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Abstract: Due to environmental and human factors, there is a growing amount of agri-food waste
worldwide. The European Commission is incentivizing a zero-waste policy by 2025, pushing to find
a “second life” for at least the avoidable ones. In this review, after summarizing the nutritional values
of pork and the importance of its inclusion in human diet, a phylogenetic analysis was conducted to
investigate potential differences in the structure and activity of HMGCR, which is a key enzyme in
cholesterol metabolism. In addition, a bibliometric analysis combined with visual and meta-analytical
studies on 1047 scientific articles was conducted to understand whether the inclusion of agro-food
waste could affect the growth performance of pigs and reduce cholesterol levels in pork. Although
some critical issues were highlighted, the overall data suggest a modern and positive interest in the
reuse of agri-food waste as swine feed. However, although interesting and promising results have
been reported in several experimental trials, further investigation is needed, since animal health and
meat quality are often given marginal consideration.

Keywords: agri-food waste; plant bioactive compounds; circular economy; sustainability; agricultural
waste; polyphenols; sustainable farming; VosViewer; BiblioShyny; RevMan

1. Introduction

Food waste is a serious issue around the world due to the negative effects it has
on the environment, economy, and society. Currently, the rise of food waste can result
from both human and environmental factors. The first includes the world’s growing
population, the actions of suppliers along the food chain, and the decisions of food service
providers or consumers [1–3]. On the other hand, climate changes are the most challenging
environmental factor, as it leads to an increase in non-marketable products [4–6].

In 2019, it was estimated that global food loss and waste was about ~1.3 billion tons per
year, which corresponds to one-third of the food produced for human consumption. The
Food Waste Index Report stated that ~931 million tons of food waste were generated in 2019,
and Latin America and Europe ranked among the countries with the highest consumer
waste rates, accounting for 200 and 180 kg per capita per year, respectively [7]. Although
food waste in industrialized countries mainly occurs at later stages of the production chain,
a considerable amount is also produced during earlier steps due to inadequate collection,
storage and cooling methodologies. Moreover, according to the Food Waste Index Report,
also developing countries produce a significant amount of waste (about 120 kg per capita
per year) primarily because of the lack of technology for harvesting and storing fresh
products [7–9]. Consequently, food waste is a global trouble, affecting all realities. For
this reason, in recent years, several scientific studies have been conducted with the aim of
searching for more sustainable waste management [10–13].
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Agri-food waste is defined as the residues of agricultural products generated during
both early and later production stages [14,15]. These residues include different and various
plant materials, such as whole fruits, grains, roots, tubers, husks, stems, seeds, bran, germs,
pomace, and pulp. Within them, roots, tubers and oil crops constitute the largest group,
contributing 26% of the total production, which is followed by fruit-derived waste that
contribute up to 22% [10]. As most agri-food waste is easily converted into other products,
their excessive generation can be considered as a reflection of human behavior rather than
food quality or edibility [16]. In addition, unlike other by-products, agri-food waste is rich
in essential macronutrients (carbohydrates, proteins, lipids, dietary fiber, vitamins, etc.)
and phytochemical compounds that can exert interesting biological functions [1,17–20].
Therefore, although not useful for human consumption, agri-food waste can be processed
into edible ingredients for animal feeding [21].

In the last years, agricultural and food industrial byproducts has attracted the interest
of researchers, legislators, industry, and consumers, also encouraging the European Union
to promote producers toward a zero-waste economy by 2025 [22–26]. In this direction,
recent scientific discoveries offer opportunities for the efficient reuse of food waste, leading
to the development of innovative products of great economic importance with various
experimental applications. For example, the use of agro-food waste has been recently eval-
uated (i) in plant sciences for the production of fertilizers [27–29] and biostimulants [30–33]
as alternative to agrochemicals; (ii) in human sciences for the formulation of dietary supple-
ments, fortified or functional foods [34–36]; and (iii) in animal sciences for the fortification
of feedstuffs in aquaculture [15,37–39], aviculture [21,40,41] or livestock [42–45]. The use
of agro-food waste as sustainable ingredients for the feeding of farm pigs is a topic that
has recently attracted the interest not only of researchers but also of livestock companies.
Indeed, the use of agro-food wastes would (i) significantly reduce feed production costs,
(ii) solve the problem of disposing of wastes that cannot be used for human consump-
tion, (iii) lead to the creation of functional feeds that can potentially influence the animal
growth performance, and (iv) replace the use of drugs and antibiotics traditionally used to
counteract the negative effects of the intensive livestock farming system [46–48].

In our recent work, we conducted a bibliometric investigation coupled with a meta-
analytical analysis to evaluate the potential of agro-food waste on the growth performance
of fish grown under controlled conditions in aquaculture systems [15]. Among the main
results, it was shown how phytoconstituents still present in agro-food wastes can modulate
the innate immune system and antioxidant defenses of fish, resulting in increased product
quality. Here, with very similar aims, we analyze the potential effect of using agro-food
waste as ingredients to supplement pig diets. Specifically, after describing the importance of
the inclusion of pork in the human diet, we took an overview of the current global economic
condition of pig farming, and we used a bibliometric approach coupled with VosViewer
and BiblioShiny analysis [49,50] to examine the trend of scientific research related to the
use of agri-food waste as a component of the swine diet [51].

