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Abstract

Since 2000, antioxidant research in Chile has shown steady growth, from the chemical
sciences to their application in biomedical sciences, functional foods, reproduction, and
environmental studies. This study presents a bibliometric analysis of Chilean scientific
output in the field of antioxidants from 2000 to 2024, organized into five-year intervals. A
total of 3190 research articles indexed in the Web of Science (WoS) database were analyzed.
Bibliometric indicators—including Price’s, Bradford’s, and Zipf’s laws—were applied to
assess literature growth, authorship concentration, journal dispersion, and keyword evolu-
tion. Key findings include (i) high productivity from institutions such as the Universidad
de Chile, Pontificia Universidad Catélica de Chile, Universidad de Santiago de Chile, and
Universidad de Concepcién; (ii) the identification of leading authors such as Dr. Antonio
Vega-Galvez, Dr. Guillermo Schmeda-Hirschman, and Dr. Mario J. Simirgiotis; and (iii) the
consolidation of three main research areas: biomedical applications (e.g., cancer, cardio-
vascular, and neurodegenerative diseases), food science and technology (e.g., antioxidant
properties, and agro-industrial waste revalorization), and ethnopharmacology (e.g., native
plant use). This study made it possible to map the state of the art of antioxidant research in
Chile and identify key players and research lines, consolidating a comprehensive vision of
scientific development in this field.

Keywords: antioxidants; bibliometric analysis; non-communicable chronic diseases; food
science; natural products; Chile
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1. Introduction

Chronic non-communicable diseases (NCDs) are the leading cause of mortality glob-
ally, causing about 40 million deaths each year. The most prevalent are cardiovascular dis-
eases (17.7 million deaths annually), followed by cancer (8.8 million), diabetes (1.6 million)
and other related conditions [1]. Interestingly, all these pathologies share a common fac-
tor: oxidative stress at the biological level, which is also implicated in neurodegenerative
diseases and in the aging process [2—4].

Based on this relationship, the scientific community has intensified the search for
antioxidant compounds, both of natural and synthetic origin, with the aim of mitigating
oxidative processes. In this context, numerous studies have explored the presence of antiox-
idants in foods and their association with the reduction in the risk of certain NCDs [5-7].
Such reduction has been attributed, in part, to the ability of polyphenols to neutralize
reactive oxygen species, such as free radicals [8].

Chile has experienced a sustained growth in research on antioxidants, reflected in the
increase in scientific publications in recent decades. In fact, Chile is among the 50 countries
that carry out the most research in the field of antioxidant compounds worldwide occupying
36th place (see Section 2). In the face of this expansion, bibliometric analyses are positioned
as rigorous and effective tools to examine large volumes of scientific literature, allowing
for the identification of emerging, consolidated, and declining lines of research, as well as
collaborative networks and articles of high significance [9,10].

Despite this, to date no systematic bibliometric analysis has been carried out to synthe-
size the evolution of this field in Chile. Therefore, the aim of this study is to characterize the
Chilean scientific production on antioxidants between the years 2000 and 2024, considering
five-year periods. Key aspects such as the annual evolution of publications, the main
institutions involved, international collaboration links, and the most influential journals
are addressed. Likewise, the most productive and cited authors are identified, classic and
obsolete articles are highlighted, and a keyword co-occurrence analysis is performed to
detect the main thematic lines and their temporal evolution.

2. Materials and Methods

Based on a dataset extracted from the Core Collection of Web of Science (WoS, in-
cluding the editions Science Citation Index Expanded (SCI—Expanded), Social Sciences
Citation Index (SSCI), Arts & Humanities Citation Index (AHCI), Conference Proceed-
ings Citation Index—Science (CPCI—S), Conference Proceedings Citation Index—Social
Science & Humanities (CPCI—SSH), Book Citation Index—Science (BKCI—S), Book Ci-
tation Index—Social Science & Humanities (BKCI—SSH), Emerging Sources Citation In-
dex (ESCI)) on 7 April 2025, with the thematic search vector on Innovative Behavior
{TS = (Antioxidant)}, the thematic search tag TS (performs a simultaneous search on the
following fields: title, keywords, author, abstract, and Keywords Plus® [11]. In addition,
the following inclusion criteria of the sample were included: Document types = Article,
Countries/Regions = Chile, and Publication Years = 2024 until 2000. Then, based on the
“Guidelines for advancing theory and practice through bibliometric research” [12], both
performance analysis and science mapping are performed. For performance analysis, the
bibliometric laws as Price, Lotka, Bradford, and Hirsch’s index are used, and science map-
ping focuses on co-authorship analysis using VOSviewer software, version 1.6.20, Centre
for Science and Technology Studies, Leiden University (details in Table 1).
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Table 1. Characterization of the document corpus to be analyzed.
Variable Value Unit Subsampling Criterion
(or Sample, n) pling
Documents 3190 Article Hirsch’s index (h-index)
Time 2000-2024 Year Period without blanks, Price’s Law
Place (Affiliation) 2397 Country/Territory Census
Authors 11,646 Person Only authors with sustained
productivity over time were included.
Keywords and Keywords Plus 7930 and 8022 Words Zipt’s Law

Journals 844 Journal Bradford’s Law

(1) Price’s laws allow us to examine the exponential growth of science, measured
through the annual increase in the number of publications, as a manifestation of the
critical mass of knowledge that deserves to be analyzed. These laws also address the
obsolescence of scientific publications, in contrast to the validity of current science, by
dividing the bibliographic corpus into two semi-periods defined by the median number of
publications in chronological order. This segmentation makes it possible to differentiate
between contemporary and obsolete literature, and also introduces the idea of classic
literature, which is distinguished within the obsolete set by the recognition of the scientific
community, evidenced by its high number of citations [13,14].

(2) Co-authorship analysis is used to identify social relationships between prolific
authors, as well as between institutions and countries with high scientific productivity. In
this context, the clustering technique using the VOSviewer tool is used [15]. The criterion
for inclusion of authors, as prolific authors in this analysis, was that they had a minimum
average production of one article per year in each five-year period analyzed (a minimum
of 5 articles per five-year period), to ensure the temporal diversity of the subsample.

(3) Bradford’s law focuses on the analysis of scientific journals, especially on what
is called Bradford’s core: a minimal subset of journals that concentrates approximately
one third of the total number of documents analyzed. The other two thirds are distributed
in zones called 1 and 2, which group progressively more journals to reach equivalent
volumes of documents. Despite this division, most attention is directed to the Bradford
core, since it constitutes the production environment where the authors, reviewers and
editors most specialized in a specific subject tend to be concentrated [16,17].

(4) The h-index, proposed by Hirsch, makes it possible to evaluate the relative impact
of scientific production within a given set of publications. This indicator is expressed as a
value n, indicating that there are “n” documents that have been cited at least n times, under
a common counting criterion for all of them [18,19]. In the present analysis, the h-index
calculated on the total number of extracted documents will be used, complemented with
the individual h-index of certain authors, obtained from their profiles in the Web of Science
database (ResearcherID).

(5) Zipf’s Law describes the concentration of word usage in a language; in this context,
it is applied to the analysis of keywords assigned as metadata by Web of Science, including
the so-called Keywords Plus©. This principle makes it possible to identify the most frequent
keywords in the corpus of articles by estimating a representative number of terms using the
square root of the total number of keywords, subsequently adjusted to a discrete number.
The resulting set is called Outstanding Keywords Plus [20,21]. As for the author keywords,
the criterion for inclusion as Outstanding Author Keywords was their minimum average
occurrence of once per year in each five-year period analyzed, which is equivalent to at least
five occurrences per five-year period, thus ensuring adequate temporal representativeness
of the subsample.
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(6) Additionally, for the five-year periods with the highest scientific output, records
extracted from WoS that have double entries in PubMed will undergo a second screening
to identify more specific characteristics of these medical studies.

3. Results and Discussions

A total of 603,116 documents were retrieved using the search command TS = (antioxidant).
When restricting the search to research articles only, this number decreased to 519,891. Ap-
plying a country filter, Chile ranked 36th worldwide, contributing 3469 documents related to
antioxidants. Of these, 3190 were published between 2000 and 2024—the period considered in
this study—representing approximately 92% of the country’s total research output in the field
of antioxidants.

3.1. Trends and Growth in Publications Around the Antioxidant Studies

The articles published during the period under study (2000-2024) containing the
keyword “antioxidant” and written by researchers affiliated with Chilean institutions show
a sustained growth over time, with a good fit to an exponential trend (R? = 0.9659), except
for some deviations observed in the last three years (2021-2024), as shown in Figure 1.
This behavior suggests the existence of a critical mass of publications in the area, which
evidences the sustained interest in this line of research.
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Figure 1. Temporal distribution of publication per year regarding from 2000-2024.

