
molecules

Review

The Second Life of Citrus Fruit Waste: A Valuable Source of
Bioactive Compounds †

Caterina Russo 1,2,‡, Alessandro Maugeri 1,‡ , Giovanni Enrico Lombardo 1, Laura Musumeci 1,
Davide Barreca 1 , Antonio Rapisarda 1 , Santa Cirmi 1,3,* and Michele Navarra 1,*

����������
�������

Citation: Russo, C.; Maugeri, A.;

Lombardo, G.E.; Musumeci, L.;

Barreca, D.; Rapisarda, A.; Cirmi, S.;

Navarra, M. The Second Life of Citrus

Fruit Waste: A Valuable Source of

Bioactive Compounds. Molecules 2021,

26, 5991. https://doi.org/10.3390/

molecules26195991

Academic Editor:

Francesca Mancianti

Received: 13 August 2021

Accepted: 30 September 2021

Published: 2 October 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Chemical, Biological, Pharmaceutical and Environmental Sciences, University of Messina,
98166 Messina, Italy; carusso@unime.it (C.R.); amaugeri@unime.it (A.M.); gelombardo@unime.it (G.E.L.);
laura.musumeci@unime.it (L.M.); davide.barreca@unime.it (D.B.); antonio.rapisarda@unime.it (A.R.)

2 Fondazione “Prof. Antonio Imbesi”, 98123 Messina, Italy
3 Department of Pharmacy-Drug Sciences, University of Bari “Aldo Moro”, 70125 Bari, Italy
* Correspondence: scirmi@unime.it (S.C.); mnavarra@unime.it (M.N.)
† We wish to fondly remember our friend and colleague Nadia Ferlazzo and dedicate to her this study.
‡ These authors contributed equally to this work.

Abstract: Citrus fruits (CF) are among the most widely cultivated fruit crops throughout the world
and their production is constantly increasing along with consumers’ demand. Therefore, huge
amounts of waste are annually generated through CF processing, causing high costs for their disposal,
as well as environmental and human health damage, if inappropriately performed. According to the
most recent indications of an economic, environmental and pharmaceutical nature, CF processing
residues must be transformed from a waste to be disposed to a valuable resource to be reused. Based
on a circular economy model, CF residues (i.e., seeds, exhausted peel, pressed pulp, secondary juice
and leaves) have increasingly been re-evaluated to also obtain, but not limited to, valuable compounds
to be employed in the food, packaging, cosmetic and pharmaceutical industries. However, the use of
CF by-products is still limited because of their underestimated nutritional and economic value, hence
more awareness and knowledge are needed to overcome traditional approaches for their disposal.
This review summarizes recent evidence on the pharmacological potential of CF waste to support
the switch towards a more environmentally sustainable society.

Keywords: Citrus; waste; circular economy; flavonoids; polyphenols; nutraceuticals; by-products;
valorization; phytochemicals

1. Introduction

In the last decades, the enhancement of life quality brought an unceasing growth of the
worldwide population, leading to an excessive consumption of resources and, consequently,
to a considerable production of waste. The term “waste” refers to something unused or
not used to full advantage. Therefore, high waste generation may result from inefficient
management of its disposal. This process implies high costs and may be the cause of both
ecosystem (i.e., soil and water) and living being health damage, because waste is released
into landfills or burned to produce energy. Therefore, a recycling/re-use perspective is
necessary to allow the reduction of the extent of produced waste and related socio-economic
costs [1]. This could mitigate the excessive exploitation of raw materials and allow taking
advantage of the potential economic and biological value of the waste. In this regard,
European Commission suggested to “improve economic performance while reducing
pressure on natural resources through efficient use of them” [2]. Recently, the management
of fruit and vegetable by-products moved from a linear economy to a more sustainable
circular one [3]. Traditional linear economy follows the “take-make-dispose” model by
which raw materials are recovered, then processed into products that are consumed until
being disposed as waste [4]. Circular economy aims at recovering valuable materials
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directly from waste to enter a new production cycle and to minimize its generation [5],
therefore following the “take-make-use” model [4]. The pillars of this novel approach are
“recover, recycling, repurpose, remanufacture, refurbish, repair, re-use, reduce, rethink and
refuse” [6]. Similarly, the “green chemistry” approach aims at reducing waste generation,
despite it was primarily conceived to limit the threats to both environment and human
health by employing renewable energetic sources, non-toxic reagents, and more ecological
processes (i.e., air pressure and room temperature) [7]. Moreover, according to circular
economy, another consequence of revalued waste is the potential recovery of compounds
endowed of notable biological value [8].

Fruits and vegetables are among the most consumed foods worldwide. Indeed, a large
amount of waste results from both consumption of fresh fruit and industrial processing to
produce juices, concentrates, jams, marmalades, jellies, canned fruit, dehydrated products,
flavoring agents, beverages and healthy drinks [3]. Citrus fruits (CF) represent the most
widely cultivated, processed and consumed fruits throughout the world thanks to their
pleasant taste, and they have become relevant components of the diet also for their ac-
knowledged beneficial properties, such as antioxidative, anti-inflammatory, anti-infective,
anti-cancer and neuroprotective [9–14].

Among CF, the most known include sweet orange (Citrus sinensis (L.) Osbeck), lemon
(Citrus limon (L.) Osbeck), mandarin (Citrus reticulata Blanco), bergamot (Citrus × bergamia
Risso & Poiteau), grapefruit (Citrus paradisi Macfad.), pomelo (Citrus maxima (Burm.) Merr.),
lime (Citrus aurantiifolia (Christm.) Swingle) and citron (Citrus medica L.). Although part of
CF by-products from food processing industry are recycled, a large quantity is released in
the environment, causing pollution issues. Hence, these processing residues are considered
as a waste to be disposed, rather than a valuable resource to be reused. However, the
scientific community has recently supported the reusing/recycling of CF as well as other
fruit or vegetable waste products [15], even if, often, the use of by-products is limited due
to the still scarce understanding of their nutritional and economic value.

This review gathers the most recent evidence on the pharmacological potential of CF
waste products, supporting their antimicrobial, anti-inflammatory, anti-oxidant, anti-cancer
and neuroprotective activities in several in vitro and in vivo models, thus suggesting their
use as nutraceuticals.

2. Citrus Fruits

The genus Citrus L. belongs to the Rutaceae family, subfamily Aurantioideae [16].
The fruits of the several species of this genus are cultivated all over the world, and their
annual production has been growing considerably and rapidly due to rising consumers’
demand. They are mainly grown in tropical and sub-tropical areas of South-East Asia, in
the Mediterranean countries of Europe and North Africa, in America, South Africa and
Australia. In particular, global CF production for 2020/21 amounts to 98 million tons, of
which the main producing countries are China, Brazil, European Union and United States
(USA). Around 11 million tons of CF are exported worldwide, of which more than 40%
being oranges and almost 30% being mandarins. The first CF exporting country is South
Africa, followed by Turkey, Egypt and USA. In the last two years, world production of
oranges has been estimated at 48.6 million tons, while that of mandarin has increased up
to 33.3 million tons for 2020/21, as well as grapefruit and lemon production which grew
up to 6.7 and 8.4 million tons, respectively [17].

The phylogenetic relationships within the genus Citrus L., and/or between this and
related genera, are based on markers obtained by the use of modern molecular biology
techniques: isozymes, Restriction Fragment Length Polymorphisms (RFLPs), Sample Se-
quence Repeats (SSRs), Inter-Sample Sequence Repeats (ISSRs), Random Amplification
of Polymorphic DNA (RAPD), cpDNA sequence and Amplified Fragment Length Poly-
morphism (AFLP). The hybrid origin of many “species” has been demonstrated within the
genus Citrus L.: Mabberley’s classification, clarifying the phylogenetic relationships among
the three true species and their involvement in different hybrids, states that in the group of
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edible Citrus fruits, there are only three wild species: Citrus medica L. citron, Citrus maxima
(Burm.) Merril pomelo and Citrus reticulata Blanco mandarin. Each of these is involved in
several hybrids.

Citrus plants are generally evergreen shrubs or small trees with very fragrant flowers,
which prefer moderate climatic conditions with optimum temperatures of 20–35 ◦C. The
fruit, which is closely related to a berry and develops from a syncarpous gynoecium with
axile placentation, is a hesperidium of different shapes (e.g., round, oblong or elongated)
with a diameter from 3.8 to 14.5 cm. The exocarp (flavedo), tissue with essential oil
cavities, consists of small, dense collenchyma cells which contain chromoplasts. The
ultrastructural study of fruit peel by means of scanning electron microscopy has clarified
the schizolysigenous nature of the secretory tissues, where the essential oil is produced
and stored [16]. The epidermis resembles a cobbled surface and consists of very small,
thick-walled cells, containing chromoplasts and oil droplets. In addition, a few scattered
stomata can be found in the epidermis. The mesocarp (albedo) is a tissue with a spongy
nature, consisting of loosely connected colorless cells and numerous air spaces in it, hence
conferring a white color to this part of the hesperidium. The endocarp is relatively thin
and consists of very elongated, thick-walled cells that form a compact tissue. The stalked,
spindle-shaped juice vesicles, which fill the locules when the fruit ripens, develop from
the cells of the inner epidermis and subepidermal layers. Each juice vesicle is covered
externally by a layer of elongated cells, and encloses very large and extremely thin-walled
juice cells containing acids, oils and sugars, which give the characteristic flavor to fruit. An
increase in total sugar and in fruit dimension, as well as a decrease in acidity and change
in peel color, vary according to the stage of maturation of each CF. Essential oil cavities
occur characteristically also in the mesophyll of the leaves and in the petiole [16].

3. Citrus Waste

Almost a fifth of the total Citrus cultivars are subjected to industrial processes [18],
mainly for the production of their juices that represent the most consumed fruit juices
worldwide, thus generating a large amount of processing waste (about 120 million tons
per year) [15,19]. However, this industrial process exploits only the 45% of the total fruit
weight, whereas the rest, such as peel (flavedo; 27%), pulp (albedo and endocarp; 26%)
and seeds (2%), constitutes a disposal rest [20]. Moreover, the whole fruits that do not
satisfy quality requirements, hence being discarded, increase these amounts. In parallel,
pruning is a practice often applied to remove tree branches or improve the quality of the
fruit, implying the production of large quantities of leaves [20], a residue that increases
the already large amount of Citrus waste. Especially in developing countries, this is often
thrown into landfills or rivers, causing environmental pollution or contamination of water,
with depletion of dissolved oxygen levels. The high rate of pollution given by Citrus waste
depends to its easy fermentability, since it is abundant, chemically complex, biodegradable,
thus requesting high oxygen demand. Generally, it has a low pH (3–4), with a high content
of water (80–90%) and organic matter (95% of total residue) [21]. As another option, CF
waste is disposed also through combustion to obtain thermal energy [22], a dangerous
procedure that releases in the environment high levels of nitrogen, carbon and sulfur
oxides, hence being no longer a suitable strategy for CF waste disposal. Therefore, in order
to reduce environment pollution and gain profit to industries, several alternatives were
proposed for better management of CF waste, such as the production of fortified animal
feeds, the use of fiber-rich components in confectionery products, the extraction of macro-
and micro-nutrients, as well as the production of organic fertilizers, bio-fuels, enzymes
and ethanol, employed in the food, pharmaceutical, and cosmetic industries [5,19,23].
Indeed, the development of waste biorefineries in industrialized countries could provide
significant economic (i.e., the recovery of energy and value-added products, land savings,
new businesses and consequent job creation, landfill cost savings, etc.) and environmental
benefits (i.e., greenhouse gas emissions reduction and savings of natural resources of
land, soil and groundwater, energy, etc.) [24]. However, the processing of CF waste by
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biorefineries often requires certain costs. For example, it has been estimated a total cost
to produce ethanol using 100,000 tons/years waste of 0.91 USD/L, assuming a cost of
10 USD/ton associated to handling and transportation to the biorefinery [25]. Anyway,
due to its heterogeneity, CF waste is considered a valuable economic and renewable source
for cosmetic (i.e., to obtain skin care products such as soaps, lotions, body sprays, essential
oils), pharmaceutical and health (i.e., for the production of nutraceuticals, functional
foods) industries [26]. Moreover, these re-use strategies could allow food industries to
reduce the amount of waste and the costs of its disposal as organic matter, obtaining new
commercial products (i.e., food packaging, production of antimicrobials, encapsulating
agents, additives and prebiotics).

