International Journal of

Molecular Sciences

Special Issue Reprint

The Role of Carotenoids in
Health and Disease

Edited by
Nikolay E. Polyakov and Lowell D. Kispert

mdpi.com/journal/ijms

WVI\DPI

F




The Role of Carotenoids in Health and
Disease






The Role of Carotenoids in Health and
Disease

Guest Editors

Nikolay E. Polyakov
Lowell D. Kispert

F
rM\D\Py Basel o Beijing ® Wuhan e Barcelona e Belgrade ¢ Novi Sad e Cluj ¢ Manchester
/



Guest Editors

Nikolay E. Polyakov Lowell D. Kispert
Institute of Chemical Kinetics Department of Chemistry
and Combustion University of Alabama
Russian Academy of Sciences Tuscaloosa

Novosibirsk USA

Russia

Editorial Office

MDPI AG

Grosspeteranlage 5
4052 Basel, Switzerland

This is a reprint of the Special Issue, published open access by the journal
International Journal of Molecular Sciences (ISSN 1422-0067), freely accessible at: https://www.
mdpi.com/journal/ijms/special_issues/YKFB4DDCZ1.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-7038-7 (Hbk)
ISBN 978-3-7258-7039-4 (PDF)
https://doi.org/10.3390/books978-3-7258-7039-4

© 2026 by the authors. Articles in this reprint are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The reprint as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license (https:/ /creativecommons.org/licenses/by-nc-nd /4.0/).



Contents

Aboutthe Editors . . . . . . . . . . . vii
Preface . . . . . . . . e ix

Nikolay E. Polyakov and Lowell D. Kispert
Special Issue “The Role of Carotenoids in Health and Disease”
Reprinted from: Int. J. Mol. Sci. 2025, 26, 11050, https:/ /doi.org/10.3390/ijms262211050 . . . . . 1

Nikolay E. Polyakov, A. Ligia Focsan, Yunlong Gao and Lowell D. Kispert

The Endless World of Carotenoids—Structural, Chemical and Biological Aspects of Some Rare
Carotenoids

Reprinted from: Int. J. Mol. Sci. 2023, 24, 9885, https:/ /doi.org/10.3390/1jms24129885 . . . . . . 7

Wenjing Su, Wenhao Xu, Enshuo Liu, Weike Su and Nikolay E. Polyakov

Improving the Treatment Effect of Carotenoids on Alzheimer’s Disease through Various
Nano-Delivery Systems

Reprinted from: Int. J. Mol. Sci. 2023, 24, 7652, https:/ /doi.org/10.3390/1jms24087652 . . . . . . 26

Marta Pasenkiewicz-Gierula, Jakub Hryc and Michal Markiewicz

Dynamic and Energetic Aspects of Carotenoids In-and-Around Model Lipid Membranes
Revealed in Molecular Modelling

Reprinted from: Int. J. Mol. Sci. 2024, 25, 8217, https:/ /doi.org/10.3390/ijms25158217 . . . . . . 41

Tomas Gabriel Bas

Bioactivity and Bioavailability of Carotenoids Applied in Human Health: Technological
Advances and Innovation

Reprinted from: Int. J. Mol. Sci. 2024, 25, 7603, https:/ /doi.org/10.3390/1jms25147603 . . . . . . 58

Galina Brychkova, Cleiton Lourenco de Oliveira, Luiz Antonio Augusto Gomes, Matheus de
Souza Gomes, Antoine Fort, Alberto Abrantes Esteves-Ferreira, et al.

Regulation of Carotenoid Biosynthesis and Degradation in Lettuce (Lactuca sativa L.) from
Seedlings to Harvest

Reprinted from: Int. J. Mol. Sci. 2023, 24, 10310, https:/ /doi.org/10.3390/ijms241210310 . . . . . 90

Beata Tatarowska, Dorota Milczarek and Jarostaw Plich

The Content of Total Carotenoids, Vitamin C and Antioxidant Properties of 65 Potato Cultivars
Characterised under the European Project ECOBREED

Reprinted from: Int. J. Mol. Sci. 2023, 24, 11716, https:/ /doi.org/10.3390/ijms241411716 . . . . . 110

Laura Zamudio-Chavez, Elizabeth Suesca, Gerson-Dirceu Lépez, Chiara Carazzone, Marcela
Manrique-Moreno and Chad Leidy

Staphylococcus aureus Modulates Carotenoid and Phospholipid Content in Response to
Oxygen-Restricted Growth Conditions, Triggering Changes in Membrane Biophysical Properties
Reprinted from: Int. J. Mol. Sci. 2023, 24, 14906, https:/ /doi.org/10.3390/ijms241914906 . . . . . 124

Malgorzata Rozanowska, Ruth Edge, Edward J. Land, Suppiah Navaratnam, Tadeusz Sarna

and T. George Truscott

Scavenging of Cation Radicals of the Visual Cycle Retinoids by Lutein, Zeaxanthin, Taurine, and
Melanin

Reprinted from: Int. J. Mol. Sci. 2025, 25, 506, https:/ /doi.org/10.3390/ijms25010506 . . . . . . . 142






About the Editors

Nikolay Polyakov

Nikolay Polyakov is an academic researcher from the Institute of Chemical Kinetics and
Combustion, Russian Academy of Sciences, Novosibirsk, Russia. Dr. Polyakov is now the head of the
Laboratory of Magnetic Phenomena at the same institute. He is interested in understanding the role of
free radicals in biology and medicine. He has contributed to research in topics including carotenoids;
drug delivery systems; spin chemistry; free radicals; antioxidant activity; electron transfer; and
membrane biophysics. He has an h-index of 33 and has co-authored 163 publications. Dr. Polyakov
holds a PhD in Physics and a doctoral degree in Chemistry from the Institute of Chemical Kinetics and
Combustion, Russia. After his PhD, he worked as a postdoctoral fellow at the National Industrial
Research Institute of Nagoya, Japan. From 1997 to 2014, he was a visiting Professor at the University
of Alabama (USA) and the University of Utah (USA). He is also an Honored Professor of Zhejiang
University of Technology (China).

Lowell Kispert

Lowell Kispert is a Professor Emeritus at the Department of Chemistry and Biochemistry, University
of Alabama, Tuscaloosa, USA. He is interested in understanding the energy transfer between carotenoids
and chlorophyll, as well as the structure of carotenoids’ excited states, radical cations, and triplet states.
He holds a PhD in Chemistry from Michigan State University, USA. He has contributed to research in
topics including carotenoids; electron transfer; carotenoid radicals; electron paramagnetic resonance; and
DFT. He has an h-index of 43 and has co-authored 249 publications.

vii






Preface

Carotenoids are naturally occurring pigments found in most fruits and vegetables, plants, algae,
and photosynthetic bacteria, and have a range of functions in human health. They primarily exert
antioxidant effects, but individual carotenoids may also act through other mechanisms. Recently,
significant research has focused on the reactions between carotenoids and free radicals and the
ability of carotenoids to prevent the development of diseases caused by toxic free radicals. One
factor contributing to the development of various diseases, including infarction, cerebral thrombosis,
and tumors, has been attributed to the action of free radicals and toxic forms of oxygen. No less
significant are the membrane-stabilizing and immunostimulating functions of carotenoids, as well as
their pro-vitamin A activity. At the same time, the widespread practical application of carotenoids as
antioxidants or food colorants is substantially hampered by their hydrophobic properties, instability
in the presence of oxygen, and high photosensitivity. Applying carotenoids in pharmaceutical
contexts requires a chemical delivery system that overcomes the problems related to the parenteral
administration of highly lipophilic, low-molecular-weight compounds.

This Reprint—entitled “The Role of Carotenoids in Health and Disease” and published by the
International Journal of Molecular Sciences—includes contributions that assess state-of-the-art research as
well as future developments in the field of carotenoid studies. Topics include, but are not limited to,
the health benefits of carotenoids, the antioxidant activity of carotenoids, carotenoids in eye diseases,
supramolecular complexes of carotenoids, carotenoid-membrane interactions, etc. We believe that
this Reprint will be interesting to specialists in life sciences, including supramolecular and physical

chemistry, biophysics, medicine, nutrition, and pharmacology.

Nikolay E. Polyakov and Lowell D. Kispert
Guest Editors
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Carotenoids represent a ubiquitous and critically important class of natural isoprenoid
pigments, synthesized de novo by plants, algae, and photosynthetic bacteria [1-3]. Their
vibrant red, orange, and yellow hues are not merely for aesthetic purposes; they play
fundamental roles in photoprotection and light harvesting within photosynthetic organisms.
In the realm of human health, the biological significance of carotenoids, which must be
acquired through the diet, has expanded far beyond their initial recognition. This Special
Issue, entitled “The Role of Carotenoids in Health and Disease,” features a collection
of articles that describe cutting-edge research and emerging developments in this field.
Topics covered include the features of biosynthesis and degradation of carotenoids; the
health benefits and antioxidant functions of carotenoids; their application in cancer, and
cardiovascular diseases; interaction of carotenoids with lipid membranes; and the use of
various delivery systems to enhance the stability and bioavailability of carotenoids.

While the primary role of carotenoids is its potent antioxidant activity, encompassing
the ability to quench singlet oxygen and scavenge peroxyl radicals, this is only one facet of a
complex physiological profile. Individual carotenoids, such as (3-carotene, x-carotene, and
-cryptoxanthin, function as crucial provitamin A precursors, which are metabolized into
retinal and retinoic acid, compounds essential for vision, cell differentiation, and immune
function. Beyond this, specific carotenoids like lutein and zeaxanthin accumulate in the
macula lutea, protecting the retina from phototoxic blue light, while others demonstrate
functions in cell membrane stabilization by influencing lipid packing and fluidity and in
direct immune modulation by influencing lymphocyte proliferation and cytokine signaling.
This multifaceted bioactivity has led to intensive research into their therapeutic potential,
particularly concerning their interactions with free radicals. A growing body of evidence
underscores their potential to mitigate the pathogenesis of major diseases, including my-
ocardial infarction, cerebral thrombosis, and various neoplasms [3-5]. The common thread
linking these conditions is the pervasive damage inflicted by reactive oxygen species (ROS)
and oxidative stress on cellular lipids, proteins, and DNA. Carotenoids, acting as a first
line of defense, offer a compelling nutritional strategy to modulate these pathways and
potentially slow disease progression.

However, a profound paradox exists between the demonstrated therapeutic potential
of carotenoids and their viable pharmaceutical application. This “carotenoid conundrum”
is rooted in a suite of challenging inherent physicochemical properties:

- Extreme lipophilicity: Their highly hydrophobic, long conjugated polyene chain
renders them virtually insoluble in aqueous biological fluids, leading to poor and
variable oral bioavailability. This property also complicates parenteral administration,
as they cannot be formulated in conventional intravenous solutions without risking
precipitation or embolism.
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- Profound chemical instability: The very feature that confers their antioxidant capacity,
namely the conjugated electron system, makes them exceptionally susceptible to
degradation. In the presence of oxygen, light, heat, and acids, they readily undergo
oxidation and isomerization, losing their bioactivity and color.

- Pronounced photosensitivity: Exposure to light can rapidly degrade carotenoids,
making storage, handling, and formulation into stable dosage forms a significant
technical hurdle.

These challenges directly impede the effective use of carotenoids not only as therapeu-
tic antioxidants but even as natural colorants in foods and supplements. The development
of advanced, robust delivery systems is a critical and non-negotiable prerequisite for trans-
lating the preclinical promise of these low-molecular-weight, highly lipophilic compounds
into clinical reality [6,7].

All articles included in this Special Issue, which are briefly summarized below, can
be found via the following link: https:/ /www.mdpi.com/journal/ijms/special_issues/
YKFB4DDCZ1, accessed on 14 November 2025. Four review articles and four research
articles are presented in this Special Issue.

The first review entitled “The endless world of carotenoids—structural, chemical and
biological aspects of some rare carotenoids” focuses on various physicochemical proper-
ties of carotenoids, including its ability to form supramolecular “host-guest” complexes
with water-soluble drug delivery systems, and their participation in various model redox
processes [Contribution 1]. The application of electron paramagnetic resonance (EPR)
spectroscopy and density functional theory (DFT) calculations has elucidated the structural
characteristics of carotenoid paramagnetic intermediates—including radical cations and
neutral radicals—and their functional roles in natural systems. These studies provide criti-
cal insights into the potential biological activity of carotenoids and their health implications.
Notably, some rare carotenoids, such as crocin, siphonaxanthin, and sioxanthin, exhibit
distinct structural features compared to conventional carotenoids, including additional
functional groups or unique group positioning outside cyclic structures (e.g., sapronaxan-
thin, myxol, deinoxanthin, and sarcinaxanthin). The incorporation of carotenoids into host
matrices via strategic molecular design or self-assembly enables stabilization through multi-
ple hydrogen and coordination bonds. This supramolecular integration results in improved
stability, increased oxidation potentials, and enhanced antioxidant activity, coupled with
tunable photo-oxidation kinetics. Furthermore, embedding carotenoids in nonpolar envi-
ronments can significantly improve their photostability. Additionally, the use of nanoscale
supramolecular delivery systems has shown promise in enhancing both the stability and
bioactivity of both conventional and rare carotenoids, offering potential advancements in
their therapeutic and nutraceutical applications.

Wenjing Su with co-authors presented a review titled “Improving the treatment effect
of carotenoids on Alzheimer’s disease through various nano-delivery systems”, which
comprehensively summarizes how nanotechnology can overcome the inherent limitations
of carotenoids to enhance their therapeutic potential against Alzheimer’s disease [Contribu-
tion 2]. Various essential carotenoids, such as lutein, fucoxanthin, astaxanthin, lycopene and
other, as well as rare carotenoids like crocin (natural pigments with potential antioxidant
activity), demonstrate therapeutic potential in the management of various neurogenerative
diseases, including Alzheimer’s disease (AD). However, their lipophilic nature and highly
unsaturated structures contribute to poor aqueous solubility, low stability, and limited
bioavailability, restricting their clinical application. To overcome these challenges, the
development of nanoscale drug delivery systems has emerged as a promising strategy to
enhance carotenoid efficacy. These systems can significantly improve solubility, chemical
stability, membrane permeability, and bioavailability, thereby optimizing their therapeutic
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effects. Recent advances suggest that tailored carotenoid delivery platforms may offer neu-
roprotective benefits, potentially mitigating AD progression through enhanced bioactivity
and targeted delivery.

M. Pasenkiewicz-Gierula and colleagues presented the review on computational stud-
ies examining the interaction of carotenoids with model lipid membranes. By leveraging
molecular modeling techniques, such as molecular dynamics (MD) simulations, the work
provides atomic-level insights into the dynamic and energetic principles governing how
carotenoids incorporate into and influence bilayer structure and properties [Contribution
3]. The absorption and transport of carotenoids in the human body have been extensively
investigated. This review begins by summarizing recent experimental advances in these
processes, covering key aspects such as carotenoid carriers, systemic transport, tissue
delivery, and molecular-level interactions with membrane receptors. The core focus of
this review, however, lies in the computational exploration of carotenoid intercalation
and dynamic behavior within lipid bilayers. These computational studies are particu-
larly significant because they bridge microscopic molecular behavior with macroscopic
ensemble properties, providing critical insights into the structure—function relationships
of carotenoids. By employing molecular dynamics simulations and other computational
approaches, researchers can elucidate the atomic-level interactions between carotenoids,
lipid bilayers, and proteins. Such detailed analyses not only aid in interpreting the macro-
scopic physicochemical properties of carotenoids but also advance our understanding of
their biological roles and functional mechanisms.

The next review presented by Tomas Bas explores the innovative applications of
carotenoids and their transformative potential for human health and medicine [Contri-
bution 4]. The work comprehensively examines the therapeutic promise of these com-
pounds in managing chronic diseases, such as cancer, cardiovascular disorders, and age-
related macular degeneration. The review places particular emphasis on novel protective
mechanisms—extending beyond conventional antioxidant activity—and highlights the
resulting innovative pharmacological benefits that underscore their growing clinical rel-
evance. The author discusses emerging evidence on carotenoid-mediated pathways that
modulate oxidative stress, inflammation, and cellular signaling, offering new avenues
for disease intervention. A key focus of this work is the examination of cutting-edge
advancements in carotenoid extraction and bioavailability enhancement. Innovations such
as supramolecular encapsulation systems and nanotechnology-driven delivery platforms
are shown to significantly improve the solubility, stability, and targeted absorption of these
bioactive compounds. These technological breakthroughs not only ensure reproducible
product quality but also enable the customization of carotenoid-based therapies to meet
individual patient profiles, thereby advancing the paradigm of precision nutrition and
personalized medicine. By synthesizing contemporary research with pioneering method-
ologies, this review provides a forward-looking perspective on the translational potential of
carotenoids. It establishes a robust framework for future investigations, setting a new stan-
dard for interdisciplinary research at the intersection of nutritional science, pharmacology,
and nanotechnology.

Galina Brychkova and colleagues studied the features of biosynthesis and degradation
of carotenoids in lettuce (Lactuca sativa L.) from seedling to harvest. Lettuce (Lactuca sativa
L.) is a globally significant leafy vegetable, yet its cultivars exhibit substantial variabil-
ity in carotenoid concentrations at harvest [Contribution 5]. To elucidate the regulatory
mechanisms underlying this variation, authors conducted integrated transcriptomic and
metabolomic analyses on inner and outer leaves from six cultivars at distinct develop-
mental stages. This approach identified critical gene-to-metabolite networks governing
the accumulation of two nutritionally essential carotenoids: -carotene and lutein. These
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findings reveal that differential expression of carotenoid biosynthetic enzymes drives
cultivar-specific disparities in lutein and (3-carotene production. Notably, sustaining high
carotenoid levels in leaves requires precise regulation of metabolic sinks, including the
diversion of (3-carotene and lutein toward zeaxanthin and subsequently abscisic acid (ABA)
biosynthesis. A key conclusion is that lettuce harvested at the commercially dominant
maturity stage—often coinciding with onset of senescence—shows marked declines in
carotenoids and other vital metabolites. Authors propose that earlier harvest of less mature
plants could enhance the nutritional value of lettuce, optimizing its content of bioactive
compounds for human health.

B. Tatarowska and colleagues investigated the influence of genetic and agronomic
factors on the concentration of key antioxidant compounds, total carotenoids (TC) and
vitamin C (VC), by a comprehensive analysis of 65 potato cultivars from 10 countries,
(Contribution 6). Their findings demonstrated a highly significant effect of cultivar, harvest
year, and tuber flesh color on TC content. Quantitatively, TC levels were markedly higher in
yellow-fleshed cultivars compared to white-fleshed ones and exhibited a weak correlation
with annual variations. A similar trend was observed for VC, which was also present
at higher concentrations in yellow-fleshed potatoes. Furthermore, statistical analysis
confirmed that the concentration of TC was a significant determinant of the total antioxidant
activity in the potato tubers.

The modulation of carotenoid and phospholipid content in staphylococcus aureus
membrane was studied by Laura Zamudio-Chdvez with co-authors [Contribution 7]. The
membranes of Staphylococcus aureus contain carotenoids produced during staphyloxanthin
biosynthesis, which function as virulence factors by scavenging reactive oxygen species
(ROS) and inhibiting antimicrobial peptides (AMPs). In this study, authors demonstrate
that oxygen-restricted growth conditions in S. aureus downregulate carotenoid biosynthesis
and alter phospholipid composition in both biofilms and planktonic cells, as revealed by LC-
MS analysis. Under oxygen limitation, the biophysical properties of S. aureus membranes
undergo significant changes, including the following:

e Increased lipid headgroup spacing;
e Reduced bilayer core order;
e Elevated liquid crystalline to gel phase transition temperature.

Notably, carotenoid-deficient membranes exhibit a highly ordered gel phase at low
temperatures, indicating that carotenoids play a key role in maintaining membrane fluidity.
These findings suggest that S. aureus in hypoxic environments (e.g., abscesses) likely
contains reduced carotenoid levels, leading to modified membrane biophysical properties
that may influence bacterial survival and pathogenicity.

The study by M. Rozanowska et al. characterized the efficacy of lutein, zeaxanthin,
taurine, and melanin as scavengers of cation radicals generated from visual cycle retinoids
[Contribution 8]. In the retina, retinoids critical for vision are continuously exposed to
oxidative stress, and their oxidation products can have detrimental effects. Using pulse radi-
olysis, authors demonstrated that lutein and zeaxanthin efficiently scavenge retinoid radical
cations with bimolecular rate constants approaching diffusion-controlled limits. While
lutein demonstrates superior scavenging ability for retinoid radical cations in vitro, the
physiologically high concentration of ascorbate in the retina positions it as the predominant
protector of all visual cycle retinoids against oxidative degradation. Notably, «-tocopherol
contributes substantially to the protection of retinaldehyde but exhibits significantly lower
efficacy in safeguarding retinol and retinyl palmitate. Although the protective role of
lutein and zeaxanthin appears limited in the retinal periphery, their antioxidant activity is
substantially more pronounced in the macula, where their concentrations are highest.
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The results of these studies on carotenoids indicate their great potential for treating
diseases and promoting health. By forming supramolecular host-guest complexes, insol-
uble carotenoids are useful for water-soluble drug delivery systems. EPR measurements
have detected the structure of paramagnetic forms that are important for understanding
the mechanisms of carotenoids activity. The bioavailability of carotenoids in human body
has been advanced by improved carotenoid carriers, systematic transport, tissue delivery,
and membrane receptors. In conclusion, while the pathophysiological rationale for using
carotenoids in modern medicine is strong, the bridge between their inherent biological
activity and their effective clinical application must be built upon the foundation of so-
phisticated delivery platforms. The future of carotenoid therapeutics lies as much in the
innovation of formulation science as it does in the continued elucidation of their biological
mechanisms. For instance, through various nanoscale drug delivery systems, the treatment
of Alzheimer’s diseases has been improved by carotenoids through carotenoid solubil-
ity, chemical stability, and membrane permeability. We expect that further discoveries
in carotenoid research can eventually improve strategies for the treatment of a number
of diseases.
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Abstract: Carotenoids are a large and diverse group of compounds that have been shown to have a
wide range of potential health benefits. While some carotenoids have been extensively studied, many
others have not received as much attention. Studying the physicochemical properties of carotenoids
using electron paramagnetic resonance (EPR) and density functional theory (DFT) helped us under-
stand their chemical structure and how they interact with other molecules in different environments.
Ultimately, this can provide insights into their potential biological activity and how they might be
used to promote health. In particular, some rare carotenoids, such as sioxanthin, siphonaxanthin and
crocin, that are described here contain more functional groups than the conventional carotenoids,
or have similar groups but with some situated outside of the rings, such as sapronaxanthin, myxol,
deinoxanthin and sarcinaxanthin. By careful design or self-assembly, these rare carotenoids can form
multiple H-bonds and coordination bonds in host molecules. The stability, oxidation potentials and
antioxidant activity of the carotenoids can be improved in host molecules, and the photo-oxidation
efficiency of the carotenoids can also be controlled. The photostability of the carotenoids can be
increased if the carotenoids are embedded in a nonpolar environment when no bonds are formed. In
addition, the application of nanosized supramolecular systems for carotenoid delivery can improve
the stability and biological activity of rare carotenoids.

Keywords: rare carotenoids; xanthophylls; electron transfer; radical cation; carotenoid complexes;
hydrogen bonding; nonpolar environment

1. Introduction

Carotenoids are a class of more than 1200 naturally occurring pigments synthesized
by plants, algae and photosynthetic bacteria [1]. Carotenoids are important for human
health because they act as antioxidants, helping to protect cells from damage caused by
reactive oxygen species (ROS). They have been associated with a reduced risk of chronic
diseases such as type 2 diabetes [2], cancer [3,4], heart disease or age-related macular
degeneration [5]. Another important role is their provitamin A activity or the capability
of some dietary carotenoids to form vitamin A by the action of dioxygenase enzymes [6].
For example, the dioxygenase enzyme p-Carotene 15-15"-oxygenase (BCO1) catalyzes the
oxidative cleavage of dietary 3-Carotene to retinal (vitamin A aldehyde) [7], which can be
further reduced to retinol (vitamin A) or oxidized to retinoic acid (the biologically active
form of vitamin A). Carotenoids such as 3-carotene and x-carotene 3-cryptoxanthin are
considered provitamin A carotenoids, but any carotenoid with at least one unchanged
(-ionone ring in its structure can have provitamin A activity. In addition to their health
benefits, carotenoids in plants are also involved in photosynthesis. They are no longer
considered just accessory pigments [8]; they have essential roles in photosynthesis [9],
helping to capture light energy and transfer it to chlorophyll molecules and also protecting
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plants from damage caused by excess light and other environmental stresses [10]. Simi-
larly, in the human body, carotenoids photoprotect against damage by intense light and
harmful free radicals, and also maintain the structural and functional integrity of biological
membranes. The mechanisms through which carotenoids may exert their health effects are
complex, and further studies, including clinical studies, are needed to provide a compre-
hensive understanding. Carotenoids are indispensable for life. The world of carotenoids is
endless. Their number and resourcefulness are immense, and only a tiny fraction of the
1200 carotenoids has been studied to date. Their complexity lies not only in their number,
but in their different yet alike structures (given by the different functional groups and
similar polyene chains) and their interactions with a multitude of different environments.

In the past 20 years, we have gained significant understanding about carotenoids’
physicochemical properties and their interaction with other compounds in different en-
vironments [11]. We have mostly used advanced electron paramagnetic resonance (EPR)
analysis techniques, such as continuous wave or pulsed electron nuclear double resonance
(ENDOR), in combination with density functional theory (DFT) molecular orbital calcu-
lations, to elucidate the physisorption and electron and proton transfer processes that
occur when carotenoids are adsorbed on solid artificial matrices [11]. Similar reactions
were predicted in solution from electrochemistry studies performed in the 1990s, or in vivo
in more recent studies performed in the 2000s. Additionally, EPR spin-trapping studies
have been performed to characterize the inclusion complexes of carotenoids with different
delivery systems [11]. In this paper, we review EPR and DFT studies relevant to under-
standing carotenoid chemistry, and we present the structural, chemical and biological
aspects of several rare carotenoids that need to be considered when designing new systems
for carotenoid delivery.

2. Studies of Electron and Proton Loss of Conventional Carotenoids by DFT and EPR

Carotenoids are prone to oxidation. We have studied the oxidation of carotenoids
adsorbed on solid artificial matrices, such as silica alumina or imbedded in the pores of
molecular sieves MCM-41, where their radical cation is formed by electron transfer from
the carotenoid molecule to the matrix. Some of the most well-known carotenoids that
we studied using EPR methods in combination with DFT include lycopene, 3-carotene,
zeaxanthin, canthaxanthin, lutein, astaxanthin and cis-bixin (Figure 1). With normal EPR at
the X-band frequency (9 GHz), the carotenoid radical cation exhibits a single unresolved
peak with gjs, = 2.0027, characteristic of organic m-radicals. In the year 1999, the EPR
signal previously not resolved at the X-band frequency was resolved at a higher frequency
(330 GHz) [12]. At higher frequencies, from 327 to 670 GHz, the unresolved line resolves
into two peaks as a result of the g-anisotropy of g, =2.0023 and g | = 2.0032, characteristic
of a cylindrically symmetrical 7-radical cation. Determining the g-tensors from high-field
spectra is important for learning about molecular structure from its principal values. The
difference gxx — gyy decreases with increasing chain length. When gy« — gyy approaches
zero, the g-tensor becomes cylindrically symmetrical with g = gyy =g, and g,; = g .
This applies for the all-trans carotenoid radical cations and allows differentiation between
carotenoid radical cations with cylindrical symmetry and other C-H organic radicals of
different symmetry. The lack of temperature dependence of the EPR line widths over the
range of 5-80 K at 327 GHz also suggests a rapid rotation of methyl groups even at 5 K,
which averages out the proton couplings from three oriented 3-protons. This results in
isotropic 3-proton couplings from rotating methyl groups [12].

Even though the number of hyperfine couplings is greatly reduced when considering
this rapid rotation of the methyl groups, carotenoid radicals still contain a large number of
anisotropic x-protons which give rise to numerous anisotropic coupling constants. These
couplings cannot be determined by normal EPR. Instead, ENDOR techniques can be used to
determine the hyperfine couplings of carotenoids adsorbed on silica alumina or in MCM-41.
Continuous wave and pulsed ENDOR showed that for irradiated carotenoids on solid
matrices, not only radical cations were formed, but also neutral radicals formed by the
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deprotonation of the radical cation, which is a weak acid. These neutral radicals formed by
proton loss from the radical cations contain lots of similar hyperfine couplings to those of
the radical cation, but ENDOR techniques helped to distinguish the two different radical
species [11]. It is important to note that the presence of all radicals is enhanced by the
irradiation of samples and the presence of metals, such as in metal-substituted MCM-41.
The deprotonation of the radical cations to form neutral radicals determined by ENDOR on
solid surfaces, which was also proven electrochemically in solution, needs to be considered
in vivo where the radical cation is formed and is known to have a role in photoprotection
mechanisms. We have also hypothesized that neutral radicals could have a role in an
additional quenching mechanism to that of the radical cation [13].
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Figure 1. The structures of selected natural carotenoids.

DFT calculations were used starting in the early 2000s to determine the hyperfine
coupling constants of radical cations and neutral radicals and to simulate spectra which
matched the experimental ENDOR spectra and confirmed the identity of the radicals. DFT
was also used to predict the most favorable positions for proton loss from the radical cation
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and establish the relative stability of the neutral radicals formed from the radical cation,
as described next. Table 1 indicates the most favorable positions of proton loss from the
radical cation for carotenoids listed in Figure 1.

Lycopene is a symmetric linear carotenoid that has ten methyl groups in four distinct
positions: C1(1), C5(5'), C9(9’) and C13(13') (see Figure 1). The primed positions of
this molecule are equivalent by symmetry to the unprimed positions. There is a smooth
relationship between the relative energy AE(n) of a neutral radical formed by proton loss
from the radical cation, and the conjugation or delocalization length, N, over which the
unpaired spin density is distributed. The longer the conjugation length, the most stable the
radical is. DFT has shown that the most stable neutral radicals for lycopene are formed
by proton loss at the C4 or C4’ methylene positions, which extend conjugation. It is thus
expected that proton loss occurs more favorably from the C4(4’) positions [14]. For p-
carotene, which has two symmetric cyclohexene rings at the ends of the molecule, proton
loss occurs also at the C4 methylene position, and symmetrically at C4/, rather than the
methyl groups attached at C5(5), C9(9’) and C13(13') [15].

Zeaxanthin has the same structure as (3-carotene with two additional hydroxyl groups
on positions C3 and C3/, respectively. The two hydroxyl groups have no effect on the position
of proton loss from a radical cation, so the most favorable neutral radicals form by proton loss
at the C4(4’) methylene positions [16]. However, when the C4(4') methylene positions contain
carbonyl groups, for example in the case of canthaxanthin, proton loss occurs from the methyl
groups attached at positions C5(5'). Lutein, an isomer of zeaxanthin which differs from it
by one shifted double bond at C4’-C5’ (instead of C5'-Cé’ in zeaxanthin), makes proton loss
more favorable at the C6’ position instead of the C4’ position [15]. When both hydroxyl and
carbonyl groups are present, such as in astaxanthin, it is possible for proton loss to occur at the
C3 and C3' positions [17]. Bixin is a C25 carotenoid, with only nine conjugated double bonds
and thus a shorter-length carotenoid compared to the C40 structure of the others presented
here. It is an asymmetric carotenoid with -COOH at one end and -COOCHj3 at the opposite
end. Its IUPAC name is 6-methyl hydrogen (9'Z)-6,6"-diapocarotene-6,6'-dioate [1]. According
to [18], bixin was the first cis-carotenoid to be isolated from natural sources and trans-bixin
is a more stable isomer that the cis form. DFT calculations by Hernandez-Marin et al. [19]
also show that, in most cases (with the exception of 13-cis auroxanthin), out of 11 carotenoids
studied, the trans isomers are more stable than their corresponding 9- and 13-cis isomers,
while the 15-cis isomers are the least stable isomers. However, upon oxidation of the neutral
molecule to form the radical cation, our DFT calculations [20] show that the radical cation of
cis-bixin becomes more stable than the trans radical cation of bixin. Furthermore, proton loss
from cis-bixin occurs from the methyl group the C9’ position of the cis-bixin radical cation, on
the side with the acetate group [20].

Proton loss from the radical cations of carotenoids has enabled us to predict the most
acidic protons which are usually at the ends of the carotenoid to extend the conjugation
length [14]. We have hypothesized that zeaxanthin and lutein radical cations’ ability to
deprotonate in light harvesting complex II (LHC II) and form neutral radicals could be
linked to their quenching activity [21].

Table 1. The most favorable proton loss positions for selected carotenoids in our studies.

Carotenoid The Most Favorable Proton Loss from the Radical Cation  Reference
Lycopene Ca(4") [14]
[-carotene Ca(4") [15]
Zeaxanthin C44") [15,16]
Canthaxanthin C5(5') [15]
Lutein Ce’ [15]
Astaxanthin C3(C3') [17]
cis-Bixin cy’ [20]
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3. Improvement of Carotenoid Features by Nonpolar Environment and Absence of
Hydrogen Bonding—Rare Carotenoids Discussion

The structure and type of a carotenoid (polar/nonpolar) and its position/orientation
in the type of environment (polar/nonpolar) are also extremely important for the role
that the carotenoid plays. The oxygen-containing groups (hydroxyl, carbonyl, carboxyl,
acetate) situated at the ends of carotenoids can not only affect the position of proton loss as
discussed above, but also play a role in anchoring the carotenoid in a certain environment.

DFT calculations, calorimetric experiments and EPR studies confirmed that carotenoids
containing oxygen groups can form hydrogen bonds (H-bonds) on the surfaces of hosts [22].
This paper predicts the behavior of some rare carotenoids (Figure 2) containing oxygen groups.
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Myxol

Deinoxanthin
OH
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Sarcinaxanthin
OH
O
Sioxanthin
OH
W OH
HUM OH
Siphonaxanthin AT :
Q” H
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OH é Crocin
HO : o
HO™
HO

Figure 2. The structures of selected rare carotenoids.
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Compared with conventional carotenoids, the rare carotenoids usually contain more
oxygen-containing groups such as hydroxyl, keto, ester and ether groups, or a similar num-
ber of groups but situated somewhere else than the ring (see Figure 2). Both deinoxanthin
and siphonaxanthin contain hydroxyl groups and a keto group. Deinoxanthin contains two
hydroxyl groups and one keto group, while siphonaxanthin contains three hydroxyl groups
and one keto group. Sioxanthin contains five hydroxyl groups and two ether groups; crocin
contains fourteen hydroxyl groups, two ester groups, two keto groups and six ether groups.

It was confirmed that canthaxanthin can form hydrogen bonds (H-bonds) on surfaces
of hosts such as MCM-41 [22]. For example, each canthaxanthin molecule can form two
H-bonds on the surface of MCM-41 (see Figure 3). Hydrogen bonds are formed with the
surface silanol groups in MCM-41.

NN R Y

\ _H’

% __Si—0O
L

Figure 3. Formation of H-bonds of canthaxanthin with silanol groups on the surface of MCM-41.

If rare carotenoids with oxygen-containing groups like the ones described above are
incorporated in host molecules, we hypothesize that multiple H-bonds can be formed (see
Figure 4 for the rare carotenoid complexes). For example, deinoxanthin can form three
H-bonds, and acts as both a H-bond donor and acceptor in the complex; myxol also forms
three H-bonds, but can only act as a H-bond donor.

The carotenoids can be better stabilized when multiple bonds are formed. Our pre-
vious study [23] shows that both the HOMO and LUMO energies of carotenoids increase
when the carotenoids act as H-bond donors, and the opposite is true if the carotenoids act
as H-bond acceptors. Figure 5 shows the two modes for retinol adsorbed on the surface
of MCM-41. DFT calculations demonstrated that both the HOMO and LUMO energies
of retinol increase by ~0.2 eV compared with the free molecule when retinol acts as a
H-bond donor, and the energies decrease by about ~0.1 eV when retinol acts as a H-bond
acceptor [23]. This effect should be more pronounced if multiple H-bonds are formed (e.g.,
myxol acts as a H-bond donor in the 3 H-bonds and crocin acts as a H-bond donor in the
14 H-bonds, see Figure 4).

A study by Méndez-Hernandez et al. [24] shows that there is a very strong linear
correlation between DFT-calculated HOMO and LUMO energies (HLE) and the redox
potentials of 51 polycyclic aromatic hydrocarbons (PAHs). The strong correlation obtained
from the HLE and redox potentials of PAHs was independent of whether the solvent model
was included in the calculations. This is consistent with our previous study [25], which
shows that the oxidation potentials of carotenoids increase with decreasing the HOMO
energies of the carotenoids. Carotenoids are more stable if their oxidation potentials
are high because the carotenoids are less likely to be oxidized by metal ions, such as
Cu?* and Fe**. The antioxidant activity of a carotenoid’s supramolecular complex is also
high if the oxidation potential of the carotenoid is high because the scavenging ability

12
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of a carotenoid towards the free radicals increases nearly exponentially with increasing
carotenoid oxidation potential, and the increase of 0.03-0.05 V causes the scavenging
rate constant to increase about 30 times [26,27]. Our previous study also shows that the
orientation of a carotenoid in the host molecule affects the antioxidant activity [25]. It is
determined that free radicals abstract the most acidic hydrogen in the conjugated system of
a carotenoid [27,28]. If access to the most acidic hydrogen is blocked for the free radicals,
the antioxidant activity of the carotenoid decreases significantly. For instance, the most
acidic hydrogen of deinoxanthin is at C3 (see Figure 4). If the hydrogen is close to the
surface of the host molecule after the formation of the H-bonds, access to the hydrogen
may be blocked, resulting in low antioxidant activity.
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Figure 4. Complexes of the rare carotenoids indicating H bonding.
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Figure 5. Two types of H-bonds for retinol adsorbed on the surface of MCM-41. H: blue, O: red, C:
black and Si: yellow. Adapted from Ref. [23].

Our DFT calculations [23] also show that when a carotenoid acts as a H-bond acceptor,
the formation of the H-bond decreases the energy of the LUMO of the carotenoid, which also
stabilizes the neutral species more than the radical cation, disfavoring the photo-induced
ET from the carotenoid to host molecules. This effect is more pronounced if the oxygen
atom of the carotenoid is completely conjugated with the conjugated chain. However, if
the carotenoid is a H-bond donor, the formation of the H-bond increases the energy of the
LUMO of the carotenoid, which also stabilizes the radical cation more than the neutral
species, thus significantly increasing the charge separation efficiency. The photoinduced
electron transfer affects the photostability of carotenoids, which is related to the formation
of carotenoid radicals [29]. Carotenoid radical cations are formed by photoinduced electron
transfer to electron acceptors, and their deprotonation in the presence of proton acceptors
creates carotenoid neutral radicals which are highly reactive species that can form other
products as well as carotenoid dimmers [30]. It was also concluded in our study [31] that
the photostability of a carotenoid is the highest if the environment of the carotenoid is
nonpolar and no hydrogen bonds are formed because the electron transfer is intermolecular
and thus is slow. There is an approximately exponential decrease in ET rate with increasing
distance [32-35]. Another reason for the lower charge separation efficiency is that the
nonpolar environment stabilizes the radical cation of the carotenoid less efficiently than the
polar environment, according to our DFT calculations [31]. However, low photostability
may be an advantage in some cases, such as in phototherapy, when radical cations or
neutral radicals of carotenoids are needed. The rare carotenoids may contain several
hydroxyl groups (e.g., crocin contains 14 hydroxyl groups) that can act as H-bond donors
in the host molecules, and would be easily photo-oxidized. The rare carotenoids are good
candidates for this purpose. The surface of a host can be modified so that a carotenoid can
act as only a H-bond donor or as an acceptor. For example, when the surface functional
group Ti-OH is replaced by Ti-F by ion exchange, 7-hydroxycoumarin (7-CN) acts as both
a H-bond donor and acceptor on the surface of TiO,, but acts as only a H-bond donor
on F-TiO; (see Figure 6). EPR measurements showed five-fold increases in free radical
yields for 7-CN on F-TiO, compared with TiO,. DFT calculations for the 7-CN on TiO, and
F-TiO, were performed to investigate these phenomena [36]. The calculations show that
when 7-CN act as the H-bond donor, the driving force for photo-induced electron transfer
from the dyes to TiO; is higher, and the dye’s excited state mixes strongly with the TiO,
conduction band states. This is attributed to the shorter distance between the coumarins
and the surface of TiO, when coumarins act as the H-bond donors [36].

14



Int. J. Mol. Sci. 2023, 24, 9885
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Figure 6. The formation of H-bonds of 7-CN on TiO, and F-TiO,. 7-CN acts as both H-bond donor
and acceptor on TiO,, but acts as only H-bond donor on F-TiO,. Adapted from Ref. [36].

Different anchoring modes of carotenoids on the surface of a semiconductor affect the
bond length, degree of conjugation, energies of the HOMO and LUMO and the mixing of
the carotenoids’ excited states with the conduction band states of the semiconductor [37].
For example, three anchoring modes were observed for retinoic acid (RA) on the surface
of TiO, (see Figure 7). Mode A: the carboxylic acid group loses a proton and forms two
coordination bonds with two surface Ti atoms of TiO,. Mode B: the carboxylic acid group
loses a proton and forms one coordination bond with one surface Ti atom of TiO, and one
H-bond with a Ti-OH group on the surface of TiO,. Mode C: the carboxylic acid group
does not lose a proton and forms one coordination bond with one surface Ti atom of TiO,
and one H-bond due to the interaction between the OH group of the carboxylic acid group
and the bridging oxygen atom on the surface of TiO,. The degree of conjugation in RA
increases from B to A to C. TD-DFT calculations [37] showed that compared with the free
carotenoid, the maximum absorption wavelengths (Amaxs) of A, B and C shift to the red
because the degree of conjugation of RA anchored on TiO; increases, which is confirmed
by the different colors of the samples. Mode B involving the surface Ti-OH group has
the highest driving force for photo-induced ET. This is attributed to the lowest degree
of conjugation of RA for this mode and the highest mixing of the RA’s LUMO with the
conduction band states of TiO5.
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Figure 7. Three anchoring modes of a carboxylic acid group on the surface of TiO,: (A) the carboxylic
acid group loses a proton and forms two coordination bonds with two surface Ti atoms of TiOy;
(B) the carboxylic acid group loses a proton and forms one coordination bond with one surface Ti
atom of TiO, and one hydrogen bond (H-bond) with a Ti-OH group on the surface of TiO,; (C) the
carboxylic acid group does not lose a proton and forms one coordination bond with one surface Ti
atom of TiO, and one H-bond due to the interaction between the OH group of the carboxylic acid
group and the bridging oxygen atom on the surface of TiO,. Adapted from Ref. [37].
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Carotene carotenoids can also form complexes with metal ions through metal-olefin
interaction [38]. 3-carotene can form a complex with Cu?* on the surface of Cu-MCM-41,
as examined by the EPR study [38]. Figure 8 shows the optimized complex from DFT
calculations [39]. The EPR study showed that the formation of the complex favors the
photoinduced electron transfer from B-carotene to Cu?* and also permits thermal back elec-
tron transfer from Cu* to 3-carotene radical cation [38]. However, xanthophyll carotenoid
canthaxanthin does not form a complex with Cu?* on the surface of Cu-MCM-41. DFT
calculations showed canthaxanthin prefers to form H-bonds with the surface silanol groups
(—SiOH) because the interaction energy is higher than that between canthaxanthin and
Cu?* [22]. It is worth studying the rare carotenoids on the surfaces of semiconductors. For
instance, deinoxanthin may form both coordination bonds and H-bonds on the surface of a
semiconductor. It is important to know how the formation of those bonds affects the degree
of conjugation, energies of the HOMO and LUMO, the mixing of the carotenoids” excited
states with the conduction band states of the semiconductor, and thus the photoinduced
charge separation of the carotenoids. There may be steric hindrance for the interactions,
depending on the types of host molecules. Choosing appropriate host molecules for
semiconductors can remove or mitigate the steric hindrance.
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Figure 8. The optimized structures of Cu?*-B-carotene complex by B3LYP/6-31G(d). H: light gray, O:
red, Cu: orange and C: dark gray. Si: blue gray. Adapted from Ref. [39].

4. Improvement of Carotenoid Features by Supramolecular Delivery Systems

In addition to the previously studied carotenoids shown in Figure 1, the rare carotenoids
shown in Figure 2 have similar limitations in practical applications. They are scarcely stable
and lose most of their functionality after exposure to light, heat, oxygen and acids. More-
over, due to their low solubility in water, they have poor absorption and low bioavailability
after oral administration. The bioavailability of carotenoids is affected not only by the type
and amount of carotenoid but the molecular linkage, the matrix in which the carotenoid
is incorporated, effectors of absorption and bioconversion, the nutrient status of the host,
genetic factors, host-related factors and mathematical interactions [6].

Thus, despite their beneficial effects, chemical instability, low bioavailability and high
susceptibility to process conditions drive researchers to find appropriate approaches to
overcome the above-mentioned obstacles. From our own experience and published data of
other authors [40-47], the use of supramolecular delivery systems can help to solve most
of the above-mentioned problems of carotenoid applications in the medicine, cosmetics
and food industries. In addition, insight from our EPR experiments has allowed us to
find some unusual effects of supramolecular delivery systems on the physicochemical and
photochemical properties of carotenoids, as discussed below. In this part, we will also
briefly describe the biological activities of some rare carotenoids shown in Figure 2, the
supramolecular systems used for carotenoids delivery and how their application can help
to improve the stability and biological activity of rare carotenoids.
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4.1. Biological Activities of Rare Carotenoids

Rare carotenoids, including siphonaxanthin, saproxanthin, myxol, sioxanthin and
some others, contain oxygen groups and belong to the xanthophyll carotenoids. They
are mainly present in some bacteria and marine algae. The most important feature
of carotenoids is their antioxidant activity. Carotenoids are the most efficient natural
quenchers of singlet oxygen due to their conjugated double bonds system, and this quench-
ing ability increases with increasing the number of conjugated double bonds. Taking into
account that singlet oxygen is the main reactive oxygen species (ROS) responsible for
photo-oxidative damage to cell membranes and human tissues, carotenoids might have
beneficial effects on skin protection [48]. Due to their electron-rich structure, carotenoids
can also scavenge other free radicals, including hydroxyl and peroxyl radicals, as well as
free radicals of xenobiotics [49-51]. The strong antioxidant activity of carotenoids reduces
the risk of many types of diseases caused by free radicals, such as cardiovascular disease,
cancer and other age-related diseases [52]. Assuming the antioxidant ability of carotenoids
as an important factor against oxidative stress, the statistical data indicated a direct correla-
tion between the use of carotenoids in diets and a decreased incidence of cancer types. Rare
marine carotenoids show great chemical diversity, resulting in potential novel therapeutic
properties, but many of these novel properties are still the subject of future studies.

Siphonaxanthin shows beneficial effects on health, including anticancer activity in
the treatment of leukemia [53]. Additionally, it shows anti-angiogenic, antioxidant and
anti-inflammatory activities [54,55]. Saproxanthin and myxol are potent antioxidants. They
show high antioxidant activity against lipid peroxidation in the rat brain homogenate
model and have a neuroprotective effect on L-glutamate-induced toxicity [56,57]. Myxol is
also effective in strengthening biological membranes, reducing permeability to oxygen [58].
Deinoxanthin is a unique carotenoid synthesized by Deinococcus radiodurans, one of the
most radioresistant organisms known for its high resistance to stresses including radiation
and oxidants. Deinoxanthin exhibits significantly stronger ROS-scavenging activity in
comparison with other carotenoids [59]. Using quantum chemical calculations, it was found
that this carotenoid possesses lower triplet excitation energy than other carotenoids, such as
(3-carotene and zeaxanthin, which provides its strong potential in the energy-transfer-based
ROS-scavenging process. In addition, authors show that the H-atom donating potential
of deinoxanthin is also crucial for its strong antioxidant activity. On the other hand, an
in vitro study demonstrates the novel functional property of deinoxanthin as a potent
inducer of apoptosis in human cancer cells. Deinoxanthin treatment caused an increase in
ROS in cancer cells, suggesting possible pro-oxidant activity [60]. The authors suggest that
deinoxanthin could be potentially useful as a chemopreventive agent. When carotenoids are
delivered with ROS-inducing cytotoxic drugs, they can minimize the adverse effects of these
drugs on normal cells by acting as antioxidants and minimizing oxidative stress, without
interfering with their cytotoxic effects on cancer cells as pro-oxidants which enhance
oxidative stress in cancer cells [61].