2. Nutritional Value of Pork Meat

Pork is a rich source of high biological proteins, namely macromolecules having struc-
ture, quantity, and essential amino acid ratio comparable to human proteins. Consequently,
unlike plant proteins, they are easily reusable during human metabolism [52,53]. Among
these proteins, pork has been shown to be an interesting source of collagen, which is a
protein mainly involved in counteracting aging processes and maintaining elastic and
healthy skin [54,55]. In addition to proteins, many essential and functional amino acids
can also be assumed almost exclusively through the consumption of pork meat [56,57].
These include (i) taurine, which is essential for infants and children; (ii) 4-hydroxyproline,
which improves antioxidant function and prevents intestinal colitis; (iii) creatine, which
is an antioxidant and an important component of energy metabolism in brain and skele-
tal muscle; (v) carnosine, and (vi) anserine, which plays a key role in protecting mam-
malian cells from oxidative stress [57]. Pork is also a rich source of minerals, particularly
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iron. Although other minerals such as potassium, sodium, phosphorus, zinc, and sele-
nium are contained in pig meat, iron content is significantly higher than in most plant
food. Moreover, unlike plant trivalent iron, swine iron is principally chelated by the EME
group inside red blood cells, and it is highly bioavailable [58]. The vitamin content of
pork is extremely specific and essentially consisting of B vitamins, namely cobalamin
(vitamin B12), pyridoxine (vitamin B6), and thiamine (vitamin B1). In contrast, while
antioxidant vitamins are present only in trace amounts, fat-soluble vitamins, such as retinol
(vitamin A), ergocalciferol (vitamin D), phylloquinone (vitamin K1) and menaquinone
(vitamin K2) can also be obtained with pork consumption [59]. Finally, while there is a
certain variability due to the species, type of muscle, age, breeding and feeding of the
animal, pork contains significant amounts of lipids, mainly triglycerides and cholesterol.
As a result, it is considered not only a high-calorie food but also atherogenic and poorly
digestible [58].

A major cause of increased cholesterol levels in pork is 3-hydroxy-3-methylglutaryl-
coenzyme A reductase (HMGCR). Unlike humans, in which HMGCR gene transcription
mainly occurs in the liver (Figure 1A), the swine gene is primarily transcribed in the ovaries
and liver, but considerable levels can be also detected in the stomach, intestine, skin, and
brain (Figure 1B).
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Figure 1. HMGCR expression profile in human (A) and pig (B) tissues. Data credit: The Human
Protein Atlas [60,61] and The Pig RNA Atlas [61,62]. Data summary images were obtained from
v22.proteinatlas.org via https://www.proteinatlas.org/ENSG00000113161-HMGCR/tissue (human
protein expression profile, accessed on 10 January 2023) and https://www.rnaatlas.org/ENSSSCG0
0000014080-HMGCR (pig protein expression profile, accessed on 10 January 2023).
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HMGCR is the enzyme controlling the rate of the mevalonate pathway, which is the
metabolic way responsible for producing cholesterol and other isoprenoids. In particular,
HMGCR catalyzes the conversion of HMG-CoA to mevalonic acid [63–65]. From a tran-
scriptional point of view, the gene encoding for HMGCR shows a relationship not only
with serum lipid traits but also with commercially quality traits, and it has always been
considered an interesting candidate gene for assisted gene selection in pigs [66,67].

However, the different transcriptional site would not alone explain the high cholesterol
levels characteristic of pork meat in comparison to other animals. Indeed, porcine HMGCR
might be structurally similar but different for the activity. Accordingly, in order to inves-
tigate potential differences in protein sequence, a phylogenetic analysis was conducted.
Specifically, using human HMGCR as the original entry, a database containing the amino
acid sequence of the HMGCR protein currently sequenced in animals was constructed. The
database was built using the BLASTp search of National Center for Biotechnology Informa-
tion website (NCBI; https://www.nih.gov; accessed on 10 January 2023). Nonredundant
(nr) protein sequences were chosen as queries, and the search was further restricted to
organisms contained in specific libraries (taxid: 40674). The search algorithm was then
adjusted by setting the threshold for the expected number of random matches in a random
pattern (Expected Threshold) to 0.05 and the seed length that initiates an alignment (Word
Size) to 6. Concerning the scoring parameters, the BLOSUM62 matrix was adopted, and
the Gap Cost for the creation and extension of a gap in an alignment was set to 11 and 1,
respectively. Then, all nr results having E values ≤ 1 × 10−5 were extracted through an iter-
ative screening process. The putative amino acid sequences of the selected organisms were
used to compute the distance tree of the results using NCBI TreeViewer (ver. 1.19.4) [68].
Phylogenetic tree visualization was performed through CLC software, and hierarchical
protein classification was performed by the Neighbor Joining method, with a maximum
difference of 0.85, and organized according to Grishin's view [68].

The analysis allowed the clustering of HMGCR in animals according to protein se-
quence similarity degree. Specifically, five main clusters were delineated. The first group
(blue shadow) contained carnivore animals. Among these, a clear distinction between
felines and canines can be observed. The second cluster was composed of three smaller
groups, namely whales and dolphins (dark green shadow), bats (yellow shadow), and
even-toed ungulates (light green shadow). Interestingly, pigs (dark blue arrow) were in an
intermediate position between whales/dolphins and even-toed ungulates. This apparently
discordant finding is instead in line with both the hypothesis that sees Hindoyus as a
common ancestor of cetaceans and pigs [69] and the high cholesterol content of aquatic
animals, including sharks, dolphins, and whales [70]. The third group (gray shadow) is the
smallest, and it includes only five species of odd-toed ungulates, among which the best
known are horses. The fourth cluster (purple shadow) was composed of primates, which
surprisingly did not demonstrate the highest similarity degree with the HMCGR protein.
Finally, the last cluster is a very heterogeneous group, mainly consisting of rodents (orange
shadow) and other animals, including placentals, oviparous, and turtles (red shadow)
(Figure 2).

https://www.nih.gov
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Figure 2. Phylogenetic analysis of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
(HMGCR) originated from amino acid differences in animal protein sequences. The circular tree
was created by downloading amino acid sequences from NCBI using BLASTp search, while the
distance of each entry was calculated using CLC software. In the figure, a division can be observed
between carnivores (blue), whales and dolphins (dark green), even-numbered ungulates (light green),
bats (yellow), odd-numbered ungulates (gray), primates (purple), rodents (orange) and marsupials,
planktonic and oviparous (red).