The decrease in the number of articles observed in the last three years could be
related to a change in the focus of research, associated with the incorporation of new
technologies and their application in biomedical sciences. For example, the increasing use
of nanotechnology as a strategy for the targeted transport of antioxidant compounds in
diseases such as Alzheimer’s disease has been reported [22], where oxidative stress plays a
central role [23]. This thematic evolution may reflect a shift in focus towards technological
developments subject to intellectual protection, which could explain the lower visibility in
scientific publications [24].

Another possible cause of this decrease is the growing interest in studying antioxidant
compounds in biomedical contexts other than NCCDs, such as fertility, which diversifies
the research objectives but disperses the results in more specialized areas [25].
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3.2. Research in Chile and Its Collaboration Networks Around the Antioxidant Studies
According to the period under study (2000-2024), research conducted in Chile has
been grouped into five-year intervals: 2000-2004, 20052009, 2010-2014, 2015-2020 and
2021-2024 (Figure 2). In the first five-year period (2000-2004), most of the research carried
out by academics and researchers affiliated with Chilean institutions shows international
collaboration, mainly with Argentina, Germany, Spain, and the United States.

germany

&vosviewer
(@)
usa
mesic
spain
e, ﬁ% germany g
argeatina
taly
canada
g{)vosviewer
austral lia
ngland
germany
uguay
argetina caned
france b d
belgium
brgzil meico
portugal o isradl
spain
taly
cuba
{&Vosviewer

Figure 2. Cont.



Antioxidants 2025, 14, 985

6 of 36

australia

italy
poland usa
o
2 " 2 oruguay
canada  fOMeNE gzl sw"
russia
switzerland
saudierabia
frace
gergeany portugal
orway
argemtina
Mo cuba
@bvosvwewer
uguey
paragusy
southefrica
polend
-
nethatlands b
. taiwan
coldfibia cuba
o peoplesir china
argentina - saudiarabia
& pakistan _jngja dominican re »
elgium
caniada i@y \
eru
P frabce esypt
wkey
b/ e
czech wepublic \
o méico ‘. = &
eculidor i
wrkive
setbia
& vosviewer
(e)

Figure 2. Evolution of research related to antioxidants in Chile and its collaboration networks.
(a) 2000-2004; (b) 2005-2009; (c) 2010-2014; (d) 2015-2019; (e) 20202024 (Full-size resolutions of each
period are in the Supplementary Materials).

In the case of Spain, this collaboration is mainly associated with the joint work between
Dr. Arturo San Feliciano (University of Salamanca) and Dr. Alfonso Oliva (Pontificia Uni-
versidad Catoélica de Valparaiso, PUCV). Regarding the United States, bibliometric records
highlight the collaboration between Dr. Hernan Speisky (Universidad de Chile, UChile)
and Dr. Meera Penumetcha (Emory University). In Latin America, cooperation with Ar-
gentina is related to the links of Dr. Guillermo Schmeda-Hirschmann (Universidad de
Talca, UTalca) with academics from the Universidad Nacional de San Juan, such as Gabriela
Egly Feresin and Alejandro Tapia. Dr. Eduardo Lissi’s collaboration with academics from
the University of Buenos Aires is also noteworthy.

A similar trend is maintained in the second and third five-year periods, regarding the
international collaboration with European and American institutions. During 2005-2009
and 2010-2014, international collaborations are mainly concentrated in European institu-
tions, with Italy, Germany, Poland and Spain standing out. North America also recorded
relevant participation, especially from Canada, Mexico and the United States.

The analysis shows that collaboration between Chile and Italy has focused on Dr.
Juan A. Garbarino (Universidad Técnica Federico Santa Maria, USM), who has worked
with researchers Dr. Alessandra Russo (University of Catania) and Dr. Marcello Nicoletti
(University of Rome, La Sapienza). Meanwhile, cooperation between Chile and Poland
has been led by Dr. Fernando Toledo (Universidad del Bio-Bio, UBio-Bio) together with
Dr. Shela Gorinstein (Hebrew University of Jerusalem). A similar pattern is observed in
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Chile-Mexico collaboration during 2005-2014, highlighting the joint work of Dr. Carlos
Céspedes (UBio-Bio) and Dr. José Guillermo Avila (Universidad Nacional Auténoma de
México). Regarding Chile-Canada collaboration, the participation of Dr. Alexis Aspee
(Universidad de Santiago de Chile, USACH) with Dr. Juan Scaiano and Dr. Emilio Alarcén
(University of Ottawa) stands out.

It should be noted that many of these collaborations, registered in the period 2000-2014,
were framed in projects funded by the National Commission for Scientific and Techno-
logical Research (CONICYT), currently known as the National Agency for Research and
Development (ANID) through the National Fund for Scientific and Technological Develop-
ment (FONDECYT). In contrast, during the five-year period 2015-2019 there is evidence of
a notable expansion of international collaboration. Europe leads, with Spain and Germany
standing out, followed by South America, with Brazil and Argentina as the most represen-
tative countries. This trend could be linked to the return of Chilean professionals benefited
by the Chile Scholarship program (Becas Chile), initiated in 2008. The first cohorts of return
occurred between 2010 and 2011 (master’s degree) and between 2012 and 2013 (doctorate),
which would have favored new academic collaboration networks.

Finally, the period 2020-2024 maintains similar patterns to the previous five-year
period, with Europe leading again (with Spain and Italy standing out), followed by South
America (with Brazil and Peru among the most productive), and an irruption of Asia,
especially with contributions from India and China.

3.3. Leading Institutions in the Antioxidant Studies in Chile

Considering the period analyzed (2000-2024), a total of 252 institutions have con-
tributed to publications in the field of antioxidants. Among them, those with a participation
of more than 3% of the total number of scientific articles stand out, as shown in Table 2.

Table 2. Chilean institutions that contribute most to research related to antioxidants.

Entry Institution City Foundation Percentage

1 Universidad de Chile (UChile) Santiago 1842 10.6
2 Pontificia Universidad Catdélica de Chile (PUC) Santiago 1888 49
3 Universidad de Concepcion (UdeC) Concepcion 1919 4.7
4 Universidad de Santiago de Chile (USACH) Santiago 1849 3.9
5 Universidad de la Frontera (UFRO) Temuco 1981 3.8
6 Universidad de Talca (UTalca) Talca 1981 3.3
7 Universidad Austral de Chile (UAustral) Valdivia 1954 3.1

Total 34.3

The Universidad de Chile tops the list as the most prolific Chilean institution in
this field (Table 2). During the first years of the period studied, much of the scientific
production came from the Molecular and Clinical Pharmacology Program of the Institute of
Biomedical Sciences of Faculty of Medicine (ICBM), with research aimed at understanding
oxidative stress in NCCDs, especially cardiovascular diseases [26], as well as the study of
the preventive potential of antioxidant compounds, both synthetic and natural [27].

In second place is the Pontificia Universidad Catélica de Chile, who’s most outstanding
contributions come from the schools of Engineering and Medicine. While the former has
focused its research on the antioxidant effects of functional foods, the latter has addressed
oxidative phenomena linked to chronic diseases [28,29].

The Universidad de Concepcién is in third place. Its research, led mainly by academics
from the Faculty of Natural Sciences and Oceanography, focuses on the search for and
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characterization of natural antioxidant compounds, with applications in both medical [30]
and agronomic sciences, including the development of insecticides [31].

In fourth place, the Universidad de Santiago de Chile stands out through its Faculty of
Chemistry and Biology, with two main lines of research: the development and validation of
methodologies to measure antioxidant capacity [8] and the isolation and characterization
of antioxidant compounds of natural origin [31].

The Universidad de La Frontera is in fifth place, with a strong participation of re-
searchers from the School of Medicine. Their studies focus on the effects of oxidative stress
and antioxidant mechanisms associated with human fertility [32].

In sixth place is the Universidad de Talca, where academics from the Faculty of Health
Sciences and the Institute of Chemistry of Natural Resources stand out for research focused
on antioxidant properties of fruits [33], ethnopharmacological studies [34] and the use of
coupled HPLC techniques for the identification of bioactive compounds [35].

Finally, at the Universidad Austral de Chile (seventh place, Table 2), the Department of
Chemistry stands out for its studies on natural products with antioxidant potential, using
advanced analytical methodologies such as HPLC and gas chromatography coupled to
mass spectrometry [36].

3.4. Authors and Co-Cited Authors Most Relevant in the Study of Antioxidant in Chile

To analyze the authors and their most influential collaboration networks in the study
of antioxidants in Chile, five representative articles were selected for each five-year period
from 2000 to 2024. This information is visualized in Figure 3, where the nodes represent the
authors, whose size is proportional to the number of citations obtained in each period. The
connections between nodes reflect scientific collaborations between researchers.