Sioxanthin is a C4 carotenoid, glycosylated on one end of the molecule. Glycosylation
is an unusual feature among carotenoids and sioxanthin represents a poorly studied group
of carotenoids which are polar on one end and non-polar on the other [56,62]. Crocin, in
contrast to all other carotenoids, is a water-soluble carotenoid glycosylated on both ends of the
molecule [63]. Crocin is effective as an antioxidant and as a learning and memory enhancer,
and it shows activity against brain neurodegenerative and Alzheimer’s disorders. Crocin also
shows an anti-angiogenesis effect and is likely to be involved in the regulation of molecules in
the angiogenesis pathway [64]. However, similar to other highly bioactive carotenoids, it has
limited use due to its instability at low pH and during heat and oxidative stress, and its low
bioavailability, and is a unique C50 carotenoid isolated from marine bacteria, which shows
high antioxidant activity in the singlet oxygen (*O,) quenching model [65].

Table 2 summarizes the biological roles of rare carotenoids described above. It can be
concluded that although antioxidant activity is a common property of most carotenoids, its
specific manifestation depends on the localization of the carotenoid in the cell and on its
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oxidative potential. As for the other properties of carotenoids, they significantly depend on
the chemical structure.

Table 2. Biological roles of rare carotenoids.

Rare Carotenoid Biological Role Reference

° anticancer activity in the

treatment of leukemia 53]
Siphonaxanthin e  anti-angiogenic, antioxidant [54,55]
and anti-inflammatory §
activities
Saproxanthin e  potent antioxidant [56,57]

potent antioxidant

strengthening of biological [56,57]
membranes, reducing (58]
permeability to oxygen

Myxol

° role in oxidative stress
Sioxanthin prevention/membrane [56,62]
fluidity

e  strong ROS-scavenging
' ' activity [59]
Deinoxanthin e  potent inducer of apoptosis [60]
in human cancer cells,
possible pro-oxidant activity

° antioxidant, learning and
memory enhancer, activity
against brain [63]
Crocin neurodegenerative and
Alzheimer disorders [64]
e  potent inducer of apoptosis
and anti-angiogenesis effect

e  high antioxidant activity for [65]

Sarcinaxantin
singlet oxygen (10,)

4.2. Supramolecular Delivery Systems of Carotenoids

The incorporation of carotenoids in nanosized supramolecular carriers can signifi-
cantly change their physicochemical and biological properties, as well as their therapeutic
potential. The nanoencapsulation of carotenoids is an effective strategy to improve their
stability towards heat, light, oxygen, metal ions and processing conditions, as well as to
increase water solubility [44-47]. In addition, nanoencapsulation can change the oxida-
tion potentials of carotenoids [42], their absorption spectra [27] and their ability to form
J- and H-type self-aggregates [27]. The latter property is especially important for xantho-
phyll carotenoids [66,67]. Additionally, nanoencapsulation enhances the bioavailability of
carotenoids via modulating their release kinetics from the delivery system. The important
property of supramolecular carriers is the possibility to modify their surface by attaching
new functional groups, providing targeted delivery to the necessary organs or cell recep-
tors [68,69]. The design of functional nanocarriers enables even on-demand drug release
in specific microenvironments of various diseases. Nowadays, nanocarriers include lipid
nanoparticles, polymers, micelles, inorganic nanoparticles, hybrid nanoparticles and others.
Detailed descriptions of various nanocarriers can be found in numerous reviews [44-47].
Here, we will just briefly describe two delivery systems, polysaccharide arabinogalactan
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(AG) and saponin glycyrrhizin or glycyrrhizic acid (GA) (see Figure 9), studied earlier by
EPR and optical techniques [40—43].

Figure 9. The structures of glycyrrhizin molecule (GA) (top image), and fragment of a branched
polysaccharide arabinogalactan (AG) (bottom image).

Glycyrrhizin (GA) is the main active component of licorice root, and has frequently
been used in traditional Persian, Chinese and Japanese medicine [70,71]. Recent studies
have also shown its antioxidant [72], anticancer [73] and antivirus activities, including
SARS-CoV-2 virus [74,75]. In addition, it was demonstrated that due to its amphiphilic na-
ture, GA is able to form micelles in aqueous solutions, as well as water-soluble supramolec-
ular complexes with hydrophobic drugs, including carotenoids [76]. Furthermore, the
membrane-modifying ability of GA has been discovered as one of the key mechanisms of
its activity [77,78].

The encapsulation of the xanthophyll carotenoids lutein and zeaxanthin into GA
micelles protects these carotenoids from oxidation by ROS and metal ions [43]. It was
demonstrated that GA forms supramolecular complexes with carotenoids, not only in
water solutions with increasing carotenoid solubility by several orders, but also in non-
aqueous organic solvents such as methanol, DMSO and acetonitrile [41]. This GA property
is important for understanding the GA-assisted transport of carotenoid molecules through
lipophilic cell membranes and their membrane protection properties. One of the most
important biological properties of carotenoids is their antioxidant activity. Using the EPR
spin-trapping technique, a synergetic effect of GA on the scavenging rates of hydroperoxyl
radicals by carotenoids has been demonstrated [42]. The strongest increase in scavenging
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rates (20-30 times) was observed for carotenoids with high oxidation potentials. Since the
scavenging rate is strongly potential-dependent, we suggested that GA affects the oxidation
potential of the carotenoids. Electrochemical measurement of the oxidation potentials of
the carotenoids zeaxanthin and canthaxanthin confirms this hypothesis. The increase in the
oxidation potentials by 0.03-0.05 V was observed in the presence of GA [42].

Another characteristic feature of xanthophyll carotenoids is the ability to form J- and
H-type aggregates in aqueous solution and in lipid membranes [51,52]. EPR spin-trapping
and optical studies have shown that the formation of such aggregates significantly reduces
the antioxidant and photoprotection abilities of these carotenoids [17]. The complexation of
these carotenoids with GA reduces the aggregation ability of the xanthophyll carotenoids,
and simultaneously increases their scavenging ability towards oxygen radicals. Taking into
account the wide spectrum of biological activity of xanthophyll carotenoids, including eye
and skin protection, GA could be considered a prospective carrier for rare carotenoids.

Arabinogalactan (AG) is a natural branched polysaccharide with a molecular mass
near 16 kDa extracted from Siberian larch [79]. AG is a highly water-soluble polymer
which produces low-viscosity water solutions. It is biodegradable, biocompatible and
contains different functional groups, such as hydroxyl and carboxylic acid, that make it
suitable for conjugation with functional groups for targeted delivery. The solubility of
carotenoids complexes with AG prepared by the mechanochemical technique [40] were
2-5 mM in aqueous solution, which is several orders of magnitude higher than the solubility
of free carotenoids in pure water (~1 nM) [80]. The mechanochemical method allows
the preparation of inclusion complexes of drugs with natural or synthetic polymers in
a solid state in one technological step without using any organic solvents [79]. It was
shown that complexation with AG prevents the H-aggregate formation of xanthophyll
carotenoids in the presence of water, similarly to what was detected for GA complexes [17].
Furthermore, the xanthophyll carotenoids lutein, astaxanthin and canthaxanthin have
demonstrated an enhancement of photostability (5-10 times) and oxidation stability in AG
complexes [40,43]. We assume that the main mechanism of the enhanced photostability
and oxidation stability of these carotenoids in the polymer nanoparticles is their isolation
from water molecules by incorporation into the hydrophobic polymer environment. As
demonstrated by various EPR techniques, the oxidation of carotenoids results in the
formation of carotenoid radical cations, which are unstable in aqueous solutions due to fast
deprotonation and the formation of unstable neutral radicals [30,81]. The high effectiveness
of AG as a delivery system for zeaxanthin and lutein was also confirmed in vivo using
wild-type mice as a model [82]. Supplementation with these macular carotenoids can
prevent and reduce the risk of age-related macular degeneration and other ocular diseases.
Significant increases in lutein and zeaxanthin amounts in serum, liver and RPE/choroid of
the mice were detected when they used the carotenoid-AG complex.

An important property of the carotenoid-AG inclusion complex, discovered by the
EPR technique, is the stabilization of carotenoid radical cations. This feature has been
demonstrated using EPR and ESEEM (electron spin echo envelope modulation) techniques
under UV irradiation of the canthaxanthin-AG complex on the surface of titanium dioxide
nanoparticles [40]. The carotenoid-AG complex, when irradiated on TiO,, shows a signif-
icant increase in the EPR signal intensity of carotenoid radical cations compared to that
of pure carotenoids. TiO, nanoparticles are widely used in photocatalysis and in artificial
solar cells due to their ability to absorb light and to transfer negative or positive charge
to a corresponding electron acceptor or donor [83]. The authors of [40] suggested that the
significant increase in the yield of radical cations is due to the isolation of the carotenoid
radical cation from the surface of TiO, by incorporation into the polysaccharide matrix.
It allows more efficient charge separation and reduces the rate of back-electron transfer.
Note that such a method of light energy transformation is similar to the mechanism used
by plants for utilization of solar energy in photosynthesis. It is also very important that
in contrast with the pure carotenoid-TiO, system, which allows carotenoid radical cations
to be detected only at low temperatures (77 K), in the case of the carotenoid-AG complex,
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a significant increase in the stability of the radical cation was detected. Increasing the
temperature up to room temperature does not lead to the disappearance of the spectrum.
The lifetime of the canthaxanthin radical cation measured in [40] is approximately 10 days
at room temperature. An increased stability of the carotenoid radical cation incorporated
into a polymer host opens wide possibilities for the application of these complexes in
the design of artificial light-harvesting, photoredox and catalytic devices. Additionally,
the stabilization of carotenoid radical cations might be important for the regulation of
the antioxidant/pro-oxidant activities of carotenoids. The stability of radical cations is a
very important factor for the antioxidant activity of carotenoids. On the other hand, as
mentioned above, the deprotonation of radical cations results in the formation of highly
reactive neutral radicals. Yang, with co-authors, demonstrated that the generation of
oxygen-irrelevant neutral radicals of carotenoids in the tumor microenvironment can offer
novel opportunities to maximize the efficacy of chemodynamic therapy [84]. In this study,
the authors demonstrated that proton-coupled electron transfer can promote the generation
of neutral C-centered radicals of astaxanthin. The free radicals burst can significantly
elevate free radical stress and induce cancer cell apoptosis.

4.3. Several Examples of Using Supramolecular Delivery Systems for Rare Carotenoids

In contrast to commonly used carotenoids, such as 3-carotene, lutein, zeaxanthin,
lycopene and astaxanthin, there are very few examples of using supramolecular delivery
systems for rare carotenoids [43]. Esposito, with co-authors, developed lipid nanocarriers
(ethosomes and organogels) for the cutaneous administration of crocin [85]. In vivo studies
based on tape stripping and skin reflectance spectrophotometry have shown a more rapid
anti-inflammatory effect and a rapid penetration of crocin from lipid nanocarriers, probably
due to a strong interaction between phospholipids in the carrier and the lipids present in
the stratum corneum. Since crocin has been shown to have the potential of inhibiting tumor
genesis in a variety of cancers, there were attempts to use several drug delivery systems
to improve its antitumor efficacy. For example, magnetite nanoparticles (MNPs) coated
with natural polymers such as dextran have emerged as a promising technology for the
targeted delivery of crocin to its site of action [86,87]. Coated MNPs can reduce the uptake
by phagocytic cells, prolong the circulation time and passively accumulate in the tumor,
leading to improvements in the therapeutic effect of crocin.

5. Conclusions

This paper predicts the behavior of some rare carotenoids that contain more oxygen
groups than the conventional carotenoids or that are placed in positions other than on the
rings. By careful design or self-assembly, these rare carotenoids can form multiple H-bonds
and coordination bonds in host molecules. The stability, oxidation potentials and antioxi-
dant activity of the carotenoids can be improved, and the photo-oxidation efficiency of the
carotenoids can also be controlled. The photostability of the carotenoids can be increased if
the carotenoids are embedded in a nonpolar environment when no bonds are formed.

Due to their lipophilicity, carotenoids also easily form “host-guest”-type supramolecu-
lar inclusion complexes with water-soluble compounds that have a suitable hydrophilic
surface and hydrophobic interior. The incorporation of carotenoids results in noncovalent
binding between the “guest” carotenoid and the “host” macromolecule and can significantly
change the physical and chemical properties of carotenoids. Studies of the complexation
of carotenoids with glycyrrhizin and arabinogalactan show that complexation affects the
aggregation ability of some xanthophylls, their photostability and antioxidant activity. We
have presented here our expertise on several conventional carotenoids studied by EPR
and DFT and discussed the possible chemistry for some other several rare carotenoids, but
endless possibilities remain for the approximately 1000 carotenoids left to be studied.
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Abstract: Natural bioactive compounds have recently emerged as a current strategy for Alzheimer’s
disease treatment. Carotenoids, including astaxanthin, lycopene, lutein, fucoxanthin, crocin and
others are natural pigments and antioxidants, and can be used to treat a variety of diseases, including
Alzheimer’s disease. However, carotenoids, as oil-soluble substances with additional unsaturated
groups, suffer from low solubility, poor stability and poor bioavailability. Therefore, the preparation
of various nano-drug delivery systems from carotenoids is a current measure to achieve efficient
application of carotenoids. Different carotenoid delivery systems can improve the solubility, stability,
permeability and bioavailability of carotenoids to a certain extent to achieve Alzheimer’s disease
efficacy. This review summarizes recent data on different carotenoid nano-drug delivery systems
for the treatment of Alzheimer’s disease, including polymer, lipid, inorganic and hybrid nano-drug
delivery systems. These drug delivery systems have been shown to have a beneficial therapeutic
effect on Alzheimer’s disease to a certain extent.

Keywords: carotenoids; Alzheimer’s disease; nanosized drug delivery systems

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia, and has become the
main health problem of the elderly [1]. According to a recent report, over 46 million people
suffer from Alzheimer’s disease, and that number is expected to grow to 130 million by
2050. AD is a recessive disease, one which generally occurs in people more than 55 years old
and worsens with age [2,3]. AD is accompanied by progressive and irreversible dementia,
memory loss, pessimism and other behavioral changes, loss of social status, speech loss
without changing sensorimotor function, and additional symptoms [4,5]. Although the
exact biological facts of Alzheimer’s disease are still unclear, current research shows that
the etiology of Alzheimer’s disease is multifactorial; such factors as oxidative stress, loss of
synaptic neurons, low levels of acetylcholine, 3-Amyloid aggregation and metal accumula-
tion all contribute to the development of Alzheimer’s disease [6]. Amyloid plaques can
aggregate into senile plaques on the outer surface of blood vessels and brain neurons, and
into intracellular aggregates of neurofibrillary tangles arising from hyperphosphorylated
tau [7-10]. The formation of reactive oxygen species (ROS) is a key factor in the develop-
ment of AD. ROS can attack and destroy proteins, DNA, lipids and other macromolecules
of living cells [11].

Carotenoids are naturally occurring pigments with powerful antioxidant proper-
ties [12-14], which are secondary metabolites produced by various enzymatic reactions [15,16].
Carotenoids have the ability to quench reactive oxygen species, free radicals and singlet
oxygen. Their strong antioxidant power is primarily due to the presence of long-chain
conjugated olefins in their structure, which makes them ideal candidates for scavenging
free radicals [17,18]. Dietary intake of carotenoids has been reported to be associated with
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the prevention and treatment of many diseases, such as cardiovascular disease, cancer and
age-related macular degeneration [19,20], with particular contributions to the prevention
of brain diseases [21]. It plays a crucial role in the human brain and has a variety of roles in
animals and plants [22-24]. Despite this, bioavailability and stability are major challenges
for these natural compounds. Fortunately, structural modifications of these compounds
can improve their biological function [25]. One of the approaches that makes it possible to
overcome these disadvantages of carotenoids and significantly improve their bioavailability
and stability is the use of drug delivery systems [26-31]. Recently, the development of
nano-drug delivery systems has created exciting opportunities for the prevention and
treatment of AD. Heretofore-poorly-distributed drugs are now prepared in nano-drug
delivery systems. The drug delivery system has a favorable interaction with endothelial
microvascular cells at the blood-brain barrier and can produce elevated concentrations of
the drug in the brain parenchyma. These nano-drug delivery systems can achieve better
efficacy and safety [32-35].

2. Carotenoids in Alzheimer’s Disease Treatment
2.1. Pathogenesis of Alzheimer’s Disease

The etiology of Alzheimer’s disease remains unclear due to the multi-factorial nature of
the disease’s process. The formation of amyloid plaques is a key factor in the development
of AD. These plaques can aggregate into senile plaques on the outer surface of blood vessels
and brain neurons, and in intracellular aggregations of neurofibrillary tangles generated
from hyperphosphorylated tau [7-10,36]. Naturally, oxidative stress (OS) is a major feature
of AD. The reasons why neurons are extremely sensitive to OS include the following: (1) the
energy generated by oxidative phosphorylation in neuronal mitochondria is extremely
important [37,38]; (2) about 20% of the oxygen generated by respiration is used by neurons,
1-2% of which is converted into reactive oxygen species to cause OS [39—42]; (3) metal
ions in neurons accumulate and catalyze ROS production in the brain as the aging process
progresses [43]; (4) polyunsaturated fatty acids in neurons are susceptible to oxidation [44];
and (5) neurons have relatively low levels of antioxidants and related enzymes [45,46]. In
general, OS level increases with age and is an important factor in inducing AD. ROS has
the ability to attack and destroy a variety of macromolecules, including proteins, DNA and
lipids of living cells [11,47-50].

2.2. Overview of Carotenoids

Carotenoids (Figure 1) are the most prevalent class of isoprenoid yellow-orange pig-
ments that can be synthesized by photosynthetic organisms and fungal microorganisms and
bacteria [51,52]. It can be categorized into two main groups: (1) nonpolar carotenes, such
as [3-carotene and lycopene, which are the hydrocarbon compound that carry no functional
groups [53,54]; (2) polar xanthophylls, for instance, astaxanthin, lutein, and canthaxanthin,
the structures of which contain hydrogen, carbon, and oxygen [17]. Carotenoids can also
be divided into pro- and non-pro vitamin A, which cannot be converted into retinoids [53].
Carotenoids are known to be efficient compounds due to their antioxidant properties and
nontoxic nature, which can minimize the risk of age-related muscular disorders [55].

2.3. Therapeutic Mechanisms of Carotenoids on Alzheimer’s Disease

The interest in carotenoids has increased dramatically over the last decade due to their
newly discovered activities, in particular, their neuroprotective properties. Neuroprotective
mechanisms of carotenoids include antioxidant, anti-inflammatory, and anti-apoptotic ac-
tivities, as well as the potential to promote neural plasticity. Although the exact molecular
mechanisms of neurodegenerative diseases are still being elucidated, aging is considered
as a primary risk factor for their development, including development of Alzheimer’s dis-
ease [56]. It is usually accepted that increased inflammation and oxidative stress within the
brain contribute to neurodegeneration. The brain is usually susceptible to higher oxidative
stress due to its high metabolic activity and the presence of various oxidized compounds.
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Oxidative stress can harm biomolecules (peptides, lipids and so on) and lead to neuronal
dysfunction over time. The antioxidant activity of carotenoids is perhaps the known
property responsible for its health benefit in prevention of neurodegenerative diseases.
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Figure 1. Chemical structures of some carotenoids.

Carotenoids are known to act as singlet oxygen quenchers and free radical scavengers
and are used to combat oxidative stress in organisms. Singlet oxygen quenching, important
in photosynthesis, relies on the energy transfer between electrophilic singlet oxygen and the
carotenoid skeleton. The scavenging rate increases with the conjugation length. There are
three main types of carotenoid radical scavenging reactions: (1) electron transfer between
free radicals and carotenoids resulting in the formation of carotenoid radical cations or
carotenoid radical anions; (2) formation of free radical adducts; and (3) hydrogen atom
transfer to form neutral carotenoid group [19]. The structure of carotenoids gives them
a strong antioxidant capacity, which protects cells against OS mediated by a variety of
stressors by reducing DNA damage and activating the endogenous antioxidant enzymes,
including superoxide dismutase and catalase. Promoting the efficacy of endogenous
antioxidant enzymes is considered to be an important mechanism of some carotenoids’
action in neuroprotection in the brain [57].

As an example, some authors reported successful application of carotenoid astaxanthin
in the reducing of neurotoxicity induced by the amyloid-3 fragments in cell culture models
of Alzheimer’s disease [58—60]. The authors report that astaxanthin protected primary
hippocampal neurons from amyloid-f3 induced ROS generation and calcium dysregulation.
Another example of effective anti-AD carotenoid is lycopene; see, for example, review [61].
In vitro studies have shown that pretreatment with this carotenoid reduces amyloid-3
induced cellular damage and prevented amyloid-f3 1-42-stimulated cellular apoptosis via
the inhibition of ROS production, reducing mitochondrial dysfunction and expression
of pro-apoptotic factors, and thus inhibiting pro-inflammatory response in microglia.
In vivo studies on animal models have replicated the results observed in cell cultures.
Humans with AD have significantly lower plasma concentrations of lycopene than do of
healthy subjects [62]. Administration of the carotenoid-enriched products in humans is
useful in increasing serum carotenoid levels and reducing OS, and thereby preventing
neurodegeneration and delaying the onset of dementia.
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3. Carotenoid-Loaded Nanocarriers for Alzheimer’s Disease Therapy

The brain is a special organ that is protected by two major barriers, the blood-
brain barrier (BBB) with its 20 m? surface area, and the blood—cerebrospinal-fluid barrier
(BCSFB) [63]. Because of the large molecular weight of carotenoids, they do not penetrate
easily to the brain, which presents one of the most important challenges in the development
of drugs for the central nervous system [64]. Recently, the development of nano-based drug
delivery systems has created exciting opportunities for the prevention and treatment of AD.
Heretofore-poorly-distributed drugs are now prepared using nano-drug delivery systems.
The drug delivery system has an excellent interaction with endothelial microvascular cells
at the blood-brain barrier and is capable of producing elevated drug concentrations in
the cerebral parenchyma. First, nanocarriers can pass through the blood-brain barrier
passively (through the direct plasma membrane) or actively (endocytosis, pinocytosis,
etc.) through transmembrane channels. Secondly, functional groups on the surface of
nanocarriers (polysorbate surfactant layer or covalent binding of apolipoprotein, etc.) can
enhance the efficiency of the carrier system in penetrating through the blood-brain barrier.
The nanocarrier system is easily phagocytized by mononuclear phagocyte system, and then
degraded or metabolized by lysosomes. The chemical groups on the surface of inorganic
nanomaterials can be metabolized by enzymes or non-enzymes. Organic nanomaterials
may first decompose and then metabolize into smaller particles. In the liver, if too large
to pass through the pores between the transcellular hepatic sinusoidal endothelial cells,
small-particle-sized materials can pass through the pores into the perisinusoidal space
and then into the hepatocytes, where they are subsequently passed by monooxygenases,
transferases, esters metabolism by enzymes, and epoxide hydrolases [65]. Therefore, these
nano-drug delivery systems can achieve better efficacy and safety. Nano-delivery systems
such as polymer/biopolymer nano-carriers, lipid-based nano-carriers, inorganic nano-
carriers, and hybrid nano-carriers have been used (Figure 2). In the following subsections,
a brief overview of nanocarriers will be made.
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Figure 2. Different types of carotenoids nano-delivery systems for Alzheimer’s disease treat-
ment ((A) Polymeric micelles; (B) Polymeric nanoparticles; (C) Dendrimers; (D) Liposomes;
(E) Solid lipid nanoparticles; (F) Nanostructured lipid carriers; (G) Inorganic nanocarriers; and
(H) Hybrid nanocarriers).

3.1. Polymeric Nanocarriers

Polymer nanocarriers based on biodegradable and biocompatible properties include
polymer micelles, polymer nanoparticles, and dendrimers. It is an ideal drug delivery
system for carotenoids for the prevention and treatment of AD. Nanoparticles made of
arabinogalactan, whey proteins, poly (butyl cyanoacrylate), casein, starch, and so on have
been widely studied for drug delivery in the AD [33,35].

3.1.1. Polymeric Micelles

Micelles are core-shell structures formed spontaneously by amphiphilic molecules
in water [66]. Proper micelles can be obtained by adjusting the fraction of monomers
in the bulk copolymer so that most hydrophobic drugs can be easily incorporated into
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the core of the micelles. The function of the micellar shell is to protect the drug from
interactions with serum proteins and non-target cells. In addition, targeted drug delivery
can be achieved by end-functionalization of micelles with block copolymers of peptides,
sugars, and additional components. Nanoscale micelles minimize the clearance of micelles
from the body, prolong the action time of the drug, and improve the bioavailability of the
drug. For instance, micelles prepared from Pluronic block copolymers have been the most
studied. Both in vivo and in vitro experiments have shown that the micelle has the ability
to enhance the drug’s ability to penetrate the blood-brain barrier [67]. In summary, micelles
can respond to external or internal stimuli and thus play a role in stabilizing, targeting
or controlling the release of drugs [68,69], which are ideal drug delivery systems for the
treatment of central nervous system diseases, particularly AD, due to their excellent ability
to penetrate the blood-brain barrier [70-73].

3.1.2. Polymeric Nanoparticles

Polymer nanoparticles and micelles have some similar characteristics, such as loading
efficiency, versatility, stimulus response (including light, temperature, enzyme, pH, and
other biological and chemical agents) and so on [74]. Amphiphilic polymers with different
structures, lengths and charges can be used to prepare polymer nanoparticles. They vary in
size, shape and stability and can be used to encapsulate hydrophilic and hydrophobic drug
molecules, including macromolecules such as carotenoids [28,31,75]. Polymer nanoparticles
are widely used as biodegradable materials in the medical field. Commonly used poly-
mers include polylactides, polyglycolides, poly-e-caprolactone, and polyethylene glycol.
Although these materials have been approved by the FDA for use in the medical field,
they are not considered ideal for the treatment of central nervous system disorders due to
their poor solubility and degradation in acidic byproducts. Acrylic polymer nanoparticles,
especially poly (butyl cyanoacrylate) (PBCA) nanoparticles, have been widely used in the
delivery of drugs in the central nervous system [76]. PBCA can be rapidly degraded in vivo
to reduce toxicity due to polymer accumulation in the central nervous system. Drugs used
to treat diseases of the central nervous system through the PBCA nanoparticle delivery
system include doxorubicin, temozolomide, methotrexate, etc. [77,78]. Compared to acrylic
polymers, polyester nanoparticles may be a safer choice for brain drug delivery because
the degradation products are mainly water and carbon dioxide [79]. The drug delivery
systems of polymer nanoparticles prepared by arabinogalactan [28], polylactic acid and
poly (lactide co glycolide) also have been used for drug delivery in the central nervous
system [80,81].

3.1.3. Dendrimers

Dendrimers are highly branched molecules with a 3D structure consisting of repetitive
monomeric units with highly branched structures [82]. The modifiability of its surface
structure gives dendrimers versatility, and the presence of a hydrophobic core enables
encapsulation of genes, nucleic acids, and other drug molecules through electrostatic in-
teractions or conjugation for the treatment of central nervous system disorders such as
AD [64,83,84]. Polymeric dendrites have been developed for the treatment of Alzheimer’s
disease, Parkinson’s disease, multiple sclerosis, ischemic stroke and other central ner-
vous system disorders. Although dendrimers have a well-defined structure, their deeply
branched and cross-linked nature makes it difficult to predict their degenerate outcome.
Therefore, their inherent toxicity needs to be confirmed by other in vivo studies [85-87].

3.2. Lipid-Based Nanocarriers
3.2.1. Liposomes

One of the drug delivery systems that has received increasing attention is the lipo-
some, which is a spherical vesicle composed of a unilamellar or multilamellar phospholipid
bilayer [88]. Liposomes have excellent biocompatibility and biodegradability, low toxi-
city, and enable the targeted delivery of lipophilic and hydrophilic drugs. The greatest
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advantage of liposomes for central nervous system (CNS) delivery is that they can be easily
surface-modified to prepare advanced liposomes such as immunoliposomes for targeted
delivery [88]. For example, immunoliposomes carrying anti-epidermal growth factor re-
ceptor (anti-EGFR) antibodies can enhance the ability of vinorelbine and doxorubicin to
target brain tumor cells [89]. Although liposomes have the problems of rapid clearance
rate in vivo, low stability and inability to achieve long-term drug release, these problems
have been solved step by step. For instance, modification of liposomes with polyethylene
glycol (PEG) can reduce the possibility of liposomes being engulfed by macrophages and
prolong their time in blood circulation, and the surface-functionalization of liposomes can
improve their stability and efficacy. It is expected that additional liposomes will be used
for the delivery of drugs in the central nervous system [90,91].

3.2.2. Solid Lipid Nanoparticles (SLNs)

SLN is normally composed of a lipid matrix in the solid state at room temperature
and dispersed in water or a solution composed of surfactants for stabilization at body
temperature. Fatty acids, cholesterol, monostearin, etc. are commonly used lipid matrices
for the preparation of SLNs [92,93]. Solid lipid nanoparticles are produced from natural
materials or natural lipids, are biocompatible, and do not affect the internal and external
environment of cells after degradation, which makes them less immunogenic. At the same
time, solid lipid nanoparticles are modest in size, flow rapidly in the blood, and are not
easily absorbed by macrophages, thus facilitating the continuous release of therapeutic
drugs in the body. Because solid lipid nanoparticle delivery systems are able to bypass
P-glycoprotein by cell-by-cell percolation, they facilitate the penetration of lipophilic drugs
across the blood-brain barrier. In fact, SLN can also bind apolipoprotein to target brain
tissues [94,95]. Bhatt et al. prepared astaxanthin solid lipid nanoparticles by a double lotion
solvent displacement method and administered the drug through the nose to increase the
efficiency of brain targeting. The results of biological distribution experiments indicate
relatively high concentrations of the drug in the brain and that intranasal administration
of astaxanthin maximizes nerve protection against oxidative stress [96]. Therefore, solid
lipid nanoparticles have become the best candidate drug delivery system for CNS drugs.
Their low encapsulation efficiency due to the lipid core, which does not allow for the
generation of empty space to encapsulate the underlying material in the solid phase again
during crystallization, limits the large-scale production and development of solid-state
lipid nanoparticles [70,97-99].

3.2.3. Nanostructured Lipid Carriers (NLCs)

To improve the inherent shortcomings of SLNs for high load efficiency, nanostructured
lipid carriers came into being [100]. Nanostructured lipid carriers are composed of liquid
and solid lipids (inner layer) and water emulsifiers (outer layer). They are transformed
forms of SLN. The difference between SLN and NLC is that in NLC, 5-40% of the solid
phase is exchanged with the liquid phase [101], liquid lipids or oils including fatty acid
esters or alcohols such as 2-octanol are mixed with solid lipids [102,103], and lipids with
different chain lengths, such as mono-, di-, and triglycerides, are also used to increase the
space of the delivery system [104]; note that some hydrophobic drugs have better solubility
in liquid lipids, which makes nanostructured lipid carriers more loading-efficient [105,106].
Rodriguez Ruiz et al. used sunflower seed oil as liquid lipid to synthesize astaxanthin
loaded nanostructured lipid carriers by a green method. The results showed that nanos-
tructured lipid carriers could stabilize astaxanthin molecules and maintain and enhance its
antioxidant activity [107].

3.3. Inorganic Nanocarriers

Inorganic nanocarriers include cerium dioxide, iron oxide, gold, inorganic quantum
dots and so on. Inorganic nano-delivery systems have been used for drug delivery due to
their excellent physical and chemical properties, including size, shape, surface functionality,
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chemical structure, and high specific surface area, as well as imaging capabilities, so
they can play their therapeutic and diagnostic roles at the same time. However, their
biocompatibility, biodegradability and safety become the difficulties that restrict their wide
application [108-110].

3.4. Hybrid Nanocarriers

Hybrid nanocarriers are composed of lipid, organic, and inorganic polymers [97,111,112].
In general, the organic polymer or inorganic substance acts as the core, and the lipid
layer acts as the shell. The outer lipid can inhibit the diffusion of water to the inner layer,
thus delaying the degradation of the inner polymer and ensuring that the loaded drug
molecules are slowly and continuously released. Hybrid nanocarriers have controllable
drug release capacity, high loading efficiency, biocompatibility and biodegradability, and
are good carriers for the treatment of central nervous system diseases [97]. For instance,
gold nanoparticles have been coated with PEG through pH-sensitive hydrazine bonds
and modified with gadolinium-chelate and lipoprotein receptor-related protein-1 (LRP-1)
recognition peptides. After BBB penetration and PEG cleavage, the mixed nanoparticles
aggregated in the acidic tumor environment, resulting in an increased magnetic resonance
imaging (MRI) signal [113].

4. Different Nano-Encapsulated Carotenoids in Alzheimer’s Disease Therapy
4.1. Crocin and Crocetin

Crocin (Figure 1) and crocetin are mainly derived from saffron and the fruits of
gardenia. Crocin, a water-soluble carotenoid, is composed of a conjugated polyene skeleton
and sugar substituents at both ends. When the substituents at both ends are hydrogen
atoms, it is a crocetin, which is insoluble in water. Numerous studies have shown that crocin
and crocetin have disparate pharmacological effects, such as anti-Alzheimer, antioxidant,
anti-tumor, anti-inflammatory, memory enhancing, antidepressant, etc. [114,115].

Sonali [116] and his colleagues obtained Crocus sativus extract from Crocus sativus
(stigma) by using the cold-maceration method. The main ingredient in the extract is crocin.
They combined extract with various excipients (hydroxypropyl methyl cellulose, ethyl
cellulose, and Eudragit), which were prepared by physical mixing into particles, and then
filled into hard gelatin capsules. The results showed that the capsule formulation had better
dissolution properties and the in vitro pharmacokinetics showed more plasma exposure
volume. The plasma concentration of crocin was increased by a factor of 3.3 compared to
the extract. Their study has shown that crocin enhances the clearance of the amyloid-f3 in
an AD brain by inducing the expression of P-gp. Hence, it has therapeutic and protective
effects against Alzheimer’s disease.

Another study of crocin application against AD has recently been published by
Song et al. [33]. The authors reported that they had successfully made crocin-loaded hollow
dextran sulfate/chitosan-coated zein nanoparticles using a layer-by-layer self-assembly
technique. Compared with uncoated crocin-loaded zein nanoparticles, coated nanoparti-
cles showed better controlled release effects in vitro (simulated gastrointestinal digestion)
and stronger antioxidant activity. Experimental results in AD cell models showed that
these nanoparticles can reduce the amyloid-f concentration in differentiated SH-SY5Y
cells by 43%. These results prove that dextran sulfate/chitosan-coated crocin-loaded zein
nanoparticles could be a hopeful delivery system for treating AD.

To overcome the poor water solubility and bioavailability of crocetin, Wong et al. [117]
prepared an innovative water-soluble crocetin-y-cyclodextrin inclusion complex for in-
travenous injection. The inclusion complex was shown to be safe in cell experiments.
Pharmacokinetic and biodistribution experiments have shown that the inclusion complex
can improve the bioavailability of crocetin and achieve the effect of facilitating the cro-
cetin delivery system through the blood—brain barrier to the brain. The pharmacological
mechanism of crocetin is through reducing the production of amyloid-3 protein.
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4.2. Astaxanthin

Astaxanthin (AST, 3,3'-dihydroxy-f, p-carotene-4,4’-dione, Figure 1) is a xanthophyll-
type carotenoid [118]. It is synthesized by algae, bacteria or yeasts and can also accumulate
in birds, fish and crustaceans through the food chain [119]. Unlike other carotenoids,
astaxanthin contains two ionone rings at each end of the carbon chain with long-chain
conjugated double bonds. Their unique molecular configuration and size allow astaxanthin
molecules to be inserted vertically into the phospholipid bilayer of the cell membrane,
allowing astaxanthin to prevent lipid peroxidation and protect the integrity of the cell
membrane [120]. It is by far the most powerful natural antioxidant found in nature. Its
strong antioxidant effect is due to the effective stability of the ionone rings and polyene
skeletons against free radicals. The mechanism of antioxidant activity in AST involves
the absorption of free radicals into the polyene chain, providing electrons or forming
chemical bonds with the active material [121]. In addition to this, astaxanthin has anti-
inflammatory, anti-diabetic and anti-cancer activity and cardiovascular disease prevention
properties [122], as well as efficacy against nervous system diseases [123]. Because of
astaxanthin’s beneficial effects on biological systems, the FDA has approved the use of
the pigment as a food colorant in animal and fish feed [124]. It has been assumed that the
anti-cancer activity of AST might be related to its ability to chelate metal ions and produce
neutral radicals [125-127].

Debora et al. formulated stealth lipid nanoparticles loaded with AST as a potential
strategy for evading the defense lines represented by macrophages and improving the sta-
bility of the drug for the achievement of good bioavailability in the brain [34]. Prakash et al.
reported the preparation of astaxanthin solid lipid nanoparticles by solvent displacement
using citric acid, lecithin and poloxamer. Astaxanthin solid lipid nanoparticles have shown
a strong neuroprotective effect against oxidative stress in neuronal cell lines. Published y
scintigraphy and radiological data showed that 9mTc AST solid lipid nanoparticles were
directly transported from nose to brain. These findings confirm that these nanoparticles
can be effectively used for brain targeting and can provide protection against a variety
of neurological diseases, firmly suggesting that astaxanthin can provide neuroprotection
against oxidative stress-induced cell damage [96].

4.3. Lycopene

Lycopene, a natural carotenoid, is widely found in fruits as diverse as pink guavas,
tomatoes and red-skinned watermelons [128,129]. In the clinic, lycopene is the subject of
numerous studies investigating its anti-cancer, cardiovascular disease prevention, liver
protection, and other alternative effects. In 2003, Zhao et al. [130] used mice as test subjects
and compared lycopene to aspirin, which they found to have similar anti-inflammatory
activity. It is precisely because lycopene has neuroprotective activities, such as antioxidant
and anti-inflammatory properties, that it is expected to be used to prevent Alzheimer’s
disease [131]. However, lycopene has a poor bioavailability and is easily affected by the
presence of cis-isomers and other carotenoids [132]. Therefore, an appropriate administra-
tive approach is required. Nano-delivery systems have great potential and advantages in
improving bioavailability and drug stability [61].

4.4. Lutein

Lutein, a dietary carotenoid, comes from foods such as egg yolk, corn, kiwi, persim-
mon, and green vegetables. Its structure is conjugated polyene skeleton and ketone at both
ends. Due to the particularity of its structure, it is easily affected by environmental factors
such as temperature, light, oxygen and so on [133]. Similar to other carotenoids, it has
antioxidant, anti-inflammatory and anti-tumor activity, and the potential to protect against
several diseases, including Alzheimer’s disease and age-related macular degeneration.
However, its poor absorption and bioavailability due to its low solubility limits its use in the
food and pharmaceutical industries [134]. Therefore, it is necessary to develop appropriate
dosage forms in order to successfully deliver it.
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Through electrostatic interaction and nanoprecipitation method, Dhas and Mehta [35]
prepared spherical nanoparticles with chitosan as shell and PLGA as core with the particle
size less than 150 nm. The nanoparticles were administered through the nasal cavity. This
is a relatively short route of drug delivery, allowing the target drug to reach the brain more
quickly. In vitro results from the co-culture BBB model show that the nanoparticles are able
to penetrate the blood-brain barrier more effectively than pure lutein suspension and PLGA
nanoparticles. In addition, in vitro release experiments, in vitro toxicity experiments, and
cell uptake experiments have demonstrated, respectively, the effect of sustained release,
the safety of nanoparticles, and the ability of vesicle-mediated endocytosis to achieve
more efficient delivery. Antioxidant experiments have demonstrated the excellent ROS
scavenging activity of nanoparticles. The delivery of lutein from the nasal cavity to the brain
can be effective in reducing oxidative stress and thus achieving efficacy in treating AD.

4.5. Fucoxanthin

Fucoxanthin, an orange pigment and one of the most abundant carotenoids in na-
ture [135], is found in the chloroplasts of brown algae [136]. Recently, fucoxanthin has
been reported to have a variety of biological activities, including anti-cancer, antioxidant,
anti-angiogenesis, anti-diabetes, anti-obesity, anti-inflammatory, and anti-malaria activi-
ties [137]. Fucoxanthin has previously been reported to have neuroprotective effects against
Alzheimer’s disease [32,138-141]. Fucoxanthin has also been shown to be safe in preclinical
and small-population clinical studies, but its low bioavailability in the central nervous
system limits its clinical use. To overcome this problem, nanoparticles with a diameter of
about 200 nm and negative charge have been synthesized, and their penetration into the
central nervous system is recommended [32]. Fucoxanthin nanoparticles can continuously
release fucoxanthin in physiological environments. Fucoxanthin nanoparticles showed
significant inhibition of amyloid-f formation of fibrils and oligomers. Most importantly, in-
travenous injection of fucoxanthin nanoparticles can prevent amyloid-f3 oligomer induced
cognitive impairment in AD mice more effectively than fucoxanthin. These results indicate
that nanoparticles can improve the bioavailability of drug delivery and enhance its efficacy
in the treatment of AD, which may make it possible to use them in the treatment of AD in
the future [32].

5. Conclusions and Perspectives

Nowadays, it is clear that carotenoids have many benefits for health and positive
nutritional effects and can reduce the risk of many diseases. However, there are some
critical points to be considered: (1) Most carotenoids play a synergistic role when combined
with other compounds, and the single form of carotenoids may not be effective, but from
another perspective if two or more carotenoids are put together inside the nanocarrier there
may be competition for absorption, which leads to lower bioavailability. (2) Carotenoids
are unstable, and easy to transform into different compounds; therefore, the safety of
carotenoids needs additional research. (3) The therapeutic effect varies from person to
person, thus the effective dose is an unknown problem.

Carotenoid-based nano-drug delivery systems are feasible for effective disease preven-
tion and treatment. This review presents a series of examples of carotenoid nano-delivery
systems for Alzheimer’s disease. Each technology has its own strengths and limitations.
To some extent, nano-delivery systems can improve the loading capacity, bioavailability,
bioactivity, stability and solubility of carotenoids. In the author’s opinion, polymeric mi-
celles are more suitable for the delivery of carotenoids. First, the polymer micelles can
be adjusted to a suitable size to accommodate carotenoids of different sizes. Second, the
modifiability and ease of modification of the polymer surface increases the functional prop-
erties of carotenoids. Finally, carotenoid polymers can make it easier to pass through the
blood-brain barrier by adjusting the hydrophilic-lipophilic balance. However, industrial
production of nanomedicines is still in its early stages. Safety and health concerns need
to be explored in depth before widespread consumption. First, each process or material
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must be formally approved by regulatory authorities. However, the regulatory framework
for the inclusion of nano-carriers in pharmaceutical products is still in flux. State agencies
are expected to add initiatives and some legislation to regulate and monitor the proper
development and application of nanoparticles in food and drug formulations.

In modern medicine, the idea of “synergy” between drug and carrier has attracted
increased attention, seeking to preserve and improve the health benefits of various drugs
in prevention and the treatment of many diseases. In the case of carotenoids, drug delivery
systems can assist these bioactive compounds in exerting greater biological activity and
stability. On the other hand, some nano-delivery systems can also play more functional
roles, including targeted delivery to the brain or other organs, or overcome the blood-
brain-barrier. Thirdly, since most of the nanocarriers are natural protein or polysaccharide
components, they can provide the body with some needed nutrients to a certain extent and
improve the efficiency of disease prevention and treatment.
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Abstract: In contrast to plants, humans are unable to synthesise carotenoids and have to obtain
them from diet. Carotenoids fulfil several crucial biological functions in the organism; however,
due to poor solubility in water, their bioavailability from plant-based food is low. The processes of
carotenoid absorption and availability in the human body have been intensively studied. The recent
experimental findings concerning these processes are briefly presented in the introductory part of
this review, together with a summary of such topics as carotenoid carriers, body transport and tissue
delivery, to finally report on molecular-level studies of carotenoid binding by membrane receptors.
The main message of the review is contained in the section describing computational investigations
of carotenoid intercalation and dynamic behaviour in lipid bilayers. The relevance of these computa-
tional studies lies in showing the direct link between the microscopic behaviour of molecules and
the characteristics of their macroscopic ensembles. Furthermore, studying the interactions between
carotenoids and lipid bilayers, and certainly proteins, on the molecular- and atomic-level using
computational methods facilitates the interpretation and explanation of their macroscopic properties
and, hopefully, helps to better understand the biological functions of carotenoids.

Keywords: spontaneous membrane intercalation; preferred membrane orientation; free energy gain;
timescales; lipid-soluble antioxidant; trans-cis photoisomerisation

1. Carotenoids: Basic Information

Carotenoids are pigments synthesised predominantly by photosynthetic organisms,
i.e., plants, algae and cyanobacteria, but some non-photosynthetic bacteria and fungi can
also do so, e.g., [1,2]. In contrast, animals and humans are unable to synthesise carotenoids
de novo even though they are critically important to their nutrition and health. In plants,
carotenoids play fundamental roles in photosynthesis and photoprotection, e.g., [3-5].
In humans, carotenoids are vital in maintaining good health, e.g., as antioxidants, they
reduce the risk of various chronic diseases such as cancer and cardiovascular diseases;
- and «-carotenes are precursors of vitamin A, whose deficiency can cause blindness;
xanthophylls lutein and zeaxanthin, as macular pigments, decrease the onset of age-related
macular degeneration and cataract, e.g., [2,6-9]. Lutein, as well as zeaxanthin, accumulate
in the human brain improve its cognitive functions [10-12].

At present, 1204 natural carotenoids have been identified from 722 source organ-
isms. Their chemical structures and other information are collected in the Carotenoids
Database (http://carotenoiddb.jp, (accessed on 1 July 2024)) established by Yabuzaki [13].
Among the known carotenoids, lycopene, 3-carotene (B,3-carotene), a-carotene ((6'R)-p3 -
carotene), lutein and zeaxanthin (Figure 1) are indicated as the most beneficial to humans,
e.g., [6,14,15]. The key structural element of all of them is a nearly linear [16] nonpolar
polyene chain consisting of eight isoprene units (40-carbon carotenoids) with conjugated
double bonds in the trans conformation. With the exception of lycopene, these carotenoids
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have two terminal ionone rings in the C6 and C6' positions of the polyene chain (Figure 1).
In the 3- and x-carotene, the rings are unsubstituted, and in lutein and zeaxanthin, they
are monohydroxylated at positions C3 and C3'. Thus, lycopene, - and «-carotene are non-
polar and belong to the group of carotenes, whereas lutein and zeaxanthin are oxygenated
derivatives of «- and (3-carotene, respectively, and belong to the group of xanthophylls. It is
worth noting that both halves (C6-C15 and C15-Cé6/, Figure 1) of the polyene chain of the
carotenoids are related by 180° rotation about a vertical axis placed at the chain centre (Cyy,
symmetry). Apart from the polyene chain symmetry, lycopene, 3-carotene and zeaxanthin
are symmetric molecules (Cy, symmetry), as both ionone rings of 3-carotene and zeaxan-
thin are the same (f3) and lycopene has no terminal rings. In contrast, both «-carotene and
lutein have two different rings (3 and ¢); thus, the molecules are asymmetric. Each of the
small differences in the chemical structures of the molecules has its biological relevance
and determines carotenoid-protein and carotenoid-lipid bilayer interactions.

ering

B ring Lutein 8ri
rin
9 OH
S gl VO D G PN
o
B ring Zeaxanthin
B ring
) S gl VO D U G N
B ring B-Carotene
e ring
NN NN NN
B ring a-Carotene

Lycopene

Figure 1. The chemical structures of lutein, zeaxanthin, 3-carotene, x-carotene and lycopene. The
ionone ring and polyene chain atoms that are used in the text are indicated in lutein only. The atoms
are numbered according to the IUPAC convention. The C6" and C7’ atoms of lutein are indicated with
red circles. The chemical symbols for carbon atoms, C and the hydrogen atoms have been omitted
except for the OH groups of lutein and zeaxanthin.

2. The Journey of Carotenoids through the Human Body

As was mentioned above, humans are unable to synthesise carotenoids de novo,
so they have to obtain them from their diet. The main source of dietary carotenoids
are coloured fruits and green leafy vegetables [6]. To become available to the human
organism, carotenoids must first be released from the cellular matrix of fruit- and vegetable-
based food products. This takes place in the gastrointestinal tract during digestion. As
carotenoids are highly nonpolar, to facilitate their absorption in the intestine, they are
dispersed into the lipid droplets in the stomach. Then, they are incorporated into bile salt
and other lipid mixed micelles in the small intestine [17-20]. Next, free carotenoids are
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absorbed by intestinal absorptive cells via scavenger receptors or passive diffusion, incor-
porated into ultra-low-density lipoproteins (chylomicrons) and secreted into the lymph,
e.g., [17-19,21-24]. In general, chylomicrons are taken up by the liver where carotenoids
are integrated into either very low-density lipoproteins (VLDL), low-density lipoproteins
(LDL) or high-density lipoproteins (HDL) [25-28] or stored. Roughly, xanthophylls are
associated mainly with HDL, and carotenes mainly with LDL and VLDL [23,25,26,28,29],
although the exact distribution of carotenoids among lipoproteins is not known for cer-
tain [27]. Lipoproteins transport carotenoids in the blood and deliver them to specific
tissues for more or less selective uptake.