These minor structural differences could explain the distinct enzymatic activity ob-
served between pigs and other mammals. Indeed, although the enzymatic reaction cat-
alyzed by porcine HMGCR is totally equivalent compared with that observed in other
animals, its enzymatic activity seems to increase with advancing age [71]. In contrast, it is
well known that plasma lathosterol concentrations in humans and hepatic HMGCR activity
in rats decreased rapidly after birth [71].

Despite the genetic and biochemical differences, many authors believe that pigs may
be the most useful models for the investigation of hypocholesterolemic effects of drugs
intended for human use [72,73]. Indeed, similar to humans, pigs are one of the few species
that transport the majority of cholesterol in LDL. It has also been shown that pigs can
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develop atherosclerosis following hypercholesterolemic diets. Additionally, the plasma
lipid profiles of ovariectomized pigs, males or females, have very similar trends to those
observed in mans, females, and postmenopausal women, respectively [72,73].

3. Pig Breeding: Current Situation

Over the past century, the constant population growth has been associated with
an increase in food demand [74–76]. Although consumer interest for healthy food has
expanded due to the COVID-19 pandemic, only 5% of the world's population is today
vegetarian, while 60% is flexitarian [75]. Among the European meat-consuming countries,
Italy and Polonia reported fairly moderate consumption (about 50% of the total consumers),
while Spain (65%), Germany (70%), France (75%), and the United Kingdom (80%) have
drastically higher percentages [77] (Figure S1).

Within foods of animal origin, pork is the most consumed in Europe and Asia,
and it is the second worldwide after chicken [77]. Although it is well known that the
over-consumption of pork is associated with the emergence of harmful physiological
complications [63,78–81], its success comes from the relatively low cost and the high nu-
tritional values [58]. An additional problem involving pork is related to the susceptibility
to lipid oxidation, especially when it is minced. Microbial contamination, along with
lipid oxidation, is the main factor in meat degeneration. Accordingly, the foodborne
pathogens E. coli, S. aureus, Salmonella spp. and Listeria spp. are regularly found in meat
products [80,82,83].

Pig breeding probably began during the Neolithic era, when humans developed
sedimentary traits and began farming animals unable to practice transhumance, including
pigs. Conversely, their domestication occurred in China between 8000 and 5000 B.C., and
unlike the modern era, they were grown in the wild. The practice of barn raising only
started in the late Middle Ages. Until the 1960s, pig farming was mainly based on several
traditional family and small-scale farming systems, which typically consisted of 4000 m2

of pasture for about 20 pigs. However, in the second half of the 20th century, this farming
style became intensive, leading to a large increase in pig production [84]. Today, the largest
pig production company in the world is located in China, raising 1.1 million breeding
pig sows [79], while the main pig-exporting European countries are the Netherlands and
Denmark, while Canada exports to the United States. As the world's third largest producer
and consumer of pork, the United States plays also a significant role in the economy, with
exports accounting for 20% of the global commercial production [85].

Although intensive farming is an important food source for human needs, it is a
challenging condition for swine. Indeed, the stress caused by a stimulus-free environment
leads animals to become aggressive, resulting in mutual scratching and biting that increases
the risk of infection and disease. In addition, the extreme conditions of intensive farming
push pigs beyond their physiological capabilities, exposing them to lowering of immune
defenses [86]. Consequently, farms preventively administrate antibiotics as prophylaxis,
but their exponential use has a negative impact on both human and animal health, because
it contributes to the development of antibiotic-resistant bacteria [86].

Conversely to this scenario, the modern consumer has raised the interest toward
animal-derived foods obtained through sustainable farming systems, which are perceived
as less harmful for human health [48,87]. Accordingly, since agri-food waste matrices are
rich in phytoconstituents also exerting potential antibacterial and antiviral activities, it
could be a sustainable strategy for pig farming not only to reduce the costs of organic waste
disposal but also an alternative to decrease the excessive use of antibiotics [87]. However,
can this practice be a sustainable way in terms of food quality and safety? To answer
this question, a bibliometric study coupled with visualization analysis was conducted
to understand the degree to which this topic is addressed in the scientific literature. In
addition, in order to assess the potential positive and/or negative effects of using agro-food
waste as an ingredient in pig diets, a meta-analysis study of data collected from articles
published in the past 15 years was conducted.
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4. Bibliometric Analysis

Bibliometrics is a branch of scientometrics, belonging to information sciences, which
aims to apply qualitative and quantitative approaches to academic publication [88,89]. It
is widely used to examine results derived from a set of bibliographic records to construct
theories. Specifically, it (i) summarizes research trends over a time frame; (ii) highlights
interest for a specific research field; (iii) identifies nations, affiliations, authors, and entities
that contribute to a specific research topic; (iv) defines collaborations among nations, affilia-
tions, authors, and entities; (v) provides a comparative analysis of scientific productivity
at the country, province, city, institution, or individual level; and (vi) understands how
advanced the research topic has become within specific social realities [88,89].