4. Composition of Citrus Waste

By-products from Citrus fruits, including exhausted peel, seeds, pressed pulp, sec-
ondary juice (obtained by pressing the residual pulp after the primary juice extraction)
and leaves, are a source of polyphenols (i.e., flavonoids and phenolic acids), sugars (i.e.,
glucose, fructose and sucrose), dietary fibers (i.e., pectin and cellulose), proteins, lipids (i.e.,
linolenic, oleic, palmitic and stearic acids), organic acids (i.e., citric, malic and oxalic acids)
carotenoids (i.e., carotene and lutein), vitamins (i.e., vitamin C and vitamin B complex) and
monoterpenes (i.e., limonene and linalool) [27]. Molecular composition of each by-product
may vary depending on the type of cultivar, the cultivation method, the harvesting time
and the degree of ripeness of the fruit.

CF peel represents almost 50% of the wet fruit mass after juice extraction [28], and is
particularly high in fragrant compounds, dietary fibers, pectin, natural pigments as well
as polyphenols [29]. CF peel is mainly employed for the extraction of essential oils (EOs),
which are contained in the oil sacs of both peels and cuticles, although they can also be
isolated from seeds or leaves in much lesser quantities. Chemical composition of EOs
consists of monoterpenes and sesquiterpenes compounds (i.e., hydrocarbons with two or
three isoprene units in their structure) and oxygenated derivatives (i.e., alcohols, ketones,
aldehydes and esters; Figure 1). Limonene is the major constituent of EOs extracted from
Citrus by-products, whereas β-pinene, sabinene and β-ocimene are characteristic of the
EOs from Citrus leaves [30]. CF EOs have long been used as flavorings in preparation of
food, cosmetic and pharmaceutical products and, more recently, have been re-evaluated
for their health beneficial properties [31,32].

Exhausted CF peels are a source of pectin and dietary fibers, which are also present
in juice and pulp [33]. Pectin is a complex polysaccharide composed of D-galacturonic
acid units linked together by α-1,4 glycosidic bonds, partially esterified with methanol or
acetic acid (Figure 2). It commonly exists in complex or insoluble forms, from white to
light brown color and, being a naturally gelling agent, it is used as a thickener, emulsifier,
texturizer and stabilizer in the preparation of confectionery, jams and jellies, as well as
biodegradable products. Dietary fibers are non-starch polysaccharides including at least
ten carbohydrate units (Figure 2), not easily digested nor absorbed in the intestine, and
they can exist in soluble (i.e., gum, pectin and a part of cellulose) and insoluble forms (i.e.,
cellulose, hemicellulose and lignin) [33].

Secondary CF juices are a great source of carotenoids and flavonoids that are present
also in peels. Carotenoids are pigments biosynthesized in different fruits and vegetables
and can be subdivided into two classes: oxygenated carotenoids (or xanthophylls), such as
lutein and violaxanthin, and hydrocarbon carotenoids (or carotenes), such as β-carotene
and lycopene [34,35] (Figure 3). They are precursors of vitamin A, which is involved
in epithelial tissues growth, strengthening of the immune system and promotes proper
functioning of vision [36].

Flavonoids are a wide class of secondary metabolites, synthesized by plants to protect
against ultraviolet radiation or pathogenic injuries. According to their structure (Figure 4),
they are subdivided into six groups, which are flavones, flavanones, flavonols, isoflavones,
anthocyanidins and flavanols [37–40]. Citrus flavonoids have been extensively studied for
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their anti-cancer [41], anti-inflammatory [42] and neuroprotective activities [43]. In particu-
lar, naringin, hesperidin, hesperetin, neohesperedin, narirutin and rutin were quantified as
the main flavanones of “satsuma mandarin” juice processing waste [44].
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Phenolic acids are also present in some amount [44] (Figure 5). They are divided into
hydroxybenzoic (gallic, vanillic and syringic acids) and hydroxycinnamic acids (caffeic, fer-
ulic, p-coumaric and sinapic acids), known to possess high levels of free radical scavenging
activity [45].
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ybenzoic (gallic, vanillic and syringic acids; on the right) and hydroxycinnamic (caffeic, ferulic, p-coumaric, sinapic and
chlorogenic acids; on the left) acids.

Seeds are isolated during the juice extraction, and are a useful source of oil, pro-
teins, limonoids and phenolic compounds, in particular, the flavonoids eriocitrin and
hesperidin [46].

5. Citrus sinensis (L.) Osbeck

Citrus sinensis (L.) Osbeck (sweet orange) is a small evergreen tree originating from
Southern China and arrived in Europe between the sixteenth and seventeenth century.
Its fruits are a rich source of vitamin C and secondary metabolites, such as flavonoids,
carbohydrates, carbamates, alkylamines, carotenoids, volatile compounds and in small
amounts of natural elements as calcium, potassium, sodium and magnesium [47]. Sweet
orange is thought to be a cross between mandarin (Citrus reticulata Blanco) and pummelo
(Citrus maxima L. Osbeck). Citrus sinensis (L.) Osbeck varieties differ in origin, taste and
size. They include two blond ones, Valencia late and Washington navel, and three red or
blood ones, Moro, Sanguinello and Tarocco, typical of Eastern Sicily (Italy), California and
Spain, respectively.

Orange is widely processed to produce juices, candies and extracts for food industries.
Orange juice (OJ) is among the most consumed Citrus juices in the world and was exten-
sively studied for its health benefits. In particular, its antioxidant activity as well as that of
its flavonoid-rich extract (OJe) was observed in both cell-free and cell-based experimental
models [48–51]. Moreover, OJe showed anti-inflammatory [52,53], anti-epileptic [54] and
anti-obesity [55] effects in in vivo models, while the orange EO was suggested to possess
interesting anti-anxiety properties [56].
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Due to its widespread consumption, a large amount of waste is generated from
orange processing industry, accounting approximately for 50% of the total CF one [19].
Recently, orange by-products have been claimed to represent a rich source of nutraceuticals,
according to their characterization [57,58]. In these regards, an ethyl acetate extract of
Newhall orange peel (C. sinensis (L.) Osbeck cultivar Newhall), one of the greatest sources
of waste-producing CF in China, proved to be a potent antioxidant, antibacterial agent and
tyrosinase inhibitor [59]. The rich phytochemical constituents of C. sinensis peel extract,
which include phenolic and flavonoid compounds, appeared also to contribute to its
antioxidant potential [60]. In addition, pectic oligosaccharides recovered from orange peel
waste showed prebiotic effects on bifidobacteria and lactobacilli levels in in vitro model of
fermentation using human fecal inocula [61].

Discarded seeds of Hamlin, Natal, Perario and Valencia orange varieties are promising
sources of essential oils, and their chemical composition accounts for a high content of
carotenoids, phenolic compounds, tocopherols, and phytosterols, which play a relevant
role in the free radical scavenging capacity of this by-product [62]. Moreover, it was
demonstrated that orange seed oil and non-oil extracts possess interesting antibacterial and
antifungal properties, other than antioxidant, helpful for the development of antimicrobial
agents [63].

Besides Citrus processing, sweet orange pulp may be re-evaluated for its content of
valuable compounds, such as phenolics and especially hesperidin [64]. In this line, a red
orange and lemon extract produced from pulp processing waste demonstrated a good
antiallergic activity, mainly reducing basophils activation and degranulation, as well as
the pro-inflammatory mediators release induced by allergic stimuli [65]. Analogously,
different by-products derived from the industrial extraction of orange juice showed anti-
inflammatory effect in mice with dextran sulfate sodium-induced colitis [66].

In addition, a clear example of a possible application of the circular economy in the
food system was the production of a fiber-rich flour from an orange juice by-product, which
was used to obtain a fortified food to increase dietary intake of fiber, minerals and phenolic
compounds [67].

Therefore, despite the high levels of waste in the food supply chain, the enormous
availability of orange juice, peel, pulp and seeds could be helpful to recover valuable
compounds in line with green economy.

6. Citrus aurantiifolia (Christm.) Swingle

Citrus aurantiifolia (Christm.) Swingle (lime) is a tree belonging to the tropical Northern
Indian area. It was brought by Arabs into Middle East, Northern Africa and Mediterranean
Europe, and then by Spanish expeditions into Central and South America to be so far
cultivated. It seems to come from a cross between C. medica and C. micrantha. The fruit
has a greenish-yellow color and a sour and bitter taste unlike sweet lime, that is known as
Citrus limetta, whose flavonoid profile and antioxidant activity were determined [68].

Lime peels represent a by-product of the juice manufacturing industry and are used to
extract EOs. Besides exhibiting potent free radical scavenging activity, this lime EO exerts
protective effects against lipid-induced hyperlipidemia in a rat model by improving choles-
terol, triglyceride, alanine aminotransferase and aspartate transaminase levels [69]. Further-
more, lime EO was able to alleviate inflammation both in vitro and in vivo models. Indeed,
pre-treatment with lime EO inhibited the production of pro-inflammatory cytokines (i.e.,
tumor necrosis factor-TNF-α, interleukin-IL-6, IL-1β) in lipopolysaccharide (LPS)-stressed
macrophages as well as the production of reactive oxygen species (ROS) induced by H2O2.
Topical application of lime EO led also to reduction of the 12-O-tetradecanoylphorbol-13-
acetate (TPA)-induced mouse ear inflammation [70]. Finally, the anti-malarial capability of
a lime peel extract has been associated to the antioxidant and anti-inflammatory properties
of its flavonoid constituents both in LPS-stimulated macrophage cells and in Plasmodium
berghei-infected mice [71]. Regarding seed waste, the C. aurantiifolia Swingle seeds extract
exerts cytotoxic effect against L5178Y human lymphoma cell line [72], while an extract
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obtained by lime leaves has demonstrated in vitro antibacterial effect against some Gram-
positive (Bacillus subtilis) and Gram-negative (Salmonella spp., Escherichia coli, Streptococcus
faecalis, Staphylococcus aureus) bacteria [73]. Moreover, the recycling C. limetta pulp exerts
antimicrobial activity against both Gram-positive and Gram-negative bacteria, suggesting
that it can be considered a useful resource for the bio-economy [74].

7. Citrus maxima (Burm.) Merr.

Citrus maxima (Burm.) Merr. fruit, commonly known as “pomelo” or “pummelo” or
“shaddock”, is a parent of the grapefruit (C. sinensis × C. maxima), and its cultivar probably
originated from Thailand. To date, it is spread in South-East Asia and China and, limitedly,
in Florida, California and Hawaii. Fruits are the largest CF in the world and, depending on
the cultivar, it can show peculiar phenotypic characteristics, such as being with seeds or
seedless, yellow, red or colorless. Generally, it is consumed fresh or processed into juice,
but it has been used in folk medicine to counteract fatigue, lack of vitality and energy,
wounds, acne, osteoarthritis or minor skin disorders. The pomelo processing industry
allow recovering valuable products from the wide residual waste content it generates.

C. maxima peel is frequently discarded after fruit consumption, meaning high eco-
nomic and environmental costs for society. The health and therapeutic potential of pomelo
peel extracts were recently summarized, highlighting hypolipidemic, hypoglycemic, an-
timicrobial, antioxidant, anti-inflammatory and anticancer effects [75]. Pomelo peel extract,
along with its four major coumarins (auraptene, marmin, isoauraptene, meranzin hydrate),
exerts anti-inflammatory effects in LPS-stressed RAW 264.7 cells, reducing the release of
pro-inflammatory cytokines IL-1β, prostaglandin 2, and TNF- α [75,76]. In addition, they
are also able to alleviate xylene-induced ear edema and carrageenan-induced paw edema
in mice [76]. In addition, C. maxima waste (flesh, peels, carpel and the essential oil) can
counteract metabolic disorders such as obesity and hyperlipidemia. Indeed, experimental
data revealed their anti-lipogenic potential in Wistar rats by involving AMPK-SREBP-
PPARS pathway [77]. Moreover, representative pomelo phytonutrients, such as limonene,
γ-terpinene, p-synephrine, β-sitosterol and hesperidin, down-regulate the expression of
key enzymes in de novo biosynthesis of cholesterol and triacylglycerides in HepG2 cells [77].
EOs isolated from pruning of Mato Peiyu pomelo leaves are mostly composed of citronellal
and citronellol (>50%), which are hence the main players of EO’s antimicrobial, antioxidant,
anti-inflammatory and anti-tyrosinase activities [78]. Moreover, the EO of C. maxima leaves
proved to be a stronger antimicrobial agent than the EOs of C. sinensis and C. aurantifolia
leaves [30].