During their digestion, secretion and delivery, carotenoids exchange, in the free form,
between tissues and supramolecular ensembles, which they are temporarily associated
with, several times before they reach the sites of their main biological activity. There is a
large number of such sites in the human organism; thus, carotenoids are widely distributed
among various organs and tissues. However, different tissues accumulate different amounts
of carotenoids and for different purposes. For example, the liver collects virtually all
carotenoids mainly to transfer them to different lipoproteins and release them into the
bloodstream. Adipose tissue accumulates carotenoids rather indiscriminately mainly to
store them. In contrast, lutein and zeaxanthin are the only carotenoids that incorporate
into the macula lutea, a specialised tissue at the centre of the retina of the human eyes.
Additionally, lutein and zeaxanthin are predominant carotenoids in human brain tissue.
Carotenoids also accumulate in other tissues, but those mentioned above are the most
representative. There are details concerning the tissue distribution of carotenoids and their
functions in Refs. [10,11,23,30-32], but as pointed out by Landrum [33], carotenoids are
rather non-specifically accumulated in tissues, with important exceptions for lycopene in
the prostate and lutein and zeaxanthin in the retina.

From a practical perspective, information on how carotenoids are transferred from the
plasma lipoproteins to specific tissues is, undoubtedly, the most useful. It would be natural
to expect that there are several transfer mechanisms specific to the tissue and the type of
carrier. Extensive molecular biology research has revealed that the selective transfer of
carotenoid molecules from their carriers to tissues occurs via cell membrane receptors [34].
In the case of macular pigments, intake of zeaxanthin into the retinal pigment epithelia
(RPE) cells proceeds via scavenger receptor class B type 1 (abbreviated as SR-B1, SRB1 or
SCARB1), which is a multifunctional receptor that binds a broad range of lipoproteins,
with a high affinity for HDL [35-37]. The structure and the detailed structure-function
analysis of the full-length homology model of human SR-B1 predicted by the molecular
modelling software package trRosetta [38] are presented in Ref. [39]. However, intake
of lutein into the RPE cells proceeds via the LDL receptor (LDLR) [35,36]. The receptor
for LDL-bound f3-carotene, let alone that for LDL-bound «-carotene, has not yet been
identified conclusively, although it is likely that it is LDLR [32,35,40], but SR-B1 has also
been considered [32,41].

- and o-carotene are provitamin A carotenoids. In the human intestine, about half
of them are converted to vitamin A, and the other half are absorbed intact. In 3-carotene
conversion, the molecule is cleaved by (-carotene 15,15’ -oxygenase 1 at the C15,C15
double bond into two retinal molecules that are subsequently converted into two retinol
(vitamin A) molecules [42]. Cleavage of x-carotene eventually gives one retinol and one
a-retinol molecule. In the liver, retinol associates with soluble retinol binding protein 4
(RBP4). The RBP4-retinol complex is released into the bloodstream and delivered to tissues
via stimulated by retinoic acid 6 (STRA6) receptor, which transports retinol across the cell
membrane [43—45]. In peripheral cells, all-frans-retinol (vitamin A) is converted into 11-cis-
retinal, a light-sensitive molecule, and into all-trans retinoic acid, a signalling molecule [44].
In the eye, 11-cis-retinal is the chromophore of rod and cone opsins. After binding retinal,
apo-protein opsin becomes a rod (rhodopsin) or cone (cone opsin) photoreceptor protein.
As a signalling molecule, all-trans retinoic acid binds to the ligand-binding domains of
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two retinoic acid nuclear receptors, RAR and RXR, while RAR/RXR heterodimers bind
specifically to DNA [44,46].

RBP4 that binds and delivers retinol to specific tissue does not bind «-retinol. Never-
theless, animals fed with «-retinol maintained about 50% of the growth rate of those fed
with retinol [47]. This indicates that even though o-retinol has no vitamin A activity, it
probably shares the ability of retinoic acid to act as a transcription factor [47]. This also
indicates that x-retinol is transported as «-retinyl ester in lipoproteins, as does retinyl ester,
which is a storage form of retinol.

3. Carotenoid-Receptor Binding: Molecular-Level Studies

The transfer of carotenoids from plasma lipoproteins to their receptors on the cells of
the targeted tissues is a molecular-level process. The methods employed in studying such a
process are both experimental and computational. Naturally, molecular-level experiments
can provide information with different resolution. Thus, experiments carried out at the
macroscopic molecular level have provided physicochemical and biochemical data on
carotenoid—protein interactions [27,28,45,48-53]. Experiments carried out at the microscopic
molecular level, in combination with a computational approach, have provided high-
resolution data of the atomic structure of some carotenoid-binding proteins and the location
and structure of the carotenoid molecules bound by them [34,50,54-60]. The results of these
and earlier studies have greatly enhanced the knowledge and deepened the understanding
of carotenoid absorption, transport and tissue delivery. However, there are still many
topics concerning carotenoid binding, transfer and insertion to and between proteins and
lipoproteins that have yet to be revealed. It is thus important to study the processes and
elucidate their molecular and atomic-level details, as a deeper understanding of them may
help in improving the bioavailability of carotenoids in the body [23,61].

4. Carotenoids: Transfer from Receptor to Membrane

In the body, carotenoids are transported in lipoproteins, and from them, they are
transferred to the cell through more or less specific membrane-bound receptors, but the
ultimate location of biologically active carotenoids in the cell is predominantly the cell
membrane. Unfortunately, there is not much well-confirmed information regarding how
they arrive there. This is mainly because determining the three-dimensional structures of
large multi-domain membrane proteins is a complex and difficult process and not always
successful; consequently, none of the structures of human carotenoid receptors have been
solved so far. Knowledge of the structure will certainly make predicting how a carotenoid
molecule inserts into the membrane feasible. Fortunately, important progress has been
made recently as the full-length human SR-B1 receptor has been expressed and purified [53]
and, moreover, its 3D structure predicted by homology modelling has been published [39].
The homology model structure of SR-B1 has also been predicted with SWISS-MODEL [62]
in Ref. [34] and with MODELLER [63] in Ref. [60]. All three predicted structures have
shown that the extracellular domain of SR-B1 has a large, predominantly hydrophobic [60]
cavity that serves as a tunnel through which a lipid (carotenoid) passes from the lipoprotein
to the plasma membrane. The putative sites where the lipid (carotenoid) enters and exits
the tunnel [34] are marked in Figure 2.

The situation concerning the membrane receptor, STRA6, for retinol binding pro-
tein RBP is more fortunate as its dimeric structure has been solved by cryo-electron mi-
croscopy [45]. Knowledge of the STRA6 structure has made it possible to indicate the
probable routes of retinol transfer from RBP through STRA6 to the membrane [45]. The
routes are schematically shown in Figure 3B.
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Extracellular domain

Plasma membrane

SCARB1

Figure 2. Homology model of class B scavenger receptor. Extracellular domain model of the human
SCARBI1 (SR-B1) receptor with a proposed lipid entering and exiting tunnel highlighted with a
grey colour mesh. Figure. From Bandara, S., & von Lintig, J. (2022). Aster la vista: Unraveling
the biochemical basis of carotenoid homeostasis in the human retina. BioEssays, 44, €2200133 [34].
https:/ /doi.org/10.1002/bies.202200133. CC BY 4.0.

A B

Figure 3. Possible mechanism for STRA6-mediated retinol uptake. (A) Ribbon representation of
STRAG6 (red OK ) and RBP (blue). Retinol is shown as green spheres. The lipid bilayer is shaded light
yellow. (B) Schematic of STRA6-mediated retinol (green spheres) release from RBP into the outer cleft
and translocation to the lipid bilayer (shown as purple spheres and wavy lines) through the lateral
window. Question marks indicate putative ligand binding sites; green and orange arrows show two
potential retinol exit pathways. Figure (modified). From: Yunting Chen et al., Structure of the STRA6
receptor for retinol uptake. Science 353, aad8266 (2016). https:/ /doi.org/10.1126/science.aad8266 [45].
Reprinted with permission from AAAS.
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Experimental studies with atomic resolution provide detailed structures of biomolecules
but are not able to record their motion simultaneously. This is because they do not possess
sufficiently high concurrent spatial and temporal resolution. At present, only computa-
tional molecular modelling methods possess such resolution. Unfortunately, computer
simulations of the lipid translocation from the donor lipoprotein to the lipid bilayer through
the receptor tunnel have not yet been published, so this issue still remains elusive.

5. Carotenoids in the Membrane: Atomic-Level Motional Studies

Classical molecular dynamics (MD) simulation is one of the computational molecular
modelling methods. This widely used method has an atomic spatial resolution and sub-
picosecond (ps) temporal resolution but has its limitations too. Its main limitations concern
the size of the simulated system and the time of its “observation”. Nevertheless, at present,
the all-atom MD simulation allows systems to be studied that contain over a million
atoms and processes on the ps timescale sampled with 2—4 fs time steps [64]. However, it
should be remembered that each model predicted in MD simulations has to be validated
through experiments.

There are several computational and experimental papers where the effect of carotenoids
on lipid bilayers have been investigated, predicted and reviewed, e.g., [65-70]. In general,
they have focused on the effect of carotenoids on the lipids in the bilayer and analysed
changes in their ordering, orientation and dynamics, as well as on the bilayer physical,
mechanical and phase properties. Conversely, here, the main focus is put on a carotenoid
molecule in the lipid bilayer and, in particular, on its membrane intercalation and dynamic
behaviour. The studies that are reviewed below were performed using computational
methods, but the significance of computer predictions is discussed in the light of experi-
mental findings.

The first MD simulation study on the behaviour of carotenoids in lipid bilayers was
carried out on a simple model where four 3-carotene molecules were inserted into a
hydrated palmitoyl-oleoyl-phosphatidylcholine (POPC) bilayer, parallel to the bilayer
normal (vertically), in Ref. [71]. During 4 ns MD simulation, the molecules tilted by
~20° and located their rings near the positions of the phospholipid carbonyl groups; the
simulation was, though, too short to allow for larger configurational changes in the system.
The next MD simulation study focused on spontaneous intercalation into and subsequent
orientation of lutein molecules in the POPC bilayer [72]. In each of two bilayer systems,
six lutein molecules were placed horizontally on the bilayer surfaces on the side of the
hydrating water. In each of them, one molecule intercalated into the bilayer within the first
two ns of MD simulation from the 3-ring side, and five did not. These ten molecules (five
in each system) aggregated in the water, and during 200 ns simulation, they remained there
as aggregates. The remaining two lutein molecules intercalated into the upper leaflet of
the bilayer, one vertically and the other horizontally. At ~70-80 ns of MD simulations, the
molecules changed their positions to horizontal and vertical (transmembrane), respectively,
and remained in these positions until the end of the 200 ns simulations. These orientations
were stabilised mainly via hydrogen bonds (H-bond) between the lutein OH groups, and,
in the case of the vertical orientation, phosphate and carbonyl groups of POPC and water,
and in the case of the horizontal orientation, carbonyl groups of POPC and water [72].

The study of lutein intercalation into a POPC bilayer was pursued further in Ref. [73].
In this study, four bilayer systems were built, each containing six lutein molecules. In the
initial structures, the luteins were situated almost vertically to the bilayer plane with the
“entering ring” of each molecule placed within the regions of the PC phosphate groups and
the rest of the molecule immersed in the hydrating water. In two systems, the “entering
ring” was the lutein 3 ring, and in another two, it was the ¢ ring. The systems were MD
simulated for 20-100 ns depending on the time it took for lutein to intercalate fully into
the bilayer. Of the 24 lutein molecules present in the systems, 12 either fully or partially
spontaneously intercalated in the bilayer, 10 intercalated from the 3 ring side (~80%) and
2 intercalated from the ¢ ring side (~17%). The remaining 12 molecules aggregated in the
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water phase and stayed there as aggregates during the whole simulation time. Five of the
intercalated molecules were analysed in detail. Four of them intercalated vertically, and
one intercalated horizontally. The time needed by a vertically translocating molecule to
reach the interface of the other bilayer side ranged between ~7.5-15 and ~95 ns, both for the
 and ¢ “entering ring”. It is interesting to note that both the (3 and the ¢ ring of the lutein
that intercalated into the bilayer horizontally were H-bonded with 1-3 water molecules
during the whole simulation time. Irrespective of the final orientation of the lutein in the
bilayer, both its rings were H-bonded with water and PC polar groups; these interactions
stabilised the orientations [73].

To understand the reason for the discrepancy between the number of lutein molecules
intercalated with the “entering (3 ring” and with the “entering ¢ ring”, the barriers to
the 3 and ¢ ring lutein intercalation into the bilayer were evaluated from the free energy
profiles of transfer of a lutein molecule from the water phase into the bilayer [73]. The
profiles were calculated using umbrella sampling simulations [74]. The positions of the
barriers to lutein intercalation from the 3 and the ¢ ring end coincided with the region
of the rigid POPC glycerol groups. The barriers were low, although that encountered by
the e ring was ~2 kcal/mol higher than that encountered by the {3 ring. The difference in
the barrier heights stemmed from different orientations of the (3 and ¢ rings relative to the
flat polyene chain, which resulted from sp2 hybridisation of the C6 carbon atom and sp3
hybridisation of the C6’ carbon atom. When lutein intercalated into the bilayer from the
B ring end, the system gained 19.5 £ 1.0 kcal/mol, and from the ¢ ring end, the gain was
17.9 + 1.1 kcal/mol [73].

The first MD simulation study where reorientation of carotenoid molecules in the
lipid bilayer was analysed in detail was described in Ref. [75]. In this study, either a single
(3-carotene or zeaxanthin molecule was inserted into a dimyristoyl-PC (DMPC) bilayer
either vertically or horizontally, with the latter in the central bilayer region. During 100 ns
and 200 ns simulations, the orientation of the 3-carotenes varied more than that of the
zeaxanthins, but the molecules eventually assumed relatively stable orientations, and
the 3-carotenes were more tilted than the zeaxanthins. These results were confirmed in
umbrella sampling simulations [74], which provided free energy profiles for the rotation
of -carotene and zeaxanthin from the horizontal to the vertical position in the bilayer.
The relatively flat profile for 3-carotene between 90 and 35° implied that in this range of
angles, 3-carotene had no preferential orientation, whereas the preferential orientation of
zeaxanthin in the bilayer was ~35°. Moreover, the system gained over 3 kcal/mol when
zeaxanthin rotated from 90 to 35°. For both carotenoids, orientations between 35 and 0°
were energetically unfavoured. Moreover, on the basis of the model that utilised a detailed
conformational analysis of the single-bond torsion angles along the conjugated polyene
chain of 3-carotene and zeaxanthin, the authors estimated the effective length of the chain
of the molecules in the bilayer and in water. The transmembrane position of zeaxanthin
made its chain more extended, which might have resulted in its enhanced antioxidant
capability. However, this was not the case with 3-carotene [75].

Orientations of xanthophylls in the phospholipid bilayer were also analysed in
Ref. [76]. In this study, which was carried out both experimentally and computation-
ally, free energy profiles for rotating zeaxanthin and lutein from the horizontal (90°) to
the vertical (10°) position in the DMPC bilayer were calculated using umbrella sampling
simulations [74]. The profile for the zeaxanthin was similar to that in Ref. [75]. The minor
differences concerned the free energy minimum, which was at ~25° in Ref. [76], and the
energy gain due to rotation from 90 to 25°, which was ~4 kcal/mol in Ref. [76]. The free
energy profile for rotating lutein in the bilayer showed that the energy gain due to rotation
was 3 kcal/mol, thus smaller than that for zeaxanthin, but the free energy minimum was
also at ~25°. As their experiment had no means of determining the molecule’s orientation
at the free energy minimum, the authors compared the average values of the xanthophyll
tilt obtained from unbiased MD simulations and from experimental measurements; the
values turned out to be close to each other, which mutually validated the model and the
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measurements [76]. The values of the average tilt of lutein derived from the experiment and
computation were virtually the same as those, respectively, of zeaxanthin. This result was
surprising because, as could be anticipated from the difference in the free energy profiles,
the horizontal orientation of lutein in the bilayer was ~10 times more probable than that of
zeaxanthin [76].

The study carried out in Ref. [77] was a cutting-edge piece of research performed both
experimentally and computationally. Its aim was to identify a regulatory mechanism of
controlling the intensity of light reaching photoreceptors in the human eye. This molecular-
level mechanism, which took place in the retinal cell membranes, was based on the rotation
of xanthophyll molecules induced by frans-cis photoisomerisation. Mutually perpendicular
orientations of trans and cis xanthophyll isomers acted as modulators of light absorption.
In the computational part of the research, unbiased MD and umbrella sampling [74] simu-
lations were employed to predict the orientation of zeaxanthin and its two isomers, 9-cis
and 13-cis, in two bilayers. One of them was composed of dipalmitoyl-PC (DPPC), and the
other was composed of lipids typical for the retinal cell membrane, distearoyl-PC (DSPC),
stearoyl-docosahexaenoyl-phosphatidylethanolamine (SDPE) and SD-phosphatidylserine
(SDPS). The simulations confirmed the previous results [76] that frans zeaxanthin in the
bilayer was oriented vertically, whereas 9-cis and 13-cis zeaxanthin were in 2 and 45%,
respectively, of cases oriented horizontally (Figure 4). Both the simulations and the ex-
perimental measurements identified the same molecular mechanisms of controlling the
intensity of light reaching photoreceptors in the retina [77].

all-trans

Figure 4. Representative structures for the perpendicular orientation of all-trans zeaxanthin (left) and
the horizontal orientations of its 9-cis and 13-cis isomers (right) in the DPPC membrane. Figure. Form
J. Phys. Chem. B 2021, 125, 23, 6090-6102. https:/ /doi.org/10.1021/acs.jpcb.1c01198. [77] CC BY 4.0.

Orientations of echinenone (f3,3-caroten-4-one, 4-keto-f3-carotene) and [3-carotene
in the lipid bilayer were investigated in Ref. [78]. In this study, a mixed-lipid bilayer
made of PC and PE with 18- and 16-carbon atom acyl chains of varying unsaturation that
represented lipid composition of natural egg yolk, was used. The bilayer containing one
molecule of echinenone or 3-carotene was MD simulated for 1 us. The results showed that
although (3-carotene could reorient in the bilayer rather freely, it resided most often (78% of
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the simulation time) in the middle of one of the bilayer leaflets oriented almost horizontally,
at 80-85°, with the bilayer normal. Less often (22% of the simulation time), 3-carotene
was oriented 40-45° relative to the bilayer normal. Echinenone in the bilayer was in a
transmembrane position with a preferential tilt at ~30°. The results for 3-carotene were in
general agreement with those in Ref. [75], and the orientation and position of echinenone in
the bilayer were similar to those of zeaxanthin in Ref. [76]. However, detailed comparison
is not fully justified, as in both studies, related but not the same quantities were analysed,
and the bilayers used had different lipid compositions.

In Ref. [79], orientations of (3-carotene and zeaxanthin in six mixed-lipid bilayers
in different phases were compared. The bilayers were composed of POPC, DSPC and
cholesterol in different proportions such that some bilayers were in the liquid-disordered
and some in the liquid-ordered phase. In each phase, the distribution of the 3-carotene
orientations was broader than that of zeaxanthin. Moreover, in each bilayer, the carotenoids
caused bilayer thinning. This result was at variance with the result in Ref. [80], which
showed that both (3-carotene and zeaxanthin increased the POPC bilayer thickness. The
contradicting results might have stemmed from different lipid compositions of bilayers
used in both studies, and possibly from too short an equilibration time of the bilayers in
Ref. [79].

The MD simulations described in Ref. [81] were carried out to investigate the reorien-
tational dynamics and preferred orientation of two xanthophylls in four POPC bilayers on
the ps timescale. In the initial structures, six molecules of lutein or zeaxanthin were placed
in the bilayer either vertically or horizontally. The molecules oriented horizontally were
located in the region between POPC glycerol and phosphate groups (Figure 5, left-hand
side); thus, no molecules aggregated in the water phase. Each system was MD simulated
for 1.1 ps. The molecules could reorient freely, although none of the vertically placed
xanthophyll molecules reoriented to the horizontal position. In contrast, all horizontally
placed zeaxanthin molecules and five out of six horizontally placed lutein molecules reori-
ented to the vertical position during MD simulation times ranging from 10 to 500 ns. One
lutein molecule remained in the horizontal position for the whole MD simulation time [81]
(Figure 5, upper right).

To answer the question as to why none of the zeaxanthin molecules remained in the
horizontal orientation, whereas one out of six lutein molecules did remain so, detailed
conformational analyses of the C5-C6-C7-C8 (f ring) and C5'-C6’-C7’-C8' (¢ ring) torsion
angles (called 3-ring torsion and e-ring torsion, respectively) were performed. The 3-ring
torsion of lutein and zeaxanthin in vacuum, water and the bilayer had two low-energy
conformations that were close to each other, of 30° and —30°, and separated by a relatively
low energy barrier; therefore, transitions between them were very frequent. The e-ring
torsion of lutein in vacuum had two low-energy conformations of 130° and —50°. Even
though the angular distance between them was quite large and they were separated by a
relatively high barrier, transitions between them were moderately frequent. However, for
lutein in water and in the bilayer, the torsion occupied only the lower-energy conformation
of 130°. H-bonds of lutein OH groups with polar groups of water and PC, together with
a relatively high-energy barrier, hindered transitions between the conformational states.
Moreover, analyses of the interactions between water molecules and the methyl groups of
the polyene chain, as well as the OH groups of the ionone rings, of horizontally oriented
lutein and zeaxanthin revealed which interactions with water and which orientations
of the rings played a role in stabilising the horizontal orientation of the molecules in
the bilayer. The result that the e-ring torsion of lutein in the bilayer occupied only one
conformation was contrary to a commonly made claim that “free” rotation of the ¢ ring
about the single C6'-C7’ bond is the possible cause of the horizontal location of lutein
in the bilayer. Conversely, the fixed conformation of the e-ring torsion, the mutually
perpendicular orientations of the lutein € and § rings (the  ring is coplanar with the
polyene chain plane, the ¢ ring is nearly perpendicular to it) and the orientation of the {3
ring OH group of the horizontal lutein were the key factors that made a horizontal lutein
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less likely to rotate to the vertical position than a horizontal zeaxanthin [81]. Of note was
the observation that the plane of the polyene chain of any molecule that entered the bilayer
from the horizontal orientation was perpendicular to the bilayer surface.

Figure 5. Initial (left column) and final (right column; after 1100 ns of MD simulations) structures
of the POPC bilayer containing lutein (upper row) and zeaxanthin (lower row). In the initial
structure, six xanthophyll molecules were placed parallel to the bilayer surface (horizontally). The
lutein molecule, which remained in the horizontal position during the whole simulation time, is
presented in the ball-and-stick model. In the figures, only the POPC head groups and xanthophyll
molecules are shown to better illustrate the details. The atoms are represented in standard colours,
except for the xanthophyll carbon atoms, which are blue for lutein and red for zeaxanthin. Water
is shaded light blue, and the lipid nonpolar region is shaded light yellow. Figure. Form Makuch
K, Hryc J, Markiewicz M and Pasenkiewicz-Gierula M (2021) Lutein and Zeaxanthin in the Lipid
Bilayer—Similarities and Differences Revealed by Computational Studies. Front. Mol. Biosci. 8:768449.
https://doi.org/10.3389/fmolb.2021.768449. [81] CC-BY.

The phospholipid bilayers used in the MD simulation studies described above were,
broadly speaking, simple models of an unspecified animal cell membrane. In Ref. [82], the
behaviour of two carotenoids, lycopene and zeaxanthin, in a computer model of the human
stratum corneum (SC) cell membrane was investigated. In human skin, as in other organs,
carotenoids play a protective role against photodamage [83]. The main lipid species of the
lipid matrix of the SC cell membrane is ceramides with acyl chains of different lengths. In
this study, the lipid bilayer was built of ceramide NS24 (a sphingolipid with a 24-carbon-
atom fatty acid linked via an amide). The bilayer with one inserted molecule of lycopene
or zeaxanthin was MD simulated for 100 ns. The preferred orientation of zeaxanthin in
the ceramide bilayer was similar to that in the PC bilayer [75-77,81], i.e., vertical [82]. In
contrast, the preferred orientation of lycopene was horizontal. The results of unbiased
MD simulations of bilayers with a single carotenoid molecule were confirmed by umbrella
sampling simulations [74]. The free energy profile for rotating zeaxanthin from 90 to 0°
indicated that its preferred orientation in the bilayer was ~25°, and that due to rotation,
the system gained over 3 kcal/mol; these results conform well to those in Refs. [75-77],
even though the bilayers used in those studies had different lipid compositions. Rotating
lycopene from 90 to 0° resulted in an almost monotonic increase in the system free energy,
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which indicated that the preferred orientation of lycopene in the bilayer was ~90°, i.e.,
horizontal [82].

MD simulation of 3-carotene in a bilayer made of lipids typical for the brain, POPC
and DMPS, was carried out in Ref. [84]. Details concerning the simulation system were
nevertheless scarce; the study revealed that even though (an unspecified number of) 3-
carotene molecules located initially in the water hydrating the bilayer aggregated, they,
over time, spontaneously intercalated into the bilayer as an aggregate. As can be seen in the
video attached to Ref. [84], a 3-carotene molecule that intercalated into the bilayer at the
beginning of the simulation as a single species, during a (probably) 200 ns MD simulation,
had considerable rotational freedom there but was in the vertical position quite often. Once
the aggregate intercalated into the bilayer, the single molecule joined it.

A combined experimental and theoretical study of the aggregation of carotenoids
in the bilayer was carried out in Ref. [85]. Experiments that employed several methods
were performed on chiral carotenoids that differed in polarity, i.e., x-carotene (nonpolar),
zeaxanthin and fucoxanthin (polar), in the DPPC bilayer. MD simulations and quantum-
chemical calculations were made only on an x-carotene monomer and dimer inserted
horizontally into the middle of the DPPC bilayer. Both in a monomeric and a dimeric
state, the molecules moved about and rotated in the bilayer core rather freely; thus, the
“dimer” they formed was not firm, and their tilts relative to the bilayer normal were broadly
spread, between 30 and 140°, with an average of 100°. Even though the molecules in the
“dimer” were, on average, ~21 A apart from each other, they somehow affected each other,
e.g., they became more bent than as monomers. The difference in the bending between
monomeric and dimeric x-carotene expressed in A was very small, although it was quite
apparent in QM calculations. The stabilising effect of bending on the “dimer” structure
shown in simulation and confirmed experimentally indicated the propensity of «-carotene
to aggregate in the bilayer in contrast to more polar and vertically oriented zeaxanthin and
fucoxanthin [85].

6. Carotenoids in the Membrane: A Summary of Computational Studies and
Their Significance

What have we learnt from computer modelling studies about the behaviour of 40-carbon
carotenoids near and in a lipid bilayer? Starting from the beginning: When carotenoid
molecules are put into water hydrating the bilayer, some of them aggregate there, but
some spontaneously intercalate into the bilayer. Both outcomes are due to their long
nonpolar polyene chains. Unfortunately, simulations do not conclusively resolve whether
the molecules intercalate the bilayer as monomers or as larger aggregates. While in some
simulations, intercalation is monomeric, some others have indicated that multimers can
also intercalate. In an MD simulation study [86], lutein intercalated into the POPC bilayer
both as a monomer and a dimer, although in the subsequent MD simulations, the latter
never happened [72,73,81]. A large 3-carotene aggregate intercalating into the POPC-DMPS
bilayer was shown in Ref. [84]. An experiment, in contrast to a simulation, has no means
to tell what the multimeric form of carotenoids intercalating the bilayer is, but it is able
to discriminate between carotenoid monomers and multimers in the bilayer as well as
the type of aggregate formed, e.g., [85,87,88]. «-Carotene self-assembled readily in the
gel-phase DPPC bilayer and formed “head-to-tail” J-aggregates of uncertain sizes that
remained stable when temperature was increased [85]. Carotenoids with polar groups,
namely fucoxanthin, zeaxanthin and lutein, formed “side-by-side” H-aggregates of rather
small sizes were unstable at elevated temperatures, and in liquid-phase bilayers, they were
in the monomeric form [85,87,88]. This experimental result conforms to the results of 1.1-us
MD simulations of zeaxanthin and lutein in the POPC bilayer at 310 K where the molecules
did not show any sign of aggregation [81].

Spontaneity of xanthophyll intercalation into the lipid bilayer directly stems from the
negative value of the change in free energy for the process. The calculated free energy gain
in lutein (zeaxanthin) intercalating the bilayer is ~20 kcal/mol [73]. MD simulations and
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free energy calculations have also demonstrated that the intercalation of lutein from the
f ring end is more probable than from the ¢ ring end; the barrier for the ¢ ring to pass
through the PC glycerol groups region of the bilayer was ~2 kcal/mol higher than that for
the f ring [73].

MD simulations have confirmed experimental results that the vertical position of
xanthophyll molecules in the bilayer is far more probable than the horizontal one, whereas
umbrella sampling simulations have given numerical values of the free energy gain due
to the rotation of lutein and zeaxanthin from the horizontal to the vertical positions; the
values were in the range <3, 5> kcal/mol [75-77,82]. The gain, which is altogether not
very large, is smaller for lutein than zeaxanthin, which makes the horizontal orientation
of lutein in the bilayer ~10 times more probable than that of zeaxanthin [76]. These
energetical evaluations are in harmony with the results of MD simulations in Ref. [81],
where out of 12 xanthophyll molecules placed horizontally in the bilayer, 11 spontaneously
reoriented to vertical position, and the molecule that did not reorient was lutein. In contrast
to polar, nonpolar carotenoids, [3-carotene, x-carotene and lycopene are mainly in the
horizontal position in the lipid bilayer; this is evident from experimental measurements,
MD simulations [75,78,82,85] and free energy calculations [75,82]. Echinenone, with only
one polar group, is in the PC-PE bilayer [78], orientated similarly to that of zeaxanthin in
the PC bilayer [75].

The answer to the question as to why the vertical or horizontal orientation of carotenoids
in the membrane is important can provide only experimental or quantum mechanical
studies. Here, one can only speculate, bearing in mind that the main function of carotenoids
is to protect the cell from the damaging effects of light and oxygen. Let us take macular
pigments as an example. The maximum absorption of light by macular pigments is at
460 nm, the wavelength corresponding to blue light, which is damaging to retinal cells.
The cornea and lens of the eye absorb 99.34% of incident UV light, so in practice, it does not
reach the retina [89]. Macular pigments absorb ~60% of the incident blue light at 460 nm and
40-46% of the entire damaging wavelength range from 400 to 500 nm [90,91]. The highest
concentration of macular pigments is in the photoreceptor axon layer, which precedes the
photoreceptors; macular pigments thus act as an effective pre-receptoral light filter [91,92].
The transmembrane (vertical) position of lutein and zeaxanthin makes it possible to fulfil
their task. However, the task would presumably be accomplished more effectively if the
xanthophylls were in the horizontal position, which would allow them to absorb blue light
from all directions [93,94]. MD simulations have indicated that this might be the case only
for lutein and probably on a very short timescale [73,81]. However, recent results of the
Gruszecki group [77] demonstrated that light-induced cis-isomerisation of xanthophylls
in human retina samples and in model membranes triggered their reorientation from a
vertical to a horizontal position. The consequences of the reorientation are briefly discussed
above and in detail in Refs. [77,95].

Blue light that reaches the retina may initiate photosensitised production of singlet oxy-
gen. Thus, xanthophylls, as pre-receptoral light filters, act as passive antioxidants [33,92].
They are also active antioxidants as they are able to quench singlet oxygen and other
reactive oxygen species [33,92,94-96]. However, the ability of macular pigments to protect
the retina stems mainly from their selective location in the domains of retinal cell mem-
branes that are enriched in phospholipids with long polyunsaturated acyl chains, which
are especially vulnerable to oxygen damage. In these domains, they act as a lipid-soluble
antioxidant, and their vertical as well as horizontal position there plays a crucial role in
phospholipid protection [95,97-100].

Computer simulations supplement experimental data not only by providing numerical
values for the free energy gain on xanthophyll intercalation or rotation in the membrane, but
also by predicting the timescales of the processes. Full intercalation of a lutein molecule into
the POPC bilayer is very fast and ranges between ~7.5-15 and ~95 ns for either 3 or ¢ ring
intercalation [73]. The same time range applies to zeaxanthin. The predicted time of lutein
and zeaxanthin reorientation from the horizontal to the vertical position is in the range

52



Int. J. Mol. Sci. 2024, 25, 8217

from 10 to 500 ns [81]. One lutein molecule did not reorient during the simulation time of
1.1 us in Ref. [81]. In classical MD simulation, such an observation time is considered rather
long, but it is very short compared to that of experimental measurements on macroscopic
samples. As lutein in a horizontal position has not been observed experimentally [77],
it is quite probable that in a longer MD simulation, the horizontal lutein reorients to the
vertical position. However, one should then recall that photochemical reactions are very
fast. Photoexcitation of lutein populates its second singlet excited state, Sy, that decays in a
few hundred femtoseconds to the lowest singlet excited state, S;, which then relaxes back
to the ground state, Sy, on a picosecond timescale [101,102]. Thus, during the lifetime of its
horizontal orientation (>1 ps), lutein may participate in many light-generated processes.
Moreover, even though the horizontal position is much less probable than the vertical one,
both orientations must be in some statistical equilibrium in the bilayer.

This review clearly shows that a combined experimental and computational approach
in studying molecular-level biological processes provides us with the opportunity to
know and understand them better. It also shows that our knowledge concerning how
carotenoids are transported in the body and enter the cell membrane is rather fragmentary.
However, hopefully, this review might help the reader in recognising topics that merit more
in-depth study.
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Abstract: This article presents a groundbreaking perspective on carotenoids, focusing on their in-
novative applications and transformative potential in human health and medicine. Research jointly
delves deeper into the bioactivity and bioavailability of carotenoids, revealing therapeutic uses and
technological advances that have the potential to revolutionize medical treatments. We explore
pioneering therapeutic applications in which carotenoids are used to treat chronic diseases such
as cancer, cardiovascular disease, and age-related macular degeneration, offering novel protective
mechanisms and innovative therapeutic benefits. Our study also shows cutting-edge technological
innovations in carotenoid extraction and bioavailability, including the development of supramolecu-
lar carriers and advanced nanotechnology, which dramatically improve the absorption and efficacy
of these compounds. These technological advances not only ensure consistent quality but also tai-
lor carotenoid therapies to each patient’s health needs, paving the way for personalized medicine.
By integrating the latest scientific discoveries and innovative techniques, this research provides a
prospective perspective on the clinical applications of carotenoids, establishing a new benchmark
for future studies in this field. Our findings underscore the importance of optimizing carotenoid
extraction, administration, bioactivity, and bioavailability methods to develop more effective, tar-
geted, and personalized treatments, thus offering visionary insight into their potential in modern
medical practices.

Keywords: carotenoids; advanced bioavailability; bioactivity; supramolecular carriers; personalized
medicine; chronic disease prevention; extraction

1. Introduction

Carotenoids comprise a group of fat-soluble organic pigments synthesized by pho-
totrophs (algae, cyanobacteria, and plants), non-photosynthetic bacteria, and fungi, with
more than 1117 structures identified from 683 different sources within the hydrocarbon
class [1]. These pigments exhibit highly attractive biological activities, such as antioxidant
properties, anti-inflammatory effects, and the attributes of provitamin A, making them at-
tractive for applications in medicine and the therapeutic treatment of specific diseases [2-6].
Carotenoids can be classified into two main categories according to their chemical and
nutritional characteristics: carotenes and xanthophylls [7-10]. Carotenes are characterized
by the presence of carbon and hydrogen atoms in their chemical structure and include f3-
carotene, x-carotene, y-carotene, d-carotene, lycopene, neurosporene, and torulene, known
for their provitamin content. Meanwhile, the xanthophyll category mainly comprises astax-
anthin, zeaxanthin, lutein, torularhodin, canthaxanthin, and violaxanthin [11]. Carotenoids,
as vital secondary metabolites, play a crucial role in maintaining various functions of
human organs, including eye, cardiovascular, and skin health, immune function, cognitive
function and bone health. Its mechanisms of action involve neutralizing free radicals,
modulating gene expression, and regulating inflammatory pathways [12-14]. The structure
of these various phytochemicals manifests itself as tetraterpenes with eight five-carbon
isoprenoid units (mainly C40), containing up to 15 conjugated double bonds and exhibiting
a symmetric arrangement typified by 3-carotene, resulting in red, yellow, and oranges [11].
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Natural sources of carotenoids are diverse and significant amounts are found in brown
algae and microalgae such as Heterochlorella luteoviridis, Dunaliella salina or Chlorella vulgaris,
by-products of carrot juice and skin processing, tomatoes, corn gluten meal, citrus residue,
pomegranate residue, red pepper, Lycium, ferocissimum fruits, guava pulp, the peel and pulp
of thai gac fruit (Momordica cochinchinensis Spreng), apricot waste, orange and pumpkin
peels, vegetables, shrimp and yeast such as Rhodotorula glutinis, Xanthophyllomyces or Den-
drorhous, among others [15,16]. These abundant sources offer promising prospects for the
extraction of valuable carotenoids that are applicable not only in traditional industries such
as food dyes, cosmetics, and nutraceuticals, but also in the pharmaceutical industry for
human health [17-20].

The objective of this research is to document advances related to cutting-edge tech-
niques in the extraction of carotenoids, highlighting the impact of their use in medicine and
the pharmaceutical industry. This article features the most innovative methodologies and
technological advances related to carotenoid extraction, with special focus on improving
their bioactivity and bioavailability for applications in human health. The transformative
potential of these cutting-edge extraction techniques is highlighted by detailing how they
improve the efficiency, sustainability, and quality of carotenoid extraction. By emphasiz-
ing the scientific rigor and novelty of these methods, this article sets a new benchmark
for future research and practical applications in the fields of food, pharmaceuticals, and
nutraceuticals. This article addresses the bioactivity of carotenoids in the biopharmaceu-
tical sector, seeking to understand the therapeutic and innovative implications of their
administration and bioavailability in medicine. Different scientific results are analyzed that
seek to provide a more comprehensive understanding of the fundamental role that these
molecules can play in the medical treatment and management of certain specific diseases
such as cancer, heart and eye diseases (macula), or inflammatory ailments.

2. The Functionality of Carotenoids

Carotenoids participate in different biological functions in plant, aquatic, animal and
human systems [21]. In plants, plastids regulate biosynthesis, improving light absorption.
In nonphotosynthetic tissues, carotenoids act as dyes and precursors of isoprene [11]. In
human cells, they contribute to skin health, improving defense against ultraviolet (UV)
radiation and also providing protection against diabetes, cancer, inflammation, and quality
of vision [22-24]. Recently, research has been conducted on sources of so-called unusual
colorless carotenoids, such as phytoene and phytofluene from aquatic environments, such
as the microalgae D. salina [25,26]. These compounds are part of human plasma, internal
tissues, and skin and are considered a sustainable endogenous nutrient to maintain healthy
skin and prevent the symptoms of photoaging, the main source of skin aging [27]. Similarly,
studies recognize the importance of apocarotenoids and their possible involvement in
biological actions against cancer [28]. However, despite promising data, it is crucial to have
reliable information on the content and volume of intake of different types of carotenoids
for each specific case, to establish the recommended prescription units. This is key, since
excessive administration of these compounds could cause undesirable and even dangerous
side effects to the patient’s health [29,30].

Therefore, it is essential to know the molecular structure of carotenoids, because
they determine their bioavailability, metabolism, and specific benefits for their use in
medicine [31]. Table 1 shows the specificity of different molecular structures of seven
carotenoids [32]. Recognizing these differences is essential to optimize their intake and
take advantage of their potential in the prevention and health promotion.

Optimizing analytical methods at the molecular level involves several steps, includ-
ing sample preparation, extraction, separation, detection, and quantification. This com-
prehensive approach to the distinction between different types of carotenoids and opti-
mized analytical methods ensures accurate identification, quantification, and analysis of
carotenoids at the molecular level. Table 2 shows a summary of the steps, samples, methods,
and optimization.
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Table 1. Specificity of the distinctive molecular structures of seven different carotenoids.

. Molecular i o .

Carotenoid Structure Specific Features Specificity
Beta-Carotene CyoHse irllg(;;]:: E;;ed double bonds, cyclic Vitamin A precursor, antioxidant

11 conjugated double bonds, linear . .
Lycopene CyoHse structure, no cyclic end groups Non-provitamin A, antioxidant
Lutein Cy0Hs5602 10 conjugated dpublg bonds, hydroxyl Eye health, antioxidant

groups on terminal rings
Zeaxanthin CyoHs560 10 conjugated d‘oublei bonds, hydroxyl Eye health, antioxidant

groups on terminal rings

Similar to beta-carotene, different double  Vitamin A precursor (less efficient),
Alpha-Carotene CaoHss bond arrangement antioxidant
Beta-Cryptoxanthin Cy4oHs60 i;g?éli}gj;ij;ume bonds, one Vitamin A precursor, antioxidant

. Non-provitamin A, strong antioxidant,
Astaxanthin CyoHz5,04 13 Con]u.gatec.l double bonds, keto groups benefits for skin health, inflammation,
0275 on terminal rings
and immune function
Table 2. Summary of the steps, samples, methods, and optimization.

Sample Method Optimization

Sample Preparation

Homogenization, Cryogenic grinding

Use of low temperatures and proper homogenization
techniques to preserve carotenoid integrity.

Solvent extraction, Supercritical fluid extraction

Optimization of solvent type, pressure, temperature,

Extraction (SFE), Ultrasound-assisted extraction (UAE) and ultrasonic power to enhance extraction.
high-performance liquid chromatography (HPLC), Selection of appropriate columns, mobile phases,

Separation Ultra high-performance liquid and temperature control for high
chromatography (UHPLC) resolution separation.

Detection UV-Vis Spectrophotometry, Mmass spectrometry ~ Use of advanced detection techniques to accurately
(MS), Diode array detection (DAD) identify and quantify carotenoids.

Quantification External and Internal Standard Methods Comparison of sample results with known

standards for precise quantification.

2.1. Carotenoid Production Methods

Carotenoid production methods can be broadly classified into two types—synthetic
and natural—although there are hybrid methods as well [33]. Synthetic carotenoids produc-
tion is considerably faster and less expensive compared to natural carotenoids. However,
the quality of synthetic carotenoids may not be the best option for developing molecules
used in medicine and disease treatment [34,35]. In medicine, preference is shifting toward
natural carotenoids over synthetic ones, as the latter can be harmful to human health in
high doses and produce hazardous waste during manufacturing. However, carotenoids
derived from natural compounds (plants, algae) are relatively more expensive to obtain,
but offer complete traceability and safety of their components, crucial for human health [4].

Different Carotenoid Extraction Methods

The relentless pursuit of maximizing carotenoid extraction to increase recovery yields
and reduce costs has led to numerous research efforts [36]. However, there is no single
method that stands out above the rest. The method depends on the substrate used, the
type of carotenoid sought, its final use (cosmetic, food or medicinal), and the level of
purity required [12]. The choice of extraction method will depend on the different levels of
polarity and susceptibility to oxidation of carotenoids, as well as the physical and chemical
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barriers of each carotenoid, which vary depending on the substrate and intended use [37].
Numerous studies address the diverse existing methods of extraction of carotenoid, from
the most conventional to the most innovative [12]. In this range of innovative advances
in carotenoid extraction methods, there has been a focus on enhancing yield, purity, and
sustainability while minimizing environmental impact and ensuring the integrity of the
bioactive compounds. We present a detailed description of cutting-edge techniques in
carotenoid extraction, highlighting their scientific rigor and significance [36—41].

SFE involves using carbon dioxide (CO;) above its critical temperature and pressure,
where it exhibits the properties of both a liquid and a gas. This state allows CO; to
penetrate solid materials like a gas but dissolve substances like a liquid, making it
highly effective for extracting carotenoids from plant matrices. Tunable parameters
enable selective extraction, allowing for the targeting of specific carotenoids with-
out the extraction of unwanted compounds. Recent innovations in SFE include the
optimization of pressure and temperature parameters to improve carotenoid yield
and selectivity. Integration with cosolvents such as ethanol has further enhanced the
extraction efficiency for a broader range of carotenoids. This method is considered
highly sustainable, as it eliminates the need for organic solvents, reduces the extraction
time, and allows for easy separation and recycling of CO;. It is particularly valued
for its ability to preserve the bioactivity of carotenoids and maintain their functional
properties for subsequent applications.

Pressurized liquid extraction (PLE), also known as accelerated solvent extraction (ASE),
utilizes solvents at high temperatures and pressures to dissolve and extract carotenoids
more effectively than traditional solvent extraction methods. Increased solubility and
diffusivity of carotenoids under these conditions result in higher extraction efficiencies
and shorter processing times. Innovations in PLE involve the use of environmentally
friendly solvents such as water and ethanol under subcritical conditions, which reduce
the environmental footprint and improve safety. Additionally, multistep gradient
extraction techniques have been developed to selectively extract different carotenoids
based on their polarity and solubility. PLE offers rapid extraction with higher yields
and reduced solvent consumption, making it an efficient and sustainable alternative to
conventional methods. The ability to fine-tune extraction parameters allows selective
isolation of specific carotenoids, enhancing the purity and quality of the extracts.
Ionic liquid extraction (ILE) uses ionic liquids, which are composed of ions, to extract
carotenoids. These solvents offer a unique combination of low volatility, high ther-
mal stability, and the ability to dissolve both polar and nonpolar compounds. The
versatility and tunability of ionic liquids make them ideal for selective and efficient
carotenoid extraction. The application of ionic liquids, which are salts in a liquid state,
as green solvents for carotenoid extraction. ILE offers an eco-friendly use with ionic
liquids that are often recyclable and less volatile than traditional solvents. It is possible
to dissolve a wide range of compounds, including carotenoids. It can be tailored to
target specific carotenoids.

UAE uses ultrasound waves to create cavitation, which disrupts cell walls and facili-
tates the release of carotenoids into the solvent. Recent advances in UAE include the
development of dual-frequency ultrasonic systems and the use of pulsed ultrasound,
which improve extraction efficiency and reduce processing time. The combination of
UAE with green solvents such as aqueous ethanol has further minimized the environ-
mental impact. The UAE is recognized for its ability to enhance mass transfer, leading
to higher carotenoid yields with lower energy consumption and shorter extraction
times. The nonthermal nature of ultrasound preserves the chemical structure and
bioactivity of carotenoids, making this method ideal for sensitive compounds.
Microwave-assisted extraction (MAE) uses microwave energy to heat solvents and
samples, causing rapid cell-wall disruption and the efficient release of carotenoids.
Innovations in MAE include the use of ionic liquids and deep eutectic solvents, which
offer superior solubilizing capabilities and enhance the extraction of carotenoids from
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complex matrices. The development of controlled microwave systems has enabled
precise tuning of the energy input to optimize extraction conditions. MAE provides a
rapid, efficient, and energy-saving approach to carotenoid extraction. The technique’s
ability to target specific molecular interactions results in high yields and selectivity,
preserving the integrity of carotenoids, and reducing the use of hazardous solvents.

e  Enzyme-assisted extraction (EAE) uses specific enzymes to hydrolyze cell walls, facili-
tating the release of carotenoids into the extraction medium. Recent progress in EAE
includes the identification and application of novel enzymes that specifically target
cell wall components in different carotenoid sources. The combination of enzymes
with mild extraction conditions has significantly improved the yield and purity of
carotenoid extracts. EAE is particularly advantageous for its mild operating conditions,
which preserve the bioactivity of carotenoids. The use of specific enzymes allows
selective extraction, the minimization of the degradation of sensitive compounds, and
improvements in the overall quality of the extract.

e  Pulsed electric field (PEF) extraction involves the application of short pulses of high
voltage to plant materials, creating temporary pores in cell membranes. This process,
known as electroporation, enhances the permeability of cells, allowing for a more
efficient release of carotenoids into the extraction solvent. PEF is particularly advan-
tageous for extracting carotenoids from heat-sensitive materials. The development
of advanced PEF systems with precise control over pulse parameters has enhanced
the efficiency of extracting carotenoid from various matrices. The integration of PEF
with subsequent extraction steps, such as solvent extraction, has further improved the
carotenoid yield and purity. PEF is a nonthermal technique that preserves the struc-
tural integrity and bioactivity of carotenoids. It is considered to be environmentally
friendly due to its low energy consumption and minimal use of solvents, making it an
attractive option for sustainable carotenoid extraction.

e  Hydrothermal extraction utilizes water at high temperatures and pressures to extract
carotenoids, utilizing the solubilizing power of subcritical and supercritical water.
Innovations in hydrothermal extraction include the use of continuous flow systems
and the combination with supercritical CO; to enhance extraction efficiency. The
development of novel reactor designs has improved the scalability and application
range of this technique. Hydrothermal extraction is valued for its use of water, a non-
toxic and readily available solvent, making it an eco-friendly alternative. Its ability to
operate under mild conditions ensures the preservation of carotenoid bioactivity and
provides high extraction efficiency for both polar and non-polar carotenoids.

