S International Journal of
Molecular Sciences

Review

Carotenoid Supplementation for Alleviating the Symptoms of
Alzheimer’s Disease

Jolanta Flieger 1'*(0, Alicja Forma
Ryszard Maciejewski 4, Grzegorz Teresinski 2

check for
updates

Citation: Flieger, J.; Forma, A.; Flieger,
W.; Flieger, M.; Gawlik, PJ.;
Dzierzynski, E.; Maciejewski, R.;
Teresinski, G.; Baj, J. Carotenoid
Supplementation for Alleviating the
Symptoms of Alzheimer’s Disease.
Int. J. Mol. Sci. 2024, 25, 8982.
https://doi.org/10.3390/
ijms25168982

Academic Editor: Yan Zhang

Received: 26 July 2024
Revised: 12 August 2024
Accepted: 16 August 2024
Published: 18 August 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2(D, Wojciech Flieger 3(, Michat Flieger 2, Piotr J. Gawlik 3, Eliasz Dzierzynski 3,

and Jacek Baj ®

1 Department of Analytical Chemistry, Medical University of Lublin, Chodzki 4a, 20-093 Lublin, Poland

2 Department of Forensic Medicine, Medical University of Lublin, ul. Jaczewskiego 8b, 20-090 Lublin, Poland;
aforma@onet.pl (A.F.); michalflieeeger@gmail.com (M.F.); grzegorzteresinski@umlub.pl (G.T.)

Department of Plastic Surgery, St. John’s Cancer Center, ul. Jaczewskiego 7, 20-090 Lublin, Poland;
wwoj24@wp.pl (W.E)

4 Institute of Health Sciences, John Paul II Catholic University of Lublin, Konstantynéw 1 H,

20-708 Lublin, Poland; ryszard.maciejewski@kul.pl

Department of Correct, Clinical and Imaging Anatomy, Medical University of Lublin, ul. Jaczewskiego 4,
20-090 Lublin, Poland; jacek.baj@umlub.pl

*  Correspondence: jolanta.flieger@umlub.pl

Abstract: Alzheimer’s disease (AD) is characterized by, among other things, dementia and a decline
in cognitive performance. In AD, dementia has neurodegenerative features and starts with mild cog-
nitive impairment (MCI). Research indicates that apoptosis and neuronal loss occur in AD, in which
oxidative stress plays an important role. Therefore, reducing oxidative stress with antioxidants is a
natural strategy to prevent and slow down the progression of AD. Carotenoids are natural pigments
commonly found in fruits and vegetables. They include lipophilic carotenes, such as lycopene, o-
and p-carotenes, and more polar xanthophylls, for example, lutein, zeaxanthin, canthaxanthin, and
B-cryptoxanthin. Carotenoids can cross the blood-brain barrier (BBB) and scavenge free radicals,
especially singlet oxygen, which helps prevent the peroxidation of lipids abundant in the brain. As a
result, carotenoids have neuroprotective potential. Numerous in vivo and in vitro studies, as well as
randomized controlled trials, have mostly confirmed that carotenoids can help prevent neurodegener-
ation and alleviate cognitive impairment in AD. While carotenoids have not been officially approved
as an AD therapy, they are indicated in the diet recommended for AD, including the consumption
of products rich in carotenoids. This review summarizes the latest research findings supporting the
potential use of carotenoids in preventing and alleviating AD symptoms. A literature review suggests
that a diet rich in carotenoids should be promoted to avoid cognitive decline in AD. One of the
goals of the food industry should be to encourage the enrichment of food products with functional
substances, such as carotenoids, which may reduce the risk of neurodegenerative diseases.