8. Citrus reticulata Blanco and Its Hybrids

Citrus reticulata Blanco (mandarin) tree originated from South-East China, and after it
was cultivated mainly in Italy and Spain. Mandarin group is phenotypically heterogeneous,
including numerous species, hybrids and mutants cultivated throughout the world.

The peel of a Chinese variety of C. reticulata Blanco (Ponkan) is considered as waste
material. However, a hydrodistillation method was employed to extract EO from Blanco
peel, mainly constituted by limonene (89.31%), which exhibits antibacterial activity against
Cutibacterium acnes and common microorganisms such as S. aureus, B. subtilis and E. coli [79].
In addition, besides the antimicrobial potential, EO from C. reticulata peel has been able to
significantly reduce wound diameter in vivo, thus showing wound healing property [80].
Mandarin peels contain also a high total flavonoid content compared to lemon and grape-
fruit peels, and have been demonstrated to possess moderate cytotoxic activity against
the HL-60 cell line, an experimental model of acute myeloid leukemia [81]. Moreover,
mandarin peel, as well as lemon and grapefruit ones, showed immunomodulatory ac-
tivity, since it increased the proliferation of mouse splenocytes and antigenotoxic effect,
through reduction of cisplatin-induced chromosomal aberrations in the same experimental
model [81]. Interestingly, a flavonoid-rich extract of C. reticulata juice showed promising
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anti-cancer activity in anaplastic thyroid carcinoma cell lines [82], as well as proved to be a
strong neuroprotective agent in an in vitro model of Parkinson’s disease [83].

Despite being a wide source of polysaccharides, the peel of a hybrid of mandarin
and orange typical of South Korea is commonly discarded. This waste product can be
re-considered for its anticancer properties. Indeed, it showed anti-angiogenesis effects by
counteracting tube formation of HUVECs endothelial cell line and cell cancer migration
through downregulation of matrix metalloproteinase-9 (MMP-9) expression in MDA-MB-
231 cells, thus revealing a potential therapeutic agent in triple-negative breast cancer
metastasis [84].

Many by-products of “satsuma mandarin” come from the food industry and are a
source of agricultural waste. High polyphenol content of fermented Citrus flesh and peel
by-products is responsible for the potent antioxidant and antibacterial activities against
Listeria monocytogenes and E. coli [85]. Another fermented extract prepared from “satsuma
mandarin” peel, after juice processing, arrested the growth of human pancreatic cancer
cells, through the induction of apoptotic mechanism, and blocked their migration via
the activation of intracellular signaling pathways, where MKK3/6 and P38 proteins are
involved. In addition, this extract showed anticancer effects in a xenograft experimental
model. A more in-depth analysis, performed in silico, demonstrated that the flavonoids
naringenin and hesperetin were associated to the anticancer properties of this fermented
extract [86]. Previously, another flavonoid, quercetagetin, isolated by methanolic extract of
“satsuma mandarin” peel powder, has been shown as radical scavenger capable to reduce
ROS levels and to protect against H2O2-induced DNA damage in Vero cells [87].

During the juice extraction process Citrus junos Siebold ex Tanaka (yuzu, C. ichangensis
× C. reticulata hybrid) seeds are discarded. This waste product contains high amounts of
limonoid aglycones, glycosides and oils which showed to possess antioxidant capability
and radical scavenging activities [88].

Increasing demand for mandarin juice generates more and more waste from processing
industries. Satsuma mandarin waste (i.e., albedo, flavedo, pulp residues and carpellary
membranes) is rich in extractable and non-extractable hesperidin and eriocitrin and non-
extractable gallic acid. The drying procedure of this waste can quantitatively affect the
composition of the extracts, being a crucial step to obtain a valuable product from these
residues [89].

Peel, pulp and seed extracts from two mandarin varieties, namely Phlegraean man-
darin and clementine were compared to evaluate functional components of each cultivar.
Phlegraean mandarin peel and seeds possess the greatest variety of polyphenols. Vitamin
C is abundant in Phlegraean mandarin seeds while clementine peel and pulp are rich of
carotenoids. Antioxidant capacity of the peel and seeds of Phlegraean mandarin, clemen-
tine peel was observed, thus highlighting relevant properties belonging to parts of the fruit
generally considered only waste [90].

Murcott mandarin (hybrid of C. reticulata × C. sinensis) leaf fraction seems to induce
gastroprotective and anti-ulcerogenic effects against alcohol-induced gastric ulcers in
rats thanks to its known anxiolytic, anti-inflammatory, antioxidant and anti-apoptotic
properties [91].

EOs from the leaf and fruit peel of C. reticulata Blanco cultivar Santra reduce LPS-
stimulated TNF-α and NO levels in RAW 264.7 murine macrophage cell culture, exhibiting
anti-inflammatory properties [92].

Finally, clementine by-products (peels and leaves) could represent a promising source
of functional foods destinated to the prevention of oxidative stress- related diseases such
as type 2 diabetes and obesity, thanks to their anti-oxidant properties [93].

9. Citrus paradisi Macfad.

Citrus paradisi Macfad. (grapefruit) is probably a natural hybrid between
C. maxima × C. sinensis that was discovered in the Caribbean and afterwards brought
to Europe. C. paradisi fruits can be divided into two groups, depending on the presence



Molecules 2021, 26, 5991 11 of 20

(“Rose Pink” and “Ruby Red”) or absence (“White Marsh”) of lycopene in the fruit flesh [94].
Grapefruit juice is acknowledged for its noteworthy pharmacokinetic interactions [95], as
well as for its anti-inflammatory and antioxidant properties [96].

Among wasted parts of C. paradisi fruit, the peel had a higher content of phenolic
compound, flavonoids, vitamin C, and hence a higher antioxidant activity, than pulp and
seeds. In addition, peels of grapefruits possess the highest total phenolic content compared
to lemon and orange peels [97]. The oil obtained from C. paradisi fresh leaves is mainly
characterized by limonene, while the major component of fresh peel oil is β-phellandrene.
Each oil, depending on its origin (i.e., peel or leaves), possesses a characteristic odor, which
make it useful flavoring agent. In addition, both oils reduce the egg albumin-induced
oedema size in rats, suggesting their anti-inflammatory capacity [98]. Given the above-
mentioned qualities of grapefruit waste, its revalorization can be beneficial to several fields.
Indeed, C. paradisi peel is mainly utilized as biosorbent, while the extracted oil is applied in
aromatherapy and its main component, limonene, is used as antimicrobial or in cosmetics
sector. Grapefruit pectin is exploited for bioethanol production or as biosorbent, and peel
phenolics biotransformation is promoted [99].

10. Citrus limon (L.) Osbeck

Citrus limon (L.) Osbeck (lemon) is reported to originate from South-East Asia. Then,
Arabs brought this Citrus in Europe in twelfth century. It is known to be a hybrid between
C. medica × C. reticulata × C. maxima. The juice is known to possess several beneficial
activities, among which anti-bacterial [100] and antioxidant ones [101].

A reuse of C. limon waste as a possible resource has already been considered in the
past. In this field, the waste stream of lemon peels has been shown to exert plasma and liver
cholesterol-lowering effect in hybrid F1B hamsters [102], while a mixture of pectooligosac-
charides obtained from lemon peel waste showed prebiotic effects on the microbiota of
elderly donors, via modulation of beneficial bacteria levels (Faecalibacterium prausnitzii and
Blautia) and production of elevated alpha diversity values [103]. Lemon pomace waste
and pulp residue were also shown to possess high phenolic and flavonoid content that
are responsible for their relevant antioxidant activity [104,105]. Silver nanoparticles syn-
thesized from C. limon peels waste revealed antimicrobial activity against most human
pathogenic bacteria (Acinetobacter baumannii, Salmonella typhimurium, E. coli, Pseudomonas
aeruginosa, S. aureus and Proteus vulgaris) [106], as well as an extract of yellow lemon peel
against Klebsiella pneumoniae [107], thus representing a potential remedy to combat certain
multidrug resistant microorganisms. Moreover, the aforementioned silver nanoparticles
induced in vitro have a cytotoxic effect in some types of human tumors, including breast
and colon cancer [106]. C. limon pectic polymer derived from the industrial residue of Citrus
juice extraction via hydrodynamic cavitation process exerts significant neuroprotective
effects against H2O2-induced damage on SH-SY5Y cells, by preserving cellular viability
and morphology as well as limiting reactive oxygen species (ROS) production and related
mitochondrial damage [108].

Recently, EOs from lemon, mandarin and grapefruit seeds discarded by an agro-
alimentary industry were studied to evaluate their nutritional and biological properties.
Noteworthy, even if to a different extent, all three oils possess antioxidant, antifungal
and antitumor properties, inhibitory effect on the mushroom tyrosinase activity, as well
as and antiproliferative effect on murine B16F10 melanoma cells [46]. EOs isolated from
lemon leaves, rich in limonene, citronellal and citronellol, possess antibacterial activity
against Gram-negative (Salmonella typhimurium, P. aeruginosa and E. coli) and Gram-positive
bacterial strains (Staphylococcus epidermidis and two S. aureus strains), as well as insecticidal
potential [109,110].

11. Citrus medica L. and Its By-Products

Citrus medica L. (citron) is thought to come from Indian region and is one of the
first species of Citrus arrived in the Mediterranean basin, since Greek and Latin sources



Molecules 2021, 26, 5991 12 of 20

confirmed its presence in their diets. Indeed, its name originates from the “Media” term
with which referred to the Persian area, where this fruit was discovered by the Greek
during Alexander the Great’s Empire. Along with C. maxima and C. reticulata, C. medica
represents one of the three ancestral taxa from which Citrus fruit recovers its origin.

Despite representing a rich resource of antioxidants and antibacterial compounds, the
citron peel is usually discarded as waste. The EO extracted from it showed antibacterial
activity against S. aureus e E. coli and an interesting radical scavenging activity [111], typical
effects of potential additive useful for the food industry.

12. Citrus × bergamia Risso & Poiteau and Its By-Products

Citrus bergamia Risso & Poiteau (bergamot) is a hybrid between citron and orange,
which is itself a cross between pomelo and mandarin: C. medica L. × (C. maxima (Burm.)
Merr. × C. reticulata Blanco). It seems to originate from various countries such as Canary
Islands, Greece, Antilles and then arrived to the Spanish city “Berga”, from which the
name “bergamot” is derived. It spontaneously grows along the Ionian coast of the Calabria
region (Southern Italy) where meets its favorable microclimate. Three different cultivars are
known: “Castagnaro”, “Femminello” and their hybrid, “Fantastico”. Bergamot is mainly
known for bergamot essential oil (BEO) mostly used as fragrance of many perfumes, in
cosmetic industry, in confectionary products and food industries. Moreover, BEO revealed
antimicrobial activities [112], as well as an anti-cancer effect [113–115]. BEO is currently
employed in the field of aromatherapy [13,116] and evaluated for its neuroprotective [117],
anti-inflammatory and analgesic capabilities [118]. Recently, bergamot juice (BJ) has also
been evaluated for its great pharmacological value. Indeed, it has been reported its
antimicrobial activity against Helicobacter pylori [119], and its anticancer activity both
in in vitro and in vivo models [120–124]. Given the high polyphenolic content of BJ [125],
its flavonoid-rich fraction (BJe) was further studied for the hypolipemic and hypoglycemic
activities [126], neuroprotective [127] as well as the anti-inflammatory potential [128]. In
this field, BJe prevented both LPS- and β-amyloid-induced inflammatory response in
THP-1 monocytes, by modulating NF-κB pathway via the AMPK/SIRT1 [129,130] axis and
the MAPK/AP-1 pathways, respectively [131]. Moreover, BJe proved to be an effective
anti-inflammatory product also in several in vivo models [132–134]. Interestingly, the
chemical composition of BJ and its secondary juice, despite quantitative differences between
them, are similar [120,121,124,125], thus suggesting the potential of this by-product in the
pharmacological field.

Two flavonoid-rich extracts from bergamot peel, which represents the main agri-food
waste (about 60%) of the processed bergamots, exerted protective effects against cell modi-
fications induced on human endothelial cells (HUVECs) exposed to inflammatory cytokine
tumor necrosis factor-α (TNF- α) [135]. In addition, bergamot peel extracts modulated
intracellular levels of malondialdehyde/4-hydroxynonenal, glutathione and superoxide
dismutase activity, and the activation of NF-κB in HUVEC cells, hence proving its high
content of antioxidant and anti-inflammatory compounds [135]. Moreover, the albedo
is a potentially recyclable waste of bergamot industries, since it contains the flavonoids
brutieridin and melitidin, which demonstrated to be helpful in the hyperlipidemia man-
agement [136].

