) the elucidation of cellular and
molecular mechanisms of functioning of citrus bioactives in the body; (3) more human
interventional studies are required to demonstrate the health benefits of citrus bioactives;
(4) the synergetic effects in the bioavailability and bioactivity among different citrus bioac-
tive need more exploration; in addition, synergetic effects between citrus bioactives and
clinically used drugs should be explored; (5) citrus fruit wastes can potentially serve as a
low-cost and eco-friendly source of bioactives; however, further research is needed in the
context of the efficient extraction and utilization of bioactives from citrus fruit waste.
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