Keywords: Alzheimer’s disease; carotenoids; brain; memory loss; dementia; cognitive dysfunction;
neuroprotection; natural products

1. Introduction

Dementia and cognitive dysfunction are the results of neurological disorders asso-
ciated with aging, but also with the development of AD. Due to the lack of effective
therapy, effective interventions are needed to slow down neurodegenerative processes.
In recent years, much attention has been paid to a proper diet and introducing so-called
nutraceuticals, including phytochemical compounds such as flavonoids, carotenoids, and
polyphenolic acids [1-7]. They help fight oxidative stress, have anti-inflammatory proper-
ties, and regulate mitochondrial dysfunction and the dysbiosis of intestinal microflora. AD
is a neurodegenerative disease (NDD) that, according to the World Health Organization
(WHO), affects millions of people worldwide [8]. It is estimated that by 2030, the number
of AD patients will exceed 80 million, and by 2050, this number may double [9].
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AD has many characteristic symptoms, the most common of which are memory loss,
the deterioration of cognitive functions, the deterioration of motor coordination, mood
swings, speech problems, decreased executive ability, etc. [10,11]. Typical features of AD are
the presence of extracellular amyloid-beta (Af3) plaques and neurofibrillary tangles formed
by the aggregation of hyperphosphorylated tau protein located intracellularly mainly in
the hippocampus and cerebral cortex [12].

The development of AD is associated with several risk factors, including genetic
predisposition, exposure to environmental toxins and metals, brain injuries, infectious
diseases, decreased immunity, and vascular diseases [13,14]. Recently, there has been
in-creased attention given to the impact of elevated levels of pro-inflammatory cytokines,
chemokines, interleukin (IL) [15,16], oxidative stress, metabolic changes, mitochondrial
dysfunction, neuronal apoptosis, and synaptic neurotransmission disorders [17,18] on
the development of AD. Memory and learning processes involve serotonin (5-HT) and
cholinergic neurons, which synthesize acetylcholine (ACh) [19], especially in the hippo-
campus and cortical area [20-23]. In AD, reductions in 5-HT [23], the loss of cholinergic
neurons, the increased expression of the gamma-aminobutyric acid (GABA) receptor [24],
and the disruption of glutamatergic neurotransmission [25] are observed.

The characteristic structural brain abnormalities and mental impairment associated
with AD are linked to high levels of reactive oxygen species (ROS) and neuronal apoptosis,
which may indicate low levels of antioxidants [26]. Research has confirmed an increase
in lipid peroxidation in cerebral cortex tissue samples taken during autopsies of AD pa-
tients [27]. The prevention of Alzheimer’s disease (AD) can involve natural methods that
focus on introducing a wide range of biologically active substances into the diet, such
as flavonoids, phenolic acids, and carotenoids. The therapeutic benefits of using these
nutraceuticals have been supported by in vivo and in vitro studies. In recent years, in
addition to carotenoids, much attention has been paid to other plant bioactive compounds
of nutraceutical nature, such as glucosinolates, polyphenols, terpenes, sulfide compounds,
phytosterols, and phytoestrogens. In addition to their nutritional value, they have thera-
peutic effects, such as antioxidant, anti-inflammatory, and neuroprotective activity [28,29].

The effectiveness of nutraceuticals has been confirmed in the treatment of, among
others, cancer, diabetes, allergies, obesity, and cardiovascular and neurological diseases [30].
The most popular nutraceuticals are polyphenolic compounds, including phenolic acids,
flavonoids, anthocyanins, stilbenes, and lignans. The content of polyphenols in food
can be found in a comprehensive online database, e.g., Phenol-Explorer [31]. Kelsey
et al. [32] described in their review the neuroprotective effects of selected nutraceuticals,
such as epigallocatechin gallate (EGCG), quercetin, curcumin, resveratrol, rosmarinic acid
or carnosic acid, and organosulfur compounds, including isothiocyanate, L-sulforaphane,
and allicin thiosulfonate.

Over 1.5 thousand herbal preparations of a nutraceutical nature have been regis-
tered in the European Union. The market overview of these products is published on the
ReportLinker website (https://www.reportlinker.com, accessed on 8 March 2024). The
value of the nutraceutical market is still growing. Currently, it is about USD 30 billion per
year [33]. In the case of neurodegenerative diseases, the effectiveness of nutraceuticals
such as curcumin, o-lipoic acid, astaxanthin, coenzyme Q10 (ubiquinone), L-sulforaphane
(isothiocyanate compound), tert-butylhydroquinone, blueberry, resveratrol, carnosic acid,
eugenol, emodin (3-methyl-1,6,8-trihydroxyanthraquinone), rosmarinic acid, old garlic
extract, anthocyanins, epigallocatechin-3-gallate (green tea flavonoid), mustard oil glyco-
side, retinoic acid, vitamin D, vitamin E, polyunsaturated omega-3 fatty acid, apigenin,
soy isoflavones, and isoflavones has been demonstrated [34]. However, there are also
risks associated with the use of herbal preparations in the treatment of neurodegenerative
diseases. Plant dietary supplements may contain various contaminants such as mycotoxins,
heavy metals, and pesticides [35]. Natural carotenoid pigments, including (3-carotene,
lycopene, lutein, zeaxanthin, astaxanthin, fucoxanthin, crocin, and others, have potential
in the treatment of AD. The development of effective pharmaceutical formulations must
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address the limitations of poor bioavailability and stability. Therefore, ongoing efforts are
concentrated on developing carotenoid nanosystems for treating AD. An up-to-date review
of research on various carotenoid delivery nanosystems was published by Su et al. [36].