3.4.1. Authorship Analysis of the 2000-2004 Period

During this five-year period, the most outstanding author was Dr. Eduardo Lissi
(USACH, 23 articles, 831 citations), followed by Dr. Federico Leighton (PUC, 10 articles,
977 citations) and Dr. Hernan Speisky (UChile, 6 articles, 173 citations). Dr. Carolina
Aliaga (USACH, 5 articles, 246 citations), a member of Dr. Lissi’s research group, also
featured. According to the bibliographic analysis, the group led by Dr. Lissi focused its
research on the development of methodologies to evaluate natural antioxidant compounds,
particularly in matrices such as wine [8]. Dr. Leighton focused his studies on the effects
of moderate alcohol consumption, especially wine, on cardiovascular health and various
metabolic markers [37]. These common themes led to collaborations between Dr. Lissi
and Dr. Leighton on the relationship between wine antioxidants and markers such as LDL
cholesterol [38]. A close collaboration between Dr. Speisky and Dr. Lissi is also observed,
focused on the development of methodologies to measure antioxidant activity and to study
relevant radical reactions in biological systems [39].

3.4.2. Authorship Analysis of the 2005-2009 Period

During the period 2005-2009, the main contributors to the study of antioxidants in
Chile were Dr. Herndn Speisky (UChile, 9 articles, 253 citations), Dr. Claudio Olea-Azar
(UChile, 5 articles, 332 citations), Dr. Camilo Lépez-Alarcén (PUC, 19 articles, 529) and
Dr. Alexis Aspee (USACH, 13 articles, 237 citations). The interaction map reveals rele-
vant collaborations between Dr. Speisky and Dr. Olea-Azar, focused on the evaluation of
the antioxidant and pro-oxidant behavior of sulfur amino acids and copper ions by EPR
spectroscopy [40]. Likewise, Dr. Olea-Azar and Dr. Lépez-Alarcéon worked on method-
ologies to measure antioxidant activity against free radicals [41], while Dr. Speisky and
Dr. Lépez-Alarcén collaborated in the evaluation of synthetic compounds with protective
potential against oxidative damage [42]. Finally, the collaboration between Dr. Lopez-
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Alarcéon and Dr. Aspee was oriented to analyze natural compounds and their derivatives
from a physicochemical approach, contributing to the understanding of their antioxidant
properties [43].
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Figure 3. Evolution of authors and their collaborative networks in the study of antioxidants in Chile.
(a) 2000-2004; (b) 2005-2009; (c) 2010-2014; (d) 2015-2019; (e) 2020-2024 (Full-size resolutions of each
period are in the Supplementary Materials).

3.4.3. Authorship Analysis of the 2010-2014 Period

In this five-year period, four main clusters of scientific collaboration were identified,
in which Dr. Herndn Speisky (UChile, 19 articles, 819 citations), Dr. Claudio Olea-Azar
(UChile, 16 articles, 546 citations) and Dr. Camilo Lépez-Alarcén (PUC, 20 articles, 334 ci-
tations) continue to be the most prolific researchers, in line with the productivity already
evidenced in the previous period. However, the incorporation of Dr. Fernanda Pérez-Cruz
as a central figure in a fourth cluster stands out. Dr. Perez-Cruz (UChile, 6 articles, 282 cita-
tions), a former student of Dr. Olea-Azar, developed research on the antioxidant properties
of coumarins and coumarin-chalcone hybrids, in collaboration with Dr. Eugenio Uriarte
(5 articles, 297 citations) and Dr. Lourdes Santana (5 articles, 297 citations), both members of
the “I + D Farmacos” research group of the University of Santiago de Compostela (Spain).
This research also included bioenergetic applications in Trypanosoma cruzi, in collaboration
with Dr. Juan D. Maya (UChile, 5 articles, 263 citations) [44].

3.4.4. Authorship Analysis of the 2015-2019 Period

As mentioned in Section 3.2, during this period there was a marked expansion of
international collaborations of academics and researchers affiliated to Chilean institutions, a
phenomenon that could be linked to the return of professionals who pursued postgraduate
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studies (masters and doctorate) thanks to the Becas Chile program [45]. The following is an
analysis of the leading authors in each of the identified clusters.

The most prolific author was Dr. Guillermo Schmeda-Hirschman (UTalca), with
29 publications and 866 citations. His research focuses on the characterization of antioxidant
properties of natural extracts using HPLC techniques [46], and on ethnopharmacological
studies associated with antioxidant processes [47].

In second place is Dr. Antonio Vega-Galvez (Universidad de La Serena, ULS), with
28 articles and 943 citations. His research deals with food science and technology, especially
the effects of different drying methods on antioxidant activity [48].

The third outstanding author is Dr. Mario ]. Simirgiotis, who during this period
moved from the Universidad de Antofagasta to UAustral. He published 22 articles and
accumulated 869 citations, focusing on the use of HPLC coupled to high resolution mass
spectrometry for the identification of natural compounds [49]. It should be noted that
her postdoctoral training (2007-2008) at the University of Talca, under the direction of Dr.
Schmeda-Hirschman, influenced the similarity of her lines of research.

In fourth position is Dr. Marjorie Reyes-Diaz (UFRO), with 18 articles and 432 citations.
She leads the Plant Ecophysiology group, focused on the mechanisms of response to abiotic
stress and its effects on enzymatic and non-enzymatic antioxidant systems [50].

In fifth place is Dr. Catalina Carrasco-Pozo, with 15 publications and 663 citations.
Her line of research addresses oxidative stress associated with chronic diseases, and the
protective potential of natural antioxidants [51]. Dr. Carrasco-Pozo was also a prominent
author in the five-year period 2010-2014, maintaining an academic link with Dr. Herndn
Speisky, who directed her undergraduate (2005) and PhD thesis (2010).

Among the prominent authors is also Dr. Paz Robert (UChile), with 13 articles and
389 citations. Her research is oriented to the use of encapsulation technologies of ac-
tive compounds, such as antioxidants, to improve their bioavailability and nutritional
functionality [52].

Dr. Rodrigo Valenzuela (UChile) registered 11 publications and 730 citations, focusing
on the antioxidant effects of foods, especially fatty acids, on chronic diseases associated
with oxidative stress [53].

Finally, Dr. Claudia Mardones (UdeC) published 10 articles, accumulating 663 cita-
tions. Her work focuses on the identification of active compounds, such as antioxidant
polyphenols, by HPLC-MS and GC-MS from natural matrices [54].

3.4.5. Authorship Analysis of the 2020-2024 Period

During this period, some cluster leading authors remained the same as in the previ-
ous five-year period, with Dr. Mario J. Simirgiotis (UAustral), Dr. Guillermo Schmeda-
Hirschman (UTalca), Dr. Rodrigo Valenzuela (UChile), Dr. Antonio Vega-Gélvez (ULS)
and Dr. Marjorie Reyes-Diaz (UFRO) standing out. However, thirteen new authors emerge
with significant scientific production within their respective clusters.

Among them are Dr. Romina Pedreschi and Dr. Cassamo Mussagy, both from the
Pontificia Universidad Catolica de Valparaiso (PUCV), with 29 and 16 articles published,
respectively, in the Web of Science database. Dr. Pedreschi investigates the antioxidant
properties of foods and their relationship with chronic diseases such as hypertension
and diabetes [55], while Dr. Mussagy focuses on the application of natural antioxidant
compounds in the agricultural and industrial sector [56].

Dr. Antonieta Ruiz and Ms.C. Jennie Risopatrén, both from UFRO, also stand out with
26 and 8 published articles, respectively. Dr. Ruiz studies natural antioxidant compounds
and their variability under abiotic stress [57], following the line of research of her doctoral
thesis director, Dr. Claudia Mardones (UdeC). Ms. C. Risopatrén is currently the director
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of the Centro de Biotecnologia de la Reproduccién (CEBIOR) [58], investigating the effect
of antioxidants on sperm functionality.

At the University of Santiago de Chile, Dr. Javier Echeverria (17 articles) and Dr.
Alejandra Torres (6 articles) stand out. Dr. Echeverria develops research in natural product
chemistry and its antioxidant applications against chronic diseases [59], while Dr. Torres
specializes in active packaging for foods that extend their shelf life [60].

In the Biobio region, Dr. Gustavo Cabrera-Barjas (UdeC) leads a cluster with 20 publi-
cations and more than 200 citations. His research focuses on the characterization of natural
polymers for biomedical applications [61]. In the same region, Dr. Carlos Céspedes (UBio-
Bio) stands out with 13 articles and 194 citations, investigating bioactive compounds of
natural origin with antioxidant properties [62].

Another relevant author is Dr. Adriano Costa de Camargo (UChile), with 18 articles
and 218 citations, focused on the identification of food antioxidants and their impact on
human health [63].