These advancements represent a significant leap in the efficiency, sustainability, and
efficacy of carotenoid extraction processes. The integration of these cutting-edge tech-
niques into industrial applications promises to enhance the availability and quality of
carotenoid-rich products, supporting their use in health-promoting foods, supplements,
and therapeutic agents. The scientific rigor behind these methodologies ensures that
the integrity and bioactivity of carotenoids are maintained, maximizing their potential
health benefits, and aligning with the growing demand for environmentally sustainable
extraction practices.

Regarding chemical methods, organic solvents such as hexane and ethanol have been
conventionally used, which, although reducing costs, attract criticism for their lack of
environmental sustainability and potential health risks in medical use [16]. This has led
to a shift towards more environmentally sustainable methods, with recent developments
moving toward the use of environmentally friendly solvents, called ‘green solvents’ or
supercritical fluids [39]. As seen, there are numerous pigment extraction techniques, but
enzyme-assisted extraction stands out as an interesting strategy that allows much more
efficient, sustainable, and pure pigment recovery [42]. Each method uses different mecha-
nisms for cell disruption and applies different temperature and pressure conditions [41,43].
In the relentless search for improving the quality of the final product for use in medicine,
biotechnological advances have been achieved through genetic engineering techniques,
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which involve the modification of organisms such as bacteria, yeast, or plants to produce
carotenoids of higher purity and with better concentrations of greater and better qual-
ity [12]. This method typically involves the introduction of genes that encode carotenoid
biosynthetic enzymes into the genome of the host organism [38]. By manipulating genetic
pathways, it is possible to improve the production of specific carotenoids. The efficient
extraction of carotenoids in medicine presents a significant challenge due to the complex
nature of human health and the various diseases that need to be treated [12].

3. Carotenoids in Medicine and Therapeutic Treatment of Diseases

Numerous studies around the world have established the fundamental role of carotenoids
in medicine and their prevalence in the therapeutic treatment of diseases, not only as a
source of antioxidants, but also as a source of provitamin ‘A’ and as components of macular
pigment, which underlines its potential in the prevention and treatment of various specific
diseases [7,22,44-49]. Beyond their crucial role in ocular health, carotenoids have been
associated with improving cognitive function, promoting cardiovascular wellness, and
even potential anticancer properties, thus emphasizing their broader impact on human
physiology [50,51]. This highlights the intricate and multifaceted nature of the function-
ality of carotenoid within the human body, showing its involvement in essential cellular
processes and their potential as therapeutic agents. Ongoing research in this area continues
to shed light on the therapeutic potential of carotenoids and their potential applications in
the field of medicine.

3.1. Antioxidant Activity

Carotenoids play a critical role in the prevention and treatment of specific diseases,
specifically in combating the harmful effects of reactive oxygen species (ROS) and reactive
nitrogen species (RNS) in many pathophysiological conditions [52]. Their exceptional
ability to act as potent free-radical inhibitors underscores their importance in prevent-
ing cellular damage and protecting against a spectrum of chronic diseases, including
cardiovascular diseases, cancer, and neurodegenerative disorders.

The different molecular configurations of carotenoids, characterized by conjugated
double bonds, give them the ability to effectively counteract the detrimental impact of
oxidative stress, thus preserving cell integrity and mitigating the risk of chronic inflamma-
tory diseases [53,54]. Carotenoids function as potent free-radical scavengers, preventing
the spread of oxidative chain reactions and preventing the resulting cell damage [55].
Their multifaceted actions as singlet oxygen inhibitors and lipid peroxidation inhibitors
highlight their critical role in maintaining redox homeostasis and preserving cell function,
thus promoting general well-being and longevity [56,57]. In addition to their antioxidant
capacity, they exert protective effects on other crucial biomolecules, including proteins and
deoxyribonucleic acid (DNA), thereby reducing the progression of degenerative disorders
induced by oxidative stress [58-60].

3.2. Anti-Inflammatory Effects

Carotenoids also demonstrate significant anti-inflammatory effects by targeting key
signaling pathways and downregulating the expression of critical pro-inflammatory medi-
ators implicated in various inflammatory conditions [61,62]. These potent phytochemicals
exert their anti-inflammatory actions by modulating the activity of critical transcription
factors, such as the “nuclear factor kappa light chain enhancer of activated B cells” (NF-«kB),
which serve as central regulators of the inflammatory cascade [63-66]. By attenuating
nuclear translocation and DNA binding activity of NF-«B, carotenoids effectively inhibit
the expression of a spectrum of pro-inflammatory cytokines, chemokines, and adhesion
molecules, thus reducing the inflammatory response and alleviating the progression of
inflammatory disorders [67-69].

The intricate interaction between carotenoids and various signaling cascades un-
derscores their potential to mitigate chronic inflammatory diseases, such as rheumatoid
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arthritis and inflammatory bowel disease, characterized by aberrant immune responses
and dysregulated inflammatory pathways [70,71]. Its ability to target multiple points along
the inflammatory signaling axis highlights its versatility in damping the production of
pro-inflammatory mediators, thus restoring immune homeostasis and improving clinical
manifestations of inflammatory pathologies [72]. Furthermore, the immunomodulatory
activities of carotenoids extend to the regulation of immune cell function, including the mod-
ulation of macrophage polarization, lymphocyte proliferation, and T cell differentiation,
thus orchestrating a balanced immune response and promoting immune tolerance [73]. By
influencing the interaction between immune cells and their microenvironment, carotenoids
contribute to maintaining immune homeostasis and preventing excessive immune activa-
tion, ultimately reducing the pathogenesis of chronic inflammatory diseases [74,75].

3.3. Immunomodulatory Effects of Carotenoids

Carotenoids, including 3-carotene and astaxanthin, exhibit multifaceted interactions
with immune cells, exerting profound immunomodulatory effects that significantly im-
pact immune cell proliferation, differentiation, and production of cytokines, chemokines,
and growth factors. This fine-tunes the immune response and maintains immune home-
ostasis [76-79]. These bioactive compounds demonstrate a remarkable ability to modu-
late the functional activities of various subsets of immune cells, including lymphocytes,
macrophages, and dendritic cells, orchestrating a balanced immune response and promot-
ing immune homeostasis [80]. Due to their immunomodulatory properties, carotenoids
show great promise in the management and treatment of various immune-related disor-
ders, including autoimmune diseases and immunodeficiencies [81-83]. Its diverse actions
include, as observed, T cell differentiation, B cell activation, and natural killer cell function,
resulting in a balanced immune environment that effectively protects against aberrant and
immune-mediated pathologies [84,85].

3.4. Carotenoids and Cardiovascular Health

Phytochemicals such as lycopene and (3-carotene have attracted much attention for
their crucial role in promoting heart health and mitigating the risk of cardiovascular disease
(CVD) through their multifaceted biological activities [86,87]. Lycopene, found in toma-
toes and their products, has emerged as a prominent cardioprotective agent, attributed
to its notable antiatherogenic properties, particularly its ability to inhibit the oxidation
of low-density lipoproteins (LDL), a key step in the progression of the onset and onset
of the disease of atherosclerosis [88-90]. By preventing LDL oxidation, lycopene effec-
tively reduces the formation of atherosclerotic plaques, thus reducing the risk of coronary
artery disease and improving cardiovascular health [91-93]. Furthermore, 3-carotene, a
potent precursor of vitamin A, exerts important cardioprotective effects through its anti-
inflammatory properties, thus contributing to improvements in various cardiovascular
diseases [76,94-96]. Its conversion to vitamin ‘A’ within the body allows the modulation of
immune responses and negative regulation of inflammatory mediators, thus attenuating
the progression of chronic inflammatory conditions and reducing the risk of cardiovascular
pathologies, including atherosclerosis and myocardial infarction [97,98].

3.5. Carotenoids and Implications for Visual Health

Lutein and zeaxanthin play an indispensable role in preserving visual health and pre-
venting age-related macular degeneration (AMD), the leading cause of visual impairment
and blindness in the elderly population [99,100]. Its antioxidant properties are essential
to combat the harmful effects of reactive oxygen species (ROS) and mitigate cumulative
damage caused by light-induced oxidative stress, thus safeguarding the integrity of the
macular region and preserving visual acuity [101].
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3.6. Carotenoids and Cancer Prevention

Several studies indicate that carotenoids also play an important role in cancer pre-
vention, mostly through their potent chemopreventive properties, which involve the sup-
pression of mutagenesis, reduction in oxidative stress, induction of apoptosis in cancer
cells, and inhibition of angiogenesis, a critical process in tumor development and pro-
gression [102,103]. Their strong antioxidant capabilities allow them to neutralize reactive
oxygen species (ROS) and curb oxidative damage, thus mitigating the risk of DNA muta-
tions and cell abnormalities that can culminate in carcinogenesis [103,104].

3.6.1. Chemopreventive Properties

Carotenoids’ chemopreventive potential is observed by inducing apoptosis in cancer
cells, triggering programmed cell death, and preventing the uncontrolled proliferation of
malignant cells, thereby stopping tumor progression and metastasis spread [105-107]. Its
ability to modulate signaling pathways and regulatory mechanisms involved in cell growth
and survival underlines its fundamental role in preventing the onset and progression
of various malignancies [108,109]. Furthermore, the ability of carotenoids to suppress
angiogenesis, a critical step in tumor progression, underscores their potential to prevent
tumor growth and metastasis [110-112]. Their regulatory influence on the formation of new
blood vessels and their ability to alter the microenvironment leading to tumor expansion
exemplifies their multifaceted role in preventing the angiogenic cascade, which is critical
for limiting tumor development and reducing the spread of cancer cells [110,113].

3.6.2. Epidemiological and Clinical Evidence

A large body of epidemiological and clinical evidence underscores the important
role of carotenoids in cancer prevention, particularly in reducing the risk of lung, breast,
and prostate cancer. Different studies have established a strong correlation between a
high dietary intake of carotenoids and a reduced susceptibility to these prevalent forms
of cancer [114,115]. Specifically, diets rich in 3-carotene and lycopene have shown strong
protective effects against the development and progression of these malignancies, thus high-
lighting the vital role of these bioactive compounds in preventing cancer incidence [116,117].
The documented association between higher carotenoid consumption and lower risk of
lung cancer underscores the important potential of these compounds to mitigate the detri-
mental impact of various carcinogens on lung tissue [118-120]. Furthermore, the protective
influence of carotenoids against breast cancer has been elucidated through extensive clinical
research, shedding light on their critical role in modulating hormonal imbalances and re-
ducing cellular aberrations that can precipitate breast carcinogenesis [121,122]. On the other
hand, there is compelling clinical evidence for the preventive properties of carotenoids
against prostate cancer, highlighting their potential as critical agents to stop the onset
and progression of this prevalent malignant disease [123-125]. Its ability to modulate
cell signaling pathways and prevent uncontrolled proliferation of prostate cancer cells
underscores its important role in reducing the incidence and burden of this widespread
form of cancer [126-128].

3.7. Emerging Applications in Medicine

As science advances, carotenoids are increasingly recognized for their emerging appli-
cations in therapeutic medicine, particularly in the realms of wound healing and metabolic
health [129]. Through their multifaceted properties, specific carotenoids such as 3-carotene
and astaxanthin have shown promising wound healing attributes by orchestrating mod-
ulation of inflammatory responses and oxidative stress [130]. Their role in accelerating
tissue repair and regeneration has shown the potential to improve wound closure rates
and minimize scar formation, underscoring their importance as key therapeutic agents
in the treatment of various wound-related complications [131,132]. Furthermore, the
distinctive contributions of lutein and zeaxanthin to metabolic health have attracted signif-
icant attention due to their potential to improve insulin sensitivity and regulate glucose
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metabolism [29,133]. Their documented influence in reducing markers associated with
metabolic syndrome, a complex interplay of metabolic abnormalities related to increased
cardiovascular risk, underscores their critical role in promoting metabolic homeostasis and
protecting against the progression of metabolic disorders [134-136].

3.8. Carotenoids and Nanotechnology

The use of nanotechnology in the formulation of carotenoids represents a signifi-
cant advance in the fields of nutritional and pharmaceutical sciences and emerges as a
promising avenue to improve the bioavailability and non-degradation of active carotenoid
compounds, which are essential nutritional components essential with important health
benefits [137,138]. By reducing carotenoid particles to nanometer sizes, their absorption
and availability within the body can be significantly improved [139,140]. This approach
offers a potential solution to the long-standing challenge of poor bioactivity and bioavail-
ability associated with conventional carotenoid formulations [141]. Studies have shown
that nanosized carotenoid particles, typically in the range of a few nanometers, exhibit
greater solubility and stability, allowing easier absorption in the gastrointestinal tract [142].
The smaller particle size allows for better dispensability and interaction with body cells,
facilitating more efficient utilization [143]. Furthermore, the higher surface-to-volume
ratio of these nanosized particles promotes a better interaction with biological membranes,
leading to greater bioavailability and greater tissue accumulation [137,144,145]. Thanks
to continued advances in R&D, nanosized carotenoid particles have the potential to revo-
lutionize the delivery and efficacy of these essential dietary compounds, contributing to
better health outcomes and more precise and timely disease prevention [142].

Various techniques, such as supergravity rotating packed-bed crystallization, have
been developed to produce nanodisperse microcapsules with a high content of E-carotenoid,
ensuring a high content of transisomers and optimal bioactivity and bioavailability [146,147].
This innovative approach not only improves carotenoids but also contributes to their sus-
tained release over time, resulting in longer and more effective biological activity. There
is already a documented and patented process for producing microcapsules with a high
E-carotenoid content [148]. In parallel, work is underway on new encapsulation techniques,
with gelatin-based protective colloids that allow greater stability and prevent capsule
breakage. This is mainly due to the instability of carotenoids, especially with respect to
heat treatments and oxygen sensitivity [149-152].

Supramolecular Carriers

Supramolecular transporters, also known as supramolecular carriers, are advanced
delivery systems designed to improve the absorption and bioavailability of various com-
pounds, including carotenoids [153,154]. These transporters use principles of supramolecu-
lar chemistry, which involves the assembly of molecules through noncovalent interactions,
to improve the solubility, stability, bioavailability, and cellular uptake of carotenoids in
humans. These advanced delivery systems protect carotenoids from degradation, facili-
tate their absorption by intestinal cells, and provide controlled release, ensuring that the
body effectively absorbed and utilizes carotenoids [155-157]. The fundamental property
of supramolecular transporters lies in their ability to alter their surface by introducing
additional functional groups, facilitating targeted delivery to specific organs or cellular
receptors. The formulation of functional nanostructured carriers allows the release of drugs
as needed in specific microscopic environments associated with various diseases [158,159].
The same authors point out that nanostructured carriers include lipid nanoparticles, poly-
mers, micelles, inorganic nanoparticles, hybrid nanoparticles, and other types of particles.
Applications of supramolecular transporters have been used in various domains, including
biomedicine and materials science [160,161]. Their unique optical and electronic proper-
ties make them promising candidates for use in sensors, biomaterials, and optoelectronic
devices, offering interesting perspectives for the development of advanced technological
solutions [162,163]. Table 3 shows a more detailed explanation of the mechanisms, how
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supramolecular transporters improve carotenoids absorption in humans, their advantages,
some examples and potential applications.

Table 3. How do supramolecular transporters improve the absorption of carotenoids in humans?

Examples of

h isti hani A . Applicati
Characteristic Mechanism dvantages Carotenoids pplications
Micelles: The
Enhanced Solubility hydrophobic core and Improved solubility in Beta-carotene, lutein, Nutraceuticals,
and Dispersibility hydrophilic exterior aqueous environments.  astaxanthin functional foods
solubilize carotenoids.
Cyclodextrins: The
hydrophobic cav%t.y Increased solubility Dietary supplements,
and the hydrophilic Beta-carotene, lycopene e
of water. food fortification
outer surface form
host-guest complexes.
L}posomes: The lipid Enhance(?l dlsper51b111ty ' _ Pharmaceuticals,
bilayer encapsulates in gastrointestinal Astaxanthin, lutein . .
. - cosmetic formulations
carotenoids. fluids.
Encapsulation: Protect Maintain bioactivit
Increased Stability carotenoids from durine processin y Beta-carotene, Nutraceuticals,
and Protection oxidative degradation, &P & lycopene, astaxanthin pharmaceuticals

storage, and digestion.

light, and heat.

Antioxidant

Coencapsulation: . .

Additional protection Furt'h'er, t 1mpr0ves'the Various carotenoids Dleta'r y supplements,
against stability of carotenoids. functional foods

oxidative damage.

Size and Surface
Modification: Optimal

Enhanced . . Increased efficiency of Beta-carotene, lutein, Pharmaceuticals,
size for endocytosis, . . . .
Cellular Uptake . intestinal cell uptake. astaxanthin nutraceuticals
surface ligands
for targeting.
Targeting Ligands: Improved targeted Eye health
Enhanced specificity delivery and Lutein, zeaxanthin supplements,
for intestinal cells. absorption. pharmaceuticals
pH-Responsive .
Controlled Carriers: Carotenoids Sustained and . . Pharmaceuticals,
. . controlled carotenoid Beta-carotene, lutein .
Release Profiles release in response to nutraceuticals

gastrointestinal pH.

release.

Enzyme-Responsive
Carriers: Release upon
exposure to specific gas-
trointestinal enzymes.

Ensures gradual release
and absorption.

Various carotenoids

Dietary supplements,
functional foods

Mucus Penetration:

Enhanced interaction

Overcoming Nanocarriers penetrate o - . . Pharmaceuticals,
. - . ; with intestinal Various carotenoids .
Biological Barriers the mucus layer in the A nutraceuticals
. . epithelial cells.
intestinal tract.
Paracellular transport: -
aracelluar tra °po t Facilitates the passage .
Temporary opening of . . . Pharmaceuticals,
N . of carotenoids through  Various carotenoids .
tight junctions between functional foods
R the paracellular route.
epithelial cells.
Chylomicron Efficient transport of

Interaction with Lipid
Absorption Pathways

Formation: Lipid-based
carriers incorporated
into chylomicrons.

carotenoids through
lipid transport
mechanisms.

Beta-carotene,
astaxanthin

Nutraceuticals,
functional foods
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Table 3. Cont.

Examples of

Characteristic Mechanism Advantages . Applications
v & Carotenoids pp
Lipid Transport
Proteins: Interaction Facilitates carotenoid . . Pharmaceuticals,
. . Various carotenoids .
with transport proteins  uptake and transport. nutraceuticals

such as SR-BI.

4. Innovation and Technological Advances in Carotenoids

Innovation in carotenoid biosynthesis, metabolic pathways, regulatory mechanisms,
and bioavailability of biomolecules are essential to develop efficient production processes
that obtain high-quality carotenoid-based compounds specific for specific diseases [164]. In
the medical sector, the continuous generation of knowledge related to carotenoids drives
innovation in extraction methodologies, purification techniques, and biotechnological
approaches, leading to higher product yields, greater bioavailability, traceability, specificity,
and fundamentally better preventive and curative actions [165].

The dynamic nature of innovation generation in the carotenoid production sector
encourages the development of new drug formulations and delivery systems that improve
the bioactivity, stability, solubility, and targeted delivery of carotenoid-based pharmaceuti-
cals [166]. In the same vein, the integration of interdisciplinary research efforts promotes a
deeper understanding of the interactions between carotenoids and cellular processes, thus
providing information on their mechanisms of action and their possible applications in the
prevention and treatment of diseases [167]. Collaborative knowledge exchange between
researchers, biochemists, pharmacologists, physicians, nanotechnologists, bioinformatics
specialists, artificial intelligence specialists and biotechnologists plays a critical role in
accelerating the development of innovative strategies for the production, purification, and
formulation of high-impact carotenoids in medicine [168,169]. A comprehensive under-
standing of carotenoids factors that influence the bioactivity, bioavailability, stability, and
pharmacokinetics allows the design of optimized drug delivery systems that improve their
therapeutic efficacy and minimize adverse effects, as seen in the case of supramolecular
carriers [170,171].

Generating innovative products is crucial in the context of the production of carotenoids
for medicinal purposes. It requires a deep understanding of its biosynthetic pathways,
cutting-edge extraction techniques related to biotechnological approaches, and genetic engi-
neering techniques aimed at improving the production efficiency, purity, and bioavailability
of the compounds [164,165]. Knowledge about the intricate biochemical processes involved
in carotenoid biosynthesis is essential in developing cutting-edge production strategies that
ensure high yields and superior product quality [157]. Advances in bioprocessing technolo-
gies and fermentation techniques have facilitated the scalable and cost-effective production
of carotenoids, enabling their widespread application in pharmaceutical formulations and
nutraceuticals [172,173].

Furthermore, the integration of analytical techniques and quality-control measures is
vital to ensure the safety, efficacy and stability of carotenoid-based medications [174]. The
use of innovative delivery systems, such as nanoformulations and liposomal carriers, has
revolutionized the field of carotenoid therapy, allowing targeted delivery and increased
bioavailability of these bioactive compounds [166]. A comprehensive understanding of
the biological mechanisms underlying the therapeutic effects of carotenoids, together with
innovative research efforts and cooperation, may pave the way for the development of
new pharmacotherapies and preventive interventions, thus addressing the growing global
burden of chronic diseases [175,176].
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The Dissemination of New Carotenoid Development Techniques

Different methods of carotenoid extraction are essential for the subsequent use of
this type of molecule. However, there are numerous facets related to the quality of the
carotenoid obtained and that have to do with its purity and which are important to ad-
dress. Along these lines, we can say that there are different techniques, already used in
other nearby industries, such as biopharmaceuticals, that could be of great help in the
quality control of carotenoids obtained for medical purposes related to the purity of the
carotenoid obtained.

To improve the analytical rigor and guarantee constant quality of the carotenoid, there
are, among others, two important methods to consider, the one referring to advanced
quality by design (QbD) and multiple attribute methods (MAM) [177,178]. The application
of QbD in analytical sciences, particularly in method development, involves systematic
approaches such as ‘Design of experiments’ (DoE) and risk assessments to optimize analyt-
ical performance and ensure the robustness of the results [179-181]. These principles guide
the establishment of the ‘Method Operable Design Region” (MODR), essential to achieve
the desired quality in the measurement of specific properties of carotenoids. Furthermore,
the integration of QbD into the development phases supports the regulatory flexibility
and improves methodological consistency, reducing the variability in the results [182].
Furthermore, MAMSs offer significant advantages in carotenoid analysis, providing a com-
prehensive and integrative approach to study various attributes simultaneously [183].
These methods would enable the accurate and synchronous quantification of multiple
carotenoids in complex matrices, improving both efficiency and analytical performance.
This is particularly beneficial in strict regulatory environments such as those of the Food
and Drug Administration, where accurate evaluation of carotenoid concentrations in health
products is the key to approval [184]. In addition, MAM methods facilitate the integration
of multiomics data, providing information on the interactions between carotenoids and
other biomolecules, thus improving the understanding of their biological functions and
effects on lipid profiles [185,186]. MAMs also contribute to the improvement of carotenoid
analysis by using different methods such as HPLC combined with MS and DAD, UV
and visible spectrophotometry, thin-layer chromatography (TLC), and supercritical fluid
chromatography, offering a robust approach to accurate identification and quantification
of carotenoids even in the presence of other similar compounds [187,188]. Advanced MS
technologies, such as ultra high-performance liquid chromatography-MS (UHPLC-MS)
and data-independent MS (MSE) workflows, improve the detection and characterization of
carotenoids in complex biological matrices [189]. These methods allow the precise quan-
tification of hormones derived from carotenoids and apocarotenoids (APOs) from plant
tissues, helping to understand their metabolism and regulatory functions [18,190].

The use of high-resolution hybrid mass spectrometers coupled with HPLC enables the
precise determination of carotenoid profiles in plant tissues and food samples, generating
valuable data to unravel complex results [191,192]. The time required to perform HPLC
analysis of carotenoids has been drastically reduced [193-195]. This is due to a number of
factors, such as smaller-particle-size columns operating at lower pressures, the development
of isocratic methods, and more recently, the use of a C30 column [196]. The C30 column
is capable of isocratically separating a wider range of carotenoids, eliminating the need
to run a gradient and, therefore, reducing the analysis time [197]. Another development
is the production of superficially porous particles (SPP) that have an efficiency similar to
that of small particles but use lower pressures [198]. Although SPP columns have not yet
been tested for carotenoids, they are likely to become the column of choice due to their
efficiency and cost-effectiveness. Because of these advances, it appears that the choice of
column and the time it takes to run the analysis would no longer be a limiting factor for
carotenoid HPLC.

However, the implementation of MAMs for the analysis of carotenoids is not always
optimal, as it also presents some technological challenges that can disturb the results
in some specific cases. A very important one is the possible interference of complex
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biological matrices, which can hinder the detection of carotenoids, requiring advanced
purification and isolation techniques with additional costs and time [199,200]. Furthermore,
the structural characterization of carotenoid metabolites requires robust analytical protocols
and equipment parameters, as even minor deviations can lead to significant errors in their
quantification [201]. However, there are different technologies for overcoming biological
interferences in carotenoid analysis.

Traditional methods to assess carotenoid bioavailability have provided valuable infor-
mation, but recent technological advances have paved the way for innovative approaches
that offer more detailed and accurate evaluations. These cutting-edge methodologies range
from in vitro models and advanced analytical techniques to in vivo studies and novel in
silico tools. They also include emerging technologies such as single-cell transcriptomics,
CRISPR-based gene editing, and microfluidics-based gut-on-a-chip systems, which together
are transforming our understanding of how carotenoids are processed in the body [202].
These innovations not only improve our knowledge of carotenoid bioavailability, but also
have the potential to inform the development of more effective nutritional interventions
and supplements. Table 4 highlights the key aspects of different innovative methods,
including their contributions to the characterization of carotenoid bioavailability, their

specific advantages and the techniques involved.

Table 4. The innovative methods for characterizing carotenoid bioavailability.

Method

Innovation

Advantages

Techniques

Single-Cell
Transcriptomics [203]

Study of metabolism at
individual cell level

High-resolution data on
cell-specific responses

Drop-seq, 10x Genomics

CRISPR/Cas9 Gene . . e Identifies specific genes
Editing [202] Precise genetic modifications affecting bioavailability CRISPR Knockout Models
Organoid Cultures [204] 3D miniaturized organ models Mimics human Gut Organoids

intestine closely

Microfluidics-Based
Gut-on-a-Chip [205]

Simulates human
gut environment

Real-time observation in
controlled setting

Organ-on-Chip Devices

Super-Resolution
Imaging [206]

Visualization at
nanometer scale

Detailed carotenoid
distribution within cells

STED Microscopy

Metabolic Flux Analysis [207]

Measures metabolic
reaction rates

Dynamic view of
carotenoid metabolism

Stable Isotope Labeling

Multi-Omics Integration [208]

Combines genomics,
proteomics, and metabolomics

Comprehensive
biological insights

Integrative Analysis Platforms

Spatial Transcriptomics [209]

Maps gene expression in
tissue context

Spatially resolved insights
in gut

Spatially Resolved RNA
Sequencing

Synthetic Biology
Approaches [210]

Engineering of microbes
or cells

Precise control over
metabolic processes

Engineered Probiotics

Bioprinting of Tissue
Models [211]

3D bioprinting for complex
tissue structures

Accurate tissue models for
absorption studies

3D Bioprinting

Al and Machine
Learning [212]

Predicts bioavailability from
complex data

Enhances data analysis and
pattern recognition

Predictive Modeling

5. Discussion

This research presents an analysis related to innovative formulations for the devel-
opment of new drugs and combination therapies that incorporate different carotenoids
in medicine and in the treatment of diseases. Recent research findings on carotenoids in
medicine have focused on their metabolism, the use of biotechnology, and their nutritional
and health benefits. Their consumption has been associated with a reduced risk of vita-
min A deficiency, age-related macular degeneration, cancer, and cardiovascular and skin
diseases [99,213-215]. Significant progress has been made in understanding the bioavail-
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ability of carotenoids and their potential use in the cosmetic industry and skin-related
diseases [216,217]. The close integration of knowledge and innovation in the production
of carotenoids for medicinal applications has the potential to drive advances in personal-
ized medicine and precision healthcare [218]. In other words, advances in the knowledge
of carotenoids in the prevention and treatment of diseases underscore their potential as
indispensable therapeutic agents, capable of mitigating the pathological consequences of ox-
idative stress and inflammation, thus offering promising perspectives for the development
of new strategies in the therapy and improvement of chronic diseases [219-222].

Comprehensive research on how carotenoids modulate the immune system highlights
their critical role in shaping immune cell function and orchestrating a balanced immune
response, indicating their therapeutic potential in the management and treatment of vari-
ous blood-related disorders of the immune system [95]. A comprehensive understanding
of the anti-inflammatory effects produced by carotenoids underlines their crucial role in
modulating inflammatory signaling pathways and regulating immune responses, thus
offering promising perspectives for the development of new therapeutic interventions
in the management and treatment of a wide range of inflammatory disorders [71]. The
influence of carotenoids on the proliferation and differentiation of immune cells further
enhances their potential to promote immune tolerance and improve severity cases related
to autoimmune diseases characterized by dysregulated immune responses and altered
immune tolerance [223,224]. Their multifaceted contributions to redox signaling pathways,
immune modulation, and inflammatory responses highlight their critical role in orches-
trating cellular homeostasis and strengthening defense mechanisms against a variety of
diseases [225,226]. The multifaceted chemopreventive attributes of carotenoids enhance
their potential as valuable therapeutic agents in cancer prevention, emphasizing the impor-
tance of their incorporation into diet regimens and their integration into new therapeutic
strategies that aim to curb the incidence and progression of various malignancies [227,228].
The accumulation of epidemiological and clinical evidence supporting the cancer pre-
vention attributes of carotenoids serves as a compelling impetus to integrate carotenoid
rich diets and supplementation strategies into the prevention and management regimens
of certain cancers, highlighting their potential as therapeutic agents in the fight against
cancer [229]. The accumulation of evidence also highlights the benefits of carotenoids in
some emerging applications in medicine, such as wound healing and metabolic health,
where it emphasizes their enormous potential as valuable therapeutic adjuncts to address a
variety of complex medical conditions [230,231].

This study also emphasizes the importance of research on the use of carotenoids,
particularly lutein. This compound is of particular interest due to its demonstrated effec-
tiveness in minimizing the progression of age-related macular degeneration and cataracts,
highlighting the importance of promoting its consumption to maintain adequate ocular
health [49,232]. Its role as an antioxidant and blue-light filter, which amplifies its concentra-
tion in the macula lutea of the retina, is key. This presence significantly reduces chromatic
aberration and serves as a defense against light-induced oxidative stress [233,234]. Second,
specific carotenoids, such as 3-carotene, serve as precursors of vital retinoids and partici-
pate in critical processes such as retinoid cycling within the eye [235-237]. These retinoids
are essential in several processes, including retinoid cycling within the eye, where visual
pigments facilitate phototransduction. These pigments, closely aligned with G protein-
coupled receptors, play a critical role in the translation of light into nerve signals [238,239].
Furthermore, retinoid oxidation leads to the synthesis of all-trans retinoic acid (RA), a
vital substance that binds to retinoic acid receptors (RAR) to influence gene expression in
a broad spectrum of physiological processes [240-242]. This underscores the imperative
need to incorporate these potent carotenoids into dietary regimens and therapeutic inter-
ventions aimed at promoting ocular well-being and mitigating the risk of vision-related
disorders [243]. By acting as a protective barrier against blue light and oxidative stress,
these carotenoids maintain the structural and functional integrity of photoreceptor cells,
thus preserving optimal visual function and improving overall ocular health [244,245].
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Scientific research has made significant progress in the prevention of cardiovascu-
lar diseases through concerted actions of lycopene and (3-carotene, underscoring their
fundamental role in mitigating the risk of cardiovascular events (CVD) and reducing the
progression of cardiovascular disease atherosclerosis through its synergistic antiatherogenic
and anti-inflammatory properties [246,247]. These profoundly bioactive compounds offer
promising prospects for developing innovative therapeutic strategies aimed at preventing
and treating many cardiovascular disorders, highlighting their importance in promoting
general cardiovascular well-being [248].

A crucial point concerns the extraction of carotenoids. This is key in estimating the
quality and traceability of the origin of these compounds, depending on the needs sought
in the different fields of medicine. As we have seen, this could be due to unsustainable
chemicals or environmentally friendly solvents. However, genetic engineering offers the
best advantage of producing carotenoids with high purity and structural characteristics
similar to those found in nature, with better impact and optimal results in combating spe-
cific diseases and at a reasonable cost compared to synthetic origins [249]. The extraction of
carotenoids is essential not only because of the way they are incorporated into nutritional
and medical products and into the body itself. In this sense, it is imperative to improve
the interpretation of the data reported on the net content of carotenoids after the different
technological treatments to which they are subjected, in addition to establishing appropri-
ate calculation formulas for each specific case [95]. Therefore, the contributions of other
studies that have deepened the structural knowledge and properties of supramolecular
carriers are important, highlighting their various self-assembly mechanisms and molecular
architectures [250]. In this regard, innovative strategies have been employed to design and
synthesize increasingly complex supramolecular carriers, leading to a better understanding
of their unique properties and functionalities [74,157,251]. Collaborative efforts between
supramolecular chemists and carotenoid researchers will be crucial to unlocking the full po-
tential of supramolecular carotenoids to address complex technological challenges related
to therapeutics, medicine, and the prevention and treatment of complex diseases [252].

The key to reflecting the use of carotenoids in medicine and their application in the
therapeutic treatment of diseases in a highly efficient and innovative product depends on
our understanding of their properties, reactions, and benefits, as well as their drawbacks at
organic, molecular, technological and strategic levels, as well as their behavior in various
commercial markets [29]. Continuous advancement in scientific research in the field of
carotenoids and the design of new molecular architectures drives the development of
new drug formulations and delivery systems that improve the stability, solubility, and
targeted delivery of carotenoid-based pharmaceuticals, thus improving its effectiveness and
clinical applicability [253]. This continuous progress in scientific research and innovation
(R&D) in the field of carotenoids drives the emergence and refinement of new carotenoid
formulations in medicine, increasing product stability and solubility, and targeting the
delivery of specific carotenoid-based therapeutic drug treatments, thus improving their
clinical effect, efficacy, and applicability in the treatment of specific diseases [166].

This research highlights a growing emphasis on the development of carotenoid-rich
formulations for the treatment of age-related macular degeneration, cognitive disorders,
oncology treatments, and other chronic diseases, highlighting their importance in contem-
porary medical research.

A major challenge for the future of carotenoids is related to the dynamic interac-
tion between improving their bioavailability and adopting personalized approaches to
carotenoid consumption, exemplifying the evolving landscape of medical applications.
In this sense, the integration of MS into multiattribute methods would significantly im-
prove the identification, quantification, and characterization of carotenoids, essential for
studying their functions and metabolic pathways. This integration allows carotenoids from
complex backgrounds without interference from other substances, ensuring more accurate
measurements. Furthermore, the application of techniques such as matrix solid-phase
dispersion (MSPD) further exemplifies how MAM could optimize carotenoid preparation
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and extraction processes, leading to more efficient analysis workflows [254]. These methods
have been crucial in determining the content of carotenoids in different food products,
ensuring precision and reliability in the evaluation of the presence of carotenoids such
as lutein and zeaxanthin in supplements and food products. These methodologies not
only reduce the sample preparation time, but also increase throughput, which ultimately
makes it feasible to handle multiple samples simultaneously and more efficiently [255]. As
can be seen, MAMs in the analysis of carotenoids use several technologies to overcome
biological interference. Techniques such as linked scanning mass spectrometry help iden-
tify carotenoid compounds accurately, even in the presence of contamination [256]. For
isolation and identification, methods that involve protection from light, heat, and oxygen
are crucial to prevent degradation and maintain integrity [257]. The use of online super-
critical fluid extraction in conjunction with supercritical fluid chromatography and mass
spectrometry enables an efficient and accurate analysis of carotenoids and their cleavage
products, reducing extraction time and improving analytical precision [258,259].

Using strategies aimed at maximizing carotenoid absorption and tailoring therapeutic
regimens based on individual genetic and health profiles, the scope of carotenoid-based
interventions continues to expand, fostering new avenues for precise and effective health-
care delivery along with the increasing popularity of artificial intelligence. The diverse
applications of carotenoids in medicine extend to their role in improving bioavailability
and the potential for personalized approaches, thus contributing to the burgeoning field of
personalized medicine. Given the variability in carotenoid bioavailability influenced by
bioactivity, individual genetic predispositions, and dietary patterns, strategies aimed at in-
creasing their bioavailability have gained importance. Incorporating dietary fats along with
carotenoid-rich foods and using innovative delivery systems, such as nanoparticles or emul-
sions, are recognized as effective strategies to improve the absorption and bioavailability of
carotenoids, thereby maximizing their therapeutic potential.

Table 5 summarizes the topics analyzed in this investigation and some of the high-
lighted references for each of the identified grouped keywords, while Figures 1 and 2 show
a complementary and more detailed view of carotenoids based on their bioactivity, bioavail-
ability, different extraction methods, and the most important benefits for human health.

Table 5. Comprehensive analysis of grouped keywords; topic summary; outstanding references in
the use of carotenoids in therapeutics and medicine for diseases.

Gruped Keywords

Topic Summary

Featured References

1. Carotenoids.
Anti-inflammatory;

Cancer and
Chemopreventive Functions

Carotenoids, by modulating inflammatory pathways and
regulating immune responses, show promise in treating
inflammatory disorders. Additionally, their chemopreventive
attributes position them as valuable agents in cancer prevention
and treatment, urging their incorporation into diets.

[2-6,22-24,28,50,51,61-
66,71,76,94-96,99,102—
107,113-128,201,213—
215,227,228,246,247]

2. Eye Health and
Cardiovascular Well-being

Specific carotenoids like lutein and zeaxanthin are proven to
slow age-related macular degeneration and cataract
progression, emphasizing their consumption for visual health
preservation. Moreover, lycopene and beta-carotene’s combined
actions contribute to cardiovascular health by reducing
cardiovascular disease risk and atherosclerosis progression.

[12-14,50,51,76,86,87,91—
99,134-136,213,215,235—
239,246-248]

3. Supramolecular Carriers
and Applications in Medicine

Recent studies on supramolecular carriers shed light on their
self-assembly mechanisms, suggesting potential collaboration
between supramolecular chemists and carotenoid researchers.
Carotenoids” multifaceted applications in wound healing and
metabolic health underline their significance in addressing
various complex medical conditions, hinting at their potential
to revolutionize medical interventions.

[29,71,95,129-136,153—
163,168-176,218—
222,230,231,250-252]
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6. Conclusions

This research presents a detailed and methodical assessment of the role and applica-
tions of carotenoids in therapeutic medicine, highlighting their fundamental role in the
treatment of a variety of diseases. This analysis synthesizes the findings of an extensive
review and offers a comprehensive perspective on the multifunctional nature of carotenoids
and their emerging applications in medical science. Schemes 1 and 2 summarize the most
notable elements related to the findings of this research. Scheme 1 shows some technologies
related to the extraction methods and bioavailability of carotenoids used in human health.
On the other hand, the innovative applications of carotenoids in human health can be seen
in Scheme 2. A detailed explanation of the Schemes 1 and 2 is given in the following.

Biological bioactivity and therapeutic potential: Carotenoids, mainly synthesized by
phototrophs, bacteria, and fungi, are identified by their antioxidant, anti-inflammatory
properties, and provitamin A activity. These pigments, divided into carotenes and xan-
thophylls, are essential for the maintenance of human health and influence eye health,
cardiovascular health, skin health, immune and cognitive functions, and bone health.

Mechanisms of action: Research looks at the mechanisms through which carotenoids
exert their effects. They neutralize free radicals, modulate gene expression, and regulate
inflammatory pathways. This multifaceted action makes them effective against chronic
diseases such as cancer, cardiovascular disease, and age-related macular degeneration.

Advances in carotenoid research: This study highlights significant advances in the
understanding of carotenoid metabolism, absorption, and bioavailability, particularly
through the advancement of supramolecular transporters. These advances have opened
new avenues to improve the therapeutic efficacy of carotenoids.

Application in medicine: We emphasize the growing recognition of carotenoids in
medicine, particularly in wound healing and metabolic health. Specific carotenoids, such
as 3-carotene and astaxanthin, have shown promising attributes in wound healing by
modulating inflammatory responses and oxidative stress. The distinctive contributions of
lutein and zeaxanthin to metabolic health have attracted significant attention, illustrating
their potential to improve insulin sensitivity and regulate glucose metabolism.

Nanotechnology and carotenoids: The use of nanotechnology in the formulation of
carotenoids is a significant advance in the nutritional and pharmaceutical sciences. It
addresses the long-standing challenge of poor carotenoid bioavailability by demonstrat-
ing that carotenoid nanoparticles exhibit increased solubility, stability, and absorption,
enhancing their therapeutic potential.

Finally, this study meticulously illustrates the intricate interplay between the bioactive
properties of carotenoids and their applications in medicine. It reveals their growing
potential in disease prevention and treatment, guided by ongoing scientific research and
innovation. The interconnection of carotenoids with various cellular processes and their
potential as therapeutic agents is evident. Continued innovation with the use of cutting-
edge technologies in this field is essential to advance the medical applications of carotenoids,
which contribute significantly to the field of precision healthcare and personalized medicine
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7. Future Directions

Carotenoids, colorful pigments abundant in fruits and vegetables, are poised to play
an even greater role in the promotion of human health in the coming years. Here is a closer
look at some of the exciting research directions:

- Targeting Chronic Diseases: Researchers are excited about the potential of carotenoids
to combat a variety of chronic health issues. Studies are exploring their effectiveness in
preventing and managing conditions such as metabolic disorders (think diabetes), car-
diovascular diseases (heart disease and stroke), and even neurodegenerative disorders
(Alzheimer’s and Parkinson’s).

- Unlocking Gut Microbiome Connections: A fascinating new area of research is in-
vestigating the link between gut bacteria and how our bodies process carotenoids.
Understanding how these tiny intestinal residents influence carotenoid metabolism
and health effects can pave the way for personalized approaches. Imagine creating
dietary or supplement plans tailored to an individual’s gut microbiome to maximize
the benefits they receive from carotenoids!

- Engineering Carotenoids for Enhanced Health: The future might involve not just
consuming naturally occurring carotenoids, but also potentially creating new ones
with even greater health benefits. Genetic engineering holds promise for modifying
plants to produce higher levels of existing carotenoids or even creating entirely new
varieties with specific health-promoting properties.

- Beyond Disease Prevention: Carotenoids are not just disease fighters. Research
is also investigating their broader roles in plant health and function. This deeper
understanding could lead to advancements in agriculture, allowing us to cultivate
crops with enhanced nutritional value and resilience.

- Advanced Detection Methods: Imagine a non-invasive way to measure your body’s
carotenoid levels! Techniques such as Raman spectroscopy are being explored for
their potential to provide real-time information on carotenoid status. This could be
a game-changer for personalized nutrition plans, allowing adjustments based on
individual needs.

In essence, the future of carotenoid research is bursting with possibilities. By exploring
their potential to fight disease, personalizing their benefits through connections with the
gut microbiome, and developing new production and detection methods, carotenoids hold
the key to unlocking a new era of proactive health management.
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Abstract: Lettuce (Lactuca sativa L.) is one of the commercially important leafy vegetables worldwide.
However, lettuce cultivars vary widely in their carotenoid concentrations at the time of harvest. While
the carotenoid content of lettuce can depend on transcript levels of key biosynthetic enzymes, genes
that can act as biomarkers for carotenoid accumulation at early stages of plant growth have not been
identified. Transcriptomic and metabolomic analysis was performed on the inner and outer leaves of
the six cultivars at different developmental stages to identify gene-to-metabolite networks affecting
the accumulation of two key carotenoids, 3-carotene and lutein. Statistical analysis, including
principal component analysis, was used to better understand variations in carotenoid concentration
between leaf age and cultivars. Our results demonstrate that key enzymes of carotenoid biosynthesis
pathway can alter lutein and (-carotene biosynthesis across commercial cultivars. To ensure high
carotenoids content in leaves, the metabolites sink from -carotene and lutein to zeaxanthin, and
subsequently, abscisic acid needs to be regulated. Based on 2-3-fold carotenoids increase at 40 days
after sowing (DAS) as compared to the seedling stage, and 1.5-2-fold decline at commercial stage
(60 DAS) compared to the 40 DAS stage, we conclude that the value of lettuce for human nutrition
would be improved by use of less mature plants, as the widely-used commercial stage is already at
plant senescence stage where carotenoids and other essential metabolites are undergoing degradation.

Keywords: carotenoids; carotenoid synthesis; gene expression; Lactuca sativa; lettuce development;
biomarkers; biofortification

1. Introduction

An important objective of sustainable crop production is to increase the production of
crops that offer enhanced nutritional values. Consumption of bioactive compounds such as
carotenoids, especially (3-carotene and lutein, is linked to improvements in human health
and a reduced incidence of non-communicable diseases [1,2]. In animals, carotenoids act
as antioxidants and prevent oxidative damage to cells [3,4]. Increased consumption of
pro-vitamin p-carotene enriched food reduces Vitamin A deficiency [5,6], which remains
one of the major health non-communicative problems in developing countries: those af-
fected suffer increased disease susceptibility, ocular degeneration and even permanent
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blindness [7,8]. Lutein-enriched nutrition can also prevent eye diseases, improve photopro-
tection and reduce the risks of age-related macular degeneration by 80% [9,10].

The shift toward a vegetable-based diet also requires a better understanding of
carotenoid accumulation in plants as, for the vegan population, plants are the only source
of vitamin A precursors [5]. Therefore, understanding the relationship between the ex-
pression levels of carotenoid biosynthesis genes and final levels of 3-carotene and lutein
accumulation is important for plant breeding and for metabolic engineering approaches
for increasing delivery of these health-promoting metabolites. There is a particular interest
in identifying which of the genes involved in carotenoids biosynthesis are expressed early
in plant development. Early gene expression profile could allow a robust prediction of
carotenoids levels at the time of harvest and greatly accelerate screening for improved
germplasm. Several studies have compared gene expression levels with carotenoid accu-
mulation across plant life cycles, e.g., apple [11], tomato [12], cabbage [13], squash [14],
carrot [15], chrysanthemum [16] and kiwifruit [17]. However, the networks underlying
gene-to-metabolite are largely unknown, and the relationship between expression levels
of carotenoid pathway genes and carotenoid levels in green leafy vegetables is not yet
established.

In most plants, carotenoids usually accumulate in specialized plastids (chromoplasts)
in organs such as roots, tubers, flowers and fruits and cause characteristic orange or
yellowish coloration [18]. In photosynthetic tissues, carotenoid accumulation occurs in
the chloroplasts, where they act as accessory pigments in light harvesting and protect
against photooxidative damage [19,20]. In fact, lutein and (-carotene levels in green leafy
vegetables such as lettuce, kale and sweet basil have been shown to significantly correlate
with chlorophyll concentration and resulting green color intensity [21-23].

More than 700 types of carotenoids have been identified in photosynthetic organ-
isms [4]. Carotenoids are involved in light harvesting and, as such, contribute to effective
photosynthesis; they are also involved in non-photochemical quenching and protecting
plant tissues from excess light or heat stress. In higher plants, carotenoids are synthesized
through mevalonate pathway from Acetyl-Co-A in cytosols and non-mevalonate pathways
that starts from pyruvate in chloroplasts. While these pathways are highly conserved, the
regulation of carotenoid biosynthesis is tissue- and species-specific [2]. Both pathways
result in C5-isopentenyl pyrophosphate (IPP), the starting point of carotenoids biosynthesis.
The four molecules of IPP undergo condensation to form a single C20-geranylgeranyl
diphosphate (GGPP) molecule [2,18,24]. GGPP is converted to phytoene by the phytoene
synthase (PSY) and subsequently converted to lycopene via 9,15,9'-tris-cis-(-carotene by
phytoene desaturase (PDS) and (-carotene desaturase (ZDS) [2]. The ends of the linear
carotenoid lycopene can then be cyclized by lycopene (3-cyclase (LCY-1) and/or lycopene
e-cyclase (LCY-¢) and subsequently modified by hydroxylation [25]. The combined action
of LCY-B1 and LCY-¢ allows synthesis of x-carotene from lycopene, while LCY-3 alone
leads to 3-carotene. After synthesis, x-carotene can be hydroxylated to form lutein by either
o-ring or B-ring hydroxylase (CHY «, {3); 3-carotene can also be hydroxylated to zeaxanthin
by CHYf. Zeaxanthin is then transformed into violaxanthin via antheraxanthin by zeaxan-
thin epoxidase (ZEP) [2,26] (Supplementary Figure S1). In addition to the usual e-3 and 3-3
branches in lettuce and some other plants, the third e-e-branch from lycopene is identified
(Supplementary Figure S1) [27,28]. This branch is activated by LCYE in the absence of
active LCYB, and a number of unusual carotenes are synthesized from e-carotene, including
delta-carotene, epsilon-carotene and lactucaxanthin (epsilon,epsilon-carotene-3,3’-diol).