We searched the PubMed database for articles on using carotenoids in prevention
and neuroprotection over the last five years [9,36-50]. In review articles published in the
previous year, the authors focused on the impact of diet and dietary carotenoids on various
neurodegenerative diseases [51-53], as well as the antioxidant properties of carotenoids [54].
Reviews have also concerned the use of different phytochemicals, including carotenoids, in
Alzheimer’s disease (AD) therapy [9,55-58], the use of a single natural chemical compound
in AD therapy [46], or the use of a selected substance from the carotenoid group in the
treatment of many neurodegenerative diseases [59-61]. In 2022, Batool et al. [37] published a
comprehensive evidence-based review on the use of natural carotenoids in the treatment of
Alzheimer’s disease, focusing specifically on astaxanthin, fucoxanthin, macular carotenoids,
and crocin. In our article, we summarized the latest research on the potential use of
carotenoids (carotenes and xanthophylls) in the prevention and treatment of AD. We
have expanded the discussed group of carotenoids to include lycopene, 3-carotene, lutein,
zeaxanthin, astaxanthin, fucoxanthin, 3-cryptoxanthin, crocin, and crocetin. In addition,
we have presented therapies proposed in recent years for the alleviation of AD symptoms
based on carotenoid supplementation.

2. Pathogenesis of AD

The histopathological manifestations of Alzheimer’s disease (AD) include the aggre-
gation of Af3 (amyloid beta) plaques and the hyperphosphorylation of tau protein [62].
This leads to abnormal folding and the formation of toxic and insoluble neurofibrillary
tangles, particularly in the hippocampus and cerebral cortex. The activation of microglia
due to inflammation of the nervous system is believed to be a possible mechanism in the
pathogenesis of AD [63].

There is evidence suggesting that oxidative stress also plays a role in the development
of AD [64-68]. The brain is vulnerable to oxidative stress due to its high oxygen demand and
the presence of fats. Oxidative stress causes lipid peroxidation, leading to the inactivation
of enzymes, reduced cell membrane fluidity, and the inactivation of receptors and ion
channels. This stress also disrupts neurotransmitter transmission and neuronal function,
ultimately having a destructive effect on brain activity.

The increase in reactive oxygen species (ROS) or reactive nitrogen species (RNS) [68]
resulting from increased production, insufficient antioxidants, or redox imbalance triggers
a cascade of events. These events range from damaging the structure of macromolecules,
proteins, lipids, and DNA to the aggregation of Af3 plaques [69,70], as well as the aggrega-
tion and phosphorylation of tau [71], and disruptions in neurotransmission, all culminating
in neuronal apoptosis [71-74]. Studies suggest that ROS induces apoptosis through NF-«B,
an oxidative-stress-responsive transcription factor [75].