The bioactive compounds as well as the pharmacological properties of Citrus deriva-
tives and by-products discussed in this review are summarized in Table 1.
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Table 1. Main bioactive compounds contained in Citrus by-products and their pharmacological activities.

Citrus Fruits Bioactive Compounds Activity References

Citrus sinensis (L.)
Osbeck

Flavonoids (hesperidin, naringin); limonoids
(limonene); carotenoids; phenolic

compounds; tocopherols and phytosterols;
fiber, minerals and phenolic compounds;

pectin; vitamins

Antibacterial and antifungal;
antioxidant and anti-inflammatory;

anti-cancer; antiallergic; anti-epileptic;
anti-obesity; anti-anxiety; prebiotic

[48–56,59–
67,137–140]

Citrus aurantiifolia
(Christm.) Swingle

Flavonoids (hesperidin, naringin); tannins;
alkaloids; polysaccharides;

vitamins; minerals

Antioxidant and anti-inflammatory;
anti-cancer [68–73,141]

Citrus maxima
(Burm.) Merr.

Flavonoids (hesperidin); coumarins
(auraptene, marmin, isoauraptene, meranzin
hydrate); limonoids (limonene, γ-terpinene,

p-synephrine), phytosterol (β-sitosterol);
citronellal and citronellol; polysaccharides;

vitamins; minerals

Hypolipidemic; hypoglycemic;
antimicrobial; antioxidant;

anti-inflammatory; anti-cancer;
anti-lipogenic

[30,75–78]

Citrus reticulata
Blanco

Flavonoids (naringin, hesperidin, eriocitrin;
quercetagetin); tannins; limonoids (limonene;
β-pinene; sabinene); carotenoids; phenolic

compounds; vitamins; pectins,
polysaccharides; minerals

Immunomodulatory; antioxidant;
anti-inflammatory; anticancer;

antibacterial; antigenotoxic;
anthelminthic; gastroprotective;

anti-ulcerogenic

[79–93,142,143]

Citrus paradisi
Macfad.

Flavonoids (naringin); limonoids (limonene;
β-pinene); phenolic compounds; vitamins;

pectins; minerals

Antioxidant; anti-inflammatory;
anticancer; antibacterial [96–99,137,144]

Citrus limon (L.)
Osbeck

Flavonoids; limonoids (limonene,
γ-terpinene, β-pinene, O-cymene, citral);

8-geranyloxypsolaren;
5-geranyloxy-7-methoxycoumarin;

phloroglucinol 1-β-D-glucopyranoside
(phlorin); phenolic acids; vitamins;

pectins; minerals

Anticholesterolemic; antioxidant;
antibacterial; neuroprotective;

antitumor; prebiotic

[46,100–
110,145,146]

Citrus medica L. Flavonoids; phenolic acids; vitamins;
pectins; minerals Antibacterial; antiulcer [111,147]

Citrus × bergamia
Risso & Poiteau

Flavonoids (lucenin-2, vicenin-2, eriocitrin,
neoeriocitrin, naringenin, hesperigin,
neohesperidin, brutieridin, melitidin)
furancoumarins (epoxybergamottin,
bergamottin); limonoids; vitamins;

pectins; minerals

Antibacterial; anti-inflammatory;
antioxidant; anticancer;

anti-lipoperoxidation; antidiabetic;
prevention of cardiovascular diseases,
anticholesterolemic; neuroprotective

[112–
136,148,149]

13. Conclusions

Nowadays, a proper management of CF waste is crucial in order to enhance the
sustainability of their cultivation. Indeed, a re-evaluation of CF by-products could reduce
their accumulation in the environment, as well as allow the exploitation of their full
potential. This because CF by-products are an economic and renewable source of high value-
added compounds, hence researchers should follow a holistic approach to appreciate the
whole CF, including its waste, employing better strategies for its recovery and valorization.
In this regard, different sustainable and green methodologies for the effective reuse of
waste have been recently developed. Protocols for the recovery of valuable compounds
include different steps: (i) extraction (i.e., enzyme-assisted, ultrasound-assisted, microwave-
assisted, supercritical fluid, pressurized liquid extractions); (ii) separation and purification
(via filtration and chromatographic techniques); (iii) identification and characterization
(through NMR, mass spectroscopy or chromatography); (iv) toxicological screening both
in vitro and in vivo [26,46,64,72]. Alternatively, conversion of CF waste into biofuels
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can be performed through thermochemical and biochemical processes such as pyrolysis,
thermolysis, gasification, combustion [19].

This review provides scientific bases for the employment of CF by-products
as nutraceuticals.

The scenario regarding future research and innovative methods for CF waste recovery
is ever growing, but a combined effort between industry and research will lay the founda-
tions for a more efficient circular economical system to generate wealth from waste, since
one man’s trash is another man’s treasure.

Author Contributions: C.R. performed the literature review and drafted the paper; A.M. drafted the
article; S.C., G.E.L. and L.M. assisted in preparing the review; D.B. and A.R. critically revised the
paper; M.N. conceived and designed the study and critically revised the paper. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: A fellowship from the “Fondazione Prof. Antonio Imbesi”, Messina, Italy to
Caterina Russo, a PON Industrial PhD fellowship from the Italian Minister of Instruction, University
and Research (MIUR) to Alessandro Maugeri (code: DOT1314952; CUP: J98G18000040007), and
a PhD fellowship from “Fondo Sociale Europeo (FSE)- Sicilia 2020” to Laura Musumeci (CUP:
J45E190000230002) are gratefully acknowledged.

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

References
1. Van Ewijk, S.; Stegemann, J.A. Recognising waste use potential to achieve a circular economy. Waste Manag. 2020, 105, 1–7.

[CrossRef] [PubMed]
2. European Commission. Roadmap to a Resource Efficient Europe; COM (2011) 571 final; European Commission: Brussels, Bel-

gium, 2011.
3. Campos, D.A.; Gomez-Garcia, R.; Vilas-Boas, A.A.; Madureira, A.R.; Pintado, M.M. Management of Fruit Industrial By-Products-A

Case Study on Circular Economy Approach. Molecules 2020, 25, 320. [CrossRef] [PubMed]
4. Elisha, O.D. Moving Beyond Take-Make-Dispose to Take-Make-Use for Sustainable Economy. Int. J. Sci. Res. Educ. 2020, 13,

497–516.
5. Osorio, L.; Florez-Lopez, E.; Grande-Tovar, C.D. The Potential of Selected Agri-Food Loss and Waste to Contribute to a Circular

Economy: Applications in the Food, Cosmetic and Pharmaceutical Industries. Molecules 2021, 26, 515. [CrossRef]
6. Morseletto, P. Targets for a circular economy. Resour. Conserv. Recycl. 2020, 153, 104553. [CrossRef]
7. Clark, J.H. From waste to wealth using green chemistry: The way to long term stability. Curr. Opin. Green Sustain. Chem. 2017, 8,

10–13. [CrossRef]
8. Panwar, D.; Panesar, P.S.; Chopra, H.K. Recent trends on the valorization strategies for the management of citrus by-products.

Food Rev. Int. 2021, 37, 91–120. [CrossRef]
9. Cirmi, S.; Maugeri, A.; Ferlazzo, N.; Gangemi, S.; Calapai, G.; Schumacher, U.; Navarra, M. Anticancer Potential of Citrus Juices

and Their Extracts: A Systematic Review of Both Preclinical and Clinical Studies. Front. Pharmacol. 2017, 8, 420. [CrossRef]
10. Cirmi, S.; Navarra, M.; Woodside, J.V.; Cantwell, M.M. Citrus fruits intake and oral cancer risk: A systematic review and

meta-analysis. Pharmacol. Res. 2018, 133, 187–194. [CrossRef]
11. Maugeri, A.; Cirmi, S.; Minciullo, P.L.; Gangemi, S.; Calapai, G.; Mollace, V.; Navarra, M. Citrus fruits and inflammaging: A

systematic review. Phytochem. Rev. 2019, 18, 1025–1049. [CrossRef]
12. Ferlazzo, N.; Cirmi, S.; Calapai, G.; Ventura-Spagnolo, E.; Gangemi, S.; Navarra, M. Anti-inflammatory activity of Citrus bergamia

derivatives: Where do we stand? Molecules 2016, 21, 1273. [CrossRef]
13. Mannucci, C.; Navarra, M.; Calapai, F.; Squeri, R.; Gangemi, S.; Calapai, G. Clinical pharmacology of Citrus bergamia: A systematic

review. Phytother. Res. 2017, 31, 27–39. [CrossRef]
14. Mandalari, G.; Bisignano, C.; Cirmi, S.; Navarra, M. Effectiveness of Citrus Fruits on Helicobacter pylori. Evid.-Based Complemen-

tary Altern. Med. eCAM 2017, 2017, 8379262. [CrossRef]
15. Zema, D.A.; Calabro, P.S.; Folino, A.; Tamburino, V.; Zappia, G.; Zimbone, S.M. Valorisation of citrus processing waste: A review.

Waste Manag. 2018, 80, 252–273. [CrossRef] [PubMed]

http://doi.org/10.1016/j.wasman.2020.01.019
http://www.ncbi.nlm.nih.gov/pubmed/32007732
http://doi.org/10.3390/molecules25020320
http://www.ncbi.nlm.nih.gov/pubmed/31941124
http://doi.org/10.3390/molecules26020515
http://doi.org/10.1016/j.resconrec.2019.104553
http://doi.org/10.1016/j.cogsc.2017.07.008
http://doi.org/10.1080/87559129.2019.1695834
http://doi.org/10.3389/fphar.2017.00420
http://doi.org/10.1016/j.phrs.2018.05.008
http://doi.org/10.1007/s11101-019-09613-3
http://doi.org/10.3390/molecules21101273
http://doi.org/10.1002/ptr.5734
http://doi.org/10.1155/2017/8379262
http://doi.org/10.1016/j.wasman.2018.09.024
http://www.ncbi.nlm.nih.gov/pubmed/30455006


Molecules 2021, 26, 5991 15 of 20

16. Rapisarda, A.G.; Germanò, M.P. Citrus x bergamia Risso & Poiteau Botanical classification, Morphology and Anatomy. In Citrus
Bergamia: Bergamot and Its Derivatives; CRC Press: Boca Raton, FL, USA, 2014; pp. 9–11.

17. USDA. Citrus: World Markets and Trade. U.S. Production and Exports Forecast down Despite Global Gains. Available online:
https://apps.fas.usda.gov/psdonline/circulars/citrus.pdf (accessed on 13 August 2021).

18. FAO. Citrus Fruit Fresh and Processed—Statistical Bulletin. Available online: http://www.fao.org/3/a-i8092e.pdf (accessed on
13 August 2021).