In the Valparaiso region, Dr. Paula Celis-Pla (Universidad de Playa Ancha) published
13 articles and accumulated 112 citations. Her line of research addresses the relationship
between environmental conditions and the enzymatic antioxidant system in algae [64]. In
this same region, Dr. Carlos Jara-Gutiérrez (13 articles, 55 citations) investigates bioactive
compounds and their relationship with redox imbalance and human health [65].

Finally, Dr. Mario Aranda (PUC) with 14 articles and 153 citations, and Dr. Shakeel
Ahmed (UAustral), with 12 articles and 373 citations, stand out. Both focus on the identifi-
cation of bioactive compounds using advanced analytical methodologies such as HPLC
coupled to mass spectrometry [66,67].

We have calculated the h-index [18] including all articles published between 2000 and
2024, which provides a value of h-index = 104. For the citation analysis, we considered
the three most cited articles within each period, and their citation record in the period
2000-2024, which are plotted in Figure 4.
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Figure 4. Citation trends of the three most cited articles in each five-year period from 2000 to 2024.
The y-axis represents the number of citations, ranging from 0 to 120—the highest value recorded
among the fifteen articles analyzed. Red bars indicate the most-cited article of each period, blue bars
represent the second most cited, and green bars correspond to the third most-cited article [28,68-81].
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All the articles represented in Figure 4 form part of the set of the twenty most cited
articles according to the h index corresponding to the period analyzed (h index equal to
104), with the sole exception of Sendra, M. et al., 2021 [81], which is placed in position
91 with a total of 117 citations accumulated between the years 2000 and 2024. If 2019 is
considered as a reference as a weighted temporal median, calculated based on the annual
production of articles, the papers with the highest number of citations during the first three
five-year periods can be considered as classics within the field. Among them are Urquiaga
et al., 2000; Evelson et al., 2001; Videla et al., 2004; Waterhouse et al., 2006; Saénz et al., 2009;
Vega Gélvez et al., 2009; Millaleo et al., 2010; Ranilla et al., 2010; Rodrigo et al., 2013; Ince
et al., 2016; Barrat et al., 2017; Miller et al., 2017; Chiarello et al., 2020; Salehi et al., 2020;
and Sendra et al., 2021 [28,68-81].

3.5. Leading Journals in the Antioxidant Field

Bradford’s law was used to identify the most influential journals in the field of an-
tioxidant research. This law states that a small number of journals account for most of the
relevant scientific output in a specific area. At the same time, the rest is scattered across a
growing number of publications with less frequent significant contributions.

Research related to the study of antioxidants (n = 3190 articles) was analyzed according
to the scientific journal in which it was published (Table 3). The results were ordered from
highest to lowest percentage of contribution, and the journals located in the first third of
this distribution are the core or heart of research in this field.

Table 3. Journals from the research core in the study of antioxidants in Chile.

Entry Journal Publisher Impazcotzl;actor Q2 Category P Perc. © PTd
Biochemistry & Molecular
1 Molecules MDPI 42 Q2 Biology/Chemistry, Multidisciplinary 3.54 OA
S Biochemistry & Molecular
2 Antioxidants MDPI 6.0 Q1 Biology,/Chemistry, Medicinal 3.29 OA
. . Chemistry, Applied/Food Science &
3 Food Chemistry Elsevier 8.5 Q1 Technology /Nutrition & Dietetics 2.79 Hy
4 Plants-Basel MDPI 4.0 Q1 Plant Sciences 1.94 OA
Journal of the Chilean Sociedad Chilena . R,
5 Chemical Society de Quimica 13 Q3 Chemistry, Multidisciplinary 1.72 OA
6 Foods MDPI 4.7 Q1 Food Science & Technology 1.60 OA
Boletin Latinoamericano y .
. . Integrative & Complementary
7 del Caribe de Plantas MS-Editions 0.7 Q4 . 1.50 OA
Medicinales y Aromaticas Medicine/Pharmacology & Pharmacy
8 Food Research International Elsevier 7.0 Q1 Food Science & Technology 1.19 Hy
9 L‘;Vrtld_"l;:ﬁldngféegr;ce Elsevier 6.0 Q1 Food Science & Technology 1.19 OA
International Journal of : . :
10 Molecular S]ciences MDPI 4.9 Q1 Biochemistry & Molecular Biology 1.10 OA
Sociedad Biologica
11 Biological Research de Chile/BioMed 4.3 Q1 Biology 1.03 OA
) Central ) o )
12 Journal of Agricultural and American of 5.7 Q1 Agriculture, Multidisciplinary / Chemistry, 0.97 Hy
Food Chemistry Chemical Society Applied/Food Science & Technology
13 Plos One Pubshc_ Library 2.9 Q1 Multidisciplinary Sciences 0.97 OA
cience
Industrial Crops . . . .
14 and Products Elsevier 5.6 Q1 Agricultural Engineering/ Agronomy 0.88 OA
15 Frontiers in Plant Science Frontiers Media SA 4.1 Q1 Plant Sciences 0.85 OA
Free Radical Biology . Biochemistry & Molecular
16 and Medicine Elsevier 71 Ql Biology/Endocrinology & Metabolism 082 Hy
Chilean Journal of Instituto de
17 Aericul Investigaciones 15 Q2 Agriculture, Multidisciplinary 0.78 OA
gricultural Research Agropecuarias
18 Food Bioscience ElIs)evier 4.8 Q1 Food Science & Technology 0.78 Hy
ournal of Soil Science and . N
19 J Plant Nutrition Springer 3.4 Q1 Plant Sciences 0.78 Hy
20 Agronomy-Basel MDPI 3.3 Q1 Agronomy /Plant Sciences 0.72 OA
21 Journal of Food Processing Wiley-Hindawi 2.0 Q3 Food Science & Technology 0.72 OA
and Preservation
2o Journal of the Science of Food Wiley 3.3 Q1 Agriculture, Multidisciplinary 0.72 Hy

and Agriculture
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Table 3. Cont.

Entry Journal Publisher Impazcgzl;actor Q2 Category ? Perc.© PTd

23 Journal of Applied Phycology Springer 2.8 Q1 Marine & Freshwater Biology 0.69 Hy
International Journal of Biochemistry & Molecular

24 Biological Macromolecules Elsevier 7.7 Q1 Blplogy / Chenustr.y, 0.66 Hy
) Applied /Polymer Science

25 Plant P hyswl.ogy and Elsevier 6.1 Q1 Plant Sciences 0.66 Hy

Biochemistry
26 Horticulturae MDPI 3.1 Q1 Horticulture 0.63 OA
Total 32.52

Q? = Best quartile reported by Web of Science according to 2023 statistics. Category = Category corresponds to
the best quartile reported by Web of Science according to 2023 statistics. Per © = Percentage according to the total
number of articles analyzed (3190 published articles). P.T. d = Publication type: Subscription (S), Hybrid (Hy), or
Open Access (OA).

Table 3 shows that the journals with the highest incidence in the area are Molecules,
Antioxidants, Food Chemistry, Plants (Basel), and Journal of the Chilean Chemical Society.
Three of these belong to MDPI (Multidisciplinary Digital Publishing Institute), while the
other two are associated with Elsevier and the Chilean Chemical Society, respectively.

The strong presence of MDPI journals in this field could be explained by their relatively
short review times (15 to 19 days on average), coupled with their Open Access publication
format. However, the Article Processing Charges (APC) associated with these journals
range between 2700 and 2900 CHF [82-84], which represents up to 77% of the annual
budget of a FONDECYT Postdoctoral project, 14.5% of a FONDECYT Initiation project
and 7% of a FONDECYT Regular project, considering the maximum amounts allocated by
ANID in the category of operational expenses [85-87]. This situation has raised concerns
about the efficient use of public resources, especially considering that 36% of the articles
published by Chilean authors are financed with public funds [88].

In contrast, the journal Food Chemistry has an average review time of 91 days, ap-
proximately six times longer than that of MDPI journals. However, this journal allows
publication under the subscription model (at no cost to the author) and offers the Open
Access option at a cost of 4930 USD [89], which is up to 1.5 times higher than the average
value of MDPI journals. Despite this, Chilean researchers continue to publish in traditional
journals such as those published by Elsevier (founded in 1840), which may be explained by
their long-standing reputation and prestige within the scientific community, in contrast to
MDPI (founded in 1996).

The Journal of the Chilean Chemical Society has a lower impact factor (IF = 1.3, Q3),
and does not state its average review time. However, it offers free publication under a
Creative Commons Attribution Non-Commercial Share Alike 4.0 International (CC BY-
NC-5SA 4.0) license [90]. Despite its low IF, this journal records an important participation
of Chilean authors in studies on antioxidants, equivalent to 50% of the contribution of
Molecules (MDPI) and 70% of that of Food Chemistry (Elsevier).