Neurotoxic A plaques are formed from the 120 kDa transmembrane amyloid precur-
sor protein (APP) due to amyloidogenic and non-amyloidogenic proteolytic degradation
processes influenced by «-, 3-, and y-secretases [76]. The (3-secretase digestive pathway
predominates in neurons, while x-secretases are active in non-neuronal cells [77]. In ad-
dition to the classic secretase-dependent mechanisms of APP degradation, there are also
less known secretase-independent pathways. Caspases, particularly caspase-3, may also
participate in the secretase-independent degradation of APP [76]. They likely play a minor
role in the formation of amyloidogenic products and the development of AD [78,79].
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Ap peptides are released in trace picomolar amounts in the physiological state as a
product of the metabolism of various cells [80]. Such a low concentration of extracellular
soluble A peptides in the form of monomers [81] is not only non-toxic, but also has a
positive effect on memory processes. The concentration of peptides increases as a result
of intense brain activity and as a result of damage [82]. The degradation of ABT leads to
the formation of peptides A31-38 and A[31-40, which are hydrophilic [83], and A{31-42 and
Ap1-43, which are hydrophobic [84-86]. Under physiological conditions, the dominant
peptide is A31-40 with a low tendency to form fibrils and create amyloids [79]. The
A[(1-42 peptide is hydrophobic and considered an amyloidogenic form responsible for
neurotoxicity [86]. The Ap1-42 fragment self-associates into soluble oligomers that are toxic
to neurons. The insoluble form of A{31-42 occurs inside the neuronal cell and undergoes
conformational changes, transforming into A plaques in Alzheimer’s patients’ brains.

Neurofibrillary tangles (NFTs) are aggregates of helical filaments (PHFs) of hyperphos-
phorylated tau protein, which play a role in axonal transport and microtubule stabiliza-
tion [87,88]. In AD, tau aggregation leads to the breakdown of the microtubule network,
axonal transport disorders [89], and the loss of neurons in the brain [90].

Inflammation of the nervous system, involving components of the immune system, such as
microglia and astrocytes, also plays a role in the pathogenesis of AD. Activated microglia lose the
ability to phagocytically remove A{3 protein aggregates [91-93] and release pro-inflammatory
mediators, i.e., IL-1f3: interleukin-1f3, inducible nitric oxide synthase (iNOS), cyclooxygenase-2
(COX-2), IL-6: interleukin-6, and necrosis factor tumor alpha (TNF-«) [94-97]. LPS (lipopolysac-
charide), which is a component of the cell wall of Gram-negative bacteria, is used to induce
inflammation of the nervous system in in vivo studies on animal models [98]. LPS induces the
formation of Af3 and the production of pro-inflammatory cytokines, which results in neuronal
cell death and the appearance of cognitive disorders in mice [99,100]. Studies show that ad-
ministering LPS to animals increases the production of ROS and Ap by activating the NFkB
signaling pathway [101,102].

The aggregation and hyperphosphorylation of tau protein is triggered by the activation
of mitogen-activated protein kinase (MAPK) and NF-«kB: nuclear factor kappa B, which are
also mediated by microglial activation [103].

The impairment of memory and cognitive functions in AD is associated with synaptic
dysfunctions and histopathological changes in the structure of dendrites, i.e., the loss of
spines, abnormal sprouting, and dystrophic dendrites [104-111].

Genetic studies have selected four genes associated with AD, such as amyloid pre-
cursor protein (APP), presenilin 1 (PS1), presenilin 2 (PS2), and apolipoprotein E (ApoE).
Presenilin PS1 is a hydrolytic component of y-secretase [112] and mediates the intramem-
brane cleavage of APP [113], generating A3 and senile plaques. The accumulation of A3
under pathological conditions blocks ion channels and leads to mitochondrial oxidative
stress. The disruption of energy metabolism ultimately causes neuronal cell death [114].
Mutations associated with these proteins lead to an increase in the production of A3 pep-
tides, which are responsible for, among others, the overfilling of neurons with calcium ions
and neurodegeneration in AD.

The AD pathway generated using KEGG (Kyoto Encyclopedia of Genes and Genomes) [115]
is presented in Figure 1.
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Figure 1. Alzheimer’s disease KEGG pathway (hsa05010; Alzheimer disease—Homo sapiens (hu-
man)) generated online at https:/ /www.genome.jp/kegg-bin/show_pathway?hsa05010, accessed on
8 March 2024) [115].

3. AD Treatment Strategies

The treatment of AD involves the use of acetylcholinesterase (AChE) inhibitors such
as galantamine, donepezil, rivastigmine, and the N-methyl-d-aspartate (NMDA) receptor
antagonist, memantine [116,117].