19. Chavan, P.; Singh, A.K.; Kaur, G. Recent progress in the utilization of industrial waste and by-products of citrus fruits: A review.
J. Food Process. Eng. 2018, 41, e12895. [CrossRef]

20. Leporini, M.; Tundis, R.; Sicari, V.; Loizzo, M.R. Citrus species: Modern functional food and nutraceutical-based product
ingredient. Ital. J. Food Sci. 2021, 33, 63–107. [CrossRef]

21. Ruiz, B.; Flotats, X. Citrus essential oils and their influence on the anaerobic digestion process: An overview. Waste Manag. 2014,
34, 2063–2079. [CrossRef] [PubMed]

22. Siles, J.A.; Vargas, F.; Gutierrez, M.C.; Chica, A.F.; Martin, M.A. Integral valorisation of waste orange peel using combustion,
biomethanisation and co-composting technologies. Bioresour. Technol. 2016, 211, 173–182. [CrossRef]

23. Muscat, A.; de Olde, E.M.; Ripoll-Bosch, R.; Van Zanten, H.H.E.; Metze, T.A.P.; Termeer, C.J.A.M.; van Ittersum, M.K.; de Boer,
I.J.M. Principles, drivers and opportunities of a circular bioeconomy. Nat. Food. 2021, 2, 1–6. [CrossRef]

24. Nizami, A.S.; Rehan, M.; Waqas, M.; Naqvi, M.; Ouda, O.K.M.; Shahzad, K.; Miandad, R.; Khan, M.Z.; Syamsiro, M.; Is-
mail, I.M.I.; et al. Waste biorefineries: Enabling circular economies in developing countries. Bioresour. Technol. 2017, 241,
1101–1117. [CrossRef]

25. Lohrasbi, M.; Pourbafrani, M.; Niklasson, C.; Taherzadeh, M.J. Process design and economic analysis of a citrus waste biorefinery
with biofuels and limonene as products. Bioresour. Technol. 2010, 101, 7382–7388. [CrossRef]

26. Panwar, D.; Saini, A.; Panesar, P.S.; Chopra, H.K. Unraveling the scientific perspectives of citrus by-products utilization: Progress
towards circular economy. Trends Food Sci. Technol. 2021, 111, 549–562. [CrossRef]

27. Mahato, N.; Sharma, K.; Sinha, M.; Cho, M.H. Citrus waste derived nutra-/pharmaceuticals for health benefits: Current trends
and future perspectives. J. Funct. Foods 2018, 40, 307–316. [CrossRef]

28. Sharma, K.; Mahato, N.; Cho, M.H.; Lee, Y.R. Converting citrus wastes into value-added products: Economic and environmently
friendly approaches. Nutrition 2017, 34, 29–46. [CrossRef] [PubMed]

29. Rafiq, S.; Kaul, R.; Sofi, S.; Bashir, N.; Nazir, F.; Ahmad Nayik, G. Citrus peel as a source of functional ingredient: A review. J.
Saudi Soc. Agric. Sci. 2018, 17, 351–358. [CrossRef]

30. Chi, P.T.L.; Van Hung, P.; Le Thanh, H.; Phi, N.T.L. Valorization of citrus leaves: Chemical composition, antioxidant and
antibacterial activities of essential oils. Waste Biomass Valorization 2020, 11, 4849–4857. [CrossRef]

31. Dosoky, N.S.; Setzer, W.N. Biological Activities and Safety of Citrus spp. Essential Oils. Int. J. Mol. Sci. 2018, 19, 1966. [CrossRef]
32. Bruni, R.; Barreca, D.; Protti, M.; Brighenti, V.; Righetti, L.; Anceschi, L.; Mercolini, L.; Benvenuti, S.; Gattuso, G.; Pellati, F.

Botanical Sources, Chemistry, Analysis, and Biological Activity of Furanocoumarins of Pharmaceutical Interest. Molecules 2019,
24, 2163. [CrossRef] [PubMed]

33. Dimopoulou, M.; Alba, K.; Campbell, G.; Kontogiorgos, V. Pectin recovery and characterization from lemon juice waste streams.
J. Sci. Food Agric. 2019, 99, 6191–6198. [CrossRef]

34. Saini, R.K.; Keum, Y.S. Carotenoid extraction methods: A review of recent developments. Food Chem. 2018, 240, 90–103. [CrossRef]
35. Sharma, M.; Usmani, Z.; Gupta, V.K.; Bhat, R. Valorization of fruits and vegetable wastes and by-products to produce natural

pigments. Crit. Rev. Biotechnol. 2021, 41, 535–563. [CrossRef] [PubMed]
36. Widjaja-Adhi, M.A.K.; Ramkumar, S.; von Lintig, J. Protective role of carotenoids in the visual cycle. FASEB J. Off. Publ. Fed. Am.

Soc. Exp. Biol. 2018, 32, 6305–6315. [CrossRef] [PubMed]
37. Abbate, F.; Maugeri, A.; Laurà, R.; Levanti, M.; Navarra, M.; Cirmi, S.; Germanà, A. Zebrafish as a Useful Model to Study

Oxidative Stress-Linked Disorders: Focus on Flavonoids. Antioxidants 2021, 10, 668. [CrossRef] [PubMed]
38. Barreca, D.; Gattuso, G.; Bellocco, E.; Calderaro, A.; Trombetta, D.; Smeriglio, A.; Lagana, G.; Daglia, M.; Meneghini, S.; Nabavi,

S.M. Flavanones: Citrus phytochemical with health-promoting properties. BioFactors 2017, 43, 495–506. [CrossRef] [PubMed]
39. Barreca, D.; Mandalari, G.; Calderaro, A.; Smeriglio, A.; Trombetta, D.; Felice, M.R.; Gattuso, G. Citrus Flavones: An Update on

Sources, Biological Functions, and Health Promoting Properties. Plants 2020, 9, 288. [CrossRef] [PubMed]
40. Durazzo, A.; Lucarini, M.; Souto, E.B.; Cicala, C.; Caiazzo, E.; Izzo, A.A.; Novellino, E.; Santini, A. Polyphenols: A concise

overview on the chemistry, occurrence, and human health. Phytother. Res. PTR 2019, 33, 2221–2243. [CrossRef] [PubMed]
41. Cirmi, S.; Ferlazzo, N.; Lombardo, G.E.; Maugeri, A.; Calapai, G.; Gangemi, S.; Navarra, M. Chemopreventive agents and

inhibitors of cancer hallmarks: May citrus offer new perspectives? Nutrients 2016, 8, 698. [CrossRef]
42. Musumeci, L.; Maugeri, A.; Cirmi, S.; Lombardo, G.E.; Russo, C.; Gangemi, S.; Calapai, G.; Navarra, M. Citrus fruits and their

flavonoids in inflammatory bowel disease: An overview. Nat. Prod. Res. 2020, 34, 122–136. [CrossRef]
43. Cirmi, S.; Ferlazzo, N.; Lombardo, G.E.; Ventura-Spagnolo, E.; Gangemi, S.; Calapai, G.; Navarra, M. Neurodegenerative diseases:

Might citrus flavonoids play a protective role? Molecules 2016, 21, 1312. [CrossRef]
44. Kim, J.H.; Kim, M.Y. The potential use of citrus juice waste as sources of natural phenolic antioxidants. J. Appl. Pharm. Sci. 2016, 6,

202–205. [CrossRef]

https://apps.fas.usda.gov/psdonline/circulars/citrus.pdf
http://www.fao.org/3/a-i8092e.pdf
http://doi.org/10.1111/jfpe.12895
http://doi.org/10.15586/ijfs.v33i2.2009
http://doi.org/10.1016/j.wasman.2014.06.026
http://www.ncbi.nlm.nih.gov/pubmed/25081855
http://doi.org/10.1016/j.biortech.2016.03.056
http://doi.org/10.1038/s43016-021-00340-7
http://doi.org/10.1016/j.biortech.2017.05.097
http://doi.org/10.1016/j.biortech.2010.04.078
http://doi.org/10.1016/j.tifs.2021.03.018
http://doi.org/10.1016/j.jff.2017.11.015
http://doi.org/10.1016/j.nut.2016.09.006
http://www.ncbi.nlm.nih.gov/pubmed/28063510
http://doi.org/10.1016/j.jssas.2016.07.006
http://doi.org/10.1007/s12649-019-00815-6
http://doi.org/10.3390/ijms19071966
http://doi.org/10.3390/molecules24112163
http://www.ncbi.nlm.nih.gov/pubmed/31181737
http://doi.org/10.1002/jsfa.9891
http://doi.org/10.1016/j.foodchem.2017.07.099
http://doi.org/10.1080/07388551.2021.1873240
http://www.ncbi.nlm.nih.gov/pubmed/33634717
http://doi.org/10.1096/fj.201800467R
http://www.ncbi.nlm.nih.gov/pubmed/29882710
http://doi.org/10.3390/antiox10050668
http://www.ncbi.nlm.nih.gov/pubmed/33922976
http://doi.org/10.1002/biof.1363
http://www.ncbi.nlm.nih.gov/pubmed/28497905
http://doi.org/10.3390/plants9030288
http://www.ncbi.nlm.nih.gov/pubmed/32110931
http://doi.org/10.1002/ptr.6419
http://www.ncbi.nlm.nih.gov/pubmed/31359516
http://doi.org/10.3390/nu8110698
http://doi.org/10.1080/14786419.2019.1601196
http://doi.org/10.3390/molecules21101312
http://doi.org/10.7324/JAPS.2016.601230


Molecules 2021, 26, 5991 16 of 20

45. Kumar, N.; Goel, N. Phenolic acids: Natural versatile molecules with promising therapeutic applications. Biotechnol. Rep. 2019,
24, e00370. [CrossRef] [PubMed]

46. Rosa, A.; Era, B.; Masala, C.; Nieddu, M.; Scano, P.; Fais, A.; Porcedda, S.; Piras, A. Supercritical CO2 extraction of waste citrus
seeds: Chemical composition, nutritional and biological properties of edible fixed oils. Eur. J. Lipid Sci. Technol. 2019, 121, 1800502.
[CrossRef]

47. Favela-Hernandez, J.M.; Gonzalez-Santiago, O.; Ramirez-Cabrera, M.A.; Esquivel-Ferrino, P.C.; Camacho-Corona, M.D.R.
Chemistry and Pharmacology of Citrus sinensis. Molecules 2016, 21, 247. [CrossRef] [PubMed]

48. Ferlazzo, N.; Visalli, G.; Smeriglio, A.; Cirmi, S.; Lombardo, G.E.; Campiglia, P.; Di Pietro, A.; Navarra, M. Flavonoid Fraction of
Orange and Bergamot Juices Protect Human Lung Epithelial Cells from Hydrogen Peroxide-Induced Oxidative Stress. Evid.-Based
Complementary Altern. Med. eCAM 2015, 2015, 957031. [CrossRef] [PubMed]

49. Ferlazzo, N.; Visalli, G.; Cirmi, S.; Lombardo, G.E.; Lagana, P.; Di Pietro, A.; Navarra, M. Natural iron chelators: Protective role in
A549 cells of flavonoids-rich extracts of Citrus juices in Fe(3+)-induced oxidative stress. Environ. Toxicol. Pharmacol. 2016, 43,
248–256. [CrossRef] [PubMed]

50. Barreca, D.; Bellocco, E.; Leuzzi, U.; Gattuso, G. First evidence of C- and O-glycosyl flavone in blood orange (Citrus sinensis (L.)
Osbeck) juice and their influence on antioxidant properties. Food Chem 2014, 149, 244–252. [CrossRef]

51. Barreca, D.; Gattuso, G.; Lagana, G.; Leuzzi, U.; Bellocco, E. C- and O-glycosyl flavonoids in Sanguinello and Tarocco blood
orange (Citrus sinensis (L.) Osbeck) juice: Identification and influence on antioxidant properties and acetylcholinesterase activity.
Food Chem. 2016, 196, 619–627. [CrossRef]

52. Fusco, R.; Cirmi, S.; Gugliandolo, E.; Di Paola, R.; Cuzzocrea, S.; Navarra, M. A flavonoid-rich extract of orange juice reduced
oxidative stress in an experimental model of inflammatory bowel disease. J. Funct. Foods 2017, 30, 168–178. [CrossRef]

53. Cirmi, S.; Randazzo, B.; Russo, C.; Musumeci, L.; Maugeri, A.; Montalbano, G.; Guerrera, M.C.; Lombardo, G.E.; Levanti, M.
Anti-inflammatory effect of a flavonoid-rich extract of orange juice in adult zebrafish subjected to Vibrio anguillarum-induced
enteritis. Nat. Prod. Res. 2020, 34, 1–4. [CrossRef]

54. Citraro, R.; Navarra, M.; Leo, A.; Donato Di Paola, E.; Santangelo, E.; Lippiello, P.; Aiello, R.; Russo, E.; De Sarro, G. The
Anticonvulsant Activity of a Flavonoid-Rich Extract from Orange Juice Involves both NMDA and GABA-Benzodiazepine
Receptor Complexes. Molecules 2016, 21, 1261. [CrossRef]

55. Montalbano, G.; Mania, M.; Guerrera, M.C.; Laurà, R.; Abbate, F.; Levanti, M.; Maugeri, A.; Germanà, A.; Navarra, M. Effects of a
flavonoid-rich extract from Citrus sinensis juice on a diet-induced obese zebrafish. Int. J. Mol. Sci. 2019, 20, 5116. [CrossRef]

56. Mannucci, C.; Calapai, F.; Cardia, L.; Inferrera, G.; D’Arena, G.; Di Pietro, M.; Navarra, M.; Gangemi, S.; Ventura Spagnolo, E.;
Calapai, G. Clinical Pharmacology of Citrus aurantium and Citrus sinensis for the Treatment of Anxiety. Evid.-Based Complementary
Altern. Med. 2018, 2018, 1–18. [CrossRef] [PubMed]