A range of molecular mechanisms regulate carotenoid biosynthesis and accumulation
in plastids during plant development. Deoxyxylulose 5-phosphate synthase (DXS) and
deoxyxylulose 5-phosphate reductoisomerase (DXR) catalyze the first two enzymatic steps
of the methylerythritol 4-phosphate (MEP) pathway to supply the isoprene building-blocks
of carotenoids and may be rate-limiting in different species. Indeed, the overexpression of
DXS and DXR increases carotenoid and chlorophyll leaf content in Daucus and Nicotiana
but has no affect in, e.g., Lavandula [29]. Differences in the transcript levels of the genes
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involved in carotenoid metabolism can be directly related to the level of carotenoid syn-
thesis or degradation in many species, suggesting key roles for biosynthetic control at the
transcriptional level [29,30]. For example, carotenoid accumulation in harvested ripe apples
can be predicted during fruit development from increased levels of carotenoid isomerase
(CRTISO) and LCY-¢ transcripts [11]. Similar predictive relationships have been found in
Daucus (carrot), in which increased transcript levels of LCY-¢ could be correlated with final
lutein concentration, while {-carotene desaturase (ZDS), ZDS1 and/or ZDS2 transcript levels
could be correlated with the final lycopene concentration [15].

The presence of chlorophyll-binding proteins and lipoproteins that sequester carotenoids
in plastids can affect carotenoid accumulation [31]. Source-sink relationships affecting
fluxes of metabolites through biosynthetic pathways also affect carotenoid accumulation
in plants [32]. In fruits, the conversion of chloroplasts to chromoplasts during fruit devel-
opment makes chromoplasts the major storage structures of carotenoids metabolites in
ripe fruits [33]. However, in green leafy vegetables, such conversions do not occur, and
such plants form carotenoid crystals to increase accumulation capacity [34,35]. A similar
mechanism has been identified in cauliflower in which plastid differentiation is affected by
a mutant gene Or, which causes (3-carotene accumulation in plant curds and increases the
sink capacity [36]. In addition, the degradation of carotenoids produced at the end of the
pathway can affect carotenoid concentrations [37].

Lettuce (Lactuca sativa L., Asteraceae) is the most commercially important and widely
consumed green salad crop in the world and has significant potential to provide carotenoids
and other nutrients for human health [5]. However, lettuce cultivars display large varia-
tions in their nutritional composition. For example, the most widely consumed lettuce,
the iceberg type, shows the least amount of antioxidant activity of the main lettuce culti-
vars [23,38,39]. Despite the importance of carotenoids for human health, the homeostasis
of carotenoids during the lettuce leaf development remains surprisingly unexplored.

The aim of our research was to understand if carotenoids accumulation was differently
regulated in plant with distinct architecture and leaf color. In this study, our objective was
to investigate the role of 17 genes involved in carotenoid metabolism in lettuce leaves and
to determine their expression in six commercial cultivars at different plant developmental
stages. We studied differential gene expression changes and compared them to carotenoids
(B-carotene and lutein) and chlorophyll metabolic changes in the inner and outer leaves
throughout the plant life cycle. Through a gene-to-metabolic network analysis, we then
tested the role of carotenoid biosynthetic and degradation pathways to understand f3-
carotene and lutein accumulation in lettuce plants for further use in lettuce breeding
programs.

2. Results
2.1. Growth and Carotenoid Content Analysis of Commercial Lettuce Cultivars during
Plant Development

The development of six contrasting commercial lettuce cultivars was followed from
seedling stage (20 DAS) through mature stage (40 DAS) until commercial stage (Comm,
60 DAS)—that is, the usual stage at which lettuce is harvested for consumption. All
cultivars had different growth rates, and the biggest difference between cultivars was
already evident at 40 DAS, where Veronica and Grand Rapid cultivars had at least two-fold
larger leaf areas of the outer leaves compared to Dark Land and Dragoon varieties, while
Salinas 88 had the largest inner leaves (Figure 1).

As expected, the biggest difference between the six cultivars was visible at the commer-
cial stage, when plants displayed extreme variation in leaf shape, thickness, leaf size and
leaf color. At the commercial stage, leaf color ranged from light green for Grand Rapid and
Veronica to dark green for Salinas 88 and Parris Island or dark green/purple for Dragoon
and Dark Land (Figure 1).
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Figure 1. Development of six lettuce cultivars growing under the same environmental conditions at
seedling stage: 20 days after sowing (DAS), 40 DAS and at commercial size (60 DAS).

We quantified the 3-carotene, lutein and chlorophyll a, chlorophyll b and total chloro-
phyll concentrations at seedling, 40 DAS and Comm stages in the inner leaves and at 40 DAS
and Comm stage in the outer leaves of six commercial lettuce cultivars (Figure 2). All
lettuce cultivars exhibited the lowest concentrations of 3-carotene and lutein at the seedling
stage (Figure 2A,B). The concentration of lutein (Figure 2A) had nearly doubled by 40 DAS
in all cultivars, except in Veronica, which had the lowest lutein content (25 ug g~! FW). In
the inner leaves at Comm stage, the lutein content was either reduced (e.g., Dark Land
and Dragoon) or remained unchanged from 40 DAS (e.g., Grand Rapid and Veronica)
(Figure 2A). At the same time, the lutein content in the outer leaves was slightly increased
at commercial stage comparing to 40 DAS.

As with lutein, the 3-carotene level was the lowest at the seedling stage (Figure 2A,B).
However, 3-carotene displayed the highest variability between the cultivars and leaves.
For example, in the inner leaves of Dark Land f3-carotene, content increased three-fold
at 40 DAS (288.6 + 19.7 ug g*1 FW), and then at 60 DAS reduced to 110.4 + 14.5 pg
g~ ! FW, only slightly higher than at 20 DAS (65.2 + 9.6 ug g~ ! FW). The B-carotene
content in the outer leaves in Dark Land also reduced by 50% between 40 DAS and Comm
stage. Interestingly, the inner leaves of Dark Land had higher (3-carotene levels at 40 DAS
compared to the outer leaves. In Veronica’s inner leaves, 3-carotene level was just slightly
increased from 42.5 4 6.4 ug g~ ' FW to 59.1 4 3.85 ug g~ ! FW during the first 20 days of
maturation, and 3-carotene content had not changed by Comm stage.
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Figure 2. Analysis of chlorophyll and carotenoids in the inner and outer leaves of six lettuce cultivars.
(A) lutein, (B) B-carotene, (C) Chla, (D) Chlb and (E) total chlorophyll content in the inner and
outer leaves of six lettuce cultivars at seedling stage (SDL, 20 Days after sowing (Das)), 40 DAS and
at commercial size (60 DAS). Error bars are standard deviation of the mean from three biological
replicates, each being the pooled sample of at least three technical replicates, at p = 0.05 level. Bars
with similar capital letters for each cultivar in each leaf position at different time points are not
significantly different (p > 0.05), using one-way ANOVA analysis followed by Tukey pos hoc test.
Bars with similar small letters at the same time point in each leaf position between cultivars are not
significantly different (p > 0.05), using one-way ANOVA analysis followed by Tukey pos hoc test.

Grand Rapid and Salinas88 had 1.5-2-fold increase in 3-carotene level at 40 DAS for
inner leaves (Figure 2B). We observed that dark-leaved varieties had significant reductions
in the 3-carotene level (Figure 2B) at commercial stage in both inner and outer leaves (like
Dark Land, Dragoon, Parris Island), while light-green cultivars Grand Rapid and Veronica
had much smaller reductions in 3-carotene compared to at 40 DAS. However, the overall
[-carotene was the smallest among all cultivars at all developmental stages tested. These
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findings are critical for lettuce commercial stage definition and further lettuce selection if
plants are to be a key source of provitamin A for human consumption [5].

Analysis of Chlorophyll a, b and total chlorophyll (Figure 2C-E) revealed that dark-
leaved varieties consistently had the highest chlorophyll levels in the inner leaves up to
40 DAS, with significant reduction of chlorophyll content in the inner leaves at Comm
stage in all except Parris Island, likely due to plant architecture. In contrast, chlorophyll
in outer leaves remained steadily high or even increased slightly (1.3x in Dragoon) up
to 60 DAS. Light-green cultivars, as expected, had the lowest chlorophyll content in the
leaves, and chlorophyll content was significantly reduced by the Comm stage. In all
genotypes, the concentration of chlorophyll a was higher than chlorophyll b at all leaf
ages (Figure 2C,D). Only in Grand Rapids was total chlorophyll higher in inner than outer
leaves (Figure 2E). The Pearson correlation between the normalized metabolites (Figure 3A)
revealed very strong correlation between lutein and B-carotene concentrations (R? = 0.86,
p < 0.001), with two distinct clusters present—cluster 1 for lutein, 3-carotene and total
carotenoids and cluster 2 for chlorophyll a, b and total chlorophyll (Figure 3A). The 3-
carotene had negative correlation with chlorophylls in leaves, while lutein concentration in
lettuce had weak relationship with leaf color (R = —0.53, p > 0.05, Figure 3A). Regression
analysis confirmed that lutein concentration in leaves could predict 3-carotene content, as
suggested by the Pearson correlation (R* = 0.497, p < 0.001, Figure 3B, Table S2a), while
chlorophyll a, b or total chlorophyll levels have no direct effect on 3-carotene content
in leaves (p > 0.05, Table S2a) if the model was excluding the plant developmental stage,
leaf’s location or variety. However, the full model, accounting for effect of variety, lettuce
developmental stage and location of leaves used for the samples, had a better correlation
coefficient (R? = 0.77, p < 0.001) and illuminated the importance of the Chlb (p = 0.01) and
total chlorophyll as a predictor of (3-carotene content in lettuce.

B-carotene =-68.29 - 66.39xTs + 57.91 x Lp + 10.42 x Lutein + 0.1 x Chlb - 0.07 x ChIT - 4.53V,
F(7, 89) = 39.65, p < 0.001, R?= 0.772 ; 3

B-carotene =-70.29 + 5.03 x Lutein + 0.09 x Chib
F(4,85) = 21.01, p < 0.001, R?=0.497

0.5
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Figure 3. Pearson correlation on normalized metabolites in six lettuce varieties from the inner and
outer leaves during three developmental stages revealed correlation between (3-carotene and lutein
and confirmed inverse correlations between carotenoids and chlorophyll contents in lettuce plants
(A). Regression analysis showing that 3-carotene content can be predicted by lutein content in plants
(blue line) and strongly depend on plant genotype (Vk), plant developmental stages (Ts), sample
location (Lp) and chlorophyll b level (B).

2.2. Relative Expression of Carotenoid Biosynthetic Pathway Genes during Lettuce Plant Development

To determine whether the expression level of regulatory carotenoid biosynthetic
genes affects carotenoid accumulation [2,24] in different lettuce cultivars, we searched for
candidate carotenoid biosynthetic genes in the lettuce genome project sequence (https:
/ /1gr.genomecenter.ucdavis.edu, last accessed on 17 June 2023). We identified 17 candidate
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genes (Table S1) encoding key enzymes of the core biosynthesis of carotenoids. In several
cases, these genes were present as low copy number families: for example, only two copies
of geranylgeranyl diphosphate (GGPS and GGPPS), phytoene synthase (PSY1 and PSY2)
and lycopene (3-cyclase (LCY-B1 and LCY-f2) were identified.

The expression patterns of different genes expression changed during plant develop-
ment (Figures 4, S2 and S3).
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Figure 4. Analysis of carotenoids biosynthesis genes expression in the inner and outer leaves of
six lettuce cultivars was measured at seedling stage (20 days after sowing (DAS)), 40 DAS, and
commercial size (60 DAS). Gene expression was measured relative to UBIQUITIN (n = 3 biological
replicates for each sample).

The heat maps generated from the gene analysis expression analysis revealed that
transcription of the carotenoid genes is modulated in a largely uniform manner in response
to developmental stages but did vary between leaf position (Figure 4). In general, the
expression of most (13/17) carotenoid biosynthesis genes declines progressively throughout
plants development. The highest fold change of expression levels between SDL and 40 DAS
stages was noticed for DXS (358 + 101-folds decline, depending on genotype, Figure S2);
LCY-B2 (110 + 24 folds decline, depending on genotype, Figure S2); LCY-¢ (232 + 49 folds
decline); and CHY-p (170 £ 54 folds decline, depending on genotype, Figure S2). Other
genes involved in carotenoids biosynthesis, such as IPI, declined circa 2.4-fold, comparing
expression at SDL to 40 DAS stages in the inner leaves, and the highest decline was noticed
at the Comm stage (10.4 & 2.7 folds decline, depending on genotype, Figure S2). The
four exceptions are e-ring hydroxylase (CHY-¢), phytoene desaturase (PDS), (-carotene
desaturase (ZDS) and phytoene synthase (PSY1), whose expression levels remained the
same at 40 DAS and were reduced only at the Comm stage (Figure S2). Notably, some genes
had different patterns between the inner and outer leaves. For example, geranylgeranyl
diphosphate (GGPPS), e-ring hydroxylase (CHY-¢) and phytoene synthase (PSY1) genes
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were higher at the Comm stage than at 40 DAS in the outer leaves, unlike the inner leaves,
where these genes were down-regulated in all cultivars (Figure 4).

To obtain a global perspective on the expression pattern of the gene involved in
lutein, 3-carotene and chlorophyll biosynthesis during plants development, we performed
principal component analysis (PCA) on their normalized expression levels (Figure 5). The
first three principal components (PCs) accounted for 75.71% of the total variance among the
samples (Figure 5, left and right). Time of sampling had the highest effect on the expression
profile in the inner and outer leaves. The strongest correlation was driven by the age of
plants and sample source (inner or outer leaves).
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Figure 5. PCA analysis (PC1:PC2 and PC1:PC3) of gene expression at different developmental stages
in inner and outer leaves of six lettuce cultivars.

We further analyzed the patterns of gene expression at each developmental stage (Sup-
plementary Figure S4). Some interesting patterns were observed. For example, CRTISO, a
key enzyme encoding lycopene synthesis, was co-expressed with many early genes in the
carotenoids pathway when all samples were analyzed across all developmental stage, but
when analyzed at the early developmental stage, a significant positive correlation between
CRTISTO was observed only with the genes responsible for zeaxanthin degradation, VDE
and ZEP (r = 0.89 and r = 0.90, respectively). Genes involved in {3-carotene biosynthesis,
LCYP1, and LCYP2, were co-expressed with genes involved in 3-carotene conversion into
abscisic acid. In addition, LCYB1 expression had significant positive correlation to LCY-¢
(r=0.87,p <0.05), CHY-¢ (r = 0.95, p < 0.05), CHY-B (r = 0.94, p < 0.05) and ZEP (r = 0.83,
p < 0.05) in the inner leaves at the commercial stage, while in the outer leaves at the same
developmental stage, LCY 31 expression had significant positive correlation only to VDE
gene (r = 0.91, p < 0.05) (Supplementary Figure S54).

2.3. Regulation of Carotenoid Biosynthetic during Lettuce Plant Development

To elucidate the role transcriptional regulation plays in coordinating carotenoids
biosynthesis, in particular lutein and 3-carotene, and the synthesis of other functionally
related compounds like chlorophyll a and chlorophyll b, we summarized the normalized
gene expression of all lettuce cultivars and presented the metabolic map of gene expression
pattern and fold changes of respective metabolites (Figure 6) and performed correlation
analysis between chlorophylls and carotenoid synthesis through gene expression anal-
ysis and carotenoid and chlorophyll content (Supplementary Table S3). Deoxyxylulose
5-phosphate synthase (DXS) and deoxyxylulose 5-phosphate reductoisomerase (DXR)
are the enzymes that catalyze the first steps of the pyruvate conversion to 1-deoxy-D-
xylulose-5-phosphate and 2-C-methyl-D-erythriol-4-phosphate within the methylerythritol
4-phosphate (MEP) pathway to supply the isoprene building-blocks of carotenoids [29].
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The transcript level of DXS was significantly higher in the inner leaves at seedling stage
(20DAS) compared with other tissues of both stages, suggesting its relevant roles in pho-
tosynthetic young tissues. A single copy-downstream gene of DXS, DXR, was strongly
expressed in the inner leaves at 20 DAS, but the highest expression level was noticed at the
commercial stage, while in the outer leaves the DXR gene was downregulated at 40 DAS
and at the commercial 60 DAS stage. The expression of genes encoding early pathway
enzymes controlling the metabolite flux into the carotenoid pathway and chlorophyll syn-
thesis, in particular isopentenyl pyrophosphate (IPP) isomerase (IPI) and geranylgeranyl
pyrophosphate synthase (GGPS) which leads to gerangerandyl diphosphotase (GGPP)
synthesis [40]) was also high at early developmental stages. Hence, the transcriptional
regulation of the GGPPS gene serves as an important regulatory node in coordinating
carotenoid and chlorophyll a and chlorophyll b biosynthesis.
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Figure 6. Metabolomic and transcriptomic pathways of carotenoid biosynthesis in Lactuca sativa,
Asteraceae. Genes that encode pathway enzymes are shown in red italic letters. The heatmap is
the normalized average of all six varieties at three developmental stages in inner and outer leaves.
Abbreviations: GA3P, glyceraldehyde-3-phosphate; DXS, 1-deoxyxylulose 5-phosphate synthase;
DOXP, D-1-deoxyxylulose-5-phosphate; DXR, 1-deoxyxylulose 5-phosphate reductoisomerase; MEP,
2-C-methyl-D-erythritol-2,4- cyclodiphosphate; IPP, isopentenyl diphosphate; IPL, IPP isomerase;
GGPP, geranylgeranyl diphosphate; GGPS, GGPP synthase; PSY1, phytoene synthase; PDS, phytoene
desaturase; ZDS, (-carotene desaturase; CRTISO, carotenoid isomerase; LCY-B, lycopene [3-cyclase;
LCY-E, lycopene e-cyclase; CHYB, -ring hydroxylase; CHYE, e-ring hydroxylase; ZEP, zeaxanthin
epoxidase; VDE, violaxanthin deepoxidase; CHLG, Chlorophyll synthase; GGR2, geranylgeranyl
reductase2. Bars with similar capital letters at different time point means that samples are not
significantly different (p > 0.05), using one-way ANOVA analysis followed by Tukey pos hoc test.
* Means that samples are significantly different based on the t-test.
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The peak in expression of GGPPS at 20 DAS and 40 DAS could explain the increased
chlorophyll a and chlorophyll b changes in the inner leaves, although regulation of chloro-
phyll synthesis in the outer leaves at other levels of regulation such as post-transcriptional
regulation should also be considered [24].

The phytoene synthase enzyme that converts gerangerandyl diphosphotase into
phytoene (encoded by the two PSY genes in lettuce) is the first committed key-limiting step
in carotenoid biosynthesis [2] and controls the expression of genes involved in carotenoids
biosynthesis [41]. PSY2 is highly expresses in the inner leaves at the seedlings stage of
lettuce plants, while PSY1 is highly expressed at 40 DAS and Comm stage in the inner and
outer leaves, respectively.

In the subsequent steps of phytoene into lycopene transformation, plants employ
two desaturases, phytoene desaturase (PDS), forming 11 and 11’ cis double bonds, and
(-carotene desaturase (ZDS), forming 7 and 7’ cis double bonds [42]. The upregulation
of any of the desaturation-related genes impacts the homeostasis between them, and the
expression level is upregulated in adjustment [2,24]. Similarly, we observe that in lettuce,
PDS and ZDS were highly upregulated in the inner leaves at the seedling stage and 40 DAS,
while outer leaves had lower relative expression level. In the next stage the carotene
isomerase (CRTISO), upregulated at the seedling stage, is employed to complete conversion
into all-trans-lycopene containing 11 C-C bonds essential for light energy absorption and
carotenoids functioning [43].

Cyclization of all-trans-lycopene bifurcates the pathway into two branches: the 3-f3
branch leading to b-carotene, violaxanthin and, finally, abscisic acid; and the e-3 branch
leading to lutein biosynthesis [25]. In lettuce and some other plant species, the cyclization
could have the third e-e-branch, leading to lactucaxanthin biosynthesis (Supplementary
Figure S1) [27,28]. The e-e-branch was out of the scope of this research, as we mainly
focused on [3-carotene and lutein biosynthesis and transcriptional regulation.

While key carotenoid biosynthesis genes (DXS, DXR, CRTISO) as well as first enzymes
of e—f3 branch were highly upregulated at 20 DAS, the lutein content was the lowest at
this developmental stage across all genotypes, ranging from 13 to 21 ug g~ FW (Figure 2).
The only enzyme of the e —f3 branch wherein upregulation was corresponding a 2-2.1-fold
lutein increase at 40 DAS was CHY-¢, the last enzymatic stage of lutein biosynthesis,
wherein relative expression at 40 DAS was increased 1.95 £ 0.48-fold as compared to the
20 DAS relative expression level (Figure 6).

In the -3 branch, the enzyme lycopene (3-cyclase (LCYB), encoded in lettuce by
LCY-B1 and LCY-B2, catalyzes the formation of two -rings at both ends of the lycopene
molecule, resulting in 3-carotene production. Again, the highest expression of LCY-p1 and
LCY-B2 was observed at 20 DAS (seedling stage), while 3-carotene accumulation was on
average 3-fold increased (Figure 6) at 40 DAS (up to 288.6 + 19.7 ug g~ ! FW, Figure 2A)
compared to at 20 DAS (42.5 + 6.4 ug g~ ! FW to 65.2 + 9.6 pg g~ ! FW, depending on
genotype, Figure 2A). At the Comm stage, it had fallen to just half its 40 DAS levels, a trend
observed in both inner and outer leaves.

Next, we performed a co-expression correlation analysis using LCY-1 and LCY-p2
genes as drivers to determine the level of co-expression that genes encoding lycopene
-cyclase share with all other analyzed genes (Supplementary Table S4). The highest
significant co-expression pattern was observed for the 3-ring hydroxylase (CHY-p) gene
(p < 0.01, Table S3), encoding the enzyme involved in 3-carotene conversion to zeaxanthine,
and for zeaxanthin epoxidase (ZEP)/violaxanthin deepoxidase (VDE) genes, regulating
zeaxanthine biosynthesis [2,25,44].

The second pathway after bifurcation, the - branch is controlled by LCYE (Lycopene
Epsilon Cyclase, encoded by single gene LCY-¢) and Lycopene Beta Cyclase [25]. The
final step of e- and f-ring hydroxylation of x-carotene are catalyzed by CHYE, e-ring
hydroxylase, yielding lutein. The expression correlation analysis using e-ring hydroxylase
(CHY-¢) as the driver gene revealed a significant co-expression pattern between CHY-e and
the LCY-e and LCY-B2 genes (p < 001). CHY-e was up-regulated in the inner leaves at all
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developmental stages and in the outer leaves at the commercial stage, which corresponded
to the increased of lutein accumulation at 40 DAS and 60 DAS.

We noted that CRTISO, CHY-B and VDE/ZEP were co-expressed if CHY-¢ was used
as the driver (Supplementary Table S5), which could indicate that both pathways were
controlled by levels of their common precursor (all-trans-lycopene), and upregulation of
one branch would lead to reduced biosynthesis of compounds in the second branch.

In summary, the co-expression analysis suggested that to ensure high carotenoids
content in leaves, the metabolites sink from (3-carotene and lutein needs to be regulated.
For example, by preventing zeaxanthin accumulation (e.g., via CHY-f gene silencing or
overexpression of VDE), we could prolong accumulation of 3-carotene and lutein in the
leaves and, as a result, to delay the senescence symptoms appearance in lettuce leaves.

3. Discussion
3.1. Changes in Carotenoid Accumulation Related to Lettuce Genotype and Developmental Stages

The regulation of carotenoid accumulation occurs at multiple levels: transcriptional,
post-transcriptional, post-translational and storage/degradation (see review in [19]). Here,
we focused only on the transcriptional regulation of carotenoid biosynthesis in six let-
tuce cultivars during three developmental stages, since if transcriptional regulation on
carotenoids biosynthesis is only part of the whole picture, it should not be neglected. In
leafy vegetables, the biosynthesis and accumulation of carotenoids occurs during plant
cultivation. Carotenoids are accessory pigments, are involved in light harvesting and are
essential for effective photosynthesis. The steady-state concentrations of carotenoids in
leaves are considered to result from a balance of their biosynthesis and degradation [45],
and changes in carotenoid content are usually associated with photosystem imbalance [46].
Carotenoid content can change in response to the type and source of light and external
factors like temperature [2]. Green lettuce cultivated in greenhouses supplemented with
UV-A and UV-A+UV-B has higher (3-carotene and lutein concentrations compared to those
cultivated without UV- radiations [47,48], as found in our experiments. In this study,
metabolite data obtained by reverse HPLC was combined with gene expression data gen-
erated by qRT-PCR analysis to characterize carotenoids biosynthesis during lettuce plant
development across cultivars which display contrasting green color intensity.

To better understand the relationship between expression levels of carotenoid biosyn-
thesis pathway genes and carotenoid levels, we investigated the expression levels of
gene-encoding enzymes involved in the control of carotenoid accumulation in inner and
outer leaves of the lettuce plants during different developmental stages, after identifying
these from the lettuce genome. Lutein and -carotene levels were measured in different-
age leaves for all tested cultivars. The levels of these carotenoids at commercial size were
comparable with carotenoid levels detected in other green leafy vegetables, such as basil,
kale and Brassica oleracea cultivars [21,22,49]. In a previous study [23], levels of 3-carotene
and lutein were quantified in three of the lettuce genotypes used in our study. We report
similar levels to those detected by Mou [23], except for the cultivar Salinas 88, which we
found to contain almost ten times greater amounts of both carotenoids in leaves at similar
growth stages, which could be attributed to our soil mineral composition, light intensity
and the use of outer leaves which had higher green color intensity than the leaves used
previously [23].

The lettuce cultivars investigated displayed a significant variation in chlorophyll,
[-carotene and lutein levels. It was previously reported that green color intensity could
serve as a proxy indicator of 3-carotene concentration in lettuce [23]. The chlorophyll a
is synthesized through geranylgeranyl diphosphate (GGPP) (Supplementary Figure S1),
and mutations in GGPPs lead to alteration of both chlorophyll and carotenoids content in
plants [19]. The Pearson correlation analysis (Supplementary Table S3) indicated that the
PSY1 gene in inner leaves at the commercial stage is positively correlated with total chloro-
phyll in outer leaves (r = 0.85, p < 0.05), which suggests an indirect relation to 3-carotene. In
our study, we also observed negative correlation between chlorophyll levels and (3-carotene
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and lutein contents (Figure 3B). The lutein concentrations had weak negative correlation
with total chlorophyll content in leaves (R? = —0.53, p > 0.05, Figure 3A), meaning that
lutein content could not be predicted by color intensity levels, appealing though this might
be for consumers. For example, while ‘Dragoon” and ‘Salinas 88" had different leaf color
between inner and outer leaves, these cultivars had the same concentration of lutein in the
inner and outer leaves, indicating that that lutein concentrations are unrelated to leaf color
intensity.

During senescence, the chlorophylls are degraded (Figure 2), and chlorophyll a is
decomposed into phytol and pheophorbide a [19]. In most lettuce cultivars, we found
carotenoid and lutein concentrations to peak at 40 DAS (Figure 2), while at the usual com-
mercial stage of harvesting, 60 DAS, when chlorophyll was already degraded, carotenoid
levels had also started declining, leading to accumulation of abscisic acid (Figure 6). A
similar pattern has been observed previously in Arabidopsis thaliana leaves, where a 50%
increase in carotenoid levels was observed in newly-formed adult leaves compared to older
ones [50], and therefore, carotenoid accumulation was associated with the developmental
stage.

Leaf maturation is a multicomponent process that includes morphological and cellular
changes, like the increase in chloroplast size and chloroplast density per cells, and is tightly
regulated at the molecular level. For all lettuce cultivars tested, chlorophyll and carotenoid
concentrations varied according to plant development stage. Thus, chlorophyll and chloro-
phyll b were the highest at the seedling and 40 DAS stages, followed by reduction in all
cultivars (Figure 2) when plants reached the commercial size. Although all photosynthetic
pigments will eventually degrade, chlorophyll was lost more rapidly than (-carotene,
while lutein remained relatively stable (Figure 2) like in senescent Arabidopsis and tobacco
leaves [48,50,51]. The role of ABA in carotenoids degradation is supported by co-expression
of CHY-f gene, encoding the enzyme involved in 3-carotene conversion to zeaxanthin with
zeaxanthin epoxidase (ZEP) gene, essential for ABA biosynthesis (Supplementary Table S4).
The transition of chloroplasts into chromoplasts results in an enhanced storage capacity
for B-carotene [52] and accumulation of carotenoids. In all lettuce cultivars, chlorophyll
concentrations were lower in the inner leaves, and the peak in lutein and 3-carotene ac-
cumulation at 40 DAS vs 20 DAS could be consequence of this transition. In the outer
leaves, this reduced chlorophyll content was noticeable only in Grand Rapid and Veronica,
which both have similar plant architecture. In both cases, reduction in chlorophyll a and
chlorophyll b was associated with lutein and {3-carotene accumulation (Figure 2). The
reduction of 3-carotene content at 60 DAS as compared to 40 DAS, and similar or higher
levels of lutein at 40 and 60 DAS in the inner and outer leaves could be explained by
the cleavage of (3-carotene branch carotenoids to produce strigolactones and ABA, which
further promote leaf senescence [24,53].

3.2. Relationship between Biosynthetic Gene Expression and Carotenoid Concentration

Upon exposure to light, both carotenoids and chlorophyll are synthesized, and co-
expression of chlorophyll- and carotenoid-related genes is evident in many plants [24,40].
The light-green leaf color in the Verénica and Grand Rapids cultivars was consistent with
the lower amounts of carotenoids detected, while the dark green color observed in ‘Dark
Land’ and ‘Parris Island” was consistent with higher concentrations of detected carotenoids.
The relationship between color intensity and carotenoid levels was also evident for ‘Dra-
goon’ and ‘Salinas 88’, which displayed significant differences in carotenoid concentrations
in outer and inner leaves. This correlation between carotenoid levels and green color
intensity is likely related to the protective role of carotenoids in the photosynthetic matrix,
since carotenoids are essential to protect chlorophyll from degradation [48,54,55].

The rate-limiting enzyme, DXS, is essential for controlling carotenoid biosynthesis
flux [29]. The negative correlation between DXS levels and total chlorophyll is consistent
with reduced levels of expression at later stages for a gene which is involved in the
first step of the biosynthetic pathway (Figure 6, Supplementary Table S3). Indeed, DXS
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expression levels were significantly reduced in all genotypes compared to other tested
genes, suggesting a significant reduction in pigment synthesis in older tissues (Figure 6).
Similar DXS reduction during developmental stages was observed in red pepper fruits [56].

The expression of PSY1 and PSY2, which encode the PSY enzymes that catalyze the
first committed step in carotenoid biosynthesis, was also found to be positively correlated
with chlorophyll and carotenoid accumulation (Supplemental Tables S4 and S5). A similar
relationship between carotenoid synthesis and PSY1 expression has been shown in Brassica
napus and in Arabidopsis [57,58] and PSY1 expression in ripe tomato fruits [59].

A correlation of CRTISO and LCY-B2 transcript levels with chlorophyll and carotenoids
was not observed during the early stages of development, but it was detected at the com-
mercial size stage (Figure 6, Supplementary Table S3). A similar pattern was observed
in apple fruits, where the expression of some genes predominates after pollination but is
reduced before the ripening stage [11]. The differential expression of CRTISO between
inner and outer leaves at the commercial stage suggests that this gene could be associated
with a ‘pause’ in carotenoid synthesis. In inner leaves, the CRTISO gene showed higher
levels of expression compared to outer leaves while the carotenoid synthesis was found
to be constant, following the same pattern of accumulation between cultivars (Figure 2,
Supplementary Figure S2). In contrast, in outer commercial leaves, the CRTISO expression
was different, with higher transcript levels detected in dark green cultivars. This observa-
tion was confirmed by the positive and negative correlations between the CRTISO gene
expression levels and carotenoids accumulation in inner and outer leaves, which could
help to explain the lower carotenoid levels detected in the plants at the commercial stage
(Figure 2, Supplementary Figures S2 and S3 and Supplementary Table S3).

The difference in carotenoid accumulation between lettuce cultivars could also poten-
tially be explained by degradative enzyme action. Some early pathway genes displayed a
reduction in total transcript levels at the commercial size stage (Figure 4, Supplementary
Figures S2 and S3). An increase in total transcript levels of VDE observed at 60 DAS (when
cultivars had reduced carotenoid concentration compared to 40 DAS) could suggest that
carotenoid degradation had occurred in the internal leaves, resulting in total carotenoid
concentration being reduced at 60 DAS. Our results also indicate a reduction in (3-carotene
levels in the inner leaves of ‘Salinas 88" and ‘Dragoon’ when they reached the commercial
size. The production of carotenoids after synthesis of phytoene in these cultivars may be
affected by cleavage enzymes during carotenoid synthesis. A similar mechanism has been
suggested for chrysanthemum, in which white cultivars had similar expression levels of
gene-encoding intermediate enzymes of the pathway as in a yellow cultivar but increased
expression of carotenoid cleavage genes [16].

Total carotenoid levels in plant tissues result from an interplay between carotenoid
biosynthesis, sequestration, storage and degradation. Key genes which could affect
carotenoid synthesis have been identified. Transcript levels of LCY-¢ can be directly related
to increased lutein concentrations in several species [11,15,16]. In our experiments, the
pattern of transcript level changes was similar among all cultivars, where critical genes
had similar levels of expression. Hence, to explain the different levels of carotenoids and
chlorophyll in lettuce cultivars, additional mechanisms of regulation beyond transcript
levels should be considered.

In expression correlation analysis using CHY-¢ as the driver gene for lutein biosyn-
thesis, we found significant correlation between CHY-¢ and LCY-¢ expression, leading
to lutein accumulation (Supplementary Tables S3 and S5). We also found co-expression
between LCY-e and DXS genes which regulate the carotenoids biosynthetic pathway. This
could suggest that the synthesis of lutein is predominantly controlled by the expression
of early pathway genes and that a later degradation process occurs during plant devel-
opment. The LCY-B1 and LCY-B2 genes, encoding the LCYB enzyme which participates
in controlling the flux of metabolites through the e—f and — branches [58,60,61], were
also highly expressed at early stages of development. The lack of correlation between
LCYB expression and {3-carotene accumulation points towards the existence of an upper
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threshold in LCY-B1 and LCY-B2 transcript levels and the accumulation of 3-carotene [25].
The downregulation of LCY-32, and reduced expression of LCY-B1 at both 40 and 60 DAS
in the inner leaves as compared to the seedling stage, opposite to lutein and 3-carotene
accumulation, suggests different levels of carotenoid regulation at the later stages of plant
development—for example, carotenoid biosynthesis via the retrograde signaling pathway
from plastids to the nucleus [52]. The co-expression with CHY-p gene suggests that flux
toward ABA biosynthesis is an important regulatory mechanism that controls 3-carotene
biosynthesis and degradation in adult leaves.

To summarize, in our research, we compared gene expression patterns to carotenoids
(B-carotene and lutein) and chlorophyll metabolic changes in the inner and outer leaves
throughout the plant life cycle to understand if carotenoids accumulation is differently
regulated in plants with distinct architecture and leaf color. We did not identify master
regulators responsible for divergent expression of carotenoid biosynthetic genes leading to
variety led changes in carotenoid contents. However, our data prompt to a clear natural
variation in carotenoid biosynthesis pathway, likely controlled at least partly at the gene
expression level. A major finding in our paper is the identification of three genes (GGPPS,
PSY1 and LCY-B1) whose transcript levels can be used to predict carotenoid levels at the
commercial harvested stage for lettuce. Our results also suggested that plants selected
based on the delayed leaf senescence phenotype will also have a higher concentration of
[3-carotene and lutein for extended period.

4. Materials and Methods
4.1. Plant Material and Growing Conditions

Six commercial lettuce cultivars were chosen for analysis based on differences in plant
architecture and color intensity: Dark Land Cos MT (romaine type, dark green), Dragoon
(mini romaine, dark green), Grand Rapids (batavia type, light green), Parris Island (romaine
type, medium green), Salinas 88 (crisphead, medium-green intensity) and Veronica (batavia,
light green) (Supplementary Table S6). Plants were grown at the University of Galway,
Ireland, in a plant growth chamber under fluorescent lighting with light intensities of
300 umol-m~2-s~! under long-day conditions (16 h light-8 h dark). Lettuce seeds were
sown on soil in 200 mL pots and transplanted to three-liter pots at the seedling size (20 days
after sowing (DAS)). The experiments were conducted in a complete randomized design
with three replications and three plants per genotype per replication. All plants were grown
at the same time and in the same chamber, with the same light intensity and temperature
to minimize environmental variability. Leaf samples of each cultivar were harvested at
three different stages, corresponding to seedling size (transplanting time), 40 DAS and at
commercial size (60 DAS). Samples at each plant stage represent an independent group of
plants. At the 40 and 60 DAS stages, the outer leaves (first external leaves) and inner leaves
(a leaf from the seventh inner layer of leaves from the outside of the head) were sampled.
In each lettuce plant, sampling was done on three different leaves around the plant in the
same location in each outer or inner leaf, corresponding to a total of three pooled samples
per plant, and nine pooled samples per sample. The harvested samples from each sampling
time and leaf stage were frozen immediately and stored at —80 °C until analysis.

4.2. Carotenoid Extraction and HPLC Analyses

Carotenoid pigments were extracted following procedures described by Norris [62]
with some modifications. Leaf tissue (0.3 g) was ground under liquid nitrogen in a porce-
lain mortar and transferred to a 2 mL centrifuge tube with one glass bead. Then, 200 pL
of 80% v/v acetone was added before adding ethyl acetate (200 uL), and the tubes were
agitated at 30,000 rpm for 1 min in a tissue-lyser (RETSCH MM200—Qiagen, Manchester,
UK). Water (140 pL) was added, and the mixture was agitated again at 30,000 rpm for
1 min and then centrifuged at 15,800 x g for 5 min in a microcentrifuge (Heraeus Fresco
17—ThermoScientific, Ireland). The upper phase, containing carotenoids, was then trans-
ferred into a new tube. The samples were extracted at least three more times, adding 200 uL
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of ethyl acetate, agitating, centrifuging at 15,800x ¢ for 5 min and removing the upper
phase until the precipitate did not have any visible green color. The combined ethyl acetate
phases were vacuum dried in a centrifugal evaporator (miVac—GeneVac SP Scientific, UK).
The dried samples were subsequently redissolved in 1.5 mL of 0.8% of BHT /acetone [17]
and analyzed by the reverse phase of high performance liquid chromatography (HPLC).
The HPLC system (Alliance, Waters Co., Milford, Mass.) consisted of a separation unit
(model 2695), YMC 4.6 x 10 mm C30 guard cartridge and YMC RP C30 column (3 pm,
250 x 4.6 mm—YMC, Wilmington, North Carolina, USA). The column temperature was
25 °C; samples were kept in a 4 °C sample cooler, and a 50 pL aliquot was injected into
a1 mL min~! flow rate. The elution was performed using a mobile phase comprising
solvent A (MeOH), solvent B [HyO/MeOH, 20:80) containing 0.2% w/v ammonium acetate]
and solvent C (tert-butyl methyl ether). The elution gradient was a reduced-time version
of that described by [11]. The gradient started with 95% A /5% B for 2 min, decreasing
to 80% A /5% B/15% C between 2 and 10 min, decreasing to 30% A /5% B/65% C by
15 min, decreasing to 25% A /5% B/70% C at 20 min, and returning to 95% A /5% B at
25 min. The -carotene and lutein picks were identified by comparing the retention time
(RT) and absorption spectra of individual peaks within each sample with the 3-carotene
and lutein standards RT (Sigma-Aldrich, Arklow, Ireland). To ensure that RT was not
changed /masked by other plants metabolites, 3-carotene and lutein standards were also
spiked into plant samples followed by RT comparison to standards containing no plant
extracts (Supplementary Figure S5). Plant samples extraction losses were determined from
the initial concentration of the internal standard trans-f3-Apo-Carotenal (Sigma-Aldrich,
Ireland). The linear portions of the standard curves were used to convert the integrated
areas of both 3-carotene and lutein as pg per g of fresh weight.

4.3. Chlorophyll Extraction and Quantification

Chlorophyll pigments were extracted by crushing the samples in a tissue-lyser (RETSCH
MM200—CQiagen, UK) in tubes with one glass bead for 1 min at 30,000 rpm. Then, 2 mL of
96% v/v ethanol was added, and the samples were agitated again for 1 min at 30,000 rpm
and left for 24 h at 4 °C in a 2 mL centrifuge tube. Next, the absorbance of the samples
was measured using spectrophotometer (Nanophotometer—Inplen, Germany) at 649 and
665 nm wavelengths. The chlorophyll a (Chla) and b (Chib) concentrations were calculated
by the following formulas:

Chl, = 13.95Age5 — 6.88 Ao 1)

Chly, = 24.96 Agag — 7.32 Ages @)

The total chlorophyll was calculated by the sum of Chla and Chlb, and the values were
determined as pg g~ ! of fresh leaves.

4.4. RNA Extraction and cDNA Synthesis

Total RNA was extracted from leaf samples using the Isolate Il RNA Mini Kit (Bioline,
UK). Samples were crushed with glass beads in a tissue-lyser (RETSCH MM200—Qiagen,
UK) for 1 min at 30,000 rpm. Lysis buffer was added to the ground tissue followed by
vigorous vortexing. The lysate was loaded in the filter tube column and centrifuged for
1 minat11,000x g (Heraeus Fresco 17—Thermo Scientific, Dublin, Ireland) to isolate impure
particles. In the filtered samples, 70% v/v ethanol was added, followed by vortexing
and loading in a second filter tube column. The samples were centrifuged for 30 s at
11,000x ¢ and washed two times with wash buffer and dried. Total RNA was eluted with
RNase-free water, followed by DNase treatment according to the manual (AMPD1, Sigma-
Aldrich, Ireland). cDNA was synthesized from total RNA (0.5-1 pg) using a SensiFAST
cDNA Synthesis kit (Bioline, UK) according to the manufacturer’s protocol. The reaction
components were 5x TransAmp Buffer and Reverse Transcriptase. The reaction was
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incubated at 25 °C for 10 min (primer annealing), 42 °C for 15 min (reverse transcription)
and 85 °C for 5 min (inactivation).

4.5. Quantitative Real-Time PCR Analysis

Lettuce genes involved in the carotenoid biosynthetic pathway were identified through
searches of the Expressed Sequence Tag (EST) database deposited in NCBI (National Center
for Biotechnology Information) with tBlastn where known carotenoid biosynthetic proteins
from chrysanthemum (Chrysanthemum indicum L., Asteraceae), apple (Malus domestica
Borkh., Rosaceae) and Arabidopsis (Arabidopisis thaliana (L.) Heynh., Brassicaceae) were
used as queries. Primers were designed for the 17 target carotenoid biosynthesis genes
and for a lettuce UBIQUTIN housekeeping gene (LsUBI; Supplementary Table S2) using
Quantprime (http:/ /www.quantprime.de/main.php?page=home, last accessed on 17 June
2023). cDNA was generated from the same samples that had been used for carotenoid
and chlorophyll quantification, and expression levels of the 17 carotenoid biosynthesis
genes were determined by Quantitative real-time PCR (qRT-PCR) using a CFX96 Real-
Time system (BioRad, Watford, UK). The SYBR Green master mix was used following
manufacturer’s protocol with minimum modifications. cDNA templates were diluted 1:4
times and used in a 5 pL final volume reaction (1 pL of cDNA template, 0.25 uL of each
primer, 1 puL of water and 1 puL of SYBR green). For each sample, three technical replicates
were prepared with three negative controls per plate. The PCR reaction conditions were
95 °C for 10 min (preincubation), followed by 40 amplification cycles (95 °C for 15 s,
60 °C for 30 s and 72 °C for 30 s). A melting curve analysis with continuous fluorescence
measurement during the 65-95 °C melt was generated after the amplification reactions.
Data were analyzed using BioRad CFX manager software (BioRad, UK). The expression
level of each gene was normalized to the lettuce UBIQUTIN gene. Standard deviation was
calculated using the three biological repetitions for each sample.

4.6. Bioinformatic Identification of Candidate Genes

Candidate genes were identified by tBLASTn using reference sequences from chrysan-
themum (which is in the same family, Asteraceae, as lettuce), apple and A. thaliana
as queries against lettuce EST databases (NCBI) and genome project sequence (https:
/ /1gr.genomecenter.ucdavis.edu/Links.php, last accessed on 17 June 2023).

4.7. Statistical Analysis

The transcriptome and metabolites levels (carotenoids and chlorophylls) were com-
pared by one-way ANOVA followed by Tukey HSD post hoc test assuming normal distribu-
tion and variance homogeneity. If the assumption did not apply, a Kruskal-Wallis one-way
ANOVA on ranks was performed. Significant differences were considered at p < 0.05 and
were indicated by different letters or asterisks. Outlier identification was performed in
RStudio (2023.03.0+386 “Cherry Blossom” Release for MacOS) using Grubbs test (package
“outliers”). Metabolite levels are presented as mean concentrations + standard error unless
otherwise stated. Fold changes of carotenoids and chlorophyll change are normalized
to the corresponding levels in the Grand Rapid variety. Linear regression analysis was
performed in SPSS 28.0 to predict the effect of chlorophyll and lutein on 3-carotene content
in leaves. Pearson correlation analysis to identify correlations between chlorophyll and
carotenoids levels was performed using the heatmaply package in R. Principle Component
Analysis (PCA) was conducted in RStudio (package ggfortify) by using ESTs or normalized
carotenoids levels as variables. The heatmap analysis was performed with z-normalized
data using pheatmap package in RStudio. The variables were clustered according to the
inner or outer leaves samples, time of sampling and genotype. The heatmap data is pre-
sented as row normalized. A Pearson correlation analysis between gene expression level
was performed in SAS Statistical Analysis Software STAT 14.1 (www.sas.com, last accessed
on 17 June 2023) and tested for statistical significance using “proc corr”.
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5. Conclusions

To date, carotenoid biosynthesis and degradation pathways have been mostly elu-
cidated using Arabidopsis thaliana and other models. In addition to specific carotenoid
degradation enzyme activities, e.g., Carotenoid Cleavage Dioxygenases, carotenoids can
be degraded non-enzymatically due to high levels of lipid peroxidation and oxidative
stress in senescing tissues [24,63]. Simultaneous detection of gene expression levels and
carotenoid levels across contrasting color (and architecture) lettuce genotypes has allowed
us to reveal the relationship between gene expression and carotenoid accumulation in
inner and outer leaves at different stages of the lettuce life cycle. Our study demonstrates
that carotenoids and chlorophyll accumulation levels vary during development and leaf
age of lettuce plants. Our results also suggest that expression levels of genes encoding
key enzymes of the carotenoid biosynthetic pathway may cause these differences and
that strategies to manipulate carotenoids genes and carotenoid content in plants must be
evaluated case by case. Our study provides a basis for further determination of the control
of carotenoid biosynthesis in a crop species so that nutritionally improved lettuce varieties
can be developed.
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Abstract: The aim of this study was to determine the effect of cultivars on the concentration of
antioxidant compounds: total carotenoid content (TC) and vitamin C (VC), and their correlation
with the total antioxidant activity (TAA) in 65 potato cultivars (Solanum tuberosum) from 10 countries.
The TC content revealed a highly significant effect of the year (Y), cultivar (C) and flesh colour
(FC). The TC ranged from 101.5 ug 100 g_1 DM (in cv. Kelly) to 715 ug 100 g_l DM (in cv. Mayan
Gold). The TC values were weakly correlated with years and higher in yellow-fleshed potatoes than
in white-fleshed potatoes (319.9 vs. 175.6 pg 100 g_1 DM, respectively). The VC content ranged
from 1.0 mg 100 g~ FM (in cv. Bzura) to 14.8 mg 100 g~ ! FM (in cv. Twinner). The content of VC
were higher in yellow-fleshed (6.5 mg 100 g~! FM) than in white-fleshed potatoes (5.8 mg 100 g~
FM). The highest TAA were observed in cvs. Colleen, Basa, Triplo, Gatsby, Ditta, Twinner, Riviera,
Michalina, Damaris, Belmonda, Ambo, Savinja, 12-LHI-6. For these cultivars, the FRAP values were
0.53 umol TE 100 mg ! DM and DPPH 0.55 umol TE 100 mg ' DM. The lowest TAA were observed
in cvs.: Owacja, Mayan Gold, Kokra, Magnolia and Kelly. For them, the FRAP and DPPH values
were slightly above 0.2 umol TE 100 mg ! DM. It was shown that the concentration of TC in potato
tubers has an impact on TAA.