Antibody therapies are currently in clinical trials, including humanized IgG1 antibody
drugs like lecanemab, aducanumab, and donanemab. At the beginning of 2024, the U.S.
Food and Drug Administration approved a donanemab (Kisunla) injection for the treatment
of Alzheimer’s disease [118]. Aducanumab was approved by the FDA in 2021 to reduce
A plaques [119]. Two years later, in 2023, lecanemab was also approved for AD treatment.
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Other antibody drugs tested were withdrawn due to poor effectiveness and the risk of side
effects, such as cerebral edema. Tacrine, a cholinesterase inhibitor, has been withdrawn in
the US due to severe liver toxicity. According to ALZFORUM (www.alzforum.org, updated
on 15 May 2024), eight AD therapies are currently in phase 4 clinical trials, 3 of which are

dietary supplements.

There is currently a search for natural phytochemicals that could be effective in AD
therapy and prevent neurodegeneration [120,121]. Substances with antioxidant, anti-
inflammatory, and neuroprotective properties, characterized by easy bioavailability and
the ability to cross the blood-brain barrier, are of great interest. Nutraceuticals, due to their
anti-inflammatory and antioxidant effects, have been found to improve cognitive functions
in humans by inhibiting neuronal apoptosis and the formation of senile plaques [122-124].

Lipopolysaccharide (LPS)-stimulated BV-2 microglial and N2a cells are activators
of the NF-xB, MAPK, and IRF3 signaling pathways activating the expression of the pro-

inflammatory gene through the release of cytoplasmic NF-xB.

Small molecules such as chrysin, 7,8-dihydroxyflavone (7,8-DHF), naringenin, lu-
teolin, lycopene, ferulic acid (FA), ellagic acid (EA), caffeic acid (CA), gallic acid (GA),
epigallocatechin-3-gallate (EGCG), theaflavins (TFs), and vanillin play a role in the path-
ways associated with Alzheimer’s disease (AD) [9]. They inhibit the activity of acetyl-
cholinesterase (AChE) in the cholinergic pathway, which breaks down acetylcholine (ACh),
a neurotransmitter that supports memory. These dietary components can promote the
survival of neuronal cells by activating molecular signaling pathways, such as the mitogen-
activated protein kinase (MAPK) pathways that control synaptic plasticity and neuroge-
nesis, as well as by activating the Nrf2 (nuclear factor erythroid 2-related factor 2)-ARE
(antioxidant response element) antioxidant system and the Akt (the phosphatidyl inositol
3-kinase (PI3K)/protein kinase B) signaling pathway, which is responsible for the balance
between pro-apoptotic and anti-apoptotic proteins. Nutraceuticals also promote the au-
tophagy of Af3 plaques and hyper-phosphorylated tau aggregates, as well as inhibit the
secretion and expression of many inflammatory factors. Additionally, they are involved
in the gut-brain axis through their interaction with neurotrophic and neurotransmitter
systems. These small dietary molecules act against the apoptotic effect triggered by inflam-
matory cytokines, such as TNFa and IL-1f3, or the TNF«/caspase-8/caspase-3 extrinsic

pathways and cyto c/caspase-9/caspase-3 intrinsic pathways [9].

4. Carotenoids in AD Treatment

Carotenoids are natural compounds found in colorful vegetables and fruits, partic-
ularly those that are red, orange, yellow, and dark green, and in photosynthetic bacteria,
some species of archaea, fungi, algae, and animals. Natural sources of common carotenoids

and their contents are collected in Table 1.

Table 1. Common dietary sources of carotenoids (mg/100 g of fresh weight FW or dried weight DW)

and their biological activities.

Natural Source Common Name Main . Amount Other Carotenoids Ref.
Carotenoids

[3-carotene: enhancing immune function; antioxidant, anti-inflammatory, and anticancer [125]

Daucus carota carrot [3-carotene 6.1-8.3 FW «-carotene, lutein [126]

Prunus armeniaca apricot [-carotene 3.5 FW a-carotene, lutg 1 [127]
[-cryptoxanthin, lycopene

Capsicum annuum pepper [-carotene 72-130 DW B-cryptoxanthin, lute.m, [128]
a-carotene, zeaxanthin, lycopene