Finally, when analyzing Table 3 according to the editorial modality (Open Access [OA],
Hybrid [Hy] and Subscription [S]), it is observed that 16 of the journals in the bibliographic
core use the Open Access model, representing 61.5%. This high proportion may be related
to the guidelines of the Open Science policy promoted by UNESCO [91].

3.6. Analysis of Keywords

The identification of keywords in research on the most used antioxidants in each
five-year period was carried out using Zipf’s law. This principle states that the frequency
of a word is inversely proportional to its rank in an ordered list of the most common words.
In other words, it can identify emerging words in the field of antioxidants, as shown in the
analysis below in Figure 5. When examining the distribution of keywords in each of these
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periods, a sustained increase is observed, from 12 keywords that are repeated at least five
times in the period 2000-2004, to 163 in the period 2020-2024. This increase is consistent
with the exponential expansion of research in the field of antioxidants, as shown in Figure 5.
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Figure 5. Keyword evolution and their relations in antioxidant studies. (a) 2000-2004; (b) 2005-2009;
(c) 2010-2014; (d) 2015-2019; (e) 20202024 (full-size resolution of each period are in the
Supplementary Materials).

3.6.1. Thematic Analysis of the 2000-2004 Period

During this period, two thematic clusters were identified: one focused on antioxidants
and the other led by the concept of oxidative stress. In the first cluster (green color), the key-
words “flavonoids”, “polyphenols”, “red wine”, and “ethanol” stand out, associated with
studies on the effects of moderate wine consumption on the improvement of biochemical
parameters in humans [37].

In contrast, the second cluster (red color), led by the keyword “oxidative stress”, is
related to terms such as “free radicals”, “lipid peroxidation”, “atherosclerosis”, “antiox-
idant” and “boldine”. Increased production of free radicals, especially reactive oxygen
species, causes an imbalance with the endogenous antioxidant system, a condition known
as oxidative stress. This phenomenon has been linked to the development of NCCDs, such
as atherosclerosis [92]. Interestingly, during this period, Chilean researchers studied the
beneficial effects of peumo (Peumus boldus Mol.) at the hepatic level, later extending these

studies to cardiovascular diseases such as atherosclerosis [93,94].
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3.6.2. Thematic Analysis of the 2005-2009 Period

During this period, five thematic clusters were identified, led by the keywords “oxida-
tive stress” (red color), “antioxidant” (yellow color), “polyphenols” (green color), “antioxi-
dants” (violet color) and “orac” (blue color).

The red cluster mainly groups keywords associated with the generation of oxidative
stress, such as “reactive oxygen species”, “lipid peroxidation” and “copper”. The latter
element is related to both gene expression and oxidative stress induction [95]. In contrast,
the second cluster, led by “antioxidant” (yellow color), integrates terms linked to oxidative
processes in food, such as “rancidity” and “oxidation”. Interestingly, the term “wine” also
appears in this cluster, which is associated with its influence on product quality [71].

The third cluster, headed by “polyphenols” and “flavonoids” (green color), reflects
the natural relationship between the two, as flavonoids are part of the broad family
of polyphenolic compounds. Within this group, Aristotelia chilensis (maqui) stands out,
linked to research on its antioxidant activity, evaluated by methodologies such as TBARS
(Thiobarbituric Acid Reactive Substances) in biological fluids, and DPPH (2,2-diphenyl-1-
picrylhydrazyl) in natural extracts and isolated compounds [96,97].

The purple cluster, headed by “antioxidants”, is related to terms such as “free radicals”
and “free radical scavengers”, in agreement with research in the medical field, especially
those focused on the reactivity of antioxidant compounds such as urocanic acid against
peroxyl radicals [98].

Finally, the blue cluster is led by the keyword “orac” (Oxygen Radical Absorbance
Capacity), a methodology widely used to evaluate antioxidant capacity and currently
considered as one of the most representative of oxidative processes at the physiological
level [99].

3.6.3. Thematic Analysis of the 2010-2014 Period

During this period there is an increase in the number of keywords with a frequency of
at least five occurrences per five-year period, from 24 in the period 2005-2009 to 47 in the
period 2010-2014, with most of the concepts addressed in the previous five-year period
remaining the same. In the cluster led by the keyword “oxidative stress”, the term “iron”
emerges as a relevant concept, given its participation in oxidative processes through the
Fenton reaction and its involvement in neurodegenerative diseases [100]. Likewise, the
words “hypoxia”, “melatonin” and “ascorbate” acquire importance, particularly due to
studies in the field of reproduction, where it has been shown that melatonin and ascorbate
mitigate the effects of oxidative stress [101].

It should be noted that in this period the antioxidant enzyme “superoxide dismutase”
(SOD), responsible for the dismutation of superoxide anion (O, ™) into hydrogen peroxide
(H,0,) and molecular oxygen (O,), appears for the first time [102].

The blue, green and yellow clusters—led by the keywords “ros” (acronym for reactive
oxygen species), “antioxidants” and “antioxidant activity”, respectively—are linked to
food terms such as “food composition”, “food analysis”, “quinoa”, “pigments”, “berries”,
“blueberry” and “bioactive compounds”. They are also related to antioxidant evaluation
methodologies such as “frap” (ferric reducing antioxidant power) and “total phenolics”, the
latter based on the Folin—Ciocalteu reagent to estimate the concentration of total phenolic
compounds [103].

The cluster headed by “polyphenols” is linked to “quercetin”, a flavonoid widely
recognized for its antioxidant activity [104], as well as to diterpene, although less frequently,
because certain diterpenes, such as rosmaridiphenol extracted from Rosmarinus officinalis,
exhibit phenolic structures and antioxidant activity [105].
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Similarly, the cyan cluster led by “flavonoids” groups terms such as “anthocyanins”
and “antifungal activity”, which reflects research focused on the use of antioxidant com-
pounds as an alternative for the control of Botrytis cinerea, a fungus of great impact on crops
of agricultural interest [106].

Finally, the purple cluster, headed by the keyword “vitamin c¢”, is related to food-
related terms. In this context, studies that evaluate the effect of “high hydrostatic pressure”
technology on food quality, measuring parameters such as “vitamin e” content and physical
properties such as “firmness”, stand out [107].

3.6.4. Thematic Analysis of the 2015-2019 Period

As previously described in Section 3.2, during this and the following period, there
was a marked expansion of the keywords used by the authors, which could be related to
the return of professionals who undertook postgraduate studies (master’s and doctoral)
thanks to the Chile Scholarship program [45]. This has made it possible to integrate
antioxidant research with other areas of study. During this five-year period, 80 keywords
were identified and analyzed in the context of each of the identified clusters.

e

Among the most relevant keywords in this cluster (red color) are “oxidative stress”, “in-
flammation”, “quercetin” and “nrf2”. These words reflect the relationship between chronic
inflammatory processes, a phenomenon that can be attenuated by the effect of the flavonoid
quercetin, which activates Nrf2, thus modulating the inflammatory response [108]. As a
complement to this cluster, four associated keywords emerge: “catalase”, “iron”, “cancer”
and “rat”. In this context, it has been documented that iron can catalyze the Fenton reaction,
generating hydroxyl radicals from hydrogen peroxide. However, this oxidizing agent can
be neutralized by the antioxidant enzyme catalase, whose regulation is altered in tumor
cells [109]. Interestingly, a single key word emerges that is directly linked to oxidative
stress: “immune response”. This relationship is based on the induction of antioxidant
enzymes—such as catalase, superoxide dismutase and glutathione peroxidase—which
contribute to mitigate oxidative damage [110].

In the case of the green color cluster, keywords are grouped that evidence studies ori-
ented to the search for new sources of natural compounds with antioxidant activity, mainly
in edible (Durvillaea antarctica and Pyropia orbicularis) and non-edible seaweed [111,112],
with potential applications NCCDs such as cancer and diabetes [113,114]. These investiga-

a7 i

tions are related to keywords such as “antarctica”, “antioxidant enzymes”, “extraction”,
“seaweeds”, “phlorotannins”, “pyropia” and “rhodophyta”. In addition, studies on the
environmental adaptability of algae have been developed, considering factors that affect
this process, such as photosynthesis and pigment content (e.g., phlorotannins), which
vary in response to UV radiation and temperature [115], in agreement with the keywords
“phlorotannins”, “photosynthesis” and “uv radiation”.

Although the keyword “fruit quality” is in the green cluster, it establishes a connection

v u

with the blue cluster, where terms such as “anthocyanins”, “antioxidant”, “Aristotelia
chilensis”, “maqui”, “blueberry”, “functional food”, and “oxidative damage” are grouped.
These keywords are associated with the study of antioxidants in food, in particular maqui
("Aristotelia chilensis”), a berry endemic to Chile and Argentina that contains anthocyanins
with recognized antioxidant activity, capable of preventing damage caused by oxidative
agents [116]. This cluster also includes the keywords “phytochemical stress” and “water
stress”, linked to research on the variation in the content of secondary metabolites under
different growth conditions [117].