Keywords: potato; health compounds; carotenoids; vitamin C; total antioxidant activity

1. Introduction

The potato is the fifth most important staple food crop in the world, which supplies
energy and some nutritionally relevant ingredients [1,2]. The nutritional value of potato
tubers is mainly characterised by the presence of essential amino acids, high contents of
starch and dietary fibre, as well as a low concentration of fats. Potato tubers also con-
tain important levels of bioactive compounds and antioxidants, including phenolic acids,
carotenoids and flavonoids. In the human body, these bioactive compounds may act
as very strong antioxidants. In addition to scavenging free radicals, multiple activities
of antioxidants include inactivating metal catalysts by chelation, reducing hydroperox-
ides to stable hydroxyl derivatives, and interacting synergistically with other reducing
compounds [3,4]. Therefore, a higher consumption of potato tubers may increase the level
in blood and tissues and acts against oxidative stress, which is responsible for damage
to lipids, proteins, enzymes and DNA, resulting in chronic diseases such as cancer or
cardiovascular disease (CVD) [5-7]. These compounds and their antioxidative potential,
which describes potentially health-promoting properties of potato tubers, are determined
by genetics as well as environmental factors. Currently, the market’s demand for food rich
in antioxidant compounds is increasing. Plant breeding has invested significant resources
in the selection of potato cultivars with a higher content of carotenoids, flavonoids, vitamin
C and, consequently, a higher antioxidant potential [8-10]. One of the methods that allows
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us to improve the composition of these compounds is breeding focused on biofortification
(increased nutritional security), which has the task of enriching the nutritional value of the
product by supplementing it with bioavailable nutrients.

In this research, 65 potato cultivars from the work collection created within the Eu-
ropean project ECOBREED were used. Cultivars which were selected for the collection
were characterised by high or increased resistance to Phytophthora infestans and were com-
mercially available in the European seed market. These cultivars come from 10 countries
and are used to identify the most important characteristics for organic farming systems.
The aim of this research was to evaluate the variability of the bioactive compounds (total
carotenoids and vitamin C) in 65 potato cultivars. In this study, the total antioxidant activity
of potato tubers depends on the content of individual phytocompounds which depend
on the total antioxidant activity of the tubers. In addition, cultivars were screened for the
presence of dominant allele 3 in the Chy2 locus.

2. Results and Discussion

Potato has been identified by the Food and Agriculture Organization of the United
Nations (FAQO) as a basic and sustainable food for the growing world population [11].
Therefore, it is very important to understand its contribution to both our daily and long-
term health. It is very important to develop cultivars with increased antioxidant capacity as
“functional foods” and encourage potato consumers to buy such cultivars, rich in carotenoids,
vitamin C and other pro-health compounds.

Potato cultivars show great variability in terms of carotenoid accumulation in tubers. The
concentration of carotenoids in potato tubers is affected by several factors such as genotype,
agronomic factors, post-harvest storage, cooking and processing conditions [12-16].

In our study, 65 cultivars were evaluated YI. Based on the values obtained for YI,
cultivars were divided into two groups: white and yellow flesh. In total, 18 cultivars were
classified as white-fleshed and 47 as yellow-fleshed. The YI of the evaluated white-fleshed
potato cultivars ranged from 35.5 to 48.8 and in yellow-fleshed cultivars ranged from 50.3
to 80.4 (Table 1). The values of the YI range from 35.5 for cv Kelly to 0.4 to cv. Mayan
Gold (Table 1). Also, the 65 potato cultivars differed significantly in terms of their total
carotenoid content. The three-year mean TC content ranged from 101.5 ug 100 g~! DM
(in cv. Kelly) to 715 ug 100 g_1 DM (in cv. Mayan Gold) (Table 1). The examined cultivar
Mayan Gold is a diploid that has S. phureja in its ancestry. This potato species is reported
to be a good source of high total carotenoid content. The results of ANOVA showed that
TC is also significantly influenced by the factor year (Y) and the correlations between the
TC values between individual years were rather weak (20192020 = 0.43%; 120192021 = 0.26%;
r020x2021 = 0.31%; significant at p < 0.05) (Table 2). Differences in rainfall intensity and
distribution were probably important factors contributing to TC content in potato tubers
in individual years (Figure S1). In the group with the highest TC, there were 11 cultivars:
Otolia, Bionta, Anuschka, Belmonda, Carolus, Gardena, Salome, Belana, Twinner, Caprice,
and Mayan Gold. The mean TC values from three years research for these cultivars range
from 422.0 to 715 ug 100 g~! DM (Table 1). In the group with the lowest of TC 13 cultivars
were included: Kelly, Yona, Savinja, Nofy, Basa, Valor, Botond, Sarpo Mira, Riviera, Vipava,
Tinca, Bzura and Erica. The mean values of these cultivars from three years of research
range from 101.5 to 168.6 g 100 g~! DM (Table 1). The highest mean value of TC was
recorded in 2020 (Table 1). The mean values of TC were significantly higher in potatoes
with yellow-flesh (319.9 ug 100 g~ ! DM) than in white-fleshed potatoes (175.6 g 100 g~
DM) (Table 3; Figure 1). Iwanzik et al. [17] reported a range from 27 to 74 pg 100 g =1 FW
for TC in white-fleshed potato cultivars. In yellow-fleshed potatoes, TC is usually higher,
up to 560 pg 100 g~! FW [18-20]. In diploid clones of Solanum species, reported levels of
TC are much higher and reached more than 2000 ug 100 g~! FW [21]. A very high TC of up
to 3850 ug 100 g’1 FW was found in cultivars from the Andigenum group [22]. Othman [23]
evaluated 32 potato cultivars grown in New Zealand. Agria, a dark-yellow-fleshed cultivar,
was found to have the highest TC (169.57 ng/g DW), the lowest TC was found in the
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white-fleshed cultivar Moonlight (1.18 pug/g DW). He also reported that genotype, location
and their interaction were significant. Tatarowska et al. [10] reported a TC range from 5.57
to 20.20 mg kg ! FW and proved that several factors, location, year, genotype, and their
interactions influence on carotenoid accumulation.

Table 1. Mean values of yellow index (YI), total carotenoid content (TC), presence loci of marker

Chy2, vitamin C (VC) and total antioxidant capacity (TAA) for 65 potato cultivars.

TC in pg 100 g~ DM 3) Mean Values TC vc® . DIT?I_?(e) FI;r:Iém
Cultivar YI @ FC® 20;{;’3;[5)21 ]iflgz(x;) me ill;?\(/} & pumol TE 100 mg 1
2019 2020 2021 2020 DM
2020
Ambo 40.8 w 119.3 332.7 166.0 206.0 AB 0 57 053 0.48
Ezlzast:m 472 w 272.1 188.8 186.0 215.6 AB 1 2.8 0.28 0.24
Botond 46.3 w 91.8 237.3 93.0 140.7 B 1 52 0.36 0.30
Bzura 488 w 2115 2325 52.0 165.3 AB 0 1.0 022 023
Cara 424 w 130.6 517.0 80.0 242.5 AB 1 6.4 043 0.41
Colleen 48.4 w 143.5 316.5 80.0 180.0 AB 1 115 0.57 0.62
Denar 443 w 269.7 290.7 180.0 246.8 AB 1 12 0.42 0.36
Gatsby 452 w 156.5 264.8 207.0 209.4 AB 0 40 0.56 0.57
Kelly 355 w 103.1 724 129.0 1015B 0 12.0 0.13 0.18
Kokra 45.0 w 470.1 150.0 52.0 224.1 AB 0 83 0.17 0.30
Owadja 47.1 w 137.1 2244 173.0 178.2 AB 1 39 0.19 023
Premiere 46.9 w 172.6 250.3 185.0 202.6 AB 1 5.6 0.22 031
Sarpo Mira 47.0 w 237.3 138.7 52.0 142.7 B 1 39 0.22 0.26
Savinja 429 w 67.6 172.6 127.0 1224 B 1 62 0.52 0.48
Valor 39.8 w 1419 146.8 113.0 1339 B 0 10.3 0.32 033
Vipava 35.8 w 345.6 91.8 49.0 162.2 AB 0 7.5 0.40 0.36
White Lady 458 w 219.5 151.6 140.0 170.4 AB 0 2.1 031 0.32
Yona 447 w 1419 156.5 49.0 1158 B 1 7.6 0.34 037
12-LHI-6 57.8 y 428.1 287.4 87.0 267.5 AB 1 12.9 05 0.48
Agria 65.7 y 436.2 437.8 145.0 339.7 AB 1 11.8 0.41 0.46
Alouette 59.4 y 156.5 373.1 415.0 3149 AB 1 5.1 031 031
Anuschka 714 y 339.2 673.9 312.0 441.7 AB 1 10.5 045 0.41
Basa 55.8 y 845 248.6 60.0 131.1B 1 36 0.61 0.61
Belana 70.4 y 4055 497.6 821.0 574.7 AB 0 49 043 0.40
Belmonda 70.0 y 303.6 555.8 508.0 455.8 AB 1 45 0.53 049
Bionta 66.3 y 4443 332.7 517.0 4313 AB 1 34 0.40 0.40
Caprice 65.3 y 505.7 5122 1000.6 672.8 AB 1 34 0.41 0.39
Capucine 68.3 y 390.9 4928 64.0 3159 AB 1 6.0 0.20 025
Carolus 58.6 y 358.6 314.9 863.0 512.2 AB 1 10.5 0.38 035
Casablanca 50.3 y 1144 169.4 290.0 191.3 AB 1 9.4 0.29 0.36
Charlotte 58.5 y 151.6 3133 249.0 238.0 AB 1 35 0.34 0.41
Colomba 51.3 y 373.1 319.8 93.0 262.0 AB 1 23 0.39 0.41
Damaris 53.5 y 298.8 276.1 112.0 229.0 AB 1 39 0.50 0.50
Delila 52.3 y 3489 185.6 133.0 222.5 AB 1 24 0.29 0.31
Ditta 62.6 y 184.0 4491 225.0 286.0 AB 1 43 057 0.55
Edony 61.2 y 1274 303.6 88.0 173.0 AB 1 9.6 0.41 0.38
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Table 1. Cont.

TCin pug 100 g~1 DM @) Mean Values TC vc o DITII}I? ©) FRT:I? %)
Cultivar Y@ FC®@ Years I?Zlc}gz“) mg }:(1)\(; g1 umol TE 100 mg —1
2019 2020 2021 2019-2021 2020 DM
2020
Elfe 68.8 y 184.8 4831 328.0 332.0 AB 1 7.9 0.47 0.46
Erika 59.0 y 130.6 3182 57.0 168.6 AB 1 32 0.41 0.41
Fidelia 65.1 y 281.0 347.3 161.0 263.1 AB 1 6.8 0.34 0.35
Fortus 59.0 y 295.5 305.2 120.0 240.2 AB 1 7.6 0.38 0.37
Gardena 59.3 y 212.3 316.5 1049.0 525.9 AB 1 3.8 0.42 0.36
Goldmarie 64.5 y 307.7 4734 129.0 303.3 AB 1 43 0.39 0.39
Granola 63.3 y 378.0 450.7 93.0 307.2 AB 1 1.2 0.30 0.31
Karlena 62.4 y 344.0 284.2 133.0 253.7 AB 1 11.9 0.30 0.31
Levante 59.4 y 96.7 281.0 501.0 2929 AB 0 12.3 0.36 0.38
Lilly 67.7 y 399.8 528.3 57.0 328.4 AB 1 5.4 0.33 0.34
Lord 53.7 y 227.6 344.0 272.0 281.2 AB 1 2.3 0.34 0.30
Magnolia 54.9 y 187.2 264.8 119.0 190.3 AB 1 2.7 0.14 0.15
Mayan Gold 80.4 y 7782 639.9 727.0 715.0 A 1 7.9 0.18 0.24
Michalina 53.7 y 205.0 534.8 113.0 284.3 AB 1 2.6 0.52 0.50
Noblesse 63.3 y 399.8 365.0 186.0 317.0 AB 1 8.2 0.28 0.31
Nofy 56.5 y 65.9 182.3 143.0 130.4 B 0 10.7 0.24 0.30
Omega 66.4 y 240.6 314.9 78.0 211.2 AB 1 10.0 0.44 0.37
Otolia 58.4 y 641.5 4313 193.0 422.0 AB 0 2.6 0.36 0.32
Riviera 52.7 y 146.8 219.5 101.0 155.8 AB 1 2.6 0.55 0.50
Salome 63.2 y 596.3 407.1 658.0 553.8 AB 1 7.8 0.40 0.37
Sarpo Shona 50.3 y 182.3 2454 104.0 177.3 AB 0 35 0.22 0.26
Slavnik 56.0 y 284.2 289.1 63.0 212.1 AB 1 3.3 0.40 0.27
Tajfun 54.9 y 546.1 476.6 20.0 347.6 AB 1 6.7 0.35 0.34
Tinca 58.5 y 171.8 237.3 85.0 164.7 AB 0 12.4 0.45 0.43
Triplo 64.4 y 323.0 329.5 96.0 249.5 AB 1 3.4 0.63 0.59
Twinner 65.3 y 260.0 392.5 1213.0 621.8 AB 1 14.8 0.53 0.51
Twister 59.7 y 465.3 298.8 126.0 296.7 AB 1 9.7 0.34 0.32
Voyager 55.4 y 395.0 363.4 60.0 272.8 AB 1 103 0.32 0.34
Wega 67.0 y 187.2 704.6 175.0 355.6 AB 0 7.7 0.31 0.34
Mean value 56.2 274.1 330.9 234.7 279.9 - 129 0.50 0.50

YI (1)—yellow index, FC @—flesh colour: y—yellow-fleshed; w—white-fleshed; TC () —total carotenoid content;
marker presence ®: 1—Chy?2 positive; 0—Chy?2 negative; VC ®)—vitamin C; TAA (®—total antioxidant capacity
measured by DPPH; TAA () —total antioxidant capacity measured by FRAP; A, B, AB—homogenous groups.
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Table 2. Sources of variation and one- and two-way ANOVA results for TC, VC, DPPH and FRAP in
potato tubers.

ANOVA
Sources of Variation s;::;;fs Dl;gezze:n?f Mean Square F Statistic Significance
ANOVA results for TC
Cultivar (C) 3.704.438 64 57.882 1.9978 o
Year (Y) 304.012 152.006 4.0722 **
() x (Y) 3.462.533 128 27.051 ns
ANOVA results for VC
Cultivar (C) 1285.732 64 20.090 2.4049 o
ANOVA results for DPPH
Cultivar (C) 1.48101 64 0.02314 2.496 o
ANOVA results for FRAP
Cultivar (C) 1.08066 64 0.01689 2.499 i

ns = not significant; ** significant at p < 0.01; *** significant at p < 0.001.

Table 3. Student’s t-test for the two independent groups of potato flesh colour (white and yellow)

relative to TC, VC, DPPH and FRAP.

Variable

Student’s t-Test

Mean Yellow Mean White t df Significance
Total carotenoid (TC) ug 1 géggé? DM ug 135 5g§? DM 4.854 193 o
Vitamin C (VC) e 1 0%“;9,1 i, 1 0%8;,1 o 0.670 63 ns
bPPH umol TE 1%3 Eing -1pM umol TE 1%g§ng -1pM 1.276 63 ns
FRAP 0-38 0-35 1.010 63 ns

umol TE 100 mg ~! DM

umol TE 100 mg ~! DM

ns = not significant; *** significant at p < 0.001.
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Figure 1. Mean values of total carotenoid content (TC) in two groups of potato with white and
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Two main loci have been shown to control potato tuber flesh colour. The Yellow
(Y) locus was shown to co-segregate with the S-Carotene Hydroxylase 2 (CHY2) gene [24].
A dominant Y allele of this locus was associated with a high flesh carotenoid content
and showed increased expression of the CHY?2 transcript [25,26]. The Orange (Or) locus
was associated with high amounts of flesh zeaxanthin [27]. The Or locus was found to
co-segregate with the Zeaxanthin Epoxidase (ZEP) gene. All orange genotypes carry only a
recessive zep allele (zep1) characterised by the insertion of a non-LTR retrotransposon into
intron 1 and by reduced steady-state levels of the ZEP transcript.

Brown et al. [24] examined 21 yellow fleshed and 28 white fleshed potato cultivars and
breeding clones for the presence of a unique allele of bch associated with yellow flesh colour
and obtained the expected for gene product from all yellow-fleshed cultivars and breeding
clones tested. The same primers amplified no product from any of the white-fleshed clones
tested. In the research by Sulli et al. [28], the dominant CHY? allele 3, previously found to
be a major determinant of carotenoid accumulation, was present only in yellow or orange-
fleshed clones. Goo et al. [29] also observed a higher expression level of Chy2 associated
with yellow flesh colour in a small number of potato cultivars. In our investigation, the
dominant Chy?2 allele 3 was amplified in 50 of the 65 cultivars tested (Table 1). In Figure 2,
the amplification of CAPS marker linked to Chy2 gene allele 3 is presented. Cultivars with
amplified diagnostic fragment were both yellow and white fleshed. Cultivars without this
fragment were also yellow and white fleshed. However, this fragment was absent in more
than 44% of white-fleshed cultivars and only in ~15% of yellow-fleshed cultivars. The
examined cultivars with the marker had higher YI and TC than the cultivars without the
marker, but the differences were statistically significant in the case of YI but not TC (Table 4).
In conclusion, the examined marker of B-Carotene Hydroxylase 2 can help in selection of
potato clones/cultivars with high carotenoid content, but its usefulness is restricted.

M A S R i e e e O D

% ——163bp

Figure 2. Amplification of the CAPS marker linked to the Chy2 gene allele 3. Cultivars having Chy?2
gene allele 3 are shown in lanes 1, 2, 5, 6, 10, 11 and 12, respectively. Lanes 3, 4, 7, 8 and 9 show that
cultivars lack the Chy2 gene allele 3. Lane M contains the 100 bp DNA ladder.

Table 4. Student’s t-test for the two independent groups of potato with or without the Chy?2 allele 3
marker relative to YI and TC.

Student’s t-Test

Variable
Mean Chy2+ Mean Chy2— t df Significance
Yellow index (YI) 57.97 50.47 2.813 63 o
294.07 232.68

Total carotenoid (TC) 1.852 193 ns

ug 100 g~ DM ug 100 g~ DM

ns = not significant; ** significant at p < 0.01.

One of the powerful antioxidants in plants is vitamin C. In potato tubers, it occurs as
L-ascorbic acid and dehydroascorbic acid in the acid oxidation position [30]. Potatoes are
one of the most important sources of vitamin C, but its value in human nutrition is often
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underestimated [31]. Vitamin C is the major naturally occurring inhibitor of enzymatic
browning of potatoes [32]. In the human body; it acts as an antioxidant [11] and plays an
important role in the protection against oxidative stress [33]. The VC content in potato tubers
influences many factors, such as cultivar, maturity, year, method and growing conditions
and location [16,34-36]. Various studies have measured large differences between potato
cultivars in their VC content from 7.54 to 46.0 mg 100 g~! FM [34,37—40]. Our studies showed
a great variation between potato cultivars’ VC content. The mean VC values for 65 cultivars
are presented in Table 1. The average VC content in 65 cultivars ranged from 1.0 to 14.8 mg
100 g~! FM. The highest level of VC was noted for cultivars: Twinner (14.8 mg 100 g~! FM),
12-LHI-6 (12.9 mg 100 g~! FM), Tinca (12.4 mg 100 g~ ! FM), Levante (12.3 mg 100 g~ FM),
Kelly (12.0 mg 100 g~ ! FM), Karlena (11.9 mg 100 g~ ! FM), Agria (11.8 mg 100 g~ ! FM) and
Colleen (11.6 mg 100 g~! FM) (Table 1). In Figure 3 are presented mean values of VC in
two groups of flesh colour. Mean values of VC were higher in potatoes with yellow-flesh
(6.5 mg 100 g~ FM) than in potatoes with white-flesh (5.8 mg 100 g~! FM), but this difference
was not statistically significant (Figure 3; Table 3). One-way ANOVA analysis showed a
significant influence of the cultivar on the content of VC in potato tubers (Table 2).

Vitamin C [mao0 g™ Fiv]
o0

0 a fedian
yellow white []25%-75%

T Range

flesh colour eCutliers

Figure 3. Content of vitamin C in two groups of potatoes with white and yellow flesh.

Similar to our research, Sawicka et al. [41] proved that in the formation of VC in
potato tubers, the greatest impact is the genotypic variability. According to Brown [42],
VC content on the level 20 mg/100 g~ FM can raise up to 13% in the TAA of tubers.
Several authors also confirm the influence of earliness on the VC content in potato tubers.
Trawczynski et al. [43] and Hrabowska et al. [44] showed that a higher VC was noted for
late cv. compared to early cv. According to Grudziniska and Mankowski [5], the flesh
colour significantly influenced the VC content in potato tubers. The authors observed
significant differences in the VC content between tubers with yellow flesh and cream flesh.
Hamouz et al. [35] determined that VC content was 2.9-times higher in red and purple
potatoes than in potatoes with yellow and white flesh. Valcalcer et al. [16] proved that the
highest VC content was in yellow flesh cv. and the lowest in cream flesh cv. By contrast,
Hejtmankova et al. [45] showed that white and yellow potatoes did not differ in terms of
VC content, similar to our research. The high diversity of VC in potato tubers shows that
to conduct breeding towards the production of cultivars with high VC content is justified.
Biofortification using breeding programs aimed at increasing the VC content in potato
tubers is fully justified.

The concentration of bioactive compounds in potato tubers is determined by both
genetic potential and environmental factors. The purpose of these experiments is, among
others, to determine the influence of genotype on the TAA of potato tubers. The antioxidant
capacity of 65 potato cultivars from nine countries dedicated to organic farming was
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determined. Two different methods of measuring antioxidative capacity, i.e., DPPH and
FRAP, were used. On the basis of these analyses conducted, it can be said that the evaluated
cultivars are different in the TAA of potato tubers. The full results of the two methods
and all the cultivars are presented in Table 1. For the value of FRAP and DPPH, one-way
ANOVA revealed highly significant effect for cultivar (C). Higher antioxidant activity was
observed in 10 cultivars: Colleen, Basa, Triplo, Gatsby, Ditta, Twinner, Riviera, Michalina,
Damaris, Belmonda, Ambo, Savinja, 12-LHI-6 (Table 1). For these cultivars, the mean FRAP
values were 0.53 umol TE 100 mg~! DM and the mean DPPH values were 0.55 umol TE
100 mg~! DM. Tubers of these potato cultivars have many benefits to prevent oxidative
stress and potential as sources of natural antioxidant can be further used in breeding
work. A lower antioxidant activity was observed in cultivars: Owacja, Mayan Gold,
Kokra, Magnolia and Kelly (Table 1). For them, the FRAP and DPPH values were slightly
above 0.20 pmol TE 100 mg~! DM. Strong positive correlations (r = 0.917%; significant at
p < 0.05) were found between FRAP and DPPH (Figure 4). These methods can be used
interchangeably in the assessment of the TAA in potato tubers. In potato cultivars with
yellow-fleshed tubers higher antioxidant activity was observed (mean DPPH = 0.39 umol
TE 100 mg’l DM; mean FRAP = 0.39 umol TE 100 mg’1 DM) than in white-fleshed potatoes
(mean DPPH and FRAP = 0.33 umol TE 100 mg’1 DM) (Figure 5), but these differences
were not statistically significant (Table 3).

In the literature, can be find research showing a large variation of TAA among potato
cultivars/clones, and many other factors having an impact on their level in potato tubers.
For example, Wichrowska [46] reported a significantly differentiated TAA of potato tubers
cv Satina measured using the FRAP method. The highest TAA was characteristic of tubers
from the plots fertilized with manure, a full dose of mineral fertilization and bio-fertiliser.
FRAP values ranged from 6.98 to 9.91 mmol Fe?* kg~! DM. Hu et al. [47] reported a
significant effect of cultivar and year on TAA. In the FRAP assay, antioxidant activity ranged
from 6 to 64 umol AAE g~! DW and in ORAC ranged from 42 to 168 umol TE g~ DW.
Lee et al. [48] reported that the TAA was significantly higher in purple-coloured potato
cultivars than in the white- and yellow-coloured potatoes. In their research, they showed
that cvs. Hongyoung and Jayoung had the highest antioxidant activity. Antioxidant effect
was highly correlated with polyphenol content. Kim et al. [49] reported that the effective
compounds that contribute to TAA were phenolics acids. Fidrianny et al. [50] proved that
the phenolic and flavonoids compounds of potato tubers are very strong antioxidants. Seijo-
Rodriguez et al. [51] stated that due to the high correlation between the phenolic content
and antioxidant activity, the phenolic content in potato tubers can be used as an indicator
of the antioxidant activity of a tuber. The Keutgen et al. [8] reported that antioxidative
capacity measured by FRAP was correlated with chlorogenic acid content (r = 0.590%**;
significant at p < 0.01) and glutathione fractions, especially with the reduced form (GSH,
r = 0.692*; significant at p < 0.01). Hejtmankova et al. [45] did not detect a significant
correlation between content of VC and antioxidant activity (R? = 0.08) in unpeeled raw
potato. Grudziriska and Marikowski [5] also indicated the lack relationship between TAA
and VC in unpeeled potatoes (R? = 0.17).

In our research, we also wanted to indicate which compounds in potato tubers have
the greatest impact on TAA. The FRAP and DPPH assays indicate that TC in potato tubers
contributes to their antioxidant activities. The correlation between TC and TAA measured
by FRAP and DPPH was significant (r = 0.275* and r = 0.283%, respectively; significant at
p < 0.05) (Figure 6). On the other hand, the concentration of VC in the potato tubers had no
effect on TAA. The correlation between VC and TAA measured by FRAP was very low and
nonsignificant (r = 0.113) and DPPH (r = 0.024) (Figure 7). Our research also reported that
cultivars have significantly influence on TAA (Table 2), but not on flesh colour (Table 3).
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Sperman correlation r = 0.917 p < 0.06
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Figure 4. Correlation between two methods, FRAP and DPPH, used to measure TAA in tubers of
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Figure 7. The relationship between TAA measured by FRAP and DPPH and the vitamin C content in
tubers of 65 potato cultivars.

3. Materials and Methods
3.1. Plant Material

Plant material consisted of 65 potato cultivars from 10 countries: from Poland—Bzura,
Michalina, Denar, Lord, Gardena, Magnolia, Owacja, Tajfun; from Denmark—Tinca, 12-LHI-6;
from Germany—Caprice, Damaris, Fidelia, Goldmarie, Karlena, Salome, Wega, Anuschka,
Belana, Elfe, Otolia, Agria, Omega, Belmonda, Lilly, Granola; from Netherlands—Alouette,
Carolus, Erika, Levante, Nofy, Premiere, Riviera, Twinner, Twister, Colomba, Fortus, No-
blesse, Triplo, Voyager; from Austria—Bionta, Ditta; from Slovenia cvs.—Kokra, Savinja,
Slavnik, Vipava; from United Kingdom—Gatsby, Casablanca, Valor, Mayan Gold, Cara,
Sarpo Mira, Sarpo Shona; from Ireland—Ambo, Colleen; from Hungary—Balatoni Rozsa,
Basa, Botond, White Lady—and from France—Capucine, Charlotte, Delila, Edony, Kelly,
Yona. These cultivars came from the Working Collection created within the European
project ECOBREED.

3.2. Field Experiments

All these cultivars were multiplied under field conditions. The trials were carried out
for three years in the central part of Poland, in Mtochow. In these experiments, a low-input
system was applied (in Supplementary Materials Table S1). Pesticides were applied during
the vegetation period, i.e., copper fungicides and pyrethrin (plant extract) against late blight
and Novodor against Colorado beetle. All application times and dose were established
in accordance with the recommendations on the labels of each plant protection product.
The experimental design was a randomised complete block. In each of the two blocks
(replications), the cultivars were planted in 60 hill plots. The spacing of the plants in the
row was 70 cm x 40 cm. Tubers were planted at the end of April and harvested after
about 130 days. The monthly average temperature and precipitation were collected from a
weather station located near the experimental field. The weather conditions for the growing
seasons 2019, 2020 and 2021 are shown in Supplementary Materials Figure S1.

3.3. Total Carotenoid Content (TC)

TC was estimated for tubers obtained from field experiments. For each potato cultivar
and each repetition, three tubers were collected, cut into small cubes, frozen in liquid
nitrogen, lyophilised and milled. The total carotenoid content was measured according
to Milczarek and Tatarowska [52]. All analyses were performed using three technical
repetitions. Analyses were conducted via three-year experiments.
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3.4. Yellowness Index (YI)
The intensity of potato flesh colour was assessed using CR-400 Colorimeter (Minolta,
Osaka, Japan). YI was calculated according to the formula:

100(C,X — C,2)
Y

Ylg313 =

where Cy and C; are illuminant and observer-specific constants; X, Y, Z—trichromatic
values [53].

3.5. Genotyping of the Chy2 Loci

All tested cultivars were screened for the presence of dominant allele 3 at the CHY2 lo-
cus. The tests were performed with the use of a DNA marker developed by Wolters et al. [26].
DNA was isolated from young leaves of all tested cultivars using a Genomic Mini AX
Plant (A&A Biotechnology, Gdarsk, Poland). PCR amplification was performed with PCR
Mix Plus Green, a high specificity ready-to-use master mix for PCR (A&A Biotechnology,
Gdansk, Poland), and 300 nM of each primer in a final volume of 25 pL. Standard am-
plification conditions were as follows: initial denaturation for 4 min at 94 °C followed
by 30 cycles of 30 s denaturation at 94 °C, 30 s annealing at 55 °C and 1 min elonga-
tion at 72 °C. Reactions were completed with an elongation step of 7 min at 72 °C. The
PCR with primers CHY2ex4F (5'-CCATAGACCAAGAGAAGGACC-3') and Beta-R822
(5'-GAAAGTAAGGCACGTTGGCAAT-3') amplified product of size 308-bp. PCR products
were digested with Alul restriction enzyme (Thermo Fisher Scientific, Dreieich, Germany)
according to the manufacturer instructions. The CAPS markers of the Chy2 gene were
separated with a 2% ethidium bromide-stained agarose gel. In the case where the dominant
Chy?2 allele 3 is present, a diagnostic fragment of 163 bp was observed, whereas all the other
alleles at the same locus produce only a specific fragment of 237 bp.

3.6. Vitamin C (VC)

Vitamin C was estimated for tubers obtained from field experiments. For each potato
cultivar and each repetition, three tubers were collected. Potato tubers were peeled and then
rubbed on a plastic grater. About 6 g of sample was weighed into a 50 mL test tube. It
was supplemented with an extraction solution (metaphosphoric acid, acetic acid, pH 2) ata
weight of 25 g, which prevented the breakdown of vitamin C. The sample was shaken on
a Thermomixer compact (Eppendorf AG, Hamburg, Germany) for 15 min at 4 °C and after
this was spun for 10 min at 4 °C and 604 x g in Centrifuge 5417R (Eppendorf AG, Hamburg,
Germany). After centrifugation, the clear solution was filtered through a 0.40 um PTFE syringe
filter. The injection volume was 2 pL. The mobile phase was water: acetonitrile in relative 2:98,
flow 1.5 mL min—!. Analyses were performed using Column Luna 3u HILIC 150 x 4.6 mm
(Phenomenex, Torrance, CA, USA). Vitamin C concentrations were evaluated using ultra-high
efficiency HPLC liquid chromatography kit (LC-20AD, DGU-20A 3, SIL-20AC HT, CTO-10AS)
with a UV detector (SPD-20A) from Shimadzu (Kyoto, Japan).

3.7. Total Antioxidant Activity (TAA)
3.7.1. Preparation of Samples for Analysis

The antioxidant potential for tubers obtained from field experiments was evaluated.
For each potato cultivar and each repetition, three tubers were collected. They had been cut
into small cubes and frozen in liquid nitrogen, lyophilised and milled. Samples (0.5 g) were
extracted using ethanol (80%) and placed in an ultrasonic bath for 20 min. The extracts
were transferred to falcon tubes (per 15 mL) and centrifuged at a speed of approximately
537x g for 10 min (centrifuge Heroeus multifuge 3 S-R, Thermo Fisher Scientific, Cleveland,
OH, USA).
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3.7.2. Measurements DPPH

Measurements were made using the spectrophotometric method. Up to 1900 uL of
DPPH radical solution in methanol with a concentration of 0.05 mg m1~! with 100 uL of
sample added. The mixture was prepared in this way and the end reaction was set aside for
30 min. Then, the absorbance was measured at the length of A = 515 nm. The measurements
were repeated 3 times for each sample. The results are calculated based on the calibration
curve for Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid).

3.7.3. Measurements FRAP

The measurements were made spectrophotometrically with a UV-Vis HITACHI U-1900
spectrophotometer (Tokyo, Japan). The absorbance was measured at 593 nm whereby
0.05 mL of the sample solution were added to 1 mL of FRAP reagent. The mixture prepared
this way was incubated for 4 min at 37 °C. The FRAP results were calculated from the
calibration curve for the Fe (I) standard solution. The FRAP unit was assumed to determine
the ability to reduce 1 mole of iron (III) to iron (II). The results were calculated for the
standard substance (Trolox) and presented as (umol TE 100 rng_1 DM).

3.8. Statistical Analysis

The mean values for TC, VC and TAA were compared by using one- and two-way
ANOVA to assess the effects of cultivar, year, and their interactions, and Tukey’s multiple
range test was used to identify significant differences between means. To compare mean
values for groups of clones with or without markers and white and yellow fleshed, Student’s
t-test with unequal variances was applied. The Pearson correlation coefficient was used
to estimate the relationships between the study variables. All statistical analyses were
performed with the Statistica software (Dell, Round Rock, TX, USA), version 13.

4. Conclusions

Our results permit optimisation of the vitamin C and carotenoid content of the diet
by using potato cvs., such as Twinner, Tinca, Levante, Kelly, Karlena, Agria and Colleen
with high-vitamin C, and by using potato cvs., such as Otolia, Bionta, Anuschka, Belmonda,
Carolus, Gardena, Salome, Belana, Twinner, Caprice, and Mayan Gold with high carotenoids
content. Obtained results showed how breeding efforts have influenced the biofortification of
these important phytonutrients in the potato tubers cultivars registered in European markets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241411716/s1.
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Abstract: Staphylococcus aureus membranes contain carotenoids formed during the biosynthesis of
staphyloxanthin. These carotenoids are considered virulence factors due to their activity as scav-
engers of reactive oxygen species and as inhibitors of antimicrobial peptides. Here, we show that the
growth of S. aureus under oxygen-restricting conditions downregulates carotenoid biosynthesis and
modifies phospholipid content in biofilms and planktonic cells analyzed using LC-MS. At oxygen-
restrictive levels, the staphyloxanthin precursor 4,4-diapophytofluene accumulates, indicating that
the dehydrogenation reaction catalyzed by 4,4'-diapophytoene desaturases (CrtN) is inhibited. An
increase in lysyl-phosphatidylglycerol is observed under oxygen-restrictive conditions in planktonic
cells, and high levels of cardiolipin are detected in biofilms compared to planktonic cells. Under
oxygen-restriction conditions, the biophysical parameters of S. aureus membranes show an increase
in lipid headgroup spacing, as measured with Laurdan GP, and decreased bilayer core order, as mea-
sured with DPH anisotropy. An increase in the liquid—crystalline to gel phase melting temperature,
as measured with FTIR, is also observed. S. aureus membranes are therefore less condensed under
oxygen-restriction conditions at 37 °C. However, the lack of carotenoids leads to a highly ordered
gel phase at low temperatures, around 15 °C. Carotenoids are therefore likely to be low in S. aureus
found in tissues with low oxygen levels, such as abscesses, leading to altered membrane biophysical
properties.

Keywords: Staphylococcus aureus; biofilms; staphyloxanthin; LC-DAD-APCI-MS/MS; phospholipids;
LC-ESI-MS/MS; fluorescence spectroscopy; infrared spectroscopy

1. Introduction

Staphylococcus aureus (S. aureus) is an opportunistic pathogen; a Gram-positive, faculta-
tive anaerobic bacterium, naturally present in human skin and mucous membranes [1,2],
which can also invade and reside in the interior of host cells, including human ker-
atinocytes [3]. S. aureus is responsible for multiple hospital-acquired diseases such as
pneumonia, different kinds of human skin infections, osteomyelitis, endocarditis and sepsis,
presenting an important health risk worldwide [1]. Due to the emergence of multiple-
drug resistant strains [4], understanding the physiology of this bacterium is crucial in the
development of complementary treatment strategies.

S. aureus has evolved the ability to modify the lipid composition of its membranes in
response to environmental stresses such as oxidative stress, osmotic stress, and the presence
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of antimicrobial agents [5-8], as well as during changes in S. aureus growth conditions [6,8].
Modifications in phospholipid headgroup and acyl chain composition or carotenoid content
influence the biophysical properties of S. aureus membranes [6,9], leading to changes in
membrane rigidity and lipid packing [6,8,10,11].

The biosynthesis of carotenoids in S. aureus has been identified as an important
virulence factor leading to resistance to antimicrobial peptide activity and to reactive
oxygen species (ROS) generated during the immune response. Carotenoids also act as
scavengers of free radicals (hydroxyl OH) generated during oxidative stress or during
cellular respiration [12]. The production of different carotenoid species in S. aureus is mainly
associated with the biosynthesis of staphyloxanthin (STX). The STX biosynthetic pathway
begins with the dimerization of two farnesyl diphosphates to form 4,4-diapophytofluene
(4,4'-DPE) [8]. This is followed by a series of dehydrogenase reactions catalyzed by
4,4'-diapophytoene desaturases (CrtN). Oxidation reactions then lead to the formation
of 4,4'-diaponeurosporenoic acid (4,4-DNPA). The carboxylic acid is then functionalized
with a glucose, through CrtQ, and a fatty acid with a varying acyl chain is finally attached,
through CrtO, to form STX [8,13]. Variations in oxygen levels have been shown to modulate
this biosynthetic path [14]. Due to a series of conjugated double bonds, the rigid structure
of the diaponeurosporenoic acid leads to increased membrane rigidity, which confers on
S. aureus a higher resistance to antimicrobial peptides [15]. This is in addition to its protec-
tive role as a free radical scavenger [8,13,16-18]

The main phospholipid components in S. aureus membranes are the anionic phospho-
lipids phosphatidyl-glycerol (PG) and cardiolipin (CL), as well as the cationic phospholipid
lysyl-phosphatidylglycerol (Lys-PG), which are present in the membrane with varying
acyl chain lengths [6,10,19]. Phospholipid acyl chains are mainly saturated or branched
in iso- and anteiso- conformations, where the branched/saturated ratio helps modulate
the level of lipid packing in the membrane [6,20]. CL is an anionic tetra-acyl chained
glycerophospholipid, which has been shown to increase lipid packing levels [21], modulate
membrane curvature [22], and confer lipid bilayer membranes with increased mechanical
resistance towards antimicrobial peptides [21,23]. The MprF-mediated biosynthesis of the
cationic lipid Lysyl-PG modulates the surface charge of the membrane, decreasing the
anionic surface charge, and leading to a reduction in the affinity of antimicrobial peptides,
therefore inhibiting their lytic activity [9].

S. aureus can invade different tissues in the host, where oxygen levels vary widely [24],
showing the capacity to live at low oxygen levels [25] or even under fully anaerobic
conditions in certain tissues such as abscesses [26]. For this reason, S. aureus, as a facultative
anaerobic bacterium, relies on switching its metabolism from aerobic respiration, in the
presence of excess oxygen, to a combination of fermentation and anaerobic respiration,
using alternative electron acceptors such as nitrate, at low oxygen levels [24]. This switch
in metabolism at oxygen-restrictive levels leads to lower ATP production and slower
growth. One of the main roles that carotenoids play is as scavengers of free radicals, which
are produced in high quantities at high oxygen levels. A two-component AirSR oxygen
response regulator in S. aureus has been reported to positively regulate the STX biosynthetic
pathway operon crtOPQMN in the presence of increased oxygen levels, showing the
importance of STX biosynthesis during oxidative stress [14]. The downregulation of
STX production at low oxygen levels may help reduce metabolic costs under anaerobic
respiration or fermentation, since the need to scavenge oxygen free-radical species will
be reduced.

In the present study, S. aureus was grown either as biofilms or under planktonic condi-
tions, exploring how the membrane lipid composition was modulated under restrictive
and non-restrictive oxygen levels. Since carotenoid production in S. aureus is closely tied to
available oxygen levels, we mainly focused on changes in carotenoid content as determined
via liquid chromatography coupled to mass spectrometry (LC-MS), reporting on overall
levels of carotenoids and the proportion of STX precursors for the different growth condi-
tions. We also report on changes in phospholipid headgroup composition, showing shifts
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in the proportion of PG, CL, and Lysyl-PG phospholipids under restrictive oxygen growth
conditions. These shifts in lipid composition alter the biophysical properties of S. aureus
membranes. Changes in lipid headgroup spacing measured with Laurdan Generalized
Polarization (Laurdan GP), bilayer core dynamics measured with DPH anisotropy, and
overall lipid phase behavior measured with Fourier transform infrared (FTIR) spectroscopy
are reported. Scanning electron microscopy images are used to evaluate changes in biofilm
and planktonic average cell size and changes in the production of exopolysaccharides in
biofilm cells. Oxygen levels vary greatly for different body parts and tissues [27]. For this
reason, understanding how S. aureus lipid composition is affected by oxygen, and how
bacterial membrane biophysical properties are affected by these shifts, may be relevant in
understanding the susceptibility of S. aureus in different tissues to treatments involving
oxidative stress or antimicrobial peptide treatments.

2. Results
2.1. Cell Morphologies in Biofilm and Planktonic Cells and Production of Exopolysaccharides
in Biofilms

Images obtained with scanning electron microcopy (SEM) are shown in Figure 1
for planktonic cells and biofilms under different aeration conditions. In Figure 1c,d, the
formation of biofilm structures, characterized by an increase in exopolysaccharide struc-
tures, is evident in the images for both aerated and non-aerated conditions. However,
exopolysaccharides are more prevalent for aerated biofilms (Figure 1c). Biofilms can be
found in different stages of development [28,29], which are the initial attachment where
the planktonic cells attach to surface due to electrostatic interaction, the growth phase
where cells will begin to divide and accumulate to obtain a mature biofilm, and finally the
detachment stage where cells are dispersed over the catheter. The biofilm images shown
in Figure 1c,d are likely in different growth stages due to the amount of biomass that is
observed in the sample, where the non-aerated samples showed more biomass.
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Figure 1. Scanning electron microscopy images show changes in cell morphologies for planktonic
(a,b) and biofilm cells (c,d) grown under different aeration conditions. Aerated biofilms show
variations in cell morphologies, the production of exopolysaccharides, and the presence of damaged
cells, as pointed out by the arrows in (c). Non-aerated biofilms show tightly packed cells covered by
a smooth exopolysaccharide structure as pointed out by the arrows in (d). (e) Boxplots showing the
mean area of the cells, where open circles show the dispersal of the data points. These data show
significant difference in the size between the different growth conditions (**** p < 0.0001).
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Analysis of cell size, measured as area per cell, showed a statistically significant
reduction in cell size under non-aerated conditions for planktonic and biofilm growth
states (Figure le and Table 1). This is likely induced by a switch from aerobic to anaerobic
respiration and upregulation of fermentation which has a lower ATP yield [24].

Table 1. Mean area of S. aureus cells measured using scanning electron microcopy images for the
different growth conditions. Non-aerated cells are observed to be smaller than aerated cells for
biofilms and planktonic growth conditions.

Growth Condition Average Cell Area [um?+S.D.]
Aerated biofilms 0.41 +£0.12
Non-aerated biofilms 0.29 £+ 0.05
Aerated planktonic cells 0.37 +0.04
Non-aerated planktonic cells 0.28 £ 0.04

Additionally, exopolysaccharide structures differed between aerated and non-aerated
samples for biofilms. In the case of biofilms fed with aerated media, images show dis-
persed cells embedded in a rugged and extensive exopolysaccharide structure (Figure 1c),
while under oxygen-restricting conditions, biofilms showed densely packed cells closely
surrounded by a smooth exopolysaccharide structure (Figure 1d).

2.2. Biofilms Pigmentation Levels Vary When Exposed to Oxygen Stress

For planktonic cells, significant differences in pigmentation were detected by modify-
ing agitation levels (Figure 2). Total lipid extractions were obtained from these samples.
The oxygen-restricting culture always showed a lower OD than the aerated culture which
agrees with a lower cell count, as expected under non-aerated conditions. In the case of
biofilms, a variation in the experimental set up, introducing aeration of the feeding media
(Figure 2a), induced changes in cell pigmentation and biomass, showing a remarkable
loss in pigmentation and reduction of biofilm mass under oxygen-restricting conditions
(Figure 2b,c). Total lipids were extracted from the samples following the protocol in [6,8].
Lipid yields for biofilm samples were significantly lower due to the high amount of protein
in the samples.
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Figure 2. Biofilms lose pigmentation levels in response to oxygen restriction. (a) Experimental setup
for biofilm formation in the presence (left) and absence (right) of aeration. Incubation temperature is
maintained at 37 °C. (b) Biofilm obtained from the catheter before (left) and after (right) lyophilization,
showing variations in the pigmentation levels. (c) Lipid sample after extraction; the lighter-colored
sample is the biofilm grown under low aeration conditions (left). Biofilms grown in the presence of
higher aeration (right) levels show intense pigmentation.

2.3. Carotenoid and Phospholipid Content and Composition

Carotenoid content and composition was analyzed with liquid chromatography-diode
array detection-atmospheric pressure chemical ionization-tandem mass spectrometry (LC-
DAD-APCI-MS/MS) for all growth conditions, and the results are presented in Figure 3 and
Table 2. The three chemical species that were evaluated were 4,4'-DPE, a precursor of STX
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that results from the dimerization of two farnesyl diphosphates; 4,4'-DNPA, which presents
an extensive conjugated double bond structure, but is not functionalized with glucose; and
the different STX species varying in the chain length of the fatty acid group attached to
the glucose (Figure 3a) [8]. We observed a significant reduction in the overall amounts
of STX species produced in the cells reported as pg/g dry cell weight (orange pallet in
Figure 3b) under oxygen-restricting conditions. The precursor species 4,4'-DPE (Figure 3a,c)
greatly accumulates in planktonic cells under oxygen-restricting conditions (blue pallet in
Figure 3b), indicating that the dehydrogenation reaction catalyzed by 4,4’-diapophytoene
desaturases (CrtN) is inhibited when oxygen is restricted. Low concentrations of 4,4"-DNPA
and STX (Figure 3b,d) were also found for these conditions. Accumulation of 4,4’-DPE
was also observed in non-aerated biofilms, but to a smaller degree. 4,4"-DNPA appears to
accumulate more prevalently in biofilms at the expense of STX compared to planktonic
cells (yellow in Figure 3b). This may be a result of reduced levels of available glucose in the

biofilm growth phase.
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Figure 3. Carotenoids analyzed using LC-DAD-APCI-MS/MS from biofilms and planktonic S. aureus
cells. (a) Biosynthetic pathway for carotenoids in S. aureus (b) Carotenoid concentration in pg/g dry
S. aureus cell. (c) Chromatogram of 4,4’-Diapophytoene isomers at 286 nm. (d) Chromatogram of
carotenoids at 450 nm.

Figure 4 and Table S1 shows an analysis of the main phospholipid components of
S. aureus, PG, CL, and Lysyl-PG for biofilms and planktonic cells. The chemical structure of
the three phospholipid species is shown in Figure 4a. PG is an anionic phospholipid with
the negative charge in the phosphate group at physiological pH with a glycerol attached at
the headgroup side of the molecule. CL has two anionic phosphates attached through a
glycerol group, and a total of four acyl chains.
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Table 2. Concentrations of carotenoids and carotenoids precursor in biofilms and planktonic S. aureus

cells.
No. Compound Biof-Aero Biof-NoAero Plant-Aer Plant-NoAer
(ug/g Dry Cell Weight + SD)
1 4,4-DPE-Isol 556.72 + 22.29 1129.74 £ 56.27 67.36 £2.51 4069.07 £ 125.34
2 4,4-DPE-Iso02 42.78 + 3.45 25212 £7.31 n.d. 346.36 + 3.85
3 44-DNPA 1742.18 + 88.96 437.63 £+ 19.86 802.07 + 20.87 111.24 +11.81
4 STX-Iso-1 n.d. n.d. n.d. 146.78 + 6.91
5 STX-Iso-2 132.17 + 11.52 22.06 £ 2.29 591.55 £ 32.91 n.d.
6 STX-Iso-3 64.23 +4.48 17.76 £2.16 49.72 £ 4.87 n.d.
7 STX-Iso-4 42.20 £2.83 n.d. 121.79 4+ 4.80 n.d.
8 STX-Iso-5 n.d. n.d. 243.92 + 6.30 n.d.
9 STX-Iso-6 520.01 + 36.17 119.57 £9.812 2232.06 + 112.15 41.83 £3.732
10 STX-Iso-7 491.00 + 15.36 109.58 + 4.50 1316.68 + 34.64 n.d.
11 STX-Iso-8 93.78 + 4.66 n.d. 307.91 £+ 5.40 n.d.
12 STX-C17 80.20 +5.40° n.d. 9229 +4.72° n.d.
Total carotenoids precursor 599.50 + 36.34 1376.86 £ 61.70 67.36 = 2.51 441543 + 263.23
Total carotenoids 3168.78 + 57.73 706.59 £ 15.69 5758.00 + 72.50 299.85 + 53.38

Equal letters in the same rows are not significantly different, according to the ANOVA test (Tukey, p < 0.05).
n.d. = not detected.
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Figure 4. (a) Molecular structures of main phospholipid components. (b) Lipid analysis by LC-ESI-
MS/MS shows shifts in the proportions of PG, CL, and Lysyl-PG for the different growth conditions.
An increase in the proportion of Lys-PG is observed for planktonic S. aureus cells under oxygen-
restricting growth conditions.