Mangifera indica mango [3-carotene 3.3-5.8 FW -cryptoxanthin, violaxanthin [128]
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Table 1. Cont.
Main .
Natural Source Common Name . Amount Other Carotenoids Ref.
Carotenoids
f-cryptoxanthin, lutein,
violaxanthin, neoxanthin,
.. neochrome, luteoxanthin,
Malphigia . .
Lo acerola [3-karoten 0.1-0.8 FW auroxanthin, antheraxanthin, [129]
punicifolia .
mutatoxanthin,
-cryptoxanthin-5,8-epoxide,
-cryptoxanthin-5,6-epoxide
Blakeslea trispora filamentous -carotene, 3-zeacarotene
grown with funeus [-carotene 3000 DW ;/co one ’ ’ [130,131]
3-ionone addition 8 yeop
B-cryptoxanthin: antioxidant, anti-obesity, anti-inflammatory, anti-osteoporosis, and anticancer [125]
Citrus spp. orange B-cryptoxanthin 0.7 FW «-carotene, [3-carotene, lutein [127]
{3-carotene, lycopene zeaxanthin,
Diospyros kaki persimmon B-cryptoxanthin ~ 0.06-0.9 FW lutein, «-carotene, neoxanthin; [132]
violaxanthin
Lycopene: antioxidant, anticancer, anti-inflammatory, neuroprotective, hepatoprotective, antiproliferative, anti-obesity, [125]
and anti-diabetic; enhances immunity and cognition; protects bones; and protects against skin disorders
Solanum tomato lycopene 4.5 FW, 46 DW lutein, (3-carotene [126,133]
lycopersicum
Citrullus lanatus watermelon lycopene 1.6-3.5FW a-carotene, B-cfarotenfe, [133]
-cryptoxanthin, lutein, lycopene
. «-Carotene, 3-Carotene,
Carica papaya papaya lycopene 1.8-4.2 FW B-cryptoxanthin [133]
phytofluene, 3-carotene,
L . y-carotene, 3-cryptoxanthin,
2-7. . . . . ,13
Psidium guajava guava lycopene 3.2-7.0 FW rubixanthin, cryptoflavin, lutein, [133,134]
neochrome
Momordica
. . i - 3
cochinchinensis gac fruit lycopene 164 FW [-carotene [126,133]
Momort‘ilca bitter melon lycopene 27.3 FW Z?axanthm., B-cryptoxanthin, [133,135]
charantia violaxanthin
Zeaxanthin: antioxidant, anti-inflammatory, neuroprotective, hepatoprotective, immunomodulation, and anti-cancer; [125]
improves skin conditions
Capsicum annuum red paprika zeaxanthin 89-151 DW lutein [133]
Astaxanthin: antioxidant, anti-skin cancer, anti-inflammatory, anti-gastric, anti-hepatoprotective, and anti-diabetes; [136]
protection from UV rays; cardiovascular prevention; immune response; neuroprotection
Haematococcus
P lu'v za{zs, Chlorella green microalga astaxanthin 3900-5000 DW B-carotene, canthaxanthin, lutein ~ [137]
zofingiensis,
Chlorococcum sp.
y-carotene, phoenicoxanthin,
Phaffia rhodozyma yeast astaxanthin 38.4-720 DW -zeacarotene, (3-carotene, [138]
torulene, torularhodin
Fucoxanthin: reduces oxidative stress, inhibits the proliferation of a variety of cancer cells, promotes weight loss, acts
as an antioxidant and anti-inflammatory agent, has anti-fibrotic activity, and interacts with the intestinal flora to [139]
protect intestinal health
Sargassum binderi brown seaweed fucoxanthin 740 DW B._ Carotene', neoxanthin, [140]
violaxanthin
Crocin: anti-inflammatory, anti-depressant, anti-cancer, anti-hypertensive, anti-atherosclerotic, and anti-platelet
aggregation; protects against oxidative damage to brain vasculature, renal tissues, nephrons, the heart, and the retina; [141]
protects against neurodegenerative disorders such as epilepsy, Parkinson’s, and Alzheimer’s
Crocus sativus saffron crocin 30-1100 DW crocetin, (3-carotene, zeaxanthin [128,142]
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Table 1. Cont.
Main .
Natural Source Common Name . Amount Other Carotenoids Ref.
Carotenoids
Lutein: antioxidant, anti-inflammatory, autophagy, neuroprotective, photoprotective, hepatoprotective, [125]
immunomodulation, and anti-carcinogenic
Lactuca sativa lettuce lutein 1.25-23 FW B-carotene violaxanthin, [127,133]
lactucaxanthin
Brassica oleracea broccoli lutein 2.6-10.5 FW B.- carotene', neoxanthin, [128]
violaxanthin
Oryza sativa black rice lutein 0.714 FW zeaxanthin, lycopene and [133]
3-carotene
Curcubita spp. pumpkin lutein 3.3-38 FW [-carotene, lycopene, zeaxanthin ~ [128]
Spinacia oleracea spinach lutein 6.3 FW 3-carotene [127]
Zea mays sweetcorn lutein 0.5 FW zeaxanthin, a-carotene, [127]
3-carotene