In this work, bibliometric analysis was used to summarize the current situation related
to the use of plant-based food waste for supplementing a farmed pig diet (Figure 3).
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In particular, with the aim of creating a database comprising recent scientific publica-
tions, bibliometric data were retrieved from different scientific search engines, including
Scopus, Google Scholar, ISI Web of Knowledge, and PubMed. The following keyword
search string was manipulated to collect potential scientific publications: TITLE-ABS-KEY
(“disposal” OR “agri-food” OR “agrifood waste” OR “agricultural waste” OR “plant-based waste”
OR “plant waste” OR “byproducts” OR “by-products”) AND TITLE-ABS-KEY (“swine” OR
“pig” OR “pork”) AND TITLE-ABS-KEY (“diet supplementation” OR “ diet inclusion” OR
“dietary supplementation” OR “dietary inclusion”). Moreover, the following string (EXCLUDE
“human” [All Field] OR “sheep” [All Field] OR “fish” [All Field] OR “chicken” [All Field] OR
“rabbit”[All Field] OR “mouse”[All Field] OR “mice”[All Field]) was added to better target the
literature search on the topic of interest. Punctuation, marks, and singular/plural forms
were ignored, and the search was limited to articles published in the last 15 years (2007 to
2022, with a last check on 12 October 2022) and written in English. Precisely, 1645 entries
were retrieved from the database and manually inspected. Accordingly, 571 articles were
removed from the database. Finally, the title, abstract, keywords, and affiliation information
of each selected article was downloaded in comma-separated values (.csv) format and used
for bibliometric evaluations (Figure 3).

Analyzing the 1074 articles related to “inclusion of agro-food waste in pig diets”, an
increasing trend in the number of publications over the past 15 years was shown, reaching
a peak of 911 and 751 articles in 2020 and 2021, respectively (Figure 3A). Precisely, nearly
50% of the articles were published in the last 5 years (2017–2022), and 75% of the total
citations were recorded in the same years (Figure 3A). This result suggests a constant
growing interest in the reuse of plant waste to supplement the diet of farmed pigs in the
recent years, since the number of publications usually measures productivity, while the
number of citations measures influence.

Regarding scientific fields, it is not surprising that the bibliometric analysis revealed
Agricultural and Biological Sciences and Environmental Sciences as the most produc-
tive areas, accounting for 34% and 16% of the total published manuscripts, respectively
(Figure 3B). However, the absence of the Food Science sector along with the low percentage
for Veterinary (9%) and Medicine (5%) is alarming, because it would suggest a greater
interest in researching plant disposal alternatives than in monitoring animal welfare or
assessing suitability for food production for human consumption.

On the other hand, Figure 3C shows the countries that mainly contributed to the
publications related to the use of plant waste as an additive in swine diets. The analysis
revealed that the USA leads among countries, accounting for 19% of the total publications.
It is followed by China, Spain, Brazil, and Italy that recorded a very similar percentage,
ranging between 8% and 11%. This is a clear indication suggesting a strong attraction of
European marketing researchers for this research topic, while American interest is more
secondary. Indeed, when considering together the publication rates of the Netherlands,
France, Germany, England, Italy and Spain, it amounts to nearly 40%. Moreover, although
the Netherlands was involved in only 4% of published articles (Figure 3C), the affiliation
accounting for 35 publications per year across the different 185 institution was Wageningen
University & Research (Figure 3D). Among the other affiliations, four were American
(United State of Department of Agriculture, USADA Agriculture Research, Iowa State
University and University of Minnesota Twin City), two were Chinese (Chinese Academy
of Sciences and China Agricultural University), one was Spanish (Institut de Recerca i
Tecnologia Alimentàries), one was Brazilian (Universidade de São Paulo) and one was
Italian (University of Perugia) (Figure 3D). This result agrees with Figure 3C. Regarding
authors, T.R. Preston (Scopus ID: 55067842000) and B.G. Kim (Scopus ID: 26654167200) have
been identified as the most productive authors in the past 15 years (Figure 3E). However,
although Kim has significantly fewer articles, he has only slightly fewer citations than
Preston, and his h-index is currently four points higher than that of Preston.
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5. Graphical Analysis

The database containing the 1074 scientific articles was also used for visual analysis
using VosViewer and BiblioShiny. VOSviewer is a software for bibliometric analysis that
allows the visualization of pre-existing networks between different articles. These networks
can be constructed based on several factors, including citations, bibliographic pairing,
co-citations, or co-authorship. Additionally, the software is able to perform text mining
to visualize co-occurrence networks of terms and keywords from a corpus of scholarly
literature [90,91]. Finally, VosViewer also allows the inclusion of publication year as an
additional variable, achieving in the generation of maps describing the trend of the research
topic over years [91]. On the other hand, BiblioShiny is an open-source tool designed to
perform a comprehensive analysis of scholarly literature mapping. This software, coupled
with other bibliometric analyses, provides a comprehensive and global view of existing
networks between countries, authors, and research topics [50,92].