When comparing biofilms with planktonic cells (Figure 4b), the results show an
increase in the proportion of CL in the membranes of biofilm cells compared to planktonic
cells. Phospholipid composition in biofilms is observed to be independent of aeration levels
(Figure 4b). In contrast, planktonic cells show an increase in the proportion of Lysyl-PG
under oxygen-restricting growth conditions compared to aerated planktonic cells. The
mass spectra of PG, Lysyl-PG, CL, and STX are presented in Figure S1.

2.4. Biophysical Properties of Membranes

The biophysical properties of the bilayers under different growth conditions were
probed using a variety of techniques in order to obtain an integrated view of the effect
of carotenoid production on membrane properties. This is performed as a function of
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temperature to assess the gel to liquid-crystalline phase transitions that are present in
S. aureus membranes. At lower temperatures, the lipid bilayer is normally in the gel phase
regime, which presents increased packing and rigidity [30]. At higher temperatures, the
membrane enters the liquid-crystalline phase regime, which has higher levels of acyl chain
disorder and decreased headgroup packing (among other parameters that change). The
liquid-crystalline phase is considered to be the physiologically functional phase that allows
the bacteria to undergo metabolism and cell division.

Laurdan GP fluorescence spectroscopy was used to detect changes in lipid headgroup
spacing for the different samples as a function of temperature. Laurdan is a fluorescent
molecule with an emission spectrum that is sensitive to the polarity of the surrounding
environment, resulting in a red-shifted emission spectrum when the polarity increases.
This shift was measured by calculating the Laurdan GP parameter (see methods). The
fluorescence moiety of Laurdan positions itself at the headgroup/tail region of the bilayer.
A reduction in GP is associated with increased hydration of this region due to an increase
in headgroup spacing. For this reason, Laurdan probes lipid headgroup spacing, which
decreases when lipid packing increases.

All measurements showed an increase in headgroup spacing as temperature increases,
evidenced by a reduction in Laurdan GP with temperature (Figure 5a,b). This is consistent
with the membranes entering the liquid-crystalline phase, which is characterized by in-
creased headgroup spacing. In Figure 4c,d, the Laurdan GP values are compared in the gel
phase regime (15 °C) and the liquid-crystalline phase regime (37 °C).
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Figure 5. Laurdan GP polarization as a function of temperature for multilamellar vesicles from
lipid extracts of (a) planktonic and (b) biofilm systems. Changes in Laurdan GP at (c) 15 °C and
(d) 37 °C under planktonic and biofilm growth conditions in the presence and absence of aeration.
Planktonic cells show a reduction in headgroup spacing under aerobic conditions. Measurements
were performed in triplicate. Error bars in (a,b) are smaller than the symbols. ** p < 0.01.
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In relation to aeration conditions, both biofilm and planktonic cells showed higher
levels of Laurdan GP under aerated conditions at physiological temperatures (37 °C), indi-
cating an increase in lipid packing related to a reduction in headgroup spacing as carotenoid
concentration increases (Figure 5c,d). However, biofilms do not show notable differences in
GP. The data indicate that non-aerated biofilms show high levels of lipid packing even in
the absence of carotenoids. Only planktonic cells show significant differences in headgroup
spacing in the presence of carotenoids, and these differences are relatively small, indicating
that carotenoid content does not affect significantly headgroup spacing.

DPH fluorescence anisotropy was used to explore the level of disorder at the bilayer
core for the different growth conditions [31]. When DPH is excited with polarized light, the
molecule also emits polarized light. However, DPH light polarization is lost after excitation
if the tumbling rate of the molecule is high compared to the excitation lifetime. A reduction
in DPH fluorescence polarization anisotropy indicated high DPH tumbling rates, and
therefore high levels of disorder at the bilayer hydrophobic core, where DPH is positioned.
DPH anisotropy results also showed a decrease with temperature for all samples, which is
consistent with the increased level of acyl-chain disorder in the liquid-crystalline phase
compared to the gel phase (Figure 6a,b). Again, a cooperative melting event is not evident
from the DPH thermograms.
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Figure 6. DPH anisotropy as a function of the temperature for multilamellar vesicles from lipid
extracts of planktonic and biofilm systems for (a) planktonic and (b) biofilm growth states. Changes
in DPH anisotropy at (c) 15 °C and (d) 37 °C under planktonic and biofilm growth conditions in the
presence and absence of aeration. The anaerobic samples showed lower levels of lipid packing in the
liquid-crystalline phase temperature regime. **** p < 0.0001.

In contrast with Laurdan GP, DPH anisotropy changes significantly in the presence
of carotenoids induced by aeration for both planktonic and biofilm samples. The increase
in order at the membrane core occurs both in the gel phase regime at 15 °C and in the
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liquid-crystalline regime at 37 °C (Figure 6c,d). This is consistent with previous results
that show that the presence of carotenoids increases DPH anisotropy levels at 37 °C [6]. In
general, the presence of carotenoids increases membrane rigidity at the bilayer core [6,8,32].

Fourier transform infrared spectroscopy (FTIR) is used to monitor the symmetric
stretching vibration (vsCH;) of the acyl chains in the bacterial membrane [33]. The
wavenumber presents a sharp increase when the membrane transitions from the gel phase
to the liquid-crystalline phase, as the number of +gauche and -gauche rotomers increases
in relation to the trans rotomers when the acyl chains become disordered. An increase in
the number of gauche rotomers compared to the trans configuration results in an increase
in the vsCH,. Therefore, this vibrational parameter is an indicator of the level of acyl-chain
disorder in the bilayer membrane. FTIR is also very useful in detecting the cooperative
melting event in membranes, as the vsCH, vibration undergoes a cooperative shift at the
melting temperature [34].

Overall, an increase in the vsCH; stretch wavenumber is observed with increas-
ing temperature for all samples (Figure 7a,b). Both planktonic and biofilm cells show
cooperative events, where the wavenumber changes drastically. In contrast with the
DPH fluorescence anisotropy results, the level of chain disorder does not increase signifi-
cantly at 37 °C in the presence of carotenoids under aerated conditions (See Figure 7a,b at
37 °C). This indicates that, although the lipid bilayer core mobility decreases drastically
with increased carotenoid content, as indicated by DPH fluorescence anisotropy (Figure 6d),
the lipid acyl chains remain relatively disordered.
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Figure 7. FTIR spectroscopy as a function of temperature for multilamellar vesicles from lipid
extracts of planktonic and biofilm systems. Peak position of the symmetric CH; stretching vibration
band of the acyl chains as a function of temperature for (a) biofilms, and (b) planktonic cells under
different aeration levels. In (c,d) the first derivative of the wavenumber as a function of temperature is
plotted for the different systems, showing in general that the liquid-crystalline to gel phase transition
temperature decreases under aerated conditions.

132



Int. J. Mol. Sci. 2023, 24, 14906

In the gel phase regime, acyl chain disorder is significantly higher in the presence
of carotenoids (Figure 7a,b). The presence of carotenoids induced by aeration keeps
the membranes highly disordered in the gel phase regime. This is likely caused by the
diaponeurosporenoic chain in STX, as well as the free diaponeurosporenoic acid that
disrupts lipid packing in the gel phase regime [7,31]. The destabilization of the gel phase
in the presence of carotenoids leads to a strong decrease in the gel to liquid-crystalline
phase temperature (Figure 7c,d) for both planktonic and biofilm growth states under
aerated conditions. The results point to an unusual result. The presence of carotenoids
appears to stabilize the liquid-crystalline phase even though this phase has increased
rigidity. This is explained by the effects of carotenoids in the gel phase regime, where a
very large increase in acyl chain disorder occurs at 15 °C. This disordering effect in the
gel phase is the dominant phenomena which therefore leads to a depression of the phase
transition temperature.

3. Discussion
3.1. Regulation of Lipid Composition in S. aureus Biofilms and Planktonic Cells

S. aureus biofilms play an important role in chronic infections, in particular hospital-
acquired S. aureus infections related to the use of contaminated catheters or implants.
Biofilms are resilient to different treatments and stress factors, making them difficult to
treat effectively [35,36]. It is known that the lipid composition of S. aureus membranes can
influence its ability to resist the lytic activity of antimicrobial peptides. In particular, the
increased level of lipid packing induced by the presence of carotenoids in the membrane
leads to increase resilience to antimicrobial peptides such as the human neutrophil defensin-
1 [15]. Cardiolipin has also been shown to increase resilience to cationic antimicrobial
peptide activity [21], and acidic lipopeptides such as daptomycin [17], due to its role as
an inhibitor of pore formation [23]. Carotenoids are also critical in protecting the cell
from oxidative stress due to the emergence of reactive oxygen species generated as an
immune response [14,37]. Understanding how variations in the main lipid components of
S. aureus membranes are modulated in response to environmental factors may be useful
in identifying under what circumstances will S. aureus be susceptible or resistant to these
defense mechanisms.

In a previous publication, catheter-induced S. aureus biofilm formation was shown to
strongly influence lipid composition [6], strongly inhibiting the biosynthesis of carotenoids.
The present work shows that the lack of aeration in the medium is responsible for in-
hibiting carotenoid production in S. aureus biofilms, and that low aeration levels also
inhibit carotenoid production in planktonic cells. This regulation is in line with a recently
reported AirSR oxygen detection system in S. aureus, which regulates oxygen-sensing
and redox-signaling, and which upregulated the biosynthesis of STX in response to ox-
idative stress [14]. In this previous publication, the AirSR signaling system was shown
to positively regulate the STX biosynthetic pathways via operon crtOPQMN. Figure 3b
shows that oxygen-restricting growth conditions lead to the accumulation of the precursor
4,4'-DPE, which indicates that CrtN is downregulated at low oxygen levels. It is also
worthwhile noting that, overall, there is a higher accumulation of STX biosynthesis species
in planktonic cells compared to biofilms, indicating higher levels of lipid metabolism in
the planktonic growth condition (Figure 3b). In addition, the non-glycosylated 4,4'-DNPA
species accumulates in biofilms indicating that the completion of the biosynthesis of STX
may be due to the lack of accessible glucose in biofilms.

Regarding phospholipid composition, the present results show that cardiolipin ap-
pears in high proportions in both aerated and non-aerated biofilms (Figure 4b). This
molecule is known to increase mechanical strength and induce an increase in membrane
rigidity [21,23]. Its increased presence in S. aureus biofilms is likely to increase the resistance
of biofilm cells to osmotic stress [38], and acute acid stress [39], in addition to its role as
inhibitor of antimicrobial peptide activity [21,40]. In contrast to carotenoids, phospholipid
composition does not appear to be very sensitive to aeration levels in biofilms. Instead,
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planktonic cells do show a pronounced increase in Lysyl-PG under oxygen-restricting
growth conditions. Lysyl-PG is a cationic lipid that changes the surface electric po-
tential of S. aureus membranes. It has been shown to act as a defense mechanism of
cationic antimicrobial peptides by reducing the binding affinity of the peptides to the
membrane surface [41].

3.2. Variation in the Biophysical Properties of S. aureus Membranes

A variety of physical techniques were used to assess how the biophysical properties
of S. aureus membranes change in biofilms and planktonic cells under oxygen-restricting or
aerated growth conditions. The physical aspects that were explored were lipid headgroup
spacing as measured with Laurdan fluorescence GP, mobility in the membrane core as mea-
sured with DPH fluorescence anisotropy, and lipid acyl chain order as measured with FTIR
spectroscopy. Thermotropic measurements were performed in order to observe the behav-
ior of the membrane in the gel phase regime at low temperatures and the liquid-crystalline
regime at high temperatures, and also to assess gel to liquid-crystalline phase transition
temperatures, which are important indicators of the membrane physical state [6,8,10,11].
Downward shifts in the phase transition temperature indicate that the liquid-crystalline
phase of the membrane is stabilized with respect to the gel phase.

Under aerated growth conditions, headgroup spacing was observed to decrease
in planktonic cells (Figure 4). indicating a more condensed membrane. However, the
changes in headgroup spacing were not significant in biofilms when varying aeration levels
(Figure 4c,d). In contrast, the level of lipid bilayer mobility at the core decreases significantly
for both biofilms and planktonic cells in the presence of carotenoids (Figure 5). These results
are consistent with previous publications [31,42]. It is interesting to compare these results
with those found via FTIR. At 37 °C, the acyl chain order does not vary significantly in the
presence of carotenoids. This is in sharp contrast with the DPH fluorescence anisotropy
results. A possible explanation for this is that the presence of carotenoids somehow
maintains acyl chain disorder but keeps low internal mobility. This could be explained by
the fact that the 4,4'-DNPA present in STX spans a distance longer than the thickness of
the bilayer. This may imply that the molecule may anchor the leaflets without perturbing
the acyl chain order very much but reducing internal mobility. An angled orientation of
polar xanthophylls to fit into the membrane geometry has been reported [43]. This angled
configuration may lead to disorder in the lipid acyl chains, while increasing the structure
of the lipid bilayer core.

It is important to notice that in the gel phase regime, acyl chain order is significantly
affected by the level of aeration (Figure 6), showing a sharp decrease in acyl chain order at
15 °C (Figure 6 and Table 3). This coupled to a sharp decrease in the gel to liquid-crystalline
phase transition temperature (Table 3), indicating that the gel phase is destabilized when
carotenoids are abundant. This result is important due to the fact that the more disordered
liquid-crystalline phase is considered the physiologically relevant phase due to its increased
mobility. By making the gel phase more disordered, carotenoid production may help the
bacteria maintain a physiologically active membrane at low temperatures [8,10]. A recent
study by Seel et al. showed that carotenoids regulate membrane fluidity in Staphylococcus
xylosus, in particular greatly affecting the fluidity of the membrane at low temperatures [32].
The authors argue that this may be a mechanism for thermoregulation of membrane
properties, helping the bacterium to maintain highly fluid membranes at low temperature
growth conditions. Table 3 presents an integration of all the biophysical observations
using the different techniques described here. The variations of biophysical parameters
are relevant in the susceptibility of bacteria to membrane active antimicrobial agents. For
example, the activity of phospholipase A; type IIA has been shown to be closely linked to
lipid phase behavior and lipid packing in S. aureus [11], and the activity of antimicrobial
peptides has been shown to be sensitive to changes in lipid packing induced by the presence
of STX [6,15].
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Table 3. Biophysical parameter measurements for planktonic and biofilm S. aureus total lipid extracts
under aerated and non-aerated conditions.

Biophysical Planktonic Biofilm

Membrane Parameters  Aerated Non-Aerated Aerated Non-Aerated
10°C 0.539 4+ 0.001 0.498 + 0.002 0.535 + 0.001 0.545 + 0.001
Laurdan GP

37°C 0.327 £ 0.006 0.168 =+ 0.001 0.274 £ 0.004 0.233 £ 0.002
10°C 0.231 + 0.006 0.189 + 0.008 0.259 + 0.004 0.234 + 0.014
DPH Anisotropy

37 °C 0.178 £ 0.008 0.096 =+ 0.006 0.181 £ 0.003 0.143 + 0.007
10°C 2851.36 2850.74 2852.08 2851.20

CHj Assy. Strech

37 °C 2853.11 2853.21 2852.97 2853.04

Tw [°C] 12 18 15 24

It is clear when comparing Figure 6¢,d that biofilm membranes in general have higher
phase transition temperatures than planktonic cells. Comparing the reported melting
temperatures in Table 3 for the different growth conditions, an increase of 3 °C in the
Ty is observed in aerated biofilms compared to aerated planktonic cells, and an increase
of 6 °C is observed in non-aerated biofilms compared to non-aerated planktonic cells.
Pure cardiolipin has phase transition temperatures that are significantly higher than PG
lipids, having equal chain lengths [44]. For example, while DMPC has a phase transition
temperature at 24 °C, CL, which also 14 carbon saturated acyl chains, has a phase transition
temperature around 47 °C. Since the proportion of cardiolipin increases significantly for
S. aureus grown as biofilms (Figure 4b), this increase in CL likely explains the upward shift
in Try. This implies that biofilm cells have more rigid lipid bilayers, compared to planktonic
cells. This could be correlated with the higher rigidity of biofilm structures related to the
presence of exopolysaccharides and the harsher osmotic conditions that can be found in
biofilms [45].

4. Materials and Methods
4.1. Materials

The fluorescent probes LAURDAN (6-Dodecanoy-12-dimethylaminonaphthalene) and
DPH (diphenylhexatriene) were purchased from Molecular Probes (Eugene, OR, USA).
HPLC-grade methanol (MeOH), chloroform (CHCI3), acetonitrile, 2-propanol, and ethyl
acetate were purchased from Honeywell (Charlotte, NC, USA), while methy] tertbutyl ether
(MTBE) was purchased from ].T. Baker (Palo Alto, CA, USA). LC-MS-grade ammonium
acetate was purchased from Honeywell Fluka (St. Louis, MO, USA). Powder components
for Luria-Bertani medium, and butylated hydroxytoluene (BHT) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade water was obtained from a water
purification system, Heal Force Smart-Mini (Shanghai, China). 3-carotene (99%) with Lot
number S18A010 was purchased from Alfa Aesar (Madrid, Spain).

4.2. Bacterial Cultures

The S. aureus clinical isolate strain SA401 was used in this work [8]. The isolate was
recovered from the stock that is kept stored at —80 °C. In sterile conditions, an amount of
the inoculum was streaked over LB agar plates. The plate was incubated at 37 °C for at
least 16 h to obtain visible single colonies. After the colonies were visible, a single colony
was taken and added to 10 mL of LB medium with constant agitation at 250 rpm and 37 °C
for 18 h. Then, an aliquot of 10 pL was seeded in 150 mL of fresh LB in aerobic conditions
or in 300 mL in oxygen-restricted conditions. The new growth was incubated for 24 h
into a shaker at 250 or 150 rpm for aerobic or oxygen-restricted conditions, respectively.
This study also had the objective of comparing biofilms with planktonic cells grown under
different agitation conditions (A, —A).
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4.3. Gravity Fed System for Biofilm Growth under Aerobic and Anaerobic Conditions

For biofilm growth, three clinical catheters by Baxter (MRC0002mp) were used, two
Schott Duran bottle glass of 1 L, two Duran Erlenmeyer flask of 2 L, 10 mL syringes,
microfluidics connectors, a magnetic stir bar, and a magnetic stir plate. Connecting three
clinical catheters with the microfluidic connectors, the Schott bottle with 1L of LB medium
was placed higher than the empty bottle. Both bottles have a rubber stopper to avoid
contamination; the flow was then started. Then, 10 mL of growth liquid was introduced via
syringe into the injection port of the catheter and the flow was stopped for at least 2 h to
promote cell adhesion; the catheter must be incubated at 37 °C. Afterwards, the flow was
restarted at a rate of 1 drop/min and incubated for 48 h. The difference between aerated
and non-aerated conditions were controlled through stirring of the feeding medium. For
this, two Erlenmeyer flasks of 2 L each were used, and a sterile magnet was introduced to
the Erlenmeyer flask with fresh medium, and it was placed on the magnetic stirrer under
constant agitation (350 rpm).

4.4. Separation of Total Lipids

For lipid extraction, 100 mg of lyophilized cells were previously weighed, macerated,
and added in glass tubes with 10 glass beads. They were dissolved in a solution of
MeOH:CHClj (2:1); 10 mL of CHCl3 and 20 mL of MeOH, and vortex-mixed for 5 min.
After this time, 10 mL of CHCl3 was added to make the ratio 1:1 and vortex-mixed for
1 min. Finally, 10 mL of saline solution (1.7 M NaCl) was added and then cells were vortexed
every 15 min for 4 h to obtain a homogeneous solution. The sample was centrifuged at
750x g at 4 °C for 15 min. After centrifugation, the phase separation was achieved, and
it was possible to observe three different organic phases; the thick layer of proteins was
removed using a syringe and the CHCl3-containing lipids were gently aspirated and added
into a new glass vial. The lipids were dried with nitrogen, lyophilized, and weighted.

4.5. Scanning Electron Microscopy (SEM) of Biofilms and Planktonic Cells

After 48 h, a section of the catheter was cut and split open by cutting laterally; for
planktonic cells, 1 mL of overnight was centrifuged to obtain the pellet. The samples were
fixed for 24 h with glutararaldehyde 2.5%. Therefore, the samples were first rinsed to
remove the salts with HPLC-water, then they were submerged in a series of mixtures of
70%, 95%, and 100% ethanol for 30 min each, and finally, the samples were covered with
gold. Image] software (1.53t) was used to measure cell areas; for this, the bar included in
the picture of 2 um was useful for the transformation into pixels, and in this way, it was
possible to measure the area, assuming a circle for the bacteria figure. A total of 20 cells of
5 pictures for each sample (biofilm A, —A and planktonic A, —A) were measured.

4.6. Fluorescence Spectroscopy

To perform measurements, it was necessary to form multilamellar vesicles. From
bacterial lipid extracts, 1 mg were dissolved in MeOH:CHCl;3 (1:9, v/v) with LAURDAN or
DPH at a proportion 1:150 (probe to lipid ratio). The solution was dried under nitrogen
flow and lyophilized for at least 10 h to remove residual CHCl3. After this time, the samples
were rehydrated with 1 mL of buffer, and five cycles of vortex and heat were repeated to
obtain multilamellar vesicles. During the preparation, an additional step was added due
to the difficulty in detaching the sample; thus, cycles of tip sonication were used to help
homogenize the sample. All measurements were taken from 10 to 45 °C using 30 uM of
lipid in 1 mL of buffer in a cuvette. Fluorescence spectroscopy was performed using a PC-1
ISS photon-counting spectrofluorometer that has a temperature controller and continuous
magnetic stirring to maintain homogeneity in the samples.

Laurdan has a low solubility in water; it is used as a sensitive probe to study the level
of hydration of the headgroup acyl chain interphase of the membrane. Laurdan properties
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have been described using the generalized polarization GP that is calculated using [46] the
following equation:

_Ip—1Ig
i B+ IR

where [p (intensity at 440 nm) and I (intensity at 500 nm) are the measured fluorescence
intensities. When Laurdan is in the membrane, it exhibits a red shift of the emission
spectrum as the membrane changes from gel to liquid-crystalline phase; the factor GP can
be used to measure this shift. For the measurements, the samples were excited at 350 nm
and the emission was recorded at 440 and 500 nm. On the other hand, using DPH, we can
measure the anisotropy which provides information on the dynamic behavior of the lipid
bilayer core. For DPH, it is necessary to use polarized light, and this will result in a selective
excitation of those molecules whose absorption transition dipole is parallel to the electric
vector; samples were excited at 350 nm and the fluorescence intensity was monitored at
428 nm; anisotropy is defined by [46]

GP

)

Iyn—1,
T : 21 @)
|+l
where is I the vertically polarized fluorescence intensity and I, the perpendicularly
polarized fluorescence intensity.

4.7. Fourier Transform Infrared (FTIR) Spectroscopy

The experiments were prepared on a BioATR II cell integrated to a Tensor II spec-
trometer (Bruker Optics, Ettlingen, Germany) with a liquid nitrogen MCT detector using a
spectral resolution of 4 cm~! and 120 scans per spectrum. The temperature range was set
by a computer-controlled circulating water bath Huber Ministat 125 (Huber, Offenburg,
Germany). All the experiments were carried out with a heating rate of 1 °C/min and a
stabilization time of 120 s at each temperature. First, the background was taken using
buffer (HEPES 20 mM, 500 mM NaCl, and 1 mM EDTA) from 10 to 45 °C. Subsequently,
the biofilms extracts were deposited on the silicon crystal (0.3 mg) to prepare, in situ on the
BioATR II cell, the solid-supported lipid bilayers, where they were hydrated with 20 pL
of buffer at 37 °C for 10 min and measurements were recorded at each temperature of the
ramp. Finally, to determine the position of the vibrational band in the range of the second
derivative of the spectra, all the absorbance spectra were cut in the 2970-2820 cm ! range,
shifted to a zero baseline, and the peak picking function included in OPUS software 7.5.
The results were plotted as a function of the temperature using the OriginPro 8.0 software
(OriginLab Corporation, Northampton, MA, USA). To determine the melting temperature
Tm of the lipids, the curve was fitted according to the Boltzmann model to calculate the
inflection point of the obtained thermal transition curves using Python (3.11.3).

4.8. Targeted Lipidomics Analysis by LC-MS/MS

In this research, three families of lipids from S. aureus PG, Lysyl-PG, and CL were
analyzed with LC-MS/MS. A Dionex UltiMate 3000 Ultra-high-performance liquid chro-
matographer (UHPLC) equipped with an online degasser, binary pump, autosampler, and
a thermostated column compartment coupled with an LCQ Fleet Ion Trap Mass Spec-
trometer through an ESI source operated in positive and negative mode was employed
(Thermo Scientific, San Jose, CA, USA). Raw lipids data were acquired and processed
using the Xcalibur 4.3 software (Thermo Scientific, San Jose, CA, USA). The dried extracts
from S. aureus and standards were dissolved at 10 ppm in CHCl3:MeOH (1:2) and an-
alyzed using 10 uL injection volume of the samples kept at 15 °C (in the autosampler)
on a C18 column at 50 °C (Phenomenex Kinetex C18, 2.1 x 50 mm, 2.6 um particle size)
protected with a SecurityGuard Cartridge Phenomenex C18 (4 x 2 mm, 3 um particle size)
pre-column. The chromatographic separation was carried out, employing as solvent A
acetonitrilezammonium formate 10 mM (6:4) and 2-propanol:acetonitrile (9:1) as solvent
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B. The gradient elution, at a flow of 300 pL/min, was as follows: a 45% B hold for the
first 2 min, then from 45 to 65% B in 18 min, successively from 65 to 100% B in 11 min,
maintaining isocratic at 100% B for 4 min, then from 100 to 45% B in 2 min and maintained
at 45% B for 5 min (total running time: 40 min), an optimization of previously published
conditions [47]. The parameters of the ESI source were as follows for the positive ionization
mode ESI(+): sheath gas flow rate at 15 (arbitrary units); spray voltage at 4.50 kV; capillary
temp at 330 °C; capillary voltage at 48 V; tube lens at 105 V. For ESI(—), conditions were
as follows: sheath gas flow rate at 15 (arbitrary units); spray voltage at 5.50 kV; capillary
temp at 330 °C; capillary voltage at —47 V; and tube lens at —85.6 V. Mass spectra were
acquired in full ion scanning over a mass range m/z 110-2000, and tandem mass analysis,
using automated data-dependent MS/MS with a 30% collision energy, was used to obtain
the corresponding fragment ions with an isolation amplitude of 3 m/z.

4.9. Carotenoids Analysis by LC-DAD-APCI-MS/MS

The identification and quantification of carotenoids were performed using a method
previously published, with some modifications [8]. Dried extracts were resuspended
at 10 ppm in MeOH:CHClIj3 (2:1) and analyzed with liquid chromatography (LC) using
an UHPLC Dionex UltiMate 3000 equipped with diode-array detector (DAD) coupled
to a LCQ Fleet Ion Trap Mass Spectrometer (MS) employing an atmospheric pressure
chemical ionization (APCI) source operated in negative mode. Raw data were acquired
and processed using Xcalibur 4.3 software. Both equipment and software were obtained
from the brand Thermo Scientific, San Jose, CA, USA. The chromatographic separation was
performed at room temperature with 10 pL injection volume of samples kept at 5 °C on a
YMC-C30 column (150 x 4.6 mm i.d., 3 pm particle size; YMC America, Inc., Devens, MA,
USA) protected with a SecurityGuard Cartridge Phenomenex C18 (4 x 2 mm, 3 pm particle
size) pre-column. The mobile phases contained 400 mg/L of ammonium acetate dissolved
in a mixture of methanol:methyl tert-butyl ether:water (80:18:2 v/v /v, for solution A and
8:89:3 v/v /v, for solution B). The elution gradient at a constant flow rate of 450 pL/min
was as follows: 5% B for the first 3 min, then from 5 to 10% B in 6 min, from 10 to 25%
B in 10 min, from 25 to 40% B in 4 min, maintaining isocratic elution at 40% B for 4 min,
then from 40 to 100% B in 4 min and constant 100% B for 3 min. Reconditioning from
100 to 5% B in 2 min and maintaining isocratic conditions for additional 4 min, with a
total running time of 40 min per sample. The DAD was performed over the entire UV-vis
range (240-600 nm), and the characteristic absorbances of the carotenoids were extracted at
450 nm and STX precursor at 286 nm. The APCI source was operated with the following
parameters: vaporizer temperature, 300 °C; discharge current, 15.0 nA; capillary voltage,
—25.0V; tube lens, —80.0 V; capillary temperature, —350 °C; envelope gas flow, 50 arbitrary
units; auxiliary gas flow, 30 arbitrary units. In addition, the ion trap was configured to
operate in full scan (m/z 65-1200) and data-dependent MS/MS at 30% collision energy to
obtain the corresponding fragment ions with an isolation amplitude of 3 m/z.

For the quantification of S. aureus carotenoids, there were no commercially avail-
able standards, so (3-carotene was used as an external standard (Figure S2). Quantitative
analysis was realized with a calibration curve over the range of 5-500 pg/mL, using
the operating conditions described above. Limits of detection (LODs) and quantifica-
tion (LOQs) corresponded to 1.5 and 5.0 pg/mL, respectively. Additionally, a molecular
weight correction factor was applied to account for the difference in detector response,
consistent with previous reports [48,49]. The linear regression curve of the standard was
y = 2512.4x - 4352.6; R? = 0.999. Carotenoids concentration is displayed in pg/g dry
cell weight.

4.10. Statistical Analysis

The different experiments were carried out with three biological replicates. Error
bars represent the standard error of the mean (mean =+ SD). Data obtained were subjected
to analysis of variance (ANOVA) and the means were compared with Tukey’s HSD us-
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ing software Prism—GraphPad 8.0.2. Results with p-value (p < 0.05) were considered
statistically significant.

5. Conclusions

S. aureus is a major bacterial human pathogen, and a leading cause of a variety of
clinical conditions including bacteremia and infective endocarditis, as well as osteoarticular
and skin and soft tissue infections. The emergence of methicillin-resistant strains has led
to the search for alternative treatment strategies that include antimicrobial peptides and
oxidative agents. However, these treatment strategies are sensitive to the composition
and physical properties of S. aurens membranes, which can vary due to growth conditions.
Here, we show that oxygen-restricting growth conditions decreases carotenoid content
in S. aureus biofilms and planktonic cells. Changes in phospholipid composition are also
observed, where cardiolipin is found to increase in proportion to other phospholipids in
biofilms, and Lysyl-PG is found to increase under oxygen-restricting growth conditions in
planktonic cells. These changes in composition lead to variations in the biophysical proper-
ties of the membranes. Under oxygen-restricting conditions, the reduction in carotenoids
leads to a decrease in order at the membrane core. However, this decrease in membrane
order is not tied to an increase in acyl chain order of the phospholipids, indicating that
the presence of carotenoids may rigidify the membrane while maintaining disorder chains
in the phospholipids. At low temperatures, oxygen-restricting conditions lead to a sharp
increase in membrane order. This indicates that the presence of carotenoids maintains
high levels of fluidity in S. aureus membranes at low temperatures. These results are rele-
vant in understanding the physical state of the membrane under different environmental
conditions, which vary in oxygen levels. This can lead to a better understanding of the
susceptibility of S. aureus to different membrane active antimicrobial agents under different
environments. In particular, certain tissues are characterized by having low oxygen levels,
which can lead to reduced levels of carotenoids in S. aureus cells residing in these tissues.
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Abstract: In the retina, retinoids involved in vision are under constant threat of oxidation, and their
oxidation products exhibit deleterious properties. Using pulse radiolysis, this study determined that
the bimolecular rate constants of scavenging cation radicals of retinoids by taurine are smaller than
2 x 107 M~1s~! whereas lutein scavenges cation radicals of all three retinoids with the bimolecular
rate constants approach the diffusion-controlled limits, while zeaxanthin is only 1.4-1.6-fold less
effective. Despite that lutein exhibits greater scavenging rate constants of retinoid cation radicals than
other antioxidants, the greater concentrations of ascorbate in the retina suggest that ascorbate may be
the main protectant of all visual cycle retinoids from oxidative degradation, while x-tocopherol may
play a substantial role in the protection of retinaldehyde but is relatively inefficient in the protection
of retinol or retinyl palmitate. While the protection of retinoids by lutein and zeaxanthin appears
inefficient in the retinal periphery, it can be quite substantial in the macula. Although the determined
rate constants of scavenging the cation radicals of retinol and retinaldehyde by dopa-melanin are
relatively small, the high concentration of melanin in the RPE melanosomes suggests they can be
scavenged if they are in proximity to melanin-containing pigment granules.

Keywords: retinal; vitamin A; free radicals; xanthophylls; carotenoids; vitamin E; vitamin C; retina;
age-related macular degeneration; Stargardt’s disease

1. Introduction

Upon absorption of light by the visual pigment in photoreceptive neurons of the ver-
tebrate retina, its chromophore-11-cis-retinaldehyde is isomerized to all-trans configuration,
which is followed by its hydrolysis from opsin and transient accumulation in photoreceptor
outer segments (POS) until it is enzymatically reduced to all-trans-retinol [1,2]. To enable
the regeneration of visual pigment, so it can absorb another photon of visible light to
initiate a cascade of events leading to visual perception, the apoprotein needs to bind to
another 11-cis-retinaldehyde, which needs to be delivered to photoreceptors mostly from
the neighbouring retinal pigment epithelium (RPE). All-trans-retinol formed in POS is
transported by chaperone proteins to the RPE [1-4]. In the RPE, all-trans-retinol, delivered
either from photoreceptors or from blood, is the substrate for enzymes responsible for the
synthesis of 11-cis-retinaldehyde. Firstly, it is esterified with fatty acids forming mainly
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all-trans-retinyl palmitate. All-trans-retinyl palmitate is used for retinoid storage or as
a substrate of isomerohydrolase RPE65. All-trans-retinyl esters are stored in specialized
lipid droplets called retisomes, and to enable them to become a substrate for RPE65 they
need to be transferred to the endoplasmic reticulum (ER). It has been recently shown
that patatin-like phospholipase domain containing 2 (PNPLA2) hydrolyses these esters
to release all-trans-retinol so it can be transported to ER where it is esterified again by
lecithin-retinol acyltransferase (LRAT) to become the substrate of RPE65 [5]. RPE65 con-
verts all-trans-retinyl esters to 11-cis-retinol. Upon enzymatic oxidation of 11-cis-retinol,
11-cis-retinaldehyde is formed and is transported back to photoreceptive neurons by cellu-
lar and interphotoreceptor retinoid-binding proteins to regenerate the visual pigment and
complete the major pathway of visual pigment chromophore synthesis in the visual cycle.
Another pathway leading to regeneration of the visual pigment chromophore operates
under exposure to light. Both RPE and Miiller cells express retinal G-protein-coupled
receptor (RGR) photoisomerase, which binds all-trans-retinaldehyde via Schiff-base link-
age [6-8]. Upon absorption of light by RGR, all-trans-retinaldehyde is isomerized to 11-cis
form, hydrolyzed from RGR, and transported by chaperone proteins to photoreceptors for
regeneration of visual pigments.

In the retina, the trafficking of the visual cycle retinoids exposes them to the constant
threat of oxidation due to the presence of potent photosensitizers exposed to light and under
high oxygen tension and high concentration of polyunsaturated fatty acids susceptible
to oxidation and propagation of lipid peroxidation via peroxyl radicals [9,10]. Lipid
peroxidation can be facilitated in retinal diseases such as age-related macular degeneration
(AMD), where RPE exhibits about a five-fold increased content of total iron and iron
chelateable by desferrioxamine in comparison with RPE in age-matched normal retinas [11].
Increased levels of products of lipid peroxidation have been identified post-mortem in
the human retinas affected by AMD, which is the predominant cause of vision loss in
people above 50 years of age in developed countries [12-17]. It has been previously
shown that retinoids, including retinol and retinaldehyde, can scavenge peroxyl radicals,
thereby contributing to the antioxidant action of retinoids in lipid peroxidation where
their antioxidant action can exceed that of vitamin E, a well-known chain-breaker in lipid
peroxidation [18,19]. Scavenging of peroxyl radicals by retinoids can result in the formation
of retinoid cation radicals. Moreover, retinoids can form cation radicals as a result of
interaction with hydroxyl radicals or photoexcitation [20-22]. While retinaldehyde can be
photoexcited by UV and blue light, the absorption spectra of retinol and retinyl palmitate
extend very little into the visible range of light but show a relatively strong absorption at
320 nm. While most UV light is absorbed by the cornea and the lens of the adult human
eye, the transmission window with a maximum at about 320 nm persists even in people
above the age of 60 years [23].

Retinoid cation radicals can be damaging to amino acids and proteins [22]. For exam-
ple, retinol cation radicals can oxidize several amino acids, such as cysteine, tryptophan,
lysine, and arginine [22]. The formation of retinoid cation radicals can lead to their fur-
ther degradation. It has been previously shown that a mixture of oxidation products of
retinaldehyde retains the photosensitizing properties of retinaldehyde while becoming
more (photo)toxic than the parent compound [24]. (Photo)toxicity of retinaldehyde and
its degradation products is of particular relevance to blinding diseases caused by delayed
clearance of all-trans-retinaldehyde, such as Stargardt’s disease caused by dysfunction of
enzymes responsible for all-trans-retinaldehyde removal: ATP-binding cassette transporter
A4 (ABCAA4) or retinol dehydrogenase 8 (RDHS) [25-27]. Stargardt’s disease is usually
diagnosed in childhood or early adulthood and progresses rapidly to severe loss of vision.

It has been previously shown that the cation radicals of retinol and retinaldehyde can be
scavenged by vitamin E and vitamin C, presumably restoring the parent compound [18,28].
Vitamins C (ascorbate) and vitamin E, present mainly as x-tocopherol, are essential compo-
nents of the vertebrate retina as well as of an antioxidant supplement which, together with
zing, lutein, and zeaxanthin, has been shown to decrease the risk of progression of a moderate
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form of AMD to its advanced form over a 10-year period from 49.2% to 47.3%, and the effect
was statistically significant [29-33].

The potential formation of cation radicals of retinyl palmitate as a result of interaction
with oxidizing radicals and the effect of vitamins C and E on retinyl palmitate cation
radicals have not been investigated yet. In addition to vitamins E and C, the area where the
trafficking of the visual cycle retinoids takes place contains other antioxidants. The POS and
RPE of the human retina accumulate two carotenoids: lutein and zeaxanthin [34-37], which
are thought to play important antioxidant functions in the retina [38,39]. The retinas of
vertebrates contain high concentrations of taurine (2-amino-ethanesulfonic acid), which is
essential for the viability of retinal neurons, including photoreceptors [40-42]. RPE contains
eumelanin enclosed within melanosomes. which, especially in the young eye, appear
mainly in the apical processes of the RPE extending into the layer of POS (reviewed in [43]).
With ageing, RPE accumulates other melanin-containing granules—melanolysosomes and
melanolipofuscin. Therefore, the aim of this study was to investigate the formation of
retinyl palmitate cation radicals as a result of electron transfer from oxidizing radicals
and the interactions of cation radicals of all three retinoids involved in the visual cycle
with the major antioxidants present in the retina: ascorbate, lutein, zeaxanthin, taurine,
and melanin.

The retinoid radical cations were generated by pulse radiolysis of nitrous oxide-
saturated benzene or of aqueous buffered solution of potassium bromide, where retinoids
were solubilized in Triton X-100 micelles. We observed retinyl palmitate cation radicals
formation as a result of the interaction of retinyl palmitate with both dibromine anion
radicals and benzene cation radicals. As a result of interaction with dibromine anion
radicals, retinyl palmitate in micelles formed its cation radical with an absorption maximum
at 590 nm, whereas in benzene, an electron transfer from retinyl palmitate to cation radicals
of benzene resulted in the formation of retinyl palmitate cation radicals with an absorption
maximum at 610 nm. Retinyl palmitate cation radicals were scavenged by x-tocopherol
and by ascorbate so the bimolecular rate constants of scavenging could be determined. We
observed no effect of taurine on the rate of cation radical decay for any of the retinoids.
Synthetic dopa-melanin, used as a model of eumelanin present in the RPE, had no effect
on the rate of decay of cation radicals of retinyl palmitate but scavenged cation radicals
of retinol and retinaldehyde. Lutein and zeaxanthin scavenged cation radicals of all three
retinoids with the bimolecular rate constants approaching the diffusion-controlled limits in
benzene. The physiological relevance of the results is discussed in terms of concentrations
of antioxidants in the retina. Despite that lutein and zeaxanthin tend to be more effective
scavengers of retinoid cation radicals than ascorbate, the greater concentrations of ascorbate
in the retina suggest that vitamin C may be the main protectant of visual cycle retinoids
from oxidation. Lutein and zeaxanthin are likely to offer substantial contribution to retinoid
cation radical scavenging oxidation only in the macula.

2. Results
2.1. Formation of Cation Radical of Retinyl Palmitate in Benzene

The pulse radiolysis of NyO-saturated benzene in the presence of 1 mM of retinyl
palmitate resulted in the formation of retinyl palmitate triplet state with an absorption
maximum at about 410 nm and retinyl palmitate cation radicals exhibiting an absorption
maximum at 610 nm and decaying with kinetics, which, after omitting the initial contri-
bution to the decay from the triplet state, could be fitted with a single exponential decay
(Figure 1A,B).
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Figure 1. Representative kinetics of the formation and decay of the transient species monitored at
610 nm after pulse radiolysis of N,O-saturated benzene with solubilized 1 mM of retinyl palmitate
(A) and transient absorption spectra at indicated times after the pulse radiolysis of that solution
(B). (C) Representative kinetics of the formation and decay of the transient species monitored at
610 nm after pulse radiolysis of NyO-saturated benzene with solubilized 1 mM of retinyl palmitate in
the presence of 0.1 mM «-tocopherol. (D) Transient absorption spectra at indicated times after the
pulse radiolysis of N,O-saturated benzene with solubilized 1 mM of retinyl palmitate and 0.1 mM
zeaxanthin, and representative kinetics of the formation and decay of transient species monitored at
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610 nm (E) and 1000 nm (F) after pulse radiolysis of that solution. (G,H) Representative kinetics of
the formation and decay of transient species monitored at 610 nm (G) and 950 nm (H) after pulse
radiolysis of N,O-saturated benzene with solubilized 1 mM of retinyl palmitate in the presence of
0.1 mM lutein.

2.2. Interaction of Cation Radical of Retinyl Palmitate with x-Tocopherol, Lutein, and Zeaxanthin

In the presence of a-tocopherol, the decays of retinyl palmitate cation radicals were
faster than in its absence, allowing for the determination of the bimolecular rate constant of
scavenging as (2.7 + 0.3) x 107 M~!s~! (Figure 1A,C; Table 1).

Table 1. Bimolecular rate constants of scavenging of retinoid cation radicals by lutein, zeaxanthin, vi-
tamin E (o-tocopherol), vitamin C (ascorbic acid), taurine, and melanin (dopa-melanin). To determine
the bimolecular rate constants of interactions between lipophilic antioxidants (lutein, zeaxanthin, and
a-tocopherol) and retinoid cation radicals, both reactants were solubilized in benzene. To determine
the bimolecular rate constants of interactions between retinoid cation radicals and hydrophilic antiox-
idants (ascorbate, taurine, dopa-melanin), the retinoids were incorporated into Triton X-100 micelles,
whereas the hydrophilic antioxidants were solubilized directly in 10 mM of phosphate buffer pH 7.0.
3 from [21]; ® from [28]; € from [18]; ¢ from [22].

Bimolecular Rates of Scavenging of Retinoid Radical Cations (10° M—1s~1)

Retinyl Palmitate Retinaldehyde Retinol
Lutein 8.85 + 0.25 115+ 14 12.6 £ 0.4
79+ 0.3
Zeaxanthin 6.39 + 0.02 6.5+0.3 5.76 £ 0.50 in methanol @
2.50 # 0.20 in benzonitrile @
a-Tocopherol 0.027 4+ 0.003 8.0+ 03P 0.080 £ 0.045 2
C
Ascorbate 0.58 + 0.10 053 & 0.0g.i?methanol d 0.12¢
Taurine <0.02 <0.01 <0.002
Dopa-melanin <0.02 0.016 4 0.008 0.0051 -+ 0.0001

In the presence of zeaxanthin, due to the high absorption coefficient of the zeaxanthin
ground state, the changes in the transmittance changes could not be monitored below
520 nm wavelength (Figure 1D; Table 1). As expected, a formation of a zeaxanthin triplet
state with an absorption maximum at about 510-520 nm could be seen, where the majority
of the zeaxanthin triplet state appeared to be a result of energy transfer from the triplet
state of retinyl palmitate (Figure 1D) [44,45]. The absorption of the zeaxanthin triplet
state partly overlapped with the absorption of the retinyl palmitate cation radical. In the
presence of zeaxanthin, the lifetime of retinyl palmitate cation radical was substantially
shortened, and its decay was accompanied by the concomitant formation of zeaxanthin
cation radical with an absorption maximum at about 1000 nm [46] (Figure 1D-F). The
bimolecular rate constant of scavenging of retinyl palmitate cation radicals by zeaxanthin
was (8.80 & 0.05) x 10° M~ s~! when determined based on rates of decay at 610 nm and
(6.39 £ 0.02) x 10° M~1s~! when determined based on rates of formation of zeaxanthin
cation radical at 1000 nm (Figure 1D-F; Table 1). The apparent faster bimolecular rate
constant of scavenging of retinyl palmitate cation radicals based on 610 nm data suggested
that the zeaxanthin triplet state could affect the kinetics at 610 nm, and therefore we took
the value obtained from the rates of formation of the zeaxanthin cation radical as a more
accurate value (Table 1).

In the presence of lutein, the lifetime of retinyl palmitate cation radical was also sub-
stantially shortened, and its decay was accompanied by the concomitant formation of lutein
cation radical with an absorption maximum at about 950 nm [46] (Figure 1D-F). The bi-
molecular rate constants of scavenging of retinyl palmitate cation radicals by lutein were
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(8.97 £ 0.05) x 10° M~ 1s~! and (8.85 + 0.25) x 10° M~ !s~! when determined based on rates
of decay at 610 nm and rates of formation of at 950 nm, respectively (Figure 1D-F; Table 1).
While both values appear to be the same within the experimental uncertainty, for consistency
we used the value based on rates of the formation of lutein cation radical (Table 1).

2.3. Interaction of Retinyl Palmitate with Dibromine Radical Anions

To create retinyl palmitate cation radical in Triton X-100 micelles, we used pulse
radiolysis to create highly oxidizing dibromine radical, which we have shown previously
abstracts electrons from retinol and retinaldehyde thereby creating cation radicals of these
retinoids with absorption maxima at 590 nm. In case of retinyl palmitate, there was also a
formation of a transient species with the absorption maximum at 590 nm (Figure 2A). In
addition, there was another species formed with an absorption maximum at about 400 nm.
Some of this species was formed within the electron pulse with a subsequent growth,
which, judging by an isosbestic point at about 460 nm, was due to the decomposition of the
radical cation of retinyl palmitate. Drawing analogy from data on carotenoids presented
by Polyakov et al., it can be suggested that the transient at 400 nm is a neutral radical of
retinyl palmitate formed as a result of proton loss from the cation radical [47].
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Figure 2. Transient absorption spectra after pulse radiolysis of aqueous solution saturated with N,O
and containing 10 mM phosphate, pH 7, 0.1 M KBr, and 1 mM retinyl palmitate incorporated in 2%
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Triton X-100 micelles (A) and a representative kinetics of the formation and decay of retinyl palmitate
cation radicals monitored at 590 nm after pulse radiolysis of that solution in the absence (B) and
presence of 0.1 mM of ascorbate (C).