There are over a thousand identified natural carotenoids, which can be categorized into
carotenes with a hydrocarbon structure and xanthophylls, which have additional functional
groups such as -OH, =CO, -CHO, -COOH, and others [143]. Carotenoids play a crucial
role in protecting plants from damage caused by absorbing excess solar energy [144,145].

Carotenoids can absorb highly energetic blue/green light due to the presence of
chromophore groups, expanding the absorption ability of plant pigments to the range of
330-1100 nm.

Humans obtain carotenoids from their diet. To improve the body’s absorption of
carotenoids, it is important to properly prepare food in a way that breaks down cell walls,
ideally by cooking it at a high temperature [146,147]. After being absorbed by the in-
testinal mucosa, they form complexes with proteins [148] or very-low-density lipoproteins
(VLDLs) [149,150] and in this form, circulate throughout the body. That is why lutein, zeax-
anthin, lycopene, a-carotene, 3-carotene, and 3-cryptoxanthin can be found in blood, brain
tissue, or skin [51,151]. Lutein is the primary carotenoid present in the macula and brain.
Carotenoids accumulate in the skin, providing protection against peroxide and free oxygen
radicals (ROS) generated by exposure to ultraviolet (UV) radiation [152,153]. Numerous
studies have shown that carotenoids protect against oxidative stress by inhibiting lipid per-
oxidation and DNA damage [154]. The photoprotective properties of carotenoids have been
extensively studied both in vivo and in vitro [143]. Lycopene is believed to have the strongest
photoprotective effect [153]. However, caution should be exercised when using carotenoid
dietary supplements, as high levels of carotenoids can have a pro-oxidant effect by forming
carotenoid radical cations (CAR®**), which can alter the structure and function of proteins [155].
Additionally, the excessive supplementation of beta-carotene has been associated with an
increased risk of lung cancer [156].

There is evidence suggesting that carotenoids, due to their anti-inflammatory and
antioxidant properties, may help prevent Alzheimer’s disease (AD) and cognitive decline.
Long-term studies have shown that consuming carotenoids in the diet may protect memory
and cognitive functions [157-160]. For instance, a 5-year prospective study involving 960
participants found a link between consuming lutein/zeaxanthin and (3-carotene and a
reduction in cognitive dysfunction [158]. Another study, part of the Memory and Ag-
ing Project (MAP) and initiated in 1997, examined the relationship between cognitive
decline and long-term dietary carotenoid intake, including 3-carotene, x-carotene, lutein-
zeaxanthin, lycopene, and (3-cryptoxanthin [161]. Participants obtained carotenoids from
processed tomatoes, carrots, sweet potatoes, pumpkin, and dark green vegetables like kale
and spinach. During the 2004-2018 observation period, 237 cases of AD were recorded.
Participants with the highest carotenoid intake (24.8 mg/day) had a 48% lower probability
of developing AD compared to those with the lowest intake (6.7 mg/day) (HR: 0.52; 95%
CI: 0.33, 0.81; p-trend < 0.01). The study suggests a beneficial role of carotenoid intake,
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particularly lutein/zeaxanthin, in reducing the incidence of AD. Deceased participants who
consumed more lutein/zeaxanthin and lycopene exhibited a lower level of AD neuropathol-
ogy, such as amyloid plaque severity and neurofibrillary tangle density. Additionally, a
higher carotenoid intake was found to be more effective in counteracting AD in men than
in women (p = 0.02) [161].