5.1. VosViewer Reveals Changes in Interest over Time for Both Countries and Research Areas

The previous database containing 1074 articles was then processed by VosViewer with
the aim of visualizing a co-authorship map (Figure 4).
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Figure 4. Co-authorship map showing the existing networks between countries involved in the
publication of scientific articles related to the inclusion of agro-food waste in pig diets. (A) shows the
global network of countries. (B) focuses on Brazil, and (C) focuses on the Netherlands. The size of
the nodes indicates their frequency. The curves between the nodes represent co-occurrence in the
same publication.
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Since in some articles, the number of authors was found to be excessive (>7), the full
author count method was applied for the analysis, considering each entry as a single weight,
and not fractionated by the number of total authors. In addition, to avoid potential bias,
articles in which the authors had more than one affiliation country were removed as well
as those in which more than five different countries were reported in the affiliation section.
Finally, exclusively entries having a fixed minimum number of document (n = 5) and
citation (n = 10) were considered. Consequently, of the 119 countries, only 59 meet the above-
mentioned thresholds, and the total link strength was calculated by considering documents,
citations, interaction number, and frequency of subsisting interactions between different
countries (Figure 4A). VosViewer analysis partially confirmed the data shown in Figure 3C,
reporting the USA as the leading producer of scientific articles related to the research topic.
The USA was followed by China and Brazil, along with three European countries, namely
Italy, Spain, and the United Kingdom (Figure 4A). Again, the Netherlands showed lower
production efficiency than other countries. However, considering the publication year of
the analyzed articles, most of the U.S. publications were dated between 2008 and 2011.
The United Kingdom also showed a similar trend as the United States. On the other hand,
while Spain showed the most publications in 2014, Brazil and China recorded their peak
between 2017 and 2022, demonstrating a recent growing interest for the research topic
(Figure 4A). Regarding the collaboration network, Brazil had a strong relationship with
European countries currently researching in this field, such as Spain, France, Germany, and
Italy (Figure 4B). Moreover, the Netherlands recorded the highest number of interaction
with all other countries, as demonstrated by the strong link shown in Figure 4C. This
finding could explain the data reported in Figure 3D.

Regarding the keywords used in the analyzed scientific articles, a co-occurrence
network map was constructed by exclusively considering the terms that were repeated at
least 10 times in the relative section. In addition, plural/singular forms, punctuation marks,
and/or synonyms were adjusted and manually unified. A total of 54 keywords having
321 different links were identified and plotted (Figure 5).Foods 2023, 12, x FOR PEER REVIEW 11 of 24 
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Figure 5. Co-occurrence map showing the existing networking of terms reported as keywords in
publications related to the inclusion of agri-food waste in swine diets. (A) shows clustering in
five different groups. (B) shows the same network from a temporal perspective. The size of the
nodes indicates their frequency. The curves between nodes represent their co-occurrence in the
same publication.
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VOSviewer analysis allowed the division of the terms into five different clusters.
Cluster I (Figure 5A, red dots) contained 14 items sharing the waste topic. Indeed, the
most popular word was ‘plant waste’ (total link strength: 18; total links generated 14;
occurrence: 68), immediately followed by ‘byproducts’ (total link strength: 10; total links
generated 9; occurrence: 23). Specifically, several agricultural waste were identified, in-
cluding leaves, piglets, roots, and stems. Cluster II (Figure 5A, green dots) contained
11 items, mostly related to ‘food quality’, ‘meat quality’, and ‘digestibility’. These terms
appeared about 70 times in the different papers and had a strong connection with each
other. Other terms included in cluster II were related to ‘chemical composition’ and to
‘nutritional values’ of meat products. Cluster III (Figure 5A, blue dots) contained 10 items.
All these words were related to the alternative and sustainable use of agri-food waste for
the production of ‘biogas’ (total link strength: 54; total links generated 21; occurrence: 68),
‘biomass (total link strength: 15; total links generated 11; occurrence: 25), or ‘renewable
energy’ (total link strength: 10; total links generated 10; occurrence: 18). Interestingly, the
word ‘alternative feed’ (total link strength: 15; total links generated 22; occurrence: 27) also
appeared in the displayed network.

On the other hand, cluster IV (Figure 5A, yellow dots) included nine items, in which
bioactive components typically found in plant matrices and agricultural wastes were listed.
Among the various terms, ‘terpenoids’ (total link strength: 6; total links generated 11; oc-
currence: 12), ‘polyphenols’ (total link strength: 15; total links generated 22; occurrence: 19),
‘anthocyanins’ (total link strength: 9; total links generated 15; occurrence: 19), ‘proantho-
cyanidins’ (total link strength: 11; total links generated 13; occurrence: 26), and ‘alkaloids’
(total link strength: 6; total links generated 8; occurrence: 12) were found. However, the
low frequency of these terms in the analyzed articles may suggest a negligence tendency
in analyzing the phytochemical component of plant waste material. Finally, cluster V
(Figure 5A, violet dots) included nine items, which were mostly attributable to parameters
normally monitored during the growth of livestock animals, such as ‘growth performance’,
‘lipid panel’, and 'blood parameters’. From a temporal point of view (Figure 5B), the most
frequently used terms were those related to the reuse of ‘plant waste’ (average publica-
tion year: 2019) for the production of ‘biomass’ (average publication year: 2018), ‘biogas’
(average publication year: 2017) or ‘animal feed’ (average publication year: 2020) under
a ‘circular economy’ perspective (average publication year: 2021). This network would
suggest a greater interest in sustainable processes and an awareness of the huge problem
associated with the disposal of waste.

5.2. BiblioShiny Reveals the Usual Country–Topic–Research Field Linkages

BiblioShiny provides the definitive summary of the current scientific condition. Indeed,
the software is able to create three-field tree plot in which different semantic fields are
connected by a gray plot [50,92]. Figure 6 shows a chart in which the connection between
(i) country contributing to the research topic, (ii) the list of most used keywords, and
(iii) the main scientific fields is studied. The box size beside the terms indicates the frequency
in publications, while the different coloring indicates the frequency of connections.