2.4. Interaction of Cation Radical of Retinyl Palmitate with Ascorbate, Taurine, and Dopa-Melanin

In the presence of ascorbate, the rates of decay of retinyl palmitate cation radical were
increased, and the calculated bimolecular rate constant of scavenging of retinyl palmitate
cation radicals was (5.8 & 0.1) x 108 M~!s~! (Figure 2; Table 1).

Taurine or dopa-melanin had no effect on the rate of decay of the retinyl palmitate
cation radical, suggesting that if the scavenging occurs, the bimolecular rate constant is
smaller than 2 x 107 M~!s~! (Figure 3; Table 1).

A) 1mM Retinyl Palmitate

B) 1mM Retinyl Palmitate + 0.1 mM Taurine

C) 1mM Retinyl Palmitate + 0.1 mg/ml Melanin

25 s 133% |
“«—> : :

Figure 3. Representative kinetics of the formation and decay of retinyl palmitate cation radicals
monitored at 590 nm after pulse radiolysis of aqueous solution saturated with N,O and containing
10 mM phosphate, pH 7, 0.1 M KBz, and 1 mM retinyl palmitate incorporated in 2% Triton X-100
micelles, in the absence (A) and presence of 0.1 mM of taurine (B) or 0.1 mg/mL (equivalent to
0.67 mM monomers) dopa-melanin (C).
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2.5. Interaction of Cation Radical of Retinaldehyde with Lutein, and Zeaxanthin

Similar to the previous findings, pulse radiolysis of N,O-saturated benzene in the pres-
ence of 1 mM retinaldehyde resulted in the formation of its triplet state species and cation
radical with absorption maximum at 610 nm [28,45]. While the triplet state decayed faster
than the cation radical, it did contribute to the decay kinetics observed at 610 nm, and there-
fore we omitted that initial part from the fitting of the exponential decay to obtain a more
accurate value of the rate of decays of the retinaldehyde cation radical (Figure 4A). In the
presence of lutein, the lifetime of retinaldehyde cation radical was substantially shortened,
and its decay was accompanied by the concomitant formation of lutein cation radical with
an absorption maximum at about 950 nm (Figure 4A-D). The bimolecular rate constants
of scavenging of retinaldehyde cation radicals by lutein were (1.10 £ 0.02) x 10" M~!s~!
and (1.15 + 0.14) x 10! M~'s~! when determined based on rates of decay at 610 nm and
rates of formation of at 950 nm, respectively (Table 1). In the presence of zeaxanthin, the
lifetime of retinaldehyde cation radical was also substantially shortened, and its decay was
accompanied by the concomitant formation of zeaxanthin cation radical with an absorption
maximum at about 1000 nm (Figure 4E,F). The bimolecular rate constants of scaveng-
ing of retinaldehyde cation radicals by zeaxanthin were (7.63 £ 0.55) x 10° M~!s~! and
(6.48 4 0.29) x 10° M~ 1s~! when determined based on rates of decay at 610 nm and rates
of formation of at 950 nm, respectively.
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E) Retinaldehyde + Zeaxanthin; 610 nm F) Retinaldehyde + Zeaxanthin; 1000 nm
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Figure 4. (A) Representative kinetics of the formation and decay of the transient species monitored
at 610 nm after pulse radiolysis of N,O-saturated benzene with solubilized 1 mM of retinaldehyde.
(B-D): Transient absorption spectra at indicated times after the pulse radiolysis of N,O-saturated
benzene with solubilized 1 mM of retinaldehyde and 0.1 mM lutein (B) and representative kinetics
of the of the formation and decay of the transient species after the pulse radiolysis of that solution
monitored at 610 nm (C) and 950 nm (D) after pulse radiolysis of that solution. (E,F) Representative
kinetics of the formation and decay of transient species monitored at 610 nm (E) and 1000 nm (F) after
pulse radiolysis of NyO-saturated benzene with solubilized 1 mM of retinaldehyde in the presence of
0.1 mM zeaxanthin.

2.6. Interaction of Cation Radical of Retinaldehyde with Taurine, and Dopa-Melanin

Taurine had no effect on the rate of decay of the retinaldehyde cation radical, suggesting
that, if the scavenging occurs, the bimolecular rate constant is smaller than 1 x 107 M~1s~!
(Figure 5; Table 1). In the presence of dopa-melanin, the lifetime of retinaldehyde cation radical
was shortened and the bimolecular rate constant of scavenging was (1.6 4 0.8) x 107 M~ 1s~!
(Figure 5; Table 1).
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C) 1ImM Retinaldehyde + 0.1 mg/ml Melanin

Figure 5. Representative kinetics of the formation and decay of retinaldehyde cation radicals moni-
tored at 590 nm after pulse radiolysis of aqueous solution saturated with N,O and containing 10 mM
phosphate, pH 7, 0.1 M KBr, and 1 mM retinaldehyde incorporated in 2% Triton X-100 micelles, in the
absence (A) and presence of 0.1 mM of taurine (B) or 0.1 mg/mL (equivalent to 0.67 mM monomers)
dopa-melanin (C).

2.7. Interaction of Cation Radical of Retinol with Lutein, and Zeaxanthin

Pulse radiolysis of N,O-saturated benzene in the presence of 1 mM retinol resulted
in the formation of transient species similar to that observed before [28,45]. In the pres-
ence of lutein, the lifetime of retinol cation radical was substantially shortened, and its
decay was accompanied by the concomitant formation of lutein cation radical with an
absorption maximum at about 950 nm (Figure 6A—C). The bimolecular rate constants of
scavenging of retinaldehyde cation radicals by lutein were (1.01 & 0.05) x 10!® M~!s~! and
(1.26 & 0.04) x 10'® M~1s~! when determined based on rates of decay at 610 nm and rates
of formation of at 950 nm, respectively (Table 1). In the presence of zeaxanthin, the lifetime
of retinol cation radical was also substantially shortened, and its decay was accompanied
by the concomitant formation of zeaxanthin cation radical with an absorption maximum at
about 1000 nm (Figure 6D,E). The bimolecular rate constants of scavenging of retinaldehyde
cation radicals by zeaxanthin were (10.3 = 0.6) X 10 M~1s~1Tand (7.9 £ 0.3) x 10° M~ 1571
when determined based on rates of decay at 610 nm and rates of formation of at 950 nm,
respectively. These scavenging rates are somewhat greater than the rate of scavenging of
retinol cation radicals by zeaxanthin in methanol of (5.8 4 0.8) x 10° M~1s~! [21].
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D) Retinol + Zeaxanthin; 610 nm E) Retinol + Zeaxanthin; 1000 nm

Figure 6. (A) Representative kinetics of the formation and decay of the transient species monitored
at 610 nm after pulse radiolysis of N,O-saturated benzene with solubilized 1 mM of retinol. (B,C)
Representative kinetics of the formation and decay of transient species monitored at 610 nm (B) and
950 nm (C) after pulse radiolysis of N,O-saturated benzene with solubilized 1 mM of retinol in the
presence of 0.1 mM lutein. (D,E) Representative kinetics of the formation and decay of transient
species monitored at 610 nm (D) and 1000 nm (E) after pulse radiolysis of N,O-saturated benzene
with solubilized 1 mM of retinaldehyde in the presence of 0.1 mM zeaxanthin.

2.8. Interaction of Cation Radical of Retinol with Taurine, and Dopa-Melanin

Like for other retinoids, taurine had no effect on the rate of decay of the retinol cation
radical, suggesting that, if the scavenging occurs, the bimolecular rate constant is smaller
than 2 x 10° M~!s~! (Figure 7; Table 1). In the presence of dopa-melanin, the lifetime of
retinol cation radical was shortened and the bimolecular rate constant of scavenging was
(5.1 £ 0.1) x 10° M~!s~! (Figure 5; Table 1).
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C) 1 mM Retinol + 0.05 mg/ml Melanin
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Figure 7. Representative kinetics of the formation and decay of retinol cation radicals monitored
at 590 nm after pulse radiolysis of aqueous solution saturated with N,O and containing 10 mM
phosphate, pH 7, 0.1 M KBr, and 1 mM retinol incorporated in 2% Triton X-100 micelles, in the
absence (A) and presence of 0.1 mM of taurine (B) or 0.1 mg/mL (equivalent to 0.67 mM monomers)
dopa-melanin (C).

3. Discussion
3.1. Scavenging of Retinyl Palmitate Cation Radicals by Retinal Antioxidants

We have determined that pulse radiolysis of NyO-saturated benzene in the pres-
ence of retinyl palmitate leads to the formation of retinyl palmitate cation radicals with
absorption maxima at 610 nm, whereas pulse radiolysis of buffered aqueous solutions
of KBr in the presence of retinyl palmitate solubilized in Triton-X micelles leads to the
formation of retinyl palmitate cation radicals with absorption maxima at 590 nm. Un-
der the experimental conditions used, cation radicals of retinyl palmitate are not scav-
enged by melanin or taurine, which allowed us to determine that if they do scavenge
retinyl palmitate cation radicals, the upper limits of the bimolecular rate constants are
smaller than 2 x 10’ M~!s™!. The cation radicals of retinyl palmitate are scavenged
by lutein, zeaxanthin, «-tocopherol, and ascorbate with bimolecular rate constants of
(8.85 + 0.25) x 10° M~1s~1 (6.39 +0.02) x 10° M~ 1s~1, (2.7 £ 0.3) x 107 M~ s~ ! and
(5.8 £ 1.0) x 10 M~1s71, respectively. Interestingly, «-tocopherol appears to be less effi-
cient than both carotenoids in scavenging retinyl palmitate cation radicals. To evaluate the
relative contributions of ascorbate, x-tocopherol, lutein, and zeaxanthin to scavenging of
retinyl palmitate cation radicals in the retina, the concentrations of these antioxidants need
to be considered in the RPE where retinyl palmitate accumulates.

Sommerburg et al. determined the concentration of lutein and zeaxanthin in macular
and peripheral RPE from 11 cadavers. Lutein and zeaxanthin concentrations from the
macular area of 6 mm in diameter are (0.27 £ 0.07) ng/ mm? and (0.18 % 0.05) ng/ mm?,
respectively, whereas outside that area they are (7.05 £ 0.9) ng/tissue and (1.97 &+ 0.33)
ng/tissue, respectively [34]. Taking 13.63 cm? as the total retinal surface [48] and 8 um
as the height of the RPE layer allows us to estimate the molar concentrations of these
carotenoids: 33.8 and 22.5 uM for the average concentration of lutein and zeaxanthin in the
macular area (6 mm in diameter) and 1.14 and 0.32 uM in the periphery.

The measurements of Rapp et al. [35] and Sommerburg et al. [34] were done be-
fore supplements of lutein and zeaxanthin became commercially available. Rapp et al.
demonstrated that there is a linear positive correlation between the content of lutein and
zeaxanthin in POS and the content of these carotenoids in the central macula of 3 mm
in diameter, which is the area in the retina where lutein and zeaxanthin accumulate in
the greatest concentration, mainly in the inner retinal layers [35,38,49]. It has been shown
that the content of these carotenoids in the retina can be increased on average 2.9-fold
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by increased dietary intake and/or supplementation [50]. Therefore, it can be considered
that the average concentrations of lutein and zeaxanthin in the RPE can also be increased
2.9-fold, achieving 98 and 65 uM for the average concentration of lutein and zeaxanthin
in the macular area and 3.3 and 0.9 uM in the periphery. The highest concentrations of
lutein and zeaxanthin reported in persons with high intake of these carotenoids were 5.1-
and 5.9-fold greater for lutein and zeaxanthin, respectively, than the average values for
people with normal intake. This gives us the estimate of the maximal concentrations of
these carotenoids in the RPE: 172 and 133 uM for the maximal concentration of lutein and
zeaxanthin in the macular area and 5.8 and 1.9 uM in the periphery.

The concentrations of lutein and zeaxanthin in different retinal areas allow evaluation
of the effectiveness of their potential scavenging of retinoid cation radicals (Table 2). Table 2
shows the products of multiplications of antioxidant concentrations in different retinal ar-
eas/tissues and the bimolecular rate constant of retinyl palmitate cation radical scavenging.
This allows comparison of the contribution of different antioxidants to such scavenging.
In most cases, these data are based on the average concentration of antioxidants in the
entire RPE cells. It can be seen that, without supplementation, lutein may be 2.1-fold more
effective than zeaxanthin in scavenging retinyl palmitate cation radicals in the macular
RPE and 5-fold more effective than zeaxanthin in the periphery. However, the overall
effectiveness of both carotenoids strongly decreases in the periphery: 30 times for lutein
and 71 times for zeaxanthin.

Table 2. Effectiveness of scavenging of retinyl palmitate cation radicals in RPE, which is the main
storage site of retinyl esters in the retina. The multiplication products are based on average concen-
trations of lutein and zeaxanthin of the macular and peripheral RPE isolated from retinas of people
with normal lutein/zeaxanthin intake, increased intake, and the highest reported and on average and
maximal concentrations of vitamin E in the RPE. It is not clear what the concentrations of ascorbate
are in the RPE; therefore, the calculations are done for 1 mM detected in brain glial cells, 2 mM in
the vitreous body, and 10 mM in the brain neurons. See the main body of text for more details on
concentrations of antioxidants in the retina.

Effectiveness of Scavenging
of Retinyl Palmitate Radical Cations in the RPE
Scavenging Rate Constant x Antioxidant Concentration

(10% s~ 1)
Lutein/Zeaxanthin
Normal Intake Increased Intake Maximum
[Macular RPE lutein] (uM) 33.8 97.9 172
[Macular RPE lutein]kg 299 866 1520
[Macular RPE zeaxanthin] (uM) 22.5 65.3 133
[Macular RPE zeaxanthin]kg 144 417 848
[Peripheral RPE lutein] (uM) 1.14 3.30 5.8
[Peripheral RPE lutein]kg 10.1 29.2 51.3
[Peripheral RPE zeaxanthin] (1M) 0.32 0.92 1.87
[Peripheral RPE zeaxanthin]kqg 2.0 5.9 12.0
Vitamin E (x-tocopherol)
Average Maximum
[RPE Vitamin E] (uM) 115 230
[RPE Vitamin E]kg 3.11 6.21
Vitamin C (ascorbate)
[Ascorbate] (mM) 1 mM 2 mM 10 mM
[Ascorbate]kq 580 1160 5800
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It is likely that antioxidants such as carotenoids have increased concentrations in cer-
tain subcellular compartments [36]. It has been shown that lutein can act as a substrate of
the same enzyme, RPE65, which converts all-trans-retinyl palmitate into 11-cis-retinol [51].
In the case of lutein, RPE65 converts it into meso-zeaxanthin, which then accumulates in
the neural retina, particularly in the macula. These data are based on studies on devel-
oping chicken eyes and cultured cells, expressing either human or chicken RPE65. The
accumulation of meso-zeaxanthin in the chicken retina coincides with an increased ex-
pression of RPE65 and can be inhibited by an inhibitor of RPE65, which is also effective
in inhibiting the visual pigment chromophore synthesis. These results, together with the
well-documented accumulation of meso-zeaxanthin in the macula of the human retina,
suggest that lutein and retinyl palmitate can colocalize in proximity to RPE65, which is
present in the endoplasmic reticulum. Arguably, the retinoid cation radical may be involved
in the combined reaction of isomerization and hydrolysis of all-trans-retinyl palmitate into
11-cis-retinol [52-54]. This raises a possibility, worth investigating, that lutein may act as
an inhibitor of RPE65 activity towards retinyl palmitate not only as a competitive substrate
but also as a scavenger of retinoid radical cation if it is involved in that process.

Another place of possible co-localization of lutein/zeaxanthin with retinyl palmitate
is specialized lipid droplets, retinosomes, which are the major storage site of retinyl esters
in the retina [1].

Friedrichson et al. have determined that the concentrations of vitamin E in the RPE are
similar in the macula and periphery of the human retina [29]. Based on a similar approach
as for carotenoids above, the calculated average concentration of vitamin E is 115 uM. This
concentration exceeds almost four-fold the concentration of this vitamin in blood plasma
(25-35 uM) [55,56]. Based on the highest content of vitamin E determined in that study
being about twice greater than the average, the highest concentration of vitamin E was
determined as 230 uM. As can be seen in Table 2, vitamin E may be a slightly more effective
scavenger of retinyl palmitate cation radicals than zeaxanthin in the peripheral retina but
not in the macula, where zeaxanthin is at least an order of magnitude more effective. The
maximum concentration of vitamin E is not enough to provide similar scavenging as the
average concentration of lutein in the periphery. In the macula, lutein has the potential to
provide scavenging close to two orders of magnitude greater than o-tocopherol despite the
average concentration of lutein is lower than that of vitamin E.

The concentration of ascorbate was determined in the vitreous as 2 mM [30], and, due
to the lack of any barriers, it can be assumed to be similar in the interphotoreceptor matrix.
This concentration hugely exceeds the typical concentrations of ascorbate in the blood
plasma of 0.05 to 0.08 mM [56,57]. While, to our knowledge, there are no measurements of
ascorbate in the human retinal neurons or RPE, the high expression of sodium-dependent
vitamin C transporters in the basal plasma membrane of human RPE and, to a smaller
extent, in photoreceptors and other cells of the neural retina suggests that RPE and retinal
neurons can accumulate similar concentrations of ascorbate as glial cells and neurons in the
brain: about 1 and 10 mM [30,58,59], respectively. Vitamin C, even at the lowest of these
concentrations, appears to be able to provide the greatest contribution to scavenging of
retinyl palmitate cation radicals in the peripheral RPE where its efficiency can be greater
than that of maximal concentrations of lutein or vitamin E. In the macula, it may provide
better scavenging than average concentrations of lutein and zeaxanthin combined.

3.2. Scavenging of Retinol Cation Radicals by Retinal Antioxidants

The cation radicals of retinol are scavenged by lutein and zeaxanthin more effectively
than by «-tocopherol or ascorbate (Table 1). To evaluate their potential contributions to
scavenging retinol cation radicals, we considered their concentrations in the retina (Table 3).
It has been shown that about 15-25% of retinal carotenoids are present in POS [34,35].
Sommerburg et al. determined the content of lutein and zeaxanthin in POS isolated from
the entire human retina so their molar concentrations can be estimated as 1.01 uM for
lutein and 0.47 uM for zeaxanthin [34,37]. It is reasonable to expect that in the macula,
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where the concentrations of these carotenoids in the RPE are several-fold greater than in the
periphery and their concentrations in the inner retina of the central macula reach millimolar
values, the concentrations of lutein and zeaxanthin in POS will be also greater than in the
periphery. Therefore, we have estimated these concentrations based on 2.1% contribution
of the macular area of 6 mm in diameter to the total retinal surface of 13.63 cm? and the
ratio of respected carotenoid concentrations in the RPE of the macula and periphery. This
approach gives 18.8 and 13.7 uM concentrations of lutein and zeaxanthin, respectively,
in the macula and 0.63 and 0.18 uM in the periphery. It is likely that the concentrations
are underestimated, possibly several-fold, due to losses of POS occurring in the isolation
procedure. Table 3 shows that the potential effectiveness of retinol radical scavenging by
lutein and zeaxanthin is the greatest in the RPE and POS in the macular area, and it drops
at least an order of magnitude in the periphery.

Table 3. Effectiveness of scavenging of retinol cation radicals by antioxidants in pathways of retinol
trafficking in the retina. The multiplication products are based on average concentrations of lutein
and zeaxanthin of the macular and peripheral RPE and POS from retinas of people with normal
lutein/zeaxanthin intake, increased intake, and the highest reported on average and maximal con-
centrations of vitamin E in the RPE and neural retinas dissected from macula and periphery. It is
not clear what the concentrations of ascorbate are in the RPE; therefore, the calculations are done
based on ascorbate concentrations of 1 mM in brain glial cells, 2 mM concentration of ascorbate in the
vitreous body, and 10 mM concentration of ascorbate in the brain neurons. See the main body of text
for more details on concentrations of antioxidants in the retina.

Effectiveness of Scavenging of Retinol Radical Cations in the RPE and Neural Retina
Scavenging Rate Constant x Antioxidant Concentration

103s1)
Lutein/Zeaxanthin
Normal Intake Increased Intake Maximum
[Macular RPE lutein] (uM) 33.8 97.9 172
[Macular RPE lutein]kg 425 1233 2169
[Macular RPE zeaxanthin] (uM) 225 65.3 133
[Macular RPE zeaxanthin]kq 178 515 1049
[Peripheral RPE lutein] (1M) 1.14 3.30 5.8
[Peripheral RPE lutein]kq 14 42 73
[Peripheral RPE zeaxanthin] (uM) 0.32 0.92 1.87
[Peripheral RPE zeaxanthin]kg 2.5 7.3 14.8
[Macular POS lutein] (M) 18.8 54.5 95.9
[Macular POS lutein]kg 237 687 1209
[Macular POS zeaxanthin] (uM) 13.7 39.7 80.7
[Macular POS zeaxanthin]kg 108 314 638
[Peripheral POS lutein] (M) 0.63 1.84 3.23
[Peripheral POS lutein]kg 8.0 23.1 40.7
[Peripheral POS zeaxanthin] (uM) 0.19 0.56 1.14
[Peripheral POS zeaxanthin]kq 1.5 44 9.0
Vitamin E (x-tocopherol)
Average Maximum
[RPE Vitamin E] (uM) 115 230
[RPE Vitamin E]kg 9.2 18.4
[neural vitamin E; macula] (uM) 46 78
[neural vitamin E; macula]kg 3.7 6.3
[neural vitamin E; periphery] (uM) 77 124
[neural vitamin E; peripherylkg 6.1 9.9
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Table 3. Cont.

Effectiveness of Scavenging of Retinol Radical Cations in the RPE and Neural Retina
Scavenging Rate Constant x Antioxidant Concentration

10%s-1)
Vitamin C (ascorbate)
[Ascorbate] (mM) 1 mM 2 mM 10 mM
[Ascorbate]kq 120 240 1200
Melanin in RPE melanosomes

[Young RPE melanin] (mM) 398
[Young RPE melanin]kg 2030
[Old RPE melanin] (mM) 310
[Old RPE melanin]kg 1581

It has been determined that the interphotoreceptor retinoid-binding protein (IRBP)
binds lutein and zeaxanthin with similar affinity as retinoids [60]; therefore, it is likely that
lutein and zeaxanthin are present in this area on their way to photoreceptors and the inner
retina. To our knowledge, there are no reports on concentrations of lutein/zeaxanthin in
the interphotoreceptor matrix and on how their binding to IRBP affects their interactions
with free radicals; therefore, we cannot evaluate their potential contribution to scavenging
of retinoid cation radicals in this area. We also have no such data for another lipophilic
antioxidant, vitamin E, which is expected to be mostly solubilized in lipid membranes.

Based on data of Friedrichson et al., it has been determined that molar concentrations
of vitamin E in the neural retina of the macular area and periphery are 46 and 77 uM,
respectively [29,37]. Comparison of calculated effectiveness of retinol cation radicals
scavenging clearly shows that, in comparison with lutein and zeaxanthin, x-tocopherol
can provide only a minor contribution to the scavenging of the retinol cation radical in
the macula but is similar or exceeds the contribution of these carotenoids in the periphery
despite that the rate constant for scavenging of retinol cation radicals is 158 times greater
for lutein than for «-tocopherol (Table 3).

Assuming 10 mM concentrations of ascorbate in photoreceptors, 2 mM in the interpho-
toreceptor matrix, and 1 mM in RPE, it can be estimated that, outside the macula, ascorbate
can provide a greater contribution to scavenging of retinol cation radicals than any other
antioxidant (Table 2). In the macula, ascorbate may provide a contribution to scavenging
similar to that of lutein and zeaxanthin, both in POS and RPE. It can be expected that
ascorbate can exert its antioxidant action at the interfaces of aqueous solution and lipid
membranes as well as in the aqueous milieu. While it can be expected that, in the normal
retina, the majority of retinol in the interphotoreceptor matrix is bound to IRBP [3], some
may be solubilized directly in its aqueous part. It has been determined that the solubility of
retinol in buffered water varies from 51 to 79 nM, depending on the evaluation method, and
that ascorbate and «-tocopherol (in ethanolic/water solutions) can protect it from oxidative
degradation in such environment [61]. Our results provide a potential mechanism that can
be responsible for this protective effect and suggest that ascorbate could serve as the main
protectant of retinol in the interphotoreceptor matrix.

Although the determined rate constant of the interaction of the cation radicals of retinol
with synthetic dopa-melanin is relatively low, (5.1 £ 0.1) x 10® M~!s~1, the obtained data
do not rule out a possible protective role of melanin against oxidation by this radical
in the RPE. In the retina, melanin is present in melanosomes and in melanolipofuscin
granules (reviewed in [43]). Melanosomes, particularly in the young retina, are abundant
in the apical processes of the RPE surrounding POS. Particularly these melanosomes are
in the trafficking pathway of retinol diffusing, either as free retinol or bound by cellular
retinol-binding protein (CRBP), toward the cell body where it becomes esterified. With
ageing, melanosomes redistribute throughout the entire RPE cell while melanolysosomes
and melanolipofuscin granules start to accumulate mainly in the cell body. It has been
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determined that melanin content in human RPE melanosomes isolated from 20-30-year-old
cadavers is (0.18 = 0.01) pg/melanosomes and decreases to (0.14 + 0.2) pg/melanosomes
for melanosomes isolated from 60-90-year-old cadavers [62]. Taking 2 um as the long axis
and 0.6 pm as the short axis of melanosome and calculating its volume as the volume of an
ellipsoid and 150 g/mol as the molecular weight of melanin monomer, the concentration
of melanin within melanosome can be estimated as 398 mM in young RPE and 310 mM
in old RPE. Due to this high local concentration of melanin in RPE melanosomes and the
strong affinity of melanin for positively charged molecules, it can be expected that retinol
cation radicals formed in the proximity of RPE melanosomes will be effectively scavenged
by melanin. It can be also expected that melanosomal concentrations of amino acids
susceptible to oxidation by retinol cation radicals, namely, cysteine, tryptophan, lysine, and
arginine, are orders of magnitude smaller than that of melanin. These amino acids scavenge
retinol cation radicals with similar bimolecular rate constants as melanin, that is 2.6 x 10°,
7.1 x 10°, 1.4 x 107, 1.5 x 107, and 5.0 x 10 M~!s~! for cysteine, tryptophan, lysine, and
arginine, respectively [22]. Therefore, it can be expected that, due to the high concentration
of melanin within melanosomes, they can be effectively protected from oxidation by retinol
cation radicals.

3.3. Scavenging of Retinaldehyde Cation Radicals by Retinal Antioxidants

The cation radicals of retinaldehyde are scavenged by lutein and zeaxanthin with
similar bimolecular rate constants as that of x-tocopherol and about 16- and 9-fold greater,
respectively, than by ascorbate (Table 1). In the case of scavenging of retinaldehyde cation
radicals in the retina, x-tocopherol and ascorbate may provide a major contribution both
in the RPE and neural retina (Table 4). Lutein, followed by zeaxanthin, may provide
substantial protection in the RPE and POS in the macular area but only minor protection in
the periphery.

Table 4. Effectiveness of scavenging of retinaldehyde cation radicals in pathways of retinal trafficking
in the retina. See Table 3 caption for further details.

Lutein/Zeaxanthin
Normal Intake Increased Intake Maximum
[Macular RPE lutein] (uM) 33.8 97.9 172

[Macular RPE zeaxanthin] (1M) 22.5 65.3 133

[Peripheral RPE lutein] (1M) 1.14 3.30 5.8

[Peripheral RPE zeaxanthin] (uM) 0.32 0.92 1.87
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Table 4. Cont.

Effectiveness of Scavenging of Retinaldehyde Radical Cations in the RPE and
Neural Retina
Scavenging Rate Constant x Antioxidant Concentration

(103 s—1)
Vitamin E (x-tocopherol)
Average Maximum
[RPE Vitamin E] (uM) 115 230
[RPE Vitamin E]kg 920 1840
[neural vitamin E; macula] (uM) 46 78
[neural vitamin E; macula]kg 367 627
[neural vitamin E; periphery] (uM) 77 124
[neural vitamin E; periphery]kg 613 991
Vitamin C (ascorbate)
[Ascorbate] (mM) 1 mM 2 mM 10 mM
[Ascorbate]kg 730 1460 7300
Melanin in RPE melanosomes
[Young RPE melanin] (mM) 398
[Young RPE melanin]kg 6368
[Old RPE melanin] (mM) 310
[Old RPE melanin]kg 4960

The rate constant of scavenging of retinaldehyde cation radicals by dopa-melanin
is about 3.1-fold greater than that for retinol cation radicals. Similar considerations as in
the case of potential interactions of retinol cation radicals with melanin-containing pig-
ment granules discussed above can be applied to the potential interactions of melanin
with retinaldehyde cation radicals. After its release from the visual pigments, all-trans-
retinaldehyde may escape its enzymatic reduction to all-trans-retinol in POS and diffuse
to the apical processes of the RPE filled with melanosomes. Moreover, the tips of POS are
phagocytosed daily by the RPE and enter its phagolysosomal system, where retinaldehydes
are released as a result of proteolysis of visual pigments. In Stargardt’s disease caused by
mutations resulting in the loss of function in ATP-binding cassette transporter subfamily
A member 4 (ABCAA4) [27,63], the removal of retinaldehydes from phagocytosed tips of
POS can be further compromised, thereby increasing the risk of its oxidation. Such reti-
naldehydes may appear in proximity to melanolysosomes and melanolipofuscin. Also, the
newly synthesized 11-cis-retinaldehyde may be in sufficient proximity to melanolysosomes
and melanolipofuscin to facilitate its interaction with melanin once it becomes oxidized to
cation radical.

Another enzyme responsible for the clearance of all-trans-retinaldehydes from POS
is retinol dehydrogenase 8 (RDHS), which is the main enzyme there responsible for the
reduction of all-trans-retinaldehyde to all-trans-retinol [1,64]. RDHS8 dysfunction also
causes Stargardt’s disease [26]. It can be expected that the delayed clearance of all-trans-
retinaldehyde due to the loss of function of ABCA4 or RDHS can affect mostly POS and
subsequently the entire photoreceptor cell and RPE [64,65].

Retinaldehyde can accumulate in POS in substantial concentrations also in the healthy
retina as a result of exposure of the dark-adapted retina to bright light that causes pho-
toactivation of most visual pigments followed by the release of all-trans-retinaldehyde
at concentrations up to 3.8 mM [1,64,65]. With ageing of the retina, there is an increased
frequency of POS losing their ordered appearance and becoming convoluted and misman-
aged [66]. This raises a possibility that retinoid trafficking and their enzymatic transforma-
tions can be affected and clearance of retinaldehydes delayed. Retinaldehydes are potent
photosensitizers that upon absorption of UV or blue light photosensitize the generation
of singlet oxygen, free radicals, and lipid peroxidation. POS contain a high concentration
of polyunsaturated fatty acids, including docosahexaenoate with 6 unsaturated double
bonds, making it extremely susceptible to oxidation by singlet oxygen or free radicals
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and subsequent propagation of lipid peroxidation, especially in the aged retina and retina
affected by AMD, which exhibits increased levels of iron [9-11,67]. This oxidative envi-
ronment, to which retinaldehydes contribute, can lead to the formation of retinaldehyde
cation radicals. Moreover, further photooxidative degradation of retinaldehydes leads to
the formation of products with increased cytotoxicity and phototoxicity in comparison
to retinaldehyde [24]. Therefore, the adequate antioxidant protection of the retina is of
utmost importance. Lutein, zeaxanthin, and vitamins E and C can provide antioxidant
protection by quenching excited triplet states of retinaldehydes and singlet oxygen and by
inhibiting lipid peroxidation [36,68,69]. The results of this study suggest that scavenging
retinaldehyde cation radical may be another way these antioxidants can offer protection.

3.4. Summary and Wider Physiological Relevance

In summary, we have shown the formation of retinyl palmitate cation radicals both in
benzene and in Triton X-100 micelles solubilized in phosphate buffer. Vitamin C scavenged
retinyl palmitate radical cation with a bimolecular rate constant of (5.8 & 0.1) x 103 M~!s~1.
This value is 4.8 times greater than the bimolecular rate constant of scavenging by ascorbate
of cation radicals of retinol but 21% smaller than that for scavenging of cation radicals of
retinaldehyde determined previously [18]. Vitamin E was 3- and 296-fold less effective in
scavenging cation radicals of retinyl palmitate than in scavenging cation radicals of retinol
or retinaldehyde, respectively.

We observed no effect of taurine, up to the highest concentration studied of 0.1 mM,
on the rates of cation radical decays for any of the retinoids studied. Dopa-melanin had no
effect on the decays of cation radicals of retinyl palmitate but did scavenge cation radicals
of retinol and retinaldehyde with the bimolecular rate constants (5.1 £ 0.1) x 106 M~1s71
and (1.6 £ 0.8) x 10’ M~ 1s71.

Lutein and zeaxanthin scavenged cation radicals of all three retinoids with the bi-
molecular rate constants approaching the diffusion-controlled limits in benzene, ranging
from 6.4 x 10° M~!s~! for retinyl palmitate cation radical scavenged by zeaxanthin to
12.6 x 10° M~!s™! for retinol cation radical scavenged by lutein. Despite lutein exhibiting
greater scavenging rate constants of retinoid cation radicals than other antioxidants, the
greater concentrations of ascorbate in the retina suggest that vitamin C may be the main
protectant of the visual cycle retinoids from oxidative degradation. Vitamin E may play a
substantial role in the protection of retinaldehyde but may be relatively inefficient in the
protection of retinol or retinyl palmitate. While the protection of retinoids by lutein and
zeaxanthin appears inefficient in the retinal periphery, it can be quite substantial in the
macula. It needs to be stressed that the calculations are based on carotenoid concentrations
averaged from the entire macula. Lutein and zeaxanthin are concentrated in the centre
of the macula of about 3 mm in diameter. Therefore, there is a possibility that the contri-
butions of lutein and zeaxanthin in that area may be much greater than those estimated
in Tables 1-3. Moreover, Bhosale et al. reported a great inter-individual variability in
the contents of these carotenoids, which, in the macular area of 4 mm in diameter, range
from about 1 ng up to about 115 ng [50]. This indicates that the inter-individual ability
in scavenging of retinoid cation radicals by lutein and zeaxanthin can vary by a factor of
over 100.

Although the determined rate constants of the interaction of the cation radicals of
retinol and retinaldehyde with synthetic dopa-melanin are relatively low, the obtained
data do not rule out a possible protective role of melanin in the RPE. This is because the
local concentration of melanin in RPE melanosomes is very high, which would facilitate
effective scavenging of the cation radicals by melanin if the cation radicals are formed in
the proximity of RPE melanosomes.

While scavenging of retinoid cation radicals by lutein and zeaxanthin is a good thing
because it prevents further oxidative degradation of retinoids and protects amino acids
that otherwise could be oxidized by retinoid cation radicals, it is worth considering that
the products of these reactions: cation radicals of lutein and zeaxanthin retain the ability

160



Int. J. Mol. Sci. 2024, 25, 506

to oxidize certain amino acids, namely tyrosine and cysteine [70]. However, the radical
cations of these carotenoids can be reduced, thereby recycled to the parent molecules,
by a-tocopherol, ascorbate, and melanin [70,71]. Therefore, it can be expected that these
antioxidants working in combination with lutein and zeaxanthin can offer a synergistic
protection. It has been previously shown that zeaxanthin in combination with «-tocopherol
and/or ascorbate can often offer synergistic protection of unsaturated lipids or cultured
cells exposed to light in the presence of photosensitizers [36,37,69,72-74]. The synergistic
effect in protection against photooxidative damage, where both singlet oxygen and free
radicals were generated, was ascribed to the ability of a-tocopherol and/or ascorbate to
protect zeaxanthin from its oxidative degradation, thereby functioning for longer as an
unsurpassed singlet oxygen quencher. This effect was particularly striking in a study on
cultured ARPE-19 cells exposed to visible light and retinaldehyde-containing liposomes as
a model of POS, where single antioxidants offered very small protective effects but their
combinations provided a substantial synergistic effect [37]. It can be argued that scavenging
of cation radicals of retinaldehyde could contribute to that protective effect.

The main limitation of this study is the extrapolation of the results obtained in a
homogenous solution and Triton-X micelles to the retina and using for calculations the
antioxidant concentrations that were averaged over the entire RPE cells or, in the case
of vitamin E, over the entire neural retina. Benzene was meant to mimic the non-polar
environment of the lipid membrane. However, the real retinal lipid membranes are complex
structures with polar groups of retinol, retinaldehyde, lutein, and zeaxanthin likely to face
the lipid-aqueous interface. Gao et al. reported that the polarity of the environment can
exert substantial effects on the oxidation potentials of retinol and 3-carotene and two other
carotenoids [75]. Therefore, it would be of great interest to determine the dependence of
the oxidation potential on the solvent polarity also for retinyl palmitate, retinaldehyde,
lutein, and zeaxanthin. The local concentrations of carotenoids and vitamin E are likely
to vary in different intracellular compartments. Alpha-tocopherol can be expected to be
present in lipid membranes, but it is not so clear whether this is the case for lutein and
zeaxanthin, which can bind to proteins such as pi isoform of glutathione S-transferase
(GSTP1) or steroidogenic acute regulatory domain 3 (StARD3) [39]. Binding of carotenoid to
protein may greatly influence their diffusion and antioxidant properties. While substantial
progress has been made in understanding the selective uptake and accumulation of lutein
and zeaxanthin in the retina [76-80], it is still unclear if free lutein and/or zeaxanthin are
present in the POS or RPE or if they are bound to proteins.

The results of this study are of particular importance for diseases associated with
delayed clearance of retinaldehydes and/or increased oxidative stress in the retina. It can be
expected that the delayed clearance of retinaldehydes occurs in Stargardt’s disease caused
by mutations in ABCA4 or RDHS [25-27]. Upon absorption of ultraviolet or blue light,
11-cis- and all-trans-retinaldehydes can form an excited triplet state, which in the presence
of oxygen can transfer the excess of energy to oxygen, generating an excited form of oxygen,
singlet oxygen, or can transfer an electron generating superoxide anion radical [9,10,65].
Oxidative degradation of all-trans-retinaldehyde leads to a mixture of products retaining
the ability to generate singlet oxygen and exhibiting increased (photo)toxic properties
to cultured RPE cells [24]. These reactive oxygen species can induce oxidative damage
to lipids, nucleic acids, and proteins. The latter includes ABCA4, which, as a result of
exposure to visible light in the presence of all-trans-retinaldehyde, can be inactivated as an
enzyme and form aggregates [81]. While it is not clear whether the damage to ABCA4 is
due to reactive oxygen species produced by photoexcited retinaldehyde in the presence
of oxygen or its oxidation products [9,10,24,65], it cannot be excluded that retinaldehyde
oxidation products could be at least partly involved.

Mouse models of Stargardt’s disease: single gene knockouts: abca4-/- and particularly
rdh8-/-, or double knockout abca4(-/-)rdh8(-/-) mice exhibit delayed clearance of all-trans-
retinaldehyde after exposure to light and increased susceptibility to retinal degeneration
manifesting itself as loss of photoreceptive neurons, which is accelerated when animals
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are raised in cyclic light as opposed to when rearing in the dark [2,64,82-88]. There is a
growing body of evidence demonstrating that these single-knockout and double-knockout
mice exhibit high susceptibility to retinal injury by acute exposure to light [64,89-111].
Also, the loss of function of retinol dehydrogenase 12 (RDH12), which is expressed in
photoreceptor inner segments where it reduces retinaldehydes to retinol, leads to the
increased susceptibility of the retina to light-induced injury [112]. Triple knockout mice
abca4(-/-)rdh8(-/-)rdh12(-/-) raised under cyclic light develop retinal degeneration at the
age of 6 weeks, whereas at least 3 months are needed to demonstrate a similar level of
retinal degeneration for double knockout mice abca4(-/-)rdh8(-/-) [113]. Mutations of RDH12
can cause early onset severe cone-rod dystrophy, Leber congenital amaurosis, retinitis
pigmentosa, and pseudocoloboma-like maculopathy [114-118].

As mentioned in the Introduction, the AMD retina is at increased risk of oxidative
damage due to an increased content of iron, and several products of lipid and protein
oxidation have been detected there [11-13]. It can be expected that, in in the aged retina, and
even more so in AMD, the retinoid trafficking and rapid reduction of all-trans-retinaldehyde
to all-trans-retinol can be impaired due to the disordered structure of photoreceptor outer
segments [66]. This is consistent with delayed dark adaptation observed in elderly patients
and even more so in AMD. One of the potential factors responsible for the delayed dark
adaptation could be an inadequate supply of 11-cis-retinaldehyde to visual pigments. This
hypothesis of decreased availability of 11-cis-retinaldehyde was investigated by Hanneken
et al. who found no difference in the ability of normal and AMD eyes to recover all
rhodopsin during dark-adaptation post-mortem, suggesting that availability of 11-cis-
retinaldehyde is not a limiting factor [119]. However, they allowed several hours for the
dark adaptation to occur, so delayed trafficking of 11-cis-retinaldehydes to the convoluted
POS in AMD retina cannot be excluded. Also, such convoluted POS may impair the
trafficking of enzymatic co-factors, namely ATP and NADPH, needed by ABCA4 and RDH8
for the flipping of all-trans-retinaldehyde to the outer leaflet of the disk lipid membrane
and its reduction to all-trans-retinol. Then all-trans-retinol needs to diffuse outside the
convoluted POS to bind to a chaperone protein, interphotoreceptor retinoid binding protein
(IRBP), for its transport to the RPE. The delayed clearance of retinoids from POS in the
environment exposed to light and rich in polyunsaturated fatty acids and iron may allow
for their oxidation [11,67]; therefore, adequate antioxidant protection is essential to prevent
the downstream deleterious effects.

The results of this study demonstrating the effectiveness of lutein, zeaxanthin, «-
tocopherol, and ascorbate in scavenging retinoid cation radicals are consistent with the
results of a large multicentre randomized placebo-controlled clinical trial Age-Related Eye
Disease Study 2 (AREDS2) showing that a daily supplementation with zinc, vitamins C and
E, lutein, and zeaxanthin slows down the progression of AMD, particularly in persons with
low dietary intake of these antioxidants [31-33]. AREDS2 also demonstrated that including
lutein and zeaxanthin in the antioxidant mixture brings about a greater benefit than having
no carotenoids or (-carotene. It is thought that lutein, zeaxanthin, «-tocopherol, and
ascorbate can exert their beneficial effect by scavenging lipid-derived free radicals and
superoxide and, in the case of lutein and zeaxanthin, by quenching of singlet oxygen and
excited states of photosensitizers as well as by absorption of blue light in the innermost
layers of the retina in the centre of the macula, thereby preventing blue light reaching
POS and RPE in this area [38,39,68,69,120]. The results of this study demonstrate that the
scavenging of retinoid cation radicals can be added to the repertoire of antioxidant actions
of AREDS2 antioxidants.

4. Materials and Methods
4.1. Materials

Lutein and zeaxanthin were from DSM Nutritional Products AG (Basel, Switzer-
land). Retinoids (all-trans-retinaldehyde, all-trans-retinol, all-trans-retinyl palmitate), o-
tocopherol, ascorbic acid, taurine, dihydroxyphenylalanine (dopa), Triton X-100, potassium
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bromide, disodium hydrogen phosphate, potassium dihydrogen phosphate, and thio-
cyanate were purchased from Sigma Aldrich (St. Louis, MO, USA). Benzene was purchased
from VWR BDH Chemicals (Reading, UK). Cylinders with gases: nitrous oxide, argon, and
nitrogen were purchased from BOC Ltd. (Woking, UK).

4.2. Synthesis of Dopa-Melanin

Dopa-melanin was used as a model of eumelanin present in the RPE [43,76]. It was
synthesized by autooxidation of dopa as described previously [71,121]. For calculations of
bimolecular rate constants of scavenging, the molecular weight of dopa-melanin monomer
of 150 g/mol was used.

4.3. Preparation of Triton X-100 Micelles with Retinoids

All handling of retinoids was done under dim light. The retinoids and Triton X-100
were solubilized in argon-saturated benzene in a round flask, and the solvent was removed
on rotary evaporator (Buchi, Flawil, Switzerland) while a thin film of retinoids and Triton
X-100 was formed on the inner surface of the flask. To saturate the benzene with argon, a
round flask was attached to the rotary evaporated, the pressure was lowered to 40 mbar,
and then argon was allowed to the system to reach the atmospheric pressure. The remnants
of benzene were removed from the flask under vacuum. Before removing the flask from
the rotary evaporator, argon was allowed to fill the flask until the atmospheric pressure
was reached. Then the flask was detached from the rotary evaporator and closed with a
stopper. Just before the experiments, the solution of 0.1 M KBr in 10 mM phosphate buffer
was slowly added to allow for formation of Triton-X micelles with incorporated retinoids.

4.4. Generation of Retinoid Cation Radicals and Monitoring Their Interaction with Antioxidants

The retinoid radical cations were generated by pulse radiolysis of nitrous oxide-
saturated benzene with 1 mM retinoids or of aqueous buffered solution of potassium
bromide where 1 mM retinoids were solubilized in 2% Triton X-100 micelles as described
previously [18,28]. To saturate samples with nitrous oxide, a solution was placed in 25,
50, or 100 mL flasks with caps allowing for the flow of connected gas to the bottom of the
flask and gently bubbling for 30 min to replace the air. The taps on the cap were closed
and the flask was transferred to the pulse radiolysis room where the taps were connected
to the optical cell and nitrogen gas. For radiolysis of the solution, a 20 to 500 ns pulse of
electrons from a 9-12 MeV linear particle accelerator (Metropolitan-Vickers, Manchester,
UK) or a 12-MeV RDL, 3-GHz electron linear accelerator with a pulse duration from 0.22
to 2 us was used. As targeted a quartz flow-through cell with an optical path-length of
2.5 cm filled with a solution in benzene or water was used. The solution was supplied to
the cell under pressure of nitrogen from a stock flask. Thiocyanate was used as a dosimeter.
Changes in the transmittance of the solution at a selected wavelength were monitored at
90° by transient absorption spectroscopy.

In the case of benzene, the pulse of electrons caused the ionization of the solvent and
the formation of benzene cation radicals, free electrons, and excited states. The electrons
were scavenged by nitrous oxide, resulting in the formation of dinitrogen and anion radical
of atomic oxygen. The oxygen anion radical was scavenged by benzene forming a radical
anion adduct. The radical anion adduct was scavenged also by nitrous oxide, and the
product reacted with benzene forming stable products. The cation radicals of benzene
abstracted electrons from retinoids forming retinoid cation radicals [18,28].

In the case of the aqueous solution of 0.1 M potassium bromide and 10 mM phosphate
buffer, pH7.0, radiolysis of water by a pulse of electrons generated hydroxyl radicals and
solvated electrons. Scavenging of solvated electrons by nitrous oxide in the presence of
water generated more hydroxyl radicals. Hydroxyl radicals were scavenged by bromide
anions generating bromine radicals. The interaction of bromide anions with bromine
radicals resulted in the formation of a highly oxidizing dibromine radical anion. The
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interaction of the dibromine radical anion with retinoids solubilized in Triton X-100 micelles
led to the formation of retinoid cation radicals [18].

To study the interaction between retinoid cation radicals with antioxidants, the se-
lected antioxidant was present in the solution at concentrations up to 0.1 mM, and their
effect on the kinetics of retinoid cation radicals was determined. In addition, for experi-
ments involving lutein or zeaxanthin, we also monitored the formation of the carotenoid
cation radical.

5. Conclusions

In conclusion, we have determined the bimolecular rate constant of scavenging cation
radicals of retinoids involved in vision by lutein, zeaxanthin, dopa-melanin, and, in case of
retinyl palmitate cation radicals, also by ascorbate and o-tocopherol. No increase in the rate
of decay of retinoid cation radicals was observed in the presence of taurine, so it has been
evaluated that the bimolecular rate constants of scavenging cation radicals of retinoids
by taurine must be smaller than 2 x 107 M~!s~!. Lutein scavenges cation radicals of all
three retinoids with the bimolecular rate constants approaching the diffusion-controlled
limits, while zeaxanthin is only 1.4-1.6-fold less effective. Despite lutein exhibiting greater
scavenging rate constants of retinoid cation radicals than other antioxidants, the greater
concentrations of ascorbate in the retina suggest that vitamin C may be the main protectant
of the visual cycle retinoids from oxidative degradation. Vitamin E may play a substantial
role in the protection of retinaldehyde but is relatively inefficient in the protection of retinol
or retinyl palmitate. While the protection of retinoids by lutein and zeaxanthin appears
inefficient in the retinal periphery, it can be quite substantial in the macula. Although the
determined rate constants of the interaction of the cation radicals of retinol and retinalde-
hyde with synthetic dopa-melanin are relatively low, the high concentration of melanin
in the RPE melanosomes suggest that melanin can be effective in scavenging the retinoid
cation radicals in proximity to melanin-containing pigment granules.
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