The yellow cluster is composed of nine keywords, which are grouped into two thematic

subsets. The first includes the terms “phenols”, “propolis”, “lipid oxidation”, “dpph” and
“orac”, which are associated with the evaluation of the antioxidant activity of propolis
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by in vitro assays, such as the stable free radical 2,2-diphenyl-1-picrylhydrazyl (DPPH)
bleaching and the oxygen radical absorbance capacity (ORAC) method, as well as with its
effect on the prevention of lipid oxidation [118].

The second subset consists of the keywords: “antimicrobial”, “anti-inflammatory”,
“active packaging”, and again “propolis”. In this context, the antioxidant and antimicrobial
properties of propolis from different localities have been investigated, properties that can
be applied to the development of active packaging with the capacity to prolong the shelf
life of foods. The anti-inflammatory properties of propolis have been evaluated mainly in
animal models [119].

The orange cluster groups the keywords “antioxidant capacity”, “bioactive com-
pounds”, “metabolic syndrome” and “anti-inflammatory activity”. In this context,
metabolic syndrome is characterized by the presence of chronic inflammatory processes,
which can be attenuated using compounds with antioxidant activity, capable of neutralizing
reactive oxygen species [46].

Likewise, the keywords “dietary fiber” and “vacuum drying” are associated with
the term “antioxidant”, which is consistent with research focused on the study of edible
seaweeds as a source of bioactive compounds with antioxidant properties, and on the eval-
uation of the impact of different drying methods on their content and functionality [120].

The light blue cluster is made up of the following keywords: “antioxidant system”,
“fatty acids”, “hypoxia”, “maqui berry”, “melatonin”, “nitric oxide”, “phenolics” and
“RNA-seq”. Although they are all grouped within the same cluster, they can be organized
into three thematic triads.

The first triad includes “antioxidant system”, “fatty acids” and “phenolics”, and is
related to the study of phenolic compounds and fatty acids with antioxidant properties,
capable of mitigating the effect of reactive oxygen species such as free radicals [121].

The second triad is composed of “melatonin”, “hypoxia” and “nitric oxide”. In this
case, melatonin has been described to act as an antioxidant agent with cardioprotective
effects during acute hypoxia episodes, partly by enhancing nitric oxide bioavailability [122].

Finally, the third triad includes the keywords “RNA-seq”, “maqui berry” and “hy-
poxia”, and is associated with gene expression studies under hypoxia conditions in plants,
as well as the development of specific methodologies for RNA extraction in maqui (Aris-
totelia chilensis) fruits, which have a high concentration of antioxidant compounds that
make it difficult to obtain the genetic material [123,124].

The brown cluster groups the following keywords: “Alzheimer disease”, “astrocytes”,
“mitochondria”, “neuroprotection” and “reactive oxygen species”. This association reflects
the relevance of oxidative damage in the pathophysiology of Alzheimer’s disease, where
reactive oxygen species (ROS) play a central role. In this context, mitochondrial dysfunction
has been identified as a key factor in the generation of oxidative stress at the neuronal
level. Research linked to this cluster has focused on antioxidant protection strategies with
the aim of preserving neuronal viability and mitigating the impact of oxidative processes
on glial cells, especially astrocytes, which play a fundamental role in the homeostasis
of the central nervous system. Taken together, these studies have contributed to the
understanding of the molecular mechanisms involved in the development and progression
of neurodegenerative diseases, as well as to the identification of potential therapeutic
targets aimed at neuroprotection [125].

The purple cluster groups the keywords “antioxidant activity”, “essential oils”, “hplc”,
“Leptocarpha rivularis”, “lipid peroxidation” and “ros”. These terms are linked through
research aimed at identifying natural antioxidant agents and their potential application in
therapies for diseases such as cancer and Alzheimer’s [126,127]. This cluster also includes
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the keywords “supercritical extraction”, “astaxanthin” and “carotenoids”, which are as-
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sociated with studies focused on the selective extraction of antioxidant compounds, such
as astaxanthin and other carotenoids, using techniques based on supercritical fluids [128].
Taking together, these lines of research reflect the growing interest in advanced analytical
methods and bioactive compounds of natural origin with therapeutic potential in the
context of oxidative stress.

The pink cluster shows the associativity of the keywords “ascorbic acid”, “berries”,
“phenolic compounds”, “polyphenols” and “vitamin ¢”. This clustering is consistent
with research focused on the identification of phenolic compounds present in berries and
their potential nutritional benefit, particularly for their antioxidant capacity and their
contribution to the prevention of NCCDs [129].

The coral-colored cluster groups a triad of keywords composed of “flavonoids”, “gene
expression” and “phenolic acid”. These terms are interrelated because both flavonoids
and phenolic acids, in their role as antioxidant agents, have demonstrated the ability
to modulate gene expression. It has been described that these compounds can inhibit
the expression of the inducible enzyme nitric oxide synthase (iNOS or NOS-2), which is
associated with inflammatory processes and activation of the T cell-mediated immune
response [119].

The lime green cluster corresponds to a dyad of keywords: “erythrocyte membrane”
and “phospholipid bilayer”. Both are related to the study of antioxidants through their
protection against lipid peroxidation of cell membranes, especially those of erythrocytes,
against the action of reactive oxygen species (ROS) [130].

3.6.5. Analysis of the 20202024 Period

As observed in the previous periods, the evolution of the keywords provides relevant
information on the areas of knowledge that have been explored in the study of antioxi-
dants, with some terms remaining recurrent over time. In this context, the new keywords
identified in each cluster during this period were analyzed and discussed according to their
thematic grouping.

The red-colored cluster contains several keywords linked to oxidative stress, many of
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which are maintained from the previous period (e.g., “antioxidant enzymes”, “antioxidant
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peroxidation”, “reactive oxygen species”, “ros”, and “photosynthesis”). However, four
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cytotoxic activity”, “gene expression”, “oxidative damage”, “antarctica”, “lipid

subgroupings associated with different areas of knowledge were identified.
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The first is composed of the terms “antioxidant response”, “arbuscular mycorrhizal”,
“copper”, “cadmium”, and “selenium”, which reflect advances in the understanding of the
antioxidant response of organisms exposed to polluted environments [57].

The second group corresponds to the terms “abiotic stress”, “climate change”,
“drought stress”, “salinity” and “desalination”, which are related to alterations in the
antioxidant properties of various organisms—such as plants—in the face of the effects of
climate change [131].

A third grouping includes terms that, although not directly related to each other, are
connected to other clusters. For example, “cholinesterase inhibition” is linked to “hplc-ms”,
which is evidence of interest in the search for bioactive compounds of natural origin for the
treatment of Alzheimer’s disease [132]. On the other hand, the keyword “diet” relates to
“vitamin e”, highlighting the benefits of its consumption during gestation [133]. Finally,
“acrylamide” represents the concern for the toxic effects of this by—product of carbohydrate
cooking, and its potential inhibition by compounds with antioxidant properties [134].

The green color cluster groups several keywords related to antioxidant activity, which
can be organized into three main themes. The first corresponds to the development of food

preservation technologies aimed at preserving food quality, which is reflected in terms
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such as “color”, “postharvest” and “quality” [135]. In this same context, there is a growing
interest in characterizing the composition of different types of honey and its antibacterial
properties [136], which is reflected in the dyad of terms “honey” and “volatile compounds”.
In relation to the latter, recent research has focused on the design of functional materials
to enhance the biological properties of natural compounds (or extracts) using nanotechnol-
ogy. This approach seeks to enhance the antioxidant properties of such compounds, which is
reflected in key terms such as “chitosan”, “nanoparticles”, “toxicity” and “curcumin” [137].
On the other hand, during this period, and due to the growing demand for identifying
possible treatments against COVID-19, one of the lines of research addressed this issue
through the study of antioxidant compounds. This work was complemented using bioin-
formatics techniques, such as molecular docking and computational chemistry (Density
Functional Theory, DFT), with the aim of discovering potential sources of drugs of natural
origin. This trend is reflected in the appearance of keywords such as “COVID-19”, “SARS-
CoV-27, “dft” and “molecular docking”, which are also part of the green cluster [138].
The blue cluster groups several keywords related to studies in food science, many

v

of which are maintained from the period 2015-2019 (e.g., “extraction”, “polyphenols”,
“polysaccharides”, “active packaging”, “antifungal activity” and “spray drying”). How-
ever, in the present period there has been an intensification of research focused on the
preservation of food by means of intelligent packaging with antifungal activity, particularly
against gray mold. This line of research is reflected in terms such as “response surface” and
“Botrytis cinerea” [139].