57. Ayala, J.R.; Montero, G.; Coronado, M.A.; García, C.; Curiel-Alvarez, M.A.; León, J.A.; Sagaste, C.A.; Montes, D.G. Characterization
of Orange Peel Waste and Valorization to Obtain Reducing Sugars. Molecules 2021, 26, 1348. [CrossRef] [PubMed]

58. Cypriano, D.Z.; da Silva, L.L.; Tasic, L. High value-added products from the orange juice industry waste. Waste Manag. 2018, 79,
71–78. [CrossRef] [PubMed]

59. Guo, C.; Shan, Y.; Yang, Z.; Zhang, L.; Ling, W.; Liang, Y.; Ouyang, Z.; Zhong, B.; Zhang, J. Chemical composition, antioxidant,
antibacterial, and tyrosinase inhibition activity of extracts from Newhall navel orange (Citrus sinensis Osbeck cv. Newhall) peel. J.
Sci. Food Agric. 2020, 100, 2664–2674. [CrossRef] [PubMed]

60. Liew, S.S.; Ho, W.Y.; Yeap, S.K.; Sharifudin, S.A.B. Phytochemical composition and in vitro antioxidant activities of Citrus sinensis
peel extracts. PeerJ 2018, 6, e5331. [CrossRef] [PubMed]

61. Gomez, B.; Gullon, B.; Remoroza, C.; Schols, H.A.; Parajo, J.C.; Alonso, J.L. Purification, characterization, and prebiotic properties
of pectic oligosaccharides from orange peel wastes. J. Agric. Food Chem. 2014, 62, 9769–9782. [CrossRef]

62. Jorge, N.; Silva, A.C.; Aranha, C.P. Antioxidant activity of oils extracted from orange (Citrus sinensis) seeds. An. Acad. Bras. Cienc.
2016, 88, 951–958. [CrossRef]

63. Oikeh, E.I.; Ayevbuomwan, M.; Irabor, F.; Oikeh, A.O.; Oviasogie, F.E.; Omoregie, E.S. Evaluation of the Phenolic Content,
Antioxidant and Antimicrobial Activities of Oil and Non-Oil Extracts of Citrus sinensis (L.) Osbeck Seeds. Prev. Nutr. Food Sci.
2020, 25, 280–285. [CrossRef]

64. Iglesias-Carres, L.; Mas-Capdevila, A.; Bravo, F.I.; Aragones, G.; Muguerza, B.; Arola-Arnal, A. Optimization of a polyphenol
extraction method for sweet orange pulp (Citrus sinensis L.) to identify phenolic compounds consumed from sweet oranges. PLoS
ONE 2019, 14, e0211267. [CrossRef]

65. Caruso, M.; Fabroni, S.; Emma, R.; Ballistreri, G.; Amenta, M.; Currenti, W.; Rinzivillo, C.; Rapisarda, P. A new standardized
phytoextract from red orange and lemon wastes (red orange and lemon extract) reduces basophil degranulation and activation.
Nat. Prod. Res. 2020, 34, 1–6. [CrossRef] [PubMed]

66. Pacheco, M.T.; Vezza, T.; Diez-Echave, P.; Utrilla, P.; Villamiel, M.; Moreno, F.J. Anti-inflammatory bowel effect of industrial
orange by-products in DSS-treated mice. Food Funct. 2018, 9, 4888–4896. [CrossRef] [PubMed]

67. Castro, L.A.; Lizi, J.M.; Chagas, E.; Carvalho, R.A.; Vanin, F.M. From Orange Juice By-Product in the Food Industry to a Functional
Ingredient: Application in the Circular Economy. Foods 2020, 9, 593. [CrossRef] [PubMed]

68. Barreca, D.; Bellocco, E.; Caristi, C.; Leuzzi, U.; Gattuso, G. Flavonoid profile and radical-scavenging activity of Mediterranean
sweet lemon (Citrus limetta Risso) juice. Food Chem. 2011, 129, 417–422. [CrossRef]

http://doi.org/10.1016/j.btre.2019.e00370
http://www.ncbi.nlm.nih.gov/pubmed/31516850
http://doi.org/10.1002/ejlt.201800502
http://doi.org/10.3390/molecules21020247
http://www.ncbi.nlm.nih.gov/pubmed/26907240
http://doi.org/10.1155/2015/957031
http://www.ncbi.nlm.nih.gov/pubmed/26221182
http://doi.org/10.1016/j.etap.2016.03.005
http://www.ncbi.nlm.nih.gov/pubmed/27037654
http://doi.org/10.1016/j.foodchem.2013.10.096
http://doi.org/10.1016/j.foodchem.2015.09.098
http://doi.org/10.1016/j.jff.2016.12.038
http://doi.org/10.1080/14786419.2020.1758096
http://doi.org/10.3390/molecules21091261
http://doi.org/10.3390/ijms20205116
http://doi.org/10.1155/2018/3624094
http://www.ncbi.nlm.nih.gov/pubmed/30622597
http://doi.org/10.3390/molecules26051348
http://www.ncbi.nlm.nih.gov/pubmed/33802601
http://doi.org/10.1016/j.wasman.2018.07.028
http://www.ncbi.nlm.nih.gov/pubmed/30343803
http://doi.org/10.1002/jsfa.10297
http://www.ncbi.nlm.nih.gov/pubmed/31997352
http://doi.org/10.7717/peerj.5331
http://www.ncbi.nlm.nih.gov/pubmed/30083463
http://doi.org/10.1021/jf503475b
http://doi.org/10.1590/0001-3765201620140562
http://doi.org/10.3746/pnf.2020.25.3.280
http://doi.org/10.1371/journal.pone.0211267
http://doi.org/10.1080/14786419.2020.1761355
http://www.ncbi.nlm.nih.gov/pubmed/32370569
http://doi.org/10.1039/C8FO01060A
http://www.ncbi.nlm.nih.gov/pubmed/30167607
http://doi.org/10.3390/foods9050593
http://www.ncbi.nlm.nih.gov/pubmed/32384647
http://doi.org/10.1016/j.foodchem.2011.04.093


Molecules 2021, 26, 5991 17 of 20

69. Lin, L.Y.; Chuang, C.H.; Chen, H.C.; Yang, K.M. Lime (Citrus aurantifolia (Christm.) Swingle) Essential Oils: Volatile Compounds,
Antioxidant Capacity, and Hypolipidemic Effect. Foods 2019, 8, 398. [CrossRef]

70. Maurya, A.K.; Mohanty, S.; Pal, A.; Chanotiya, C.S.; Bawankule, D.U. The essential oil from Citrus limetta Risso peels alleviates
skin inflammation: In-vitro and in-vivo study. J. Ethnopharmacol. 2018, 212, 86–94. [CrossRef]

71. Mohanty, S.; Maurya, A.K.; Jyotshna, S.A.; Shanker, K.; Pal, A.; Bawankule, D.U. Flavonoids rich fraction of Citrus limetta fruit
peels reduces proinflammatory cytokine production and attenuates malaria pathogenesis. Curr. Pharm. Biotechnol. 2015, 16,
544–552. [CrossRef]

72. Castillo-Herrera, G.A.; Farías-Álvarez, L.J.; García-Fajardo, J.A.; Delgado-Saucedo, J.I.; Puebla-Pérez, A.M.; Lugo-Cervantes, E.
Bioactive extracts of Citrus aurantifolia swingle seeds obtained by supercritical CO2 and organic solvents comparing its cytotoxic
activity against L5178Y leukemia lymphoblasts. J. Supercrit. Fluids 2015, 101, 81–86. [CrossRef]

73. Oboh, P.; Abulu, E. The antimicrobial activities of extracts of Sidium guajava and Citrus aurantifolia. Niger. J. Biotechnol. 1997, 8,
25–29.

74. Thakur, A.; Devi, P.; Saini, S.; Jain, R.; Sinha, R.K.; Kumar, P. Citrus limetta organic waste recycled carbon nanolights: Photoelectro
catalytic, sensing, and biomedical applications. ACS Sustain. Chem. Eng. 2018, 7, 502–512. [CrossRef]

75. Tocmo, R.; Pena-Fronteras, J.; Calumba, K.F.; Mendoza, M.; Johnson, J.J. Valorization of pomelo (Citrus grandis Osbeck) peel: A
review of current utilization, phytochemistry, bioactivities, and mechanisms of action. Compr. Rev. Food Sci. Food Saf. 2020, 19,
1969–2012. [CrossRef]

76. Zhao, Y.L.; Yang, X.W.; Wu, B.F.; Shang, J.H.; Liu, Y.P.; Zhi, D.; Luo, X.D. Anti-inflammatory Effect of Pomelo Peel and Its Bioactive
Coumarins. J. Agric. Food Chem. 2019, 67, 8810–8818. [CrossRef] [PubMed]

77. Lin, L.Y.; Huang, B.C.; Chen, K.C.; Peng, R.Y. Integrated anti-hyperlipidemic bioactivity of whole Citrus grandis [L.] osbeck
fruits-multi-action mechanism evidenced using animal and cell models. Food Funct. 2020, 11, 2978–2996. [CrossRef] [PubMed]

78. Tsai, M.L.; Lin, C.D.; Khoo, K.A.; Wang, M.Y.; Kuan, T.K.; Lin, W.C.; Zhang, Y.N.; Wang, Y.Y. Composition and Bioactivity of
Essential Oil from Citrus grandis (L.) Osbeck ‘Mato Peiyu’ Leaf. Molecules 2017, 22, 2154. [CrossRef] [PubMed]

79. Hou, H.S.; Bonku, E.M.; Zhai, R.; Zeng, R.; Hou, Y.L.; Yang, Z.H.; Quan, C. Extraction of essential oil from Citrus reticulate
Blanco peel and its antibacterial activity against Cutibacterium acnes (formerly Propionibacterium acnes). Heliyon 2019, 5, e02947.
[CrossRef] [PubMed]

80. Ishfaq, M.; Akhtar, B.; Muhammad, F.; Sharif, A.; Akhtar, M.F.; Hamid, I.; Sohail, K.; Muhammad, H. Antioxidant and Wound
Healing Potential of Essential Oil from Citrus reticulata Peel and Its Chemical Characterization. Curr. Pharm. Biotechnol. 2021, 22,
1114–1121. [CrossRef] [PubMed]

81. Diab, K.A. In vitro studies on phytochemical content, antioxidant, anticancer, immunomodulatory, and antigenotoxic activities of
lemon, grapefruit, and mandarin citrus peels. Asian Pac. J. Cancer Prev. 2016, 17, 3559–3567.