Ten main countries publishing articles on the topic of sustainable reuse of agri-food
waste can be identified (Figure 6). Most of the countries were in accordance with data shown
in Figures 3–5. However, unlike previous analyses, in Figure 6, each country was also
associated with the main keywords listed in the second branch. These connections provide
useful information on the main research lines toward which each country is currently
focusing its research. In particular, the USA and Brazil are the most active countries, but
meanwhile, the USA seems to be indiscriminately interested in almost all topics, while
Brazil is mostly focused on circular economy and sustainability topics. In contrast, it seems
that other countries, such as China and Korea, focus more on reusing agro-food waste
simply because it is rich in bioactive compounds rather than worrying about its disposal.
Finally, Italy found several connections with the sectors listed in the third branch as “Food
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Science” and “Veterinary Science”, suggesting an interest in the reuse of food waste without
harming the health status of humans and animals.
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6. Meta-Analysis

Forest diagrams are a useful tool for meta-analytic studies to answer a common
question because they summarize data from multiple papers in a single image. Specifically,
all studies investigating the same question are identified and categorized in a forest plot
and, after extraction of experimental data, a common statistic is applied for all the different
entries. This process allows both the direct comparison of what different studies are
demonstrating and the quality of the related results from a single diagram [51,93]. In the
following subsections, our goal is understand whether the inclusion of plant wastes in
pig diets can have positive effects on both animal growth performance and the cholesterol
content of meat derived from their processing.

6.1. Growth Performances

The occurrence of diseases, lesions, and infections are major problems in pig farming
and often result from the stress factors caused by the intensive farming methods [86]. The
unregulated and uncontrolled use of antibiotics as prophylaxis will ultimately pose an
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additional problem for human and animal health, as the drugs normally persist in meat
and tend to develop antibiotic-resistant strains [94]. Therefore, the use of feeds consisting of
plant wastes could be a safer and cheaper alternative for disease prevention in pig farming
also from a circular economy point of view. Indeed, in addition to being rich in macro- and
micro-nutrients, plants and their derived wastes are rich in bioactive compounds that can
act as antioxidants [15,37,45,87,95–97], antibiotics [98–104], antivirals [98,101,105–107], or
growth promoters [108]. In this regard, many studies have shown that plant waste-based
feeds can be effectively used as appetite stimulators in a variety of animals, including
pigs [108,109]. Moreover, since feed accounts for 60–70% of the total cost of meat in the
swine sector, the use of plant waste as an ingredient in livestock diets could indirectly
reduce the cost in the market. In addition, the current increase in feed prices is one of
the main obstacles to expanding local pork production, as locally produced meat has
to compete with cheaper imported meat. Consequently, the use of unconventional feed
resources that are safe for human and animal health could be an option in line with modern
European guidelines [23,25,26,47,110].

In order to test whether a diet enriched with plant waste could increase the growth
performance of pigs, the search string used for the collection of articles in the previous
section was supplemented with the following terms: TITLE/ABS (“growth performance” OR
“production yield” OR “growth promoters”). The additional string allowed the reduction in
the database to 125 entries, which were manually screened by reading the title, abstract,
and/or full text. Specifically, original articles were eligible for meta-analysis if they met
the following criteria: (i) English had to be the language used for writing the article;
(ii) only entries from peer-reviewed journals were considered; and (iii) scientific experts
were required to have evaluated the manuscript prior to publication. In addition, for this
type of analysis, (iv) only randomized and controlled clinical trials involving pigs from
farm system were considered; (v) the intervention was supposed to supplement pig diets
with plant wastes; (vi) the number of subjects used in the clinical trial should be clearly
reported, along with the measured experimental data (mean and standard deviation or
standard error); (vii) the experimental parameter evaluated in the article should be growth
performance; (viii) when experiments included the use of different concentrations of plant
wastes for feed formulation, all diets were individually processed as stand-alone entries;
and (ix) if articles reported experimentation using different plant wastes incorporated
in separate feeds, these were considered as separate entries. Finally, (x) only articles
in which the experimental intervention was compared to control groups fed a normal
diet could be considered. As a result, of the 125 published full-text articles, 108 were
excluded. Data (n = 39) from the selected articles (n = 17) [111–127] were used for meta-
analysis by constructing the forest plot diagram. Because the data were accumulated from
a series of independently performed studies, all selected studies were not functionally
equivalent. Consequently, the forest plot originated was obtained using the random effect
based on the calculated heterogeneity among the studies. The statistical heterogeneity
between studies was tested using Cochrane's Q test (significance level p < 0.05) and the
I2 statistic. In addition, a sensitivity analysis was performed to verify the influence of
each study on the overall effect size, and the potential publication bias was examined by
visual inspection of the respective funnel plots. The combined results of selected articles
from the random-effects model suggested a negative effect on pig growth performance
after the inclusion of plant waste as an ingredient in feeds (WMD: −1.71; 95% CI: −3.35;
−0.07; I2 = 100%; p = < 0.00001) (Figure 7). Specifically, 15 trials reported a decrease in pig
weight following the use of plant waste in the diet [112,116,118–120,122–124,126], while
9 suggested a positive effect [112–114,119–121,125–127], and the remaining 15 showed no
statistically significant (p > 0.05) effects [111,113,115–120,126]. However, the latter result
can be positively interpreted, because pigs that did not record a decrease in weight had
continued to normally increase their weight without exhibiting toxic or side effects. At
the same time, agro-waste was successfully removed from the environment, achieving a
money-saving effect for its disposal [37].
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Figure 7. Forest diagram representation of growth performance of swine fed a diet inclusive of
plant waste. Data were extracted from 17 articles [111–127] and plotted against the mean difference.
Each horizontal line in the graph represents an individual study, with the experimental mean value
displayed as a green box. For each study, if the horizontal line (95% CI) crosses the vertical line, no
significant differences can be observed between experimental and control groups. The black diamond
at the bottom of the forest plot represents the average effect size calculated from the combination of
the results from all selected studies.