Other long-term observations support the improvement of cognitive functions in AD
with the consumption of lutein [157] and 3-carotene [158]. Furthermore, supplementation
with B-carotene, lutein, or lutein zeaxanthin has been shown to improve cognitive function
in randomized, placebo-controlled trials [162,163].

The mechanism of neuroprotective effects of carotenoids is still under investigation. It
is known that due to the conjugated double bond system, carotenoids possess antioxidant
properties by stabilizing free radicals. Based on the molecular docking analysis of five
carotenoids (cryptocapsin, lutein, fucoxanthin, astaxanthin, and bixin) to different forms
of A3 42 and A 40 fibrils, Lakey-Beitia et al. [38] revealed the existence of interactions
between carotenoids and A via hydrogen bonds and van der Waals interactions, through
which carotenoids can inhibit the aggregation and disaggregation of A3. The proposed
mechanism includes the blocking of AR peptide self-aggregation by the length (long
polyene chain) and configuration of the compound (carotenoids in trans conformation,
which increases their contact with A peptide, oriented perpendicularly to A3 peptide)
and interactions of hydroxyl groups with A peptide/fibril through hydrogen bonding
and m—t interactions. The tested carotenoids interacted through van der Waals interactions
with Ala21, Ile32, Gly33, Gly38, and Val39 residues and through the formation of hydrogen
bonds with Glu22, Val24, Gly25, Asp23, Ser26, Lys28, and Leu34 residues of A peptide.
The binding strength, and consequently the ability to inhibit A3 aggregation, depended on
the configuration of hydroxyl groups and the presence of epoxy, allene, and ketone groups
in the molecule. In the study, lutein was observed to be the most potent carotenoid against
Ap aggregation, due to its interactions with residues 20-28 of the A peptide, which are
essential for oligomerization. In each simulation, lutein showed the lowest CDOCKER
energy, which is associated with a stronger interaction [38].

4.1. Carotens
4.1.1. Lycopene

Lycopene (Figure 2) is a red carotenoid that belongs to carotenes and is commonly
found in fruits and vegetables. Tomatoes are a particularly rich source of lycopene. Ly-
copene exhibits neuroprotective, anti-inflammatory, and memory-improving antioxidant
properties [164]. It has also been shown to have antihypertensive, cardioprotective, and
anticancer effects. The recommended daily intake of lycopene is 5-10 mg [165]. Studies
in animal models have not revealed any adverse effects from the ingestion of 3 g/kg per
day [166,167]. Numerous reports suggest the potential use of lycopene in the treatment
of AD [98,164-180] and other neurodegenerative diseases [181,182]. This is due to its an-
tioxidant and anti-apoptotic activities [183,184], which help eliminate damage caused by
Ap [98,174] and enhance cognitive function [185,186].

CHs CHa CHj CHa
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Figure 2. Chemical structure of lycopene-KEGG compound: C05432 [115].

From a chemical standpoint, lycopene is a lipophilic hydrocarbon with a high number
of conjugated dienes [187]. Given its lipophilic nature, it is recommended to consume ly-
copene with fat to enhance its absorption [188]. Lycopene accumulates in various tissues in
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the human body, including the liver, lungs, prostate, colon, and skin, with its concentration

being the highest compared to other carotenoids [189].

According to a Norwegian study involving 261 participants across two age groups,
the concentration of lycopene in plasma is about 0.78 pM [190]. Another study reports the
concentration of lycopene in human serum to be approximately 0.5 uM [191]. In patients
with AD, plasma lycopene levels, similar to other antioxidants (lutein, alpha-carotene, and
beta-carotene), decreased compared to controls [192] in contrast to the increase in levels
of 8-hydroxy-2’-deoxyguanosine (8-OHdG), a marker of oxidative damage to DNA, in
peripheral lymphocytes [193]. These results indicate that AD patients have an increased
state of oxidative stress with a low antioxidant status. Lycopene is capable of crossing the
blood-brain barrier (BBB) into the central nervous system, making it a potential treatment
option for neurological dysfunctions [194,195]. Many studies on the use of lycopene in
neurodegenerative disorders have demonstrated its neuroprotective activity in the central
nervous system (CNS) and improvements in cognitive performance [164,196-199]. Possible
components of the neuroprotective effect of lycopene in AD are summarized in Figure 3.

Actions Observations

» inhibition of tau