Likewise, studies are identified that apply pharmaceutical technologies to improve
the distribution and bioavailability of bioactive compounds of natural origin, aimed at
the treatment of NCCDs [140]. This orientation justifies the presence of keywords such as
“biopolymers”, “encapsulation”, “microencapsulation”, “cholesterol”, “hydroxytyrosol”,
“in vitro digestion”, “diabetes” and “obesity” within the blue cluster. Interestingly, terms
related to advances in natural products are also identified, especially those using sustainable
extraction methods and their subsequent analysis by advanced instrumental techniques,
such as liquid chromatography coupled to mass spectrometry. This is reflected in the

v v

appearance of keywords such as “ultrasound”, “hplc-ms”, “mass spectrometry”, “ms” and
“green chemistry” [141].

The yellow cluster concentrates a large number of keywords that are maintained
from the previous period, many of them related to food research (“antioxidant activity”,

”ou ”oou /i

“antioxidant capacity”, “antioxidant”, “bioactive compounds”, “cold storage”, “drying”,
“fatty acids”, “dpph”, “orac”, “seaweeds”, “total phenols”, “tocopherols”) and others
related to fertility studies (“cryopreservation” and “melatonin”). However, there has been
an increase in studies on Prunus avium, a fruit whose commercial value as a Chilean export
product has been on the rise. In this regard, its physicochemical, sensory and nutritional
properties have been analyzed, in accordance with the presence of terms such as “sweet
cherry”, “fruit quality”, “plant nutrition”, “sensory analysis”, “physicochemical properties”
and “nutrition” [142,143]. In addition, the inclusion of the term “avocado” stands out,
linked to research aimed at the valorization of agroindustrial wastes as a potential source
of antioxidant compounds [144].

Two main themes are identified in the purple cluster: the first, related to studies on
antioxidant properties in foods; and the second, focused on the application of antioxidant
compounds in the field of aquaculture. In relation to the first theme, there is a group of
keywords reflecting research on the fruit of Vasconcellea pubescens (family Caricaceae) and
its packaging process, an aspect that is like what was observed in the previous period,
particularly in relation to the keyword “vacuum drying”. In this context, studies on

quinoa as a functional food emerged during the present period, which is reflected in terms
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such as “quinoa”, “protein”, “amino acid”, “secondary metabolites” and “bioactive” [55].
Complementing this line of research in food, studies on the content of heavy metals in
edible marine algae have also been reported [145].

On the other hand, research in aquaculture focused on the study of antioxidants has
focused on the use of antioxidant extracts and micronutrients incorporated in the diet of
fish cultured in aquaculture systems (mainly salmon and trout), with the aim of improving
their response to pathogens [146]. This research is reflected in the appearance of keywords
such as “aquaculture”, “flavonols”, “Atlantic salmon”, “rainbow trout”, “minerals” and
“vitamins”, all belonging to the purple cluster.

The light blue cluster presents three thematic subgroupings. The first is oriented to
functional food research, with emphasis on metabolic processes, and is related to terms

v

such as “astaxanthin”, “enzyme inhibition”, “functional food”, “phenolics”, “Phaseolus
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vulgaris”, “alpha-amylase” and “alpha-glucosidase”. The second grouping includes terms
associated with water stress (“water stress”, “Phaseolus vulgaris” and “potato”) and its link
to antioxidant activity. The third focuses on the valorization of agroindustrial wastes, with
terms such as “grape pomace”, “leaves” and “sustainability”.

In the first grouping, although several keywords are maintained from the previous
period, the inhibition of “alpha-amylase” and “alpha-glucosidase”, associated with the
prevention of metabolic syndrome, emerge as a focus of study [147]. As for the second
group, research has been conducted on the response of the antioxidant content of crops
such as beans and potatoes to water stress, showing a tendency to increase their antioxidant
properties [148,149]. Finally, in the third subgroup, studies have focused on the valorization
of agro-industrial residues, especially grape pomace, where possible applications have
been identified as inhibitors of enzymes related to type 2 diabetes mellitus [150].

The orange cluster groups several keywords linked to neurodegenerative diseases,
such as “sulforaphane”, “natural products”, “neuroprotection”, “Nrf2”, “aging”, “resver-
atrol”, “neuroinflammation”, “hippocampus” and “mitochondria”, some of which had
already been discussed in the previous period. However, terms such as “sulforaphane”,
“neuroinflammation”, “hippocampus” and “aging” appear as new additions and are es-
pecially related to Alzheimer’s disease. In this regard, the neuroprotective activity of
sulforaphane, a natural compound isolated from Brassica oleracea, has been studied, which
has demonstrated the ability to prevent mitochondrial dysfunction induced by Alzheimer’s
disease [151]. Resveratrol, another natural compound, has also been investigated as a poten-
tial inhibitor of cholinesterases, suggesting its possible use in the treatment of Alzheimer’s
disease [152,153].

In this same cluster, the keywords “anti-inflammatory” and “silver nanoparticles” are
identified, which are located at the boundaries with other clusters. These terms reflect
research developed in the field of nanotechnology applied to biomedical sciences, specifi-
cally in the synthesis of metal nanoparticles assisted by natural extracts with antioxidant
properties. This methodology is framed within the “green chemistry” approach, considered
a fundamental pillar for sustainability and the development of environmentally friendly
processes [154].

The brown cluster, led by the keyword “flavonoids”, is closely related to other terms
such as “alkaloids”, “antimicrobial activity”, “supercritical extraction”, “calafate” and “phe-
nolic acid”. These concepts are linked to the application of the supercritical fluid extraction
technique to obtain bioactive compounds from Berberis microphylla, commonly known as
calafate [155]. In the same line, this technique has been used for the extraction of carotenoids
from microalgae, which is reflected in the keywords: microalgae and carotenoids [156].
Notably, the keyword biorefinery emerges for the first time in this cluster, which evidences
the growing interest in the sustainable use of waste, particularly of agroindustrial origin, as
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a source of new natural bioactive compounds, providing added value to various productive
sectors [157].

The pink cluster groups keywords associated with research aimed at identifying nat-
ural compounds with potential application in the treatment of different types of cancer,
including “apoptosis”, “ascorbic acid”, “breast cancer”, “cancer”, “vitamin ¢” and “vita-
min e”. Among the types of cancer addressed during this five-year period by Chilean
researchers, breast cancer [158] and cervical cancer [62] stand out. However, this cluster
also incorporates the keywords “color” and “pregnancy”, which are associated with “vi-
tamin e” and “ascorbic acid”, respectively. The term “color” is linked to studies in food
science [159], while pregnancy is related to research on the physiological role of vitamin E
during pregnancy, particularly for its role in the prevention of lipid peroxidation of cell
membranes and its participation in vitamin C regeneration [133].

The coral-pink cluster groups keywords related to berries, such as “Aristotelia chilensis”,
“Berberis”, “Berberis microphylla”, and “Vaccinium corymbosum”, as well as to inflamma-
tory diseases and cancer, represented by the term “HT-29”. Research associated with this
set of terms is aimed at valuing the nutraceutical potential of these fruits, particularly
in the treatment of inflammatory bowel diseases, such as ulcerative colitis (inflamma-
tory bowel disease), through the antioxidant action of anthocyanins and related phenolic
compounds [160,161].

The lime green cluster consists of the keywords “enzymatic hydrolysis”, “exopolysac-
charide” and “metabolites”, all of which are linked to the term “antioxidant activity”. This
association reflects research in the food area, where enzymatic hydrolysis is used as a tool
for the discovery of new substances with antioxidant activity [162]. In particular, the key-
word “exopolysaccharide” is related to studies focused on the inhibition of bacterial biofilm
formation [163], while “metabolites” appears cross—cutting in multiple investigations
focused on the identification of natural compounds with antioxidant properties.

The clear cobalt cluster is composed of the dyad of keywords “microwave” and
“phenolic compounds”, which are associated with the use of microwave technology to
optimize processes such as the drying of plant material, with the aim of preserving its
antioxidant properties [164].

Finally, the light-yellow cluster contains a single keyword: “metabolism”, which is
linked to two central terms of the period analyzed: “antioxidant” and “oxidative stress”.
This cluster is related to food consumption and its effects on the development of NCCDs.
For example, a high-fat diet has been reported to be associated with conditions such as
hepatic steatosis, oxidative stress, and mitochondrial dysfunction [165], all early indicators
of possible nonalcoholic fatty liver disease.