Regarding experiments reporting adverse effects on pig weight, in most cases, the
entries introduced for forest plot analysis were derived from an experimental trial in which
a dose–response effect was evaluated. For example, Baruah and colleagues investigated
the potential from replacing cornmeal in the diet of pigs with dried banana seudostem
powder at different rates [120]. The authors set up the experimental trial by testing inclu-
sion percentages ranging between 5% (w/w) and 30% (w/w) (experimental group) and
comparing the results with those obtained from pigs fed entirely cornmeal (control group).
The authors, after verifying that all experimental diets were isonitrogenic and isocaloric,
reported an increase in total body weight and average daily gain in pigs fed 20% (w/w)
banana pseudostem compared to the other groups. However, pig performance was signifi-
cantly lower when dietary levels of banana pseudostem were increased up to 30% (w/w).
The authors concluded by stating that a maximum of 20% (w/w) banana pseudostem can
be included in the diet of pigs.

Similar results were obtained in the study by Mabena (2021), who fed farm pigs a
diet containing different percentages of amarula nut cake [119]. Following a very similar
experimental protocol as Buruah, Mebena and colleagues replaced part of the cornmeal with
vegetable waste ranging between 5% (w/w) and 20% (w/w). Again, the authors observed a
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dose-dependent effect, showing a strong reduction in pig weight when vegetable waste
was included in doses greater than 150 g/kg. Moreover, when high levels of waste were
included in pig diet, also protein digestibility and fiber levels were negatively affected.
Therefore, the authors concluded that amarula nut cake could be included in pig diets only
at less than 15% (w/w).

However, it is not always the best choice to replace cornmeal with plant waste in
order to improve pig growth. Indeed, in the study conducted by Adebiyi, the possibility
of including watermelon waste was evaluated, but it exclusively led to negative effects
on growth performance [124]. In this case, the inclusion rates were much higher than in
previously described studies, ranging from 20% (w/w) to 60% (w/w). However, considering
the data obtained on the quality of meat derived from pigs fed watermelon waste, the
authors do not discourage the use of this waste for pig farming, as it allowed the production
of food that was qualitatively comparable to control meat.

In conclusion, this analysis suggests that although plant efficacy depends on multiple
factors including dose, duration and route of administration, the most important factor
is the percentage of waste inclusion in the feed. In addition, although many studies have
shown how the inclusion of plant waste can have positive or negative effects on animal
growth performance, very few studies have proven the influence on the general health of
pigs. Indeed, the physiological, histological and digestibility parameters of plant waste
have been only poorly investigated. Therefore, further studies on this aspect are needed.

6.2. Cholesterol Values

As a result of the growing market trend toward healthier foods, pigs have been
subjected to very selective breeding over the past decade. In particular, the amount of
intramuscular fat and its quality composition have an important effect not only on consumer
preferences but also on the perception of meat quality and its economic value [128,129].

In addition to genetic selection, a potential approach to obtaining pork meeting the
standards required by consumers could be to control the diet of breeding pigs to en-
sure reduced cholesterol levels. In recent years, research on dietary supplements has
shown that plant extracts can effectively reduce blood levels of cholesterol in humans
by acting on several biomolecular and biochemical targets, including HMGCR [63,130].
In this context, the action of botanicals is attributed to the presence of bioactive com-
pounds that are naturally synthesized by plants and exert a variety of biological actions,
including lowering cholesterol [131]. Consequently, a reasonable assumption is that the
inclusion of plant wastes in pig feed can demonstrate additional effects to those on growth
performance. Indeed, although plant wastes are considered unsuitable for human con-
sumption, they still remain a rich source of secondary metabolites exhibiting important
biological actions [46,132].

In order to evaluate this hypothesis, a meta-analytic study was conducted using the
same inclusion criteria described in the previous section. However, the search string was
replaced with TITLE/ABS (“cholesterol” OR “hypo-*” OR “hyper-*” OR “blood parameter”)
in order to allow the exclusion of articles not related to the research topic. As a result, of
the 125 published full-text articles, 113 had been removed. Data (n = 24) from the selected
(n = 12) articles [123,125–127,133–140] were used for meta-analysis by constructing forest
diagrams. Because the data were accumulated from a number of independent studies, all
selected studies were not functionally equivalent. Consequently, the forest diagram was
obtained using the random effect, which was based on the calculated heterogeneity among
the studies. Again, statistical heterogeneity between studies was tested using Cochrane's
Q test (significance level p < 0.05) and the I2 statistic. In addition, a sensitivity analysis
was performed to check the influence of each study on the overall effect size, and potential
publication bias was examined by visual inspection of the respective funnel plots. The
combined results of the selected articles from the random-effects model suggested a positive
effect, reducing cholesterol levels in farm pigs after the inclusion of vegetable waste in
their diets (WMD: −13.24; 95% CI: −16.06; −10.43; I2 = 100%; p = < 0.00001) (Figure 8).
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Specifically, 14 studies reported a strong decrease in cholesterol content [133–140], three
suggested an increment of cholesterol levels [125,134], and the remaining seven showed no
statistical (p > 0.05) effect [126,127,135,137].
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Figure 8. Forest diagram representation of cholesterol level of swine fed a diet inclusive of plant
waste. Data were extracted from 17 articles [123,125–127,133–140] and plotted against the mean
difference. Each horizontal line in the graph represents an individual study with the experimental
mean value displayed as a green box. For each study, if the horizontal line (95% CI) crosses the
vertical line, no significant differences can be observed between experimental and control groups.
The black diamond at the bottom of the forest plot represents the average effect size calculated from
the combination of the results from all selected studies.