82. Celano, M.; Maggisano, V.; De Rose, R.F.; Bulotta, S.; Maiuolo, J.; Navarra, M.; Russo, D. Flavonoid Fraction of Citrus reticulata
Juice Reduces Proliferation and Migration of Anaplastic Thyroid Carcinoma Cells. Nutr. Cancer 2015, 67, 1183–1190. [CrossRef]

83. Cirmi, S.; Maugeri, A.; Lombardo, G.E.; Russo, C.; Musumeci, L.; Gangemi, S.; Calapai, G.; Barreca, D.; Navarra, M. A
Flavonoid-Rich Extract of Mandarin Juice Counteracts 6-OHDA-Induced Oxidative Stress in SH-SY5Y Cells and Modulates
Parkinson-Related Genes. Antioxidants 2021, 10, 539. [CrossRef]

84. Park, J.Y.; Shin, M.S.; Kim, S.N.; Kim, H.Y.; Kim, K.H.; Shin, K.S.; Kang, K.S. Polysaccharides from Korean Citrus hallabong peels
inhibit angiogenesis and breast cancer cell migration. Int. J. Biol. Macromol. 2016, 85, 522–529. [CrossRef]

85. Kim, S.S.; Park, K.J.; An, H.J.; Choi, Y.H. Phytochemical, antioxidant, and antibacterial activities of fermented Citrus unshiu
byproduct. Food Sci. Biotechnol. 2017, 26, 461–466. [CrossRef]

86. Lee, J.; Lee, J.; Kim, M.; Kim, J.H. Fermented Extraction of Citrus unshiu Peel Inhibits Viability and Migration of Human Pancreatic
Cancers. J. Med. Food 2018, 21, 5–12. [CrossRef]

87. Yang, X.; Kang, S.M.; Jeon, B.T.; Kim, Y.D.; Ha, J.H.; Kim, Y.T.; Jeon, Y.J. Isolation and identification of an antioxidant flavonoid
compound from citrus-processing by-product. J. Sci. Food Agric. 2011, 91, 1925–1927. [CrossRef]

88. Minamisawa, M.; Yoshida, S.; Uzawa, A. The functional evaluation of waste yuzu (Citrus junos) seeds. Food Funct. 2014, 5,
330–336. [CrossRef]

89. Esparza-Martínez, F.J.; Miranda-López, R.; Mata-Sánchez, S.M.; Guzmán-Maldonado, S.H. Extractable and Non-Extractable
Phenolics and Antioxidant Capacity of Mandarin Waste Dried at Different Temperatures. Plant Foods Hum. Nutr. 2016, 71,
294–300. [CrossRef]

90. Costanzo, G.; Iesce, M.R.; Naviglio, D.; Ciaravolo, M.; Vitale, E.; Arena, C. Comparative Studies on Different Citrus Cultivars: A
Revaluation of Waste Mandarin Components. Antioxidants 2020, 9, 517. [CrossRef] [PubMed]

91. Hamdan, D.I.; El-Shiekh, R.A.; El-Sayed, M.A.; Khalil, H.M.A.; Mousa, M.R.; Al-Gendy, A.A.; El-Shazly, A.M. Phytochemical
characterization and anti-inflammatory potential of Egyptian Murcott mandarin cultivar waste (stem, leaves and peel). Food
Funct. 2020, 11, 8214–8236. [CrossRef]

92. Hamdan, D.I.; Mohamed, M.E.; El-Shazly, A.M. Citrus reticulata Blanco cv. Santra leaf and fruit peel: A common waste products,
volatile oils composition and biological activities. J. Med. Plants Res. 2016, 10, 457–467. [CrossRef]

93. Leporini, M.; Loizzo, M.R.; Sicari, V.; Pellicanò, T.M.; Reitano, A.; Dugay, A.; Deguin, B.; Tundis, R. Citrus× clementina hort.
juice enriched with its by-products (Peels and Leaves): Chemical composition, in vitro bioactivity, and impact of processing.
Antioxidants 2020, 9, 298. [CrossRef] [PubMed]

http://doi.org/10.3390/foods8090398
http://doi.org/10.1016/j.jep.2017.10.018
http://doi.org/10.2174/138920101606150407114023
http://doi.org/10.1016/j.supflu.2015.02.026
http://doi.org/10.1021/acssuschemeng.8b04025
http://doi.org/10.1111/1541-4337.12561
http://doi.org/10.1021/acs.jafc.9b02511
http://www.ncbi.nlm.nih.gov/pubmed/31318199
http://doi.org/10.1039/C9FO02290B
http://www.ncbi.nlm.nih.gov/pubmed/32236178
http://doi.org/10.3390/molecules22122154
http://www.ncbi.nlm.nih.gov/pubmed/29206180
http://doi.org/10.1016/j.heliyon.2019.e02947
http://www.ncbi.nlm.nih.gov/pubmed/31872120
http://doi.org/10.2174/1389201021999200918102123
http://www.ncbi.nlm.nih.gov/pubmed/32957881
http://doi.org/10.1080/01635581.2015.1073760
http://doi.org/10.3390/antiox10040539
http://doi.org/10.1016/j.ijbiomac.2016.01.015
http://doi.org/10.1007/s10068-017-0063-9
http://doi.org/10.1089/jmf.2017.3984
http://doi.org/10.1002/jsfa.4402
http://doi.org/10.1039/C3FO60440C
http://doi.org/10.1007/s11130-016-0559-0
http://doi.org/10.3390/antiox9060517
http://www.ncbi.nlm.nih.gov/pubmed/32545447
http://doi.org/10.1039/D0FO01796E
http://doi.org/10.5897/JMPR2016.6139
http://doi.org/10.3390/antiox9040298
http://www.ncbi.nlm.nih.gov/pubmed/32260119


Molecules 2021, 26, 5991 18 of 20

94. Ballistreri, G.; Fabroni, S.; Romeo, F.V.; Timpanaro, N.; Amenta, M.; Rapisarda, P. Anthocyanins and other polyphenols in citrus
genus: Biosynthesis, chemical profile, and biological activity. In Polyphenols in Plants, 2nd ed.; Academic Press: Amsterdam, The
Netherlands, 2019; pp. 191–215.

95. Ahmed, I.S.; Hassan, M.A.; Kondo, T. Effect of lyophilized grapefruit juice on P-glycoprotein-mediated drug transport in-vitro
and in-vivo. Drug Dev. Ind. Pharm. 2015, 41, 375–381. [CrossRef] [PubMed]

96. de la Garza, A.L.; Etxeberria, U.; Haslberger, A.; Aumueller, E.; Martínez, J.A.; Milagro, F.I. Helichrysum and Grapefruit Extracts
Boost Weight Loss in Overweight Rats Reducing Inflammation. J. Med. Food 2015, 18, 890–898. [CrossRef] [PubMed]

97. Sir Elkhatim, K.A.; Elagib, R.A.A.; Hassan, A.B. Content of phenolic compounds and vitamin C and antioxidant activity in wasted
parts of Sudanese citrus fruits. Food Sci. Nutr. 2018, 6, 1214–1219. [CrossRef] [PubMed]

98. Miya, G.; Nyalambisa, M.; Oyedeji, O.; Gondwe, M.; Oyedeji, A. Chemical Profiling, Toxicity and Anti-Inflammatory Activities
of Essential Oils from Three Grapefruit Cultivars from KwaZulu-Natal in South Africa. Molecules 2021, 26, 3387. [CrossRef]
[PubMed]

99. Khalil, M.N.; Farghal, H.H.; Farag, M.A. Outgoing and potential trends of composition, health benefits, juice production and
waste management of the multi-faceted Grapefruit Citrus X paradisi: A comprehensive review for maximizing its value. Crit.
Rev. Food Sci. Nutr. 2020, 60, 1–22. [CrossRef] [PubMed]

100. Yang, J.; Lee, D.; Afaisen, S.; Gadi, R. Inactivation by lemon juice of Escherichia coli O157: H7, Salmonella Enteritidis, and Listeria
monocytogenes in beef marinating for the ethnic food kelaguen. Int. J. Food Microbiol. 2013, 160, 353–359. [CrossRef]

101. Tounsi, M.S.; Wannes, W.A.; Ouerghemmi, I.; Jegham, S.; Njima, Y.B.; Hamdaoui, G.; Zemni, H.; Marzouk, B. Juice components
and antioxidant capacity of four Tunisian Citrus varieties. J. Sci. Food Agric. 2011, 91, 142–151. [CrossRef] [PubMed]

102. Terpstra, A.H.; Lapré, J.A.; de Vries, H.T.; Beynen, A.C. The hypocholesterolemic effect of lemon peels, lemon pectin, and the
waste stream material of lemon peels in hybrid F1B hamsters. Eur. J. Nutr. 2002, 41, 19–26. [CrossRef]

103. Míguez, B.; Vila, C.; Venema, K.; Parajó, J.C.; Alonso, J.L. Prebiotic effects of pectooligosaccharides obtained from lemon peel on
the microbiota from elderly donors using an in vitro continuous colon model (TIM-2). Food Funct. 2020, 11, 9984–9999. [CrossRef]

104. Papoutsis, K.; Pristijono, P.; Golding, J.B.; Stathopoulos, C.E.; Scarlett, C.J.; Bowyer, M.C.; Vuong, Q.V. Impact of different
solvents on the recovery of bioactive compounds and antioxidant properties from lemon (Citrus limon L.) pomace waste. Food Sci.
Biotechnol. 2016, 25, 971–977. [CrossRef]

105. Ipek, Y.; Ozen, T.; Demirtas, I. Extraction, purification, characterization and antioxidant activities of heat-resistance phenolic
compounds from lemon pulp. Trends Phytochem. Res. 2017, 1, 199–206.

106. Alkhulaifi, M.M.; Alshehri, J.H.; Alwehaibi, M.A.; Awad, M.A.; Al-Enazi, N.M.; Aldosari, N.S.; Hatamleh, A.A.; Abdel-Raouf, N.
Green synthesis of silver nanoparticles using Citrus limon peels and evaluation of their antibacterial and cytotoxic properties.
Saudi J. Biol. Sci. 2020, 27, 3434–3441. [CrossRef]

107. Saleem, M.; Saeed, M.T. Potential application of waste fruit peels (orange, yellow lemon and banana) as wide range natural
antimicrobial agent. J. King Saud Univ. -Sci. 2020, 32, 805–810. [CrossRef]

108. Nuzzo, D.; Picone, P.; Giardina, C.; Scordino, M.; Mudo, G.; Pagliaro, M.; Scurria, A.; Meneguzzo, F.; Ilharco, L.M.; Fidalgo, A.; et al.
New Neuroprotective Effect of Lemon IntegroPectin on Neuronal Cellular Model. Antioxidants 2021, 10, 669. [CrossRef]

109. Wu, P.; Tang, X.; Jian, R.; Li, J.; Lin, M.; Dai, H.; Wang, K.; Sheng, Z.; Chen, B.; Xu, X.; et al. Chemical Composition, Antimicrobial
and Insecticidal Activities of Essential Oils of Discarded Perfume Lemon and Leaves (Citrus limon (L.) Burm. F.) as Possible
Sources of Functional Botanical Agents. Front. Chem. 2021, 9, 679116. [CrossRef]

110. Asker, M.; El-gengaihi, S.E.; Hassan, E.M.; Mohammed, M.A.; Abdelhamid, S.A. Phytochemical constituents and antibacterial
activity of Citrus lemon leaves. Bull. Natl. Res. Cent. 2020, 44, 1–7. [CrossRef]

111. Vahidi, R.; Pourahmad, R.; Mahmoudi, R. Chemical compounds and antibacterial and antioxidant properties of citron (Citrus
medica L.) peel essential oil. J. Food Bioprocess Eng. 2019, 2, 71–76.

112. Cirmi, S.; Bisignano, C.; Mandalari, G.; Navarra, M. Anti-infective potential of Citrus bergamia Risso et Poiteau (bergamot)
derivatives: A systematic review. Phytother. Res. PTR 2016, 30, 1404–1411. [CrossRef]

113. Navarra, M.; Ferlazzo, N.; Cirmi, S.; Trapasso, E.; Bramanti, P.; Lombardo, G.E.; Minciullo, P.L.; Calapai, G.; Gangemi, S. Effects of
bergamot essential oil and its extractive fractions on SH-SY5Y human neuroblastoma cell growth. J. Pharm. Pharmacol. 2015, 67,
1042–1053. [CrossRef] [PubMed]

114. Maugeri, A.; Lombardo, G.E.; Musumeci, L.; Russo, C.; Gangemi, S.; Calapai, G.; Cirmi, S.; Navarra, M. Bergamottin and
5-Geranyloxy-7-methoxycoumarin Cooperate in the Cytotoxic Effect of Citrus bergamia (Bergamot) Essential Oil in Human
Neuroblastoma SH-SY5Y Cell Line. Toxins 2021, 13, 275. [CrossRef] [PubMed]

115. Celia, C.; Trapasso, E.; Locatelli, M.; Navarra, M.; Ventura, C.A.; Wolfram, J.; Carafa, M.; Morittu, V.M.; Britti, D.; Di Marzio, L.; et al.
Anticancer activity of liposomal bergamot essential oil (BEO) on human neuroblastoma cells. Colloids Surf. B Biointerfaces 2013,
112, 548–553. [CrossRef] [PubMed]

116. Navarra, M.; Mannucci, C.; Delbò, M.; Calapai, G. Citrus bergamia essential oil: From basic research to clinical application. Front.
Pharmacol. 2015, 6, 36. [CrossRef]

117. Corasaniti, M.T.; Maiuolo, J.; Maida, S.; Fratto, V.; Navarra, M.; Russo, R.; Amantea, D.; Morrone, L.A.; Bagetta, G. Cell signaling
pathways in the mechanisms of neuroprotection afforded by bergamot essential oil against NMDA-induced cell death in vitro. Br.
J. Pharmacol. 2007, 151, 518–529. [CrossRef] [PubMed]

http://doi.org/10.3109/03639045.2013.866141
http://www.ncbi.nlm.nih.gov/pubmed/24303901
http://doi.org/10.1089/jmf.2014.0088
http://www.ncbi.nlm.nih.gov/pubmed/25599391
http://doi.org/10.1002/fsn3.660
http://www.ncbi.nlm.nih.gov/pubmed/30065822
http://doi.org/10.3390/molecules26113387
http://www.ncbi.nlm.nih.gov/pubmed/34205060
http://doi.org/10.1080/10408398.2020.1830364
http://www.ncbi.nlm.nih.gov/pubmed/33054326
http://doi.org/10.1016/j.ijfoodmicro.2012.11.009
http://doi.org/10.1002/jsfa.4164
http://www.ncbi.nlm.nih.gov/pubmed/20862741
http://doi.org/10.1007/s003940200002
http://doi.org/10.1039/D0FO01848A
http://doi.org/10.1007/s10068-016-0158-8
http://doi.org/10.1016/j.sjbs.2020.09.031
http://doi.org/10.1016/j.jksus.2019.02.013
http://doi.org/10.3390/antiox10050669
http://doi.org/10.3389/fchem.2021.679116
http://doi.org/10.1186/s42269-020-00446-1
http://doi.org/10.1002/ptr.5646
http://doi.org/10.1111/jphp.12403
http://www.ncbi.nlm.nih.gov/pubmed/25808679
http://doi.org/10.3390/toxins13040275
http://www.ncbi.nlm.nih.gov/pubmed/33920139
http://doi.org/10.1016/j.colsurfb.2013.09.017
http://www.ncbi.nlm.nih.gov/pubmed/24099646
http://doi.org/10.3389/fphar.2015.00036
http://doi.org/10.1038/sj.bjp.0707237
http://www.ncbi.nlm.nih.gov/pubmed/17401440


Molecules 2021, 26, 5991 19 of 20

118. Lombardo, G.E.; Cirmi, S.; Musumeci, L.; Pergolizzi, S.; Maugeri, A.; Russo, C.; Mannucci, C.; Calapai, G.; Navarra, M.
Mechanisms Underlying the Anti-Inflammatory Activity of Bergamot Essential Oil and Its Antinociceptive Effects. Plants 2020, 9,
704. [CrossRef] [PubMed]

119. Filocamo, A.; Bisignano, C.; Ferlazzo, N.; Cirmi, S.; Mandalari, G.; Navarra, M. In vitro effect of bergamot (Citrus bergamia)
juice against cag A-positive and-negative clinical isolates of Helicobacter pylori. BMC Complementary Altern. Med. 2015, 15, 1–7.
[CrossRef] [PubMed]

120. Delle Monache, S.; Sanità, P.; Trapasso, E.; Ursino, M.R.; Dugo, P.; Russo, M.; Ferlazzo, N.; Calapai, G.; Angelucci, A.; Navarra, M.
Mechanisms underlying the anti-tumoral effects of Citrus bergamia juice. PLoS ONE 2013, 8, e61484. [CrossRef] [PubMed]

121. Ferlazzo, N.; Cirmi, S.; Russo, M.; Trapasso, E.; Ursino, M.R.; Lombardo, G.E.; Gangemi, S.; Calapai, G.; Navarra, M. NF-κB
mediates the antiproliferative and proapoptotic effects of bergamot juice in HepG2 cells. Life Sci. 2016, 146, 81–91. [CrossRef]
[PubMed]

122. Navarra, M.; Femia, A.P.; Romagnoli, A.; Tortora, K.; Luceri, C.; Cirmi, S.; Ferlazzo, N.; Caderni, G. A flavonoid-rich extract from
bergamot juice prevents carcinogenesis in a genetic model of colorectal cancer, the Pirc rat (F344/NTac-Apc am1137). Eur. J. Nutr.
2020, 59, 885–894. [CrossRef]

123. Visalli, G.; Ferlazzo, N.; Cirmi, S.; Campiglia, P.; Gangemi, S.; Di Pietro, A.; Calapai, G.; Navarra, M. Bergamot juice extract
inhibits proliferation by inducing apoptosis in human colon cancer cells. Anti-Cancer Agents Med. Chem. 2014, 14, 1402–1413.
[CrossRef]

124. Navarra, M.; Ursino, M.; Ferlazzo, N.; Russo, M.; Schumacher, U.; Valentiner, U. Effect of Citrus bergamia juice on human
neuroblastoma cells in vitro and in metastatic xenograft models. Fitoterapia 2014, 95, 83–92. [CrossRef]

125. Gattuso, G.; Barreca, D.; Caristi, C.; Gargiulli, C.; Leuzzi, U. Distribution of flavonoids and furocoumarins in juices from cultivars
of Citrus bergamia Risso. J. Agric. Food Chem. 2007, 55, 9921–9927. [CrossRef]

126. Mollace, V.; Sacco, I.; Janda, E.; Malara, C.; Ventrice, D.; Colica, C.; Visalli, V.; Muscoli, S.; Ragusa, S.; Muscoli, C.; et al.
Hypolipemic and hypoglycaemic activity of bergamot polyphenols: From animal models to human studies. Fitoterapia 2011, 82,
309–316. [CrossRef]

127. Ferlazzo, N.; Cirmi, S.; Maugeri, A.; Russo, C.; Lombardo, G.E.; Gangemi, S.; Calapai, G.; Mollace, V.; Navarra, M. Neuroprotective
Effect of Bergamot Juice in 6-OHDA-Induced SH-SY5Y Cell Death, an In Vitro Model of Parkinson’s Disease. Pharmaceutics 2020,
12, 326. [CrossRef]

128. Marino, A.; Paterniti, I.; Cordaro, M.; Morabito, R.; Campolo, M.; Navarra, M.; Esposito, E.; Cuzzocrea, S. Role of natural
antioxidants and potential use of bergamot in treating rheumatoid arthritis. PharmaNutrition 2015, 3, 53–59. [CrossRef]

129. Risitano, R.; Currò, M.; Cirmi, S.; Ferlazzo, N.; Campiglia, P.; Caccamo, D.; Ientile, R.; Navarra, M. Flavonoid fraction of Bergamot
juice reduces LPS-induced inflammatory response through SIRT1-mediated NF-κB inhibition in THP-1 monocytes. PLoS ONE
2014, 9, e107431. [CrossRef]

130. Maugeri, A.; Ferlazzo, N.; De Luca, L.; Gitto, R.; Navarra, M. The link between the AMPK/SIRT1 axis and a flavonoid-rich extract
of Citrus bergamia juice: A cell-free, in silico, and in vitro study. Phytother. Res. 2019, 33, 1805–1814. [CrossRef] [PubMed]

131. Currò, M.; Risitano, R.; Ferlazzo, N.; Cirmi, S.; Gangemi, C.; Caccamo, D.; Ientile, R.; Navarra, M. Citrus bergamia juice extract
attenuates β-amyloid-induced pro-inflammatory activation of THP-1 cells through MAPK and AP-1 pathways. Sci. Rep. 2016, 6,
1–11. [CrossRef] [PubMed]

132. Impellizzeri, D.; Bruschetta, G.; Di Paola, R.; Ahmad, A.; Campolo, M.; Cuzzocrea, S.; Esposito, E.; Navarra, M. The anti-
inflammatory and antioxidant effects of bergamot juice extract (BJe) in an experimental model of inflammatory bowel disease.
Clin. Nutr. 2015, 34, 1146–1154. [CrossRef]

133. Impellizzeri, D.; Cordaro, M.; Campolo, M.; Gugliandolo, E.; Esposito, E.; Benedetto, F.; Cuzzocrea, S.; Navarra, M. Anti-
inflammatory and antioxidant effects of flavonoid-rich fraction of bergamot juice (BJe) in a mouse model of intestinal is-
chemia/reperfusion injury. Front. Pharmacol. 2016, 7, 203. [CrossRef]

134. Gugliandolo, E.; Fusco, R.; D’Amico, R.; Peditto, M.; Oteri, G.; Di Paola, R.; Cuzzocrea, S.; Navarra, M. Treatment with a
flavonoid-rich fraction of bergamot juice improved lipopolysaccharide-induced periodontitis in rats. Front. Pharmacol. 2019,
9, 1563. [CrossRef]

135. Trombetta, D.; Cimino, F.; Cristani, M.; Mandalari, G.; Saija, A.; Ginestra, G.; Speciale, A.; Chirafisi, J.; Bisignano, G.; Wal-
dron, K.; et al. In vitro protective effects of two extracts from bergamot peels on human endothelial cells exposed to tumor
necrosis factor-alpha (TNF-alpha). J. Agric. Food Chem. 2010, 58, 8430–8436. [CrossRef]

136. Nauman, M.C.; Johnson, J.J. Clinical application of bergamot (Citrus bergamia) for reducing high cholesterol and cardiovascular
disease markers. Integr. Food Nutr. Metab. 2019, 6, 1–12. [CrossRef] [PubMed]

137. Omar, J.; Alonso, I.; Garaikoetxea, A.; Etxebarria, N. Optimization of Focused Ultrasound Extraction and Supercritical Fluid
Extraction of Volatile Compounds and Antioxidants from Aromatic Plants. Food Anal. Methods 2013, 6, 1611–1620. [CrossRef]

138. Khan, M.K.; Abert-Vian, M.; Fabiano-Tixier, A.S.; Dangles, O.; Chemat, F. Ultrasound-assisted extraction of polyphenols
(flavanone glycosides) from orange (Citrus sinensis L.) peel. Food Chem. 2010, 119, 851–858. [CrossRef]

139. Shetty, S.B.; Mahin-Syed-Ismail, P.; Varghese, S.; Thomas-George, B.; Kandathil-Thajuraj, P.; Baby, D.; Haleem, S.; Sreedhar, S.;
Devang-Divakar, D. Antimicrobial effects of Citrus sinensis peel extracts against dental caries bacteria: An in vitro study. J. Clin.
Exp. Dent. 2016, 8, e71–e77. [CrossRef]

http://doi.org/10.3390/plants9060704
http://www.ncbi.nlm.nih.gov/pubmed/32492797
http://doi.org/10.1186/s12906-015-0769-2
http://www.ncbi.nlm.nih.gov/pubmed/26220068
http://doi.org/10.1371/journal.pone.0061484
http://www.ncbi.nlm.nih.gov/pubmed/23613861
http://doi.org/10.1016/j.lfs.2015.12.040
http://www.ncbi.nlm.nih.gov/pubmed/26764233
http://doi.org/10.1007/s00394-019-01948-z
http://doi.org/10.2174/1871520614666140829120530
http://doi.org/10.1016/j.fitote.2014.02.009
http://doi.org/10.1021/jf072065s
http://doi.org/10.1016/j.fitote.2010.10.014
http://doi.org/10.3390/pharmaceutics12040326
http://doi.org/10.1016/j.phanu.2015.03.002
http://doi.org/10.1371/journal.pone.0107431
http://doi.org/10.1002/ptr.6368
http://www.ncbi.nlm.nih.gov/pubmed/31094018
http://doi.org/10.1038/srep20809
http://www.ncbi.nlm.nih.gov/pubmed/26853104
http://doi.org/10.1016/j.clnu.2014.11.012
http://doi.org/10.3389/fphar.2016.00203
http://doi.org/10.3389/fphar.2018.01563
http://doi.org/10.1021/jf1008605
http://doi.org/10.15761/IFNM.1000249
http://www.ncbi.nlm.nih.gov/pubmed/31057945
http://doi.org/10.1007/s12161-013-9587-7
http://doi.org/10.1016/j.foodchem.2009.08.046
http://doi.org/10.4317/jced.52493


Molecules 2021, 26, 5991 20 of 20

140. Pantsulaia, I.; Iobadze, M.; Pantsulaia, N.; Chikovani, T. The effect of citrus peel extracts on cytokines levels and T regulatory cells
in acute liver injury. BioMed Res. Int. 2014, 2014, 127879. [CrossRef]

141. Singanusong, R.; Nipornram, S.; Tochampa, W.; Rattanatraiwong, P. Low power ultrasound-assisted extraction of phenolic
compounds from mandarin (Citrus reticulata Blanco cv. Sainampueng) and lime (Citrus aurantifolia) peels and the antioxidant.
Food Anal. Methods 2015, 8, 1112–1123. [CrossRef]

142. Hayat, K.; Zhang, X.; Chen, H.; Xia, S.; Jia, C.; Zhong, F. Liberation and separation of phenolic compounds from citrus mandarin
peels by microwave heating and its effect on antioxidant activity. Sep. Purif. Technol. 2010, 73, 371–376. [CrossRef]
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