The thematic analysis based on Web of Science Micro Topics (Figure 6) identified
several areas of research that, although not among the most prevalent worldwide, have
a prominent presence in the Chilean context. These include the topics “Postharvest Fruit
Quality (Code: 3.4.413)”, “Carotenoids (Code: 3.171.1011)”, “Advanced Food Drying (Code:
3.85.554)”, and “Marine Algae (Code: 3.2.509)”, which do not appear among the main Micro
Topics at the global level. This peculiarity suggests the existence of locally specialized
lines of research, possibly linked to the country’s agroclimatic conditions, its marine and
terrestrial biodiversity, or the productive focus of its agricultural and food sectors. The
exclusive presence of these topics in national scientific production highlights consolidated
or emerging thematic niches, which could represent a comparative advantage for the
development of applied research with territorial relevance and international projection.
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Figure 6. Web of Science Micro Topics (2020-2024). (a) Chile; (b) all countries.

3.7. Antioxidant Research in Preclinical and Clinical Studies

Considering contemporary research conducted in Chile in the field of antioxidants,
corresponding to the periods 2015-2019 and 2020-2024, significant progress has been ob-
served in both preclinical studies in murine models and clinical trials in humans. These
studies have demonstrated promising effects in the prevention and treatment of chronic
diseases such as hypertension, metabolic syndrome, diabetes, cancer, and cardiovascular
dysfunction. Taken together, the accumulated evidence supports the central role of oxida-
tive stress as a common pathophysiological mechanism in these pathologies, as well as the
therapeutic potential of antioxidant compounds in their regulation.
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3.7.1. Analysis of the 2015-2019 Period

The search conducted in the PubMed database for the period considered yielded a total
of 543 records. After applying filters by species, 163 studies in humans and 169 in animal
models were identified, resulting in a total of 298 unique records. According to the clinical
classification of the studies, 15 clinical trials without duplicates were identified, broken
down into one phase I clinical trial and 14 randomized controlled trials. Additionally, one
veterinary clinical trial was included (see Table S1).

In general terms, the articles published during this period highlighted the benefits
of various antioxidant compounds in the treatment of chronic diseases. For example, in
a model of high blood pressure in rats, the effect of treatment with ascorbic acid was
evaluated, with a significant improvement in vascular contractility observed, attributable to
increased bioavailability of nitric oxide (NO), reinforcing the association between oxidative
stress and vascular damage in high blood pressure [166].

In the field of oncology and immunometabolic dysfunction, a clinical trial evaluated
the effects of Ganoderma lucidum and Ceratonia siliqua in women with fibromyalgia,
reporting significant improvements in physical capacity only in the group treated with
G. lucidum, a finding that could be linked to its antioxidant and immunomodulatory
properties [167]. On the other hand, supplementation with docosahexaenoic acid (DHA) in
athletes showed modulation of exercise-induced proinflammatory cytokine production,
suggesting a possible role in controlling chronic inflammatory processes associated with
metabolic diseases [168].

Another clinical study reported that patients undergoing cardiac surgery and supple-
mented with omega-3 fatty acids and antioxidant vitamins maintained connexin distribu-
tion, partially reducing the incidence of postoperative atrial fibrillation. However, some
molecular changes were not completely reversed, indicating that antioxidants could act as
a therapeutic adjunct, although they do not replace other clinical strategies [169].

The clinical trials also covered a wide variety of antioxidant interventions and target
populations. Metabolic syndrome was one of the most frequently addressed conditions.
In the PREDIMED study, it was shown that a Mediterranean diet enriched with extra
virgin olive oil or walnuts increased the plasma activity of antioxidant enzymes such as
catalase and superoxide dismutase, and reduced xanthine oxidase activity [170]. Similarly,
consumption of grape pomace flour and standardized maqui extract produced benefits in
adults with cardiometabolic risk factors, including reductions in oxidized LDL, triglyceride,
and blood pressure levels [171]. Similar results were observed in a preclinical study with
rats fed grape pomace flour [172].

3.7.2. Analysis of the 2020-2024 Period

During this period, the PubMed search yielded a total of 834 records. After applying
filters by species, 170 studies in humans and 172 in animal models were identified, resulting
in a total of 291 unique records. In terms of the clinical nature of the studies, five clinical
trials were identified, all of which were randomized controlled trials. Unlike the previous
period, no veterinary clinical trials were recorded (see Table S1).

In terms of the topics addressed, a consistent line of research focused on metabolic
syndrome was maintained. One of the notable studies evaluated the effects of daily
consumption of bread enriched with (—)-epicatechin and quercetin for three months. The
findings revealed significant reductions in plasma lipid levels, fasting glucose, and cellular
alterations, supporting the antioxidant effect of these flavonoids at both clinical and cellular
levels [173].

In the oncology context, a combined therapeutic strategy based on carvedilol and do-
cosahexaenoic acid (DHA) is currently being evaluated to mitigate subclinical cardiotoxicity
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in breast cancer patients treated with anthracyclines. This approach reflects the growing
interest in strengthening endogenous antioxidant defenses against chemotherapy-induced
damage [174].

On the other hand, a study focused on changing eating habits showed that regular
consumption of quinoa-based cookies, rich in bioactive compounds with antioxidant
properties, significantly reduced several cardiovascular risk factors. Among the effects
observed were decreases in total cholesterol, LDL, body weight, and body mass index (BMI)
in older adults, suggesting a moderate cardioprotective effect [175].

Finally, a recent clinical study demonstrated that the combined administration of
honey and Nigella sativa (HNS), both with recognized antioxidant properties, significantly
reduced the duration of symptoms, accelerated viral clearance, and decreased mortality in
patients with moderate and severe COVID-19, with no adverse effects associated with the
treatment reported [176].

4. Conclusions

This bibliometric analysis made it possible to characterize the evolution of scientific
research on antioxidants in Chile during the last 25 years. A sustained growth in scientific
production was observed, with an exponential trend that evidences the growing interest in
this area of study.

Likewise, a solid international collaboration was identified, particularly with insti-
tutions in Europe, the United States, and Latin America. This cooperation has been con-
solidated and expanded over time, especially since 2015, driven by academic mobility
programs and national and international funding mechanisms.

Among the most relevant Chilean institutions in this line of research are the Universi-
dad de Chile, the Pontificia Universidad Catélica de Chile, the Universidad de Santiago de
Chile and the Universidad de Concepcién. The Universidad de Chile and the Pontificia
Universidad Catoélica de Chile have led research focused on antioxidant compounds of nat-
ural origin and their potential application in the prevention and treatment of NCCDs, such
as diabetes, cardiovascular, and neurodegenerative diseases. For its part, the University of
Santiago de Chile has moved from a physicochemical approach to biomedical applications
of natural compounds with antioxidant activity.

In terms of individual scientific productivity—and using 2019 as the median publi-
cation year for the period 2000-2024—three researchers with an outstanding track record
in the field of antioxidants were identified: Dr. Antonio Vega-Gélvez (Universidad de
La Serena), Dr. Guillermo Schmeda-Hirschman (Universidad de Talca), and Dr. Mario ]J.
Simirgiotis (Universidad Austral de Chile). It should be noted that none of these researchers
are affiliated with the most prolific institutions in the country, which suggests a remarkable
effort by individuals and their research teams to maintain active lines of research, adapt to
new scientific challenges, and contribute to the advancement of knowledge in this area.

The most relevant keywords identified include “bioactive compounds”, “polyphe-
nols”, “flavonoids” and “reactive oxygen species”. These terms reflect both traditional
applications of antioxidants, associated with chronic disease prevention, and more re-
cent approaches linked to the impact of climate change on the antioxidant content of
living organisms.

Taken together, these findings demonstrate the sustained commitment of the Chilean
scientific community to expand knowledge about antioxidants and their impact on public
health. They also highlight the importance of international collaboration networks to
promote scientific research in this field.

Although this bibliometric study provides a comprehensive view of the evolution
of research on antioxidants in Chile during the last 25 years, it has some limitations that
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should be considered. First, the analysis is based exclusively on publications indexed
in specific databases, which could leave out relevant research published in local or non-
indexed journals. In addition, the quantitative approach of bibliometric analysis does not
allow for an in-depth evaluation of the methodological quality or clinical impact of the
studies reviewed. Neither were the trajectories of academic training nor the structural
conditions that sustain research productivity in the different institutions addressed, which
could enrich the understanding of the national context.

From the findings of this study, several lines of future research emerge. One of them
is the qualitative analysis of the content and approach of the most-cited articles, which
would allow us to identify the main conceptual and technological advances in research
on antioxidants. Likewise, it would be pertinent to explore the link between scientific
production and public health policies in Chile, especially regarding the prevention of
chronic diseases. Another relevant line would be the study of knowledge transfer to
the productive sector, especially in the agri-food and pharmaceutical industries. Finally,
considering the impact of climate change mentioned in the emerging keywords, it is
suggested to deepen the interdisciplinary research that analyzes the variability in the
antioxidant content of native species in the face of changing environmental scenarios.
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