Contrary to the observations for growth performance (Figure 7), the inclusion of agri-
food waste achieved more concordant results, suggesting a strong effect on the reduction
in cholesterol levels in farmed pigs. Among the clinical trials reporting negative effects
on cholesterol levels, Tabasum Ahmed and colleagues have conducted an interventional
study in which the effects of a herb mixture containing pomegranate, Ginkgo biloba, and
licorice was tested in both natural form and following fermentation [134]. Although the
authors demonstrated positive effects on the feed intake, back fat thickness of pigs, and
lean production for both formulations, only the fermented mixture was able to effectively
reduce cholesterol levels in pigs [134]. This result might suggest that in order to exert the
desired effect in clinical trials involving animals, the agri-food waste should be further
processed before dosing.

The clinical trial reporting the best effect on cholesterol level content in pork meat
following the inclusion of agri-food waste is documented by Omojola and colleagues [137].
In this intervention study, the inclusion of garlic waste in pig diets was investigated,
evaluating not only the cholesterol level but also the physical and sensory properties of
pork. The complex clinical trial consisted of 48 Large White pigs randomly assigned to
four dietary groups under a completely randomized design. Again, the plant matrix was
processed before inclusion in the animal diet. Specifically, scraps of garlic bulbs were
separated into cloves, sun-dried, ground, and then incorporated into the ration in order to
replace a fraction of cassava meal. The trials involved the inclusion of different percentages
of plant matrix, ranging between 0.50% (w/w) and 1.50% (w/w), were compared with
control groups in which garlic was not included. Results showed a progressive reduction
in total cholesterol level from 135.35 mg/100 g in the control diet to 44.44 mg/100 g in the
diet with garlic supplementation at 1.50% (w/w). Other parameters, related for example
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to back fat thickness, also decreased with increasing levels of garlic in the diet. However,
sensory analyses reported by the panelists revealed that pork from pigs treated with 0%
(w/w) or 0.5% (w/w) garlic had better flavor, color, tenderness and overall acceptability,
while juiciness increased with increasing garlic supplementation.

A final work worth mentioning is that authored by Quifer-Rada and colleagues [138].
In this experimental trial, the authors conducted an intervention study on pigs fed a
standard diet for 3 days and then supplemented with a diet containing 1% (w/w) grape
seed for 6 days. During the experimental trial, fecal samples were collected daily, and
a combination of high-resolution non-targeted mass spectrometry, multivariate analysis
(PLS-DA), data-dependent MS/MS scanning, and accurate mass database matching was
performed. Targeted metabolomic analysis by GC-MS showed that the fecal excretion
of cholesterol was increased by grape seed extract, resulting in decreased cholesterol in
pork. In addition, intermediate metabolites of cholesterol biosynthesis, such as zymosterol,
increased during the intervention, suggesting that endogenous cholesterol biosynthesis was
stimulated due to decreased cholesterol absorption. The authors' innovative approach was
the correlation between the observed biological effect with the main bioactive components
contained in grape seeds after analytical identification. The authors hypothesized that
the main agents responsible for the cholesterol-lowering action were both monomeric
flavan-3-ols (catechins) and polymeric flavan-3-ols (proanthocyanidins) by increasing
biliary excretion and reducing micellar solubility. Effectively, the hypocholesterolemic
potential of catechins and other bioactive compounds derived from their condensation is
well documented in humans. For example, Ngamukote et al. [141] demonstrated that gallic
acid, catechin, and epicatechin have cholesterol-lowering activity by inhibiting pancreatic
cholesterol esterase, binding bile acids, and reducing cholesterol solubility in micelles.

7. Conclusions

This review provided an overview of the reutilization of agro-food waste as potential
ingredients to supplement the diets of farm pigs. Specifically, information on the number
and type of publications, keywords, journals, countries, institutions, and trends were
analyzed using VosViwer and BiblioShiny software. In particular, it has been shown that
although America conducted research in this field between 2005 and 2010, today, it is
Europe that leads this research topic. Most of the studies are in Environmental Sciences and
Ecology, Agricultural Sciences, Energy and Fuels, Biotechnology and Chemistry, but most
alarming is the low interest in Food Sciences and Veterinary Sciences, which should instead
dominate among the research fields. In addition, the co-occurrence network map of terms
used in the title, abstract, or as keywords provided insight to the hot topics addressed by
countries over the years.

Regarding the use of agri-food waste to increase pig growth performance and decrease
cholesterol levels in pork, forest plots have shown that their use can be seriously considered
as a sustainable alternative to meet a zero-waste policy. Indeed, analyzing the studies
involving plant-based waste in order to replace feed protein with a low-cost alternative,
strong beneficial effects were reported. However, their efficacy seriously depends not only
on the type of plant, duration of administration, or administration way, but especially
on the inclusion rate within the feeds. Consequently, an experimental trial investigat-
ing dose–effect ratio is seriously recommended before potential application. Moreover,
although many studies have demonstrated their efficacy as growth promoters and reduc-
ers of cholesterol levels in pork, only a few studies have investigated and demonstrated
their influence on the overall health of pigs by evaluating physiological and histological
parameters. Therefore, further studies on this aspect are also needed.

Looking ahead to future years and considering a global context in which agri-food
waste is increasing, it is critical to direct scientific research toward circular economy ap-
proaches. However, the green strategy should actively involve not only farmers and
companies, which should start applying greener methods to their production system, but
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also the modern consumers, who should instead be educated to recognize foods with low
impact on the economy and the environment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods12030571/s1, Figure S1: World pork consumption. Darker
colors indicate countries with higher pork consumption. Data were obtained from Statistica website
(https://www.statista.com/, accessed on 10 January 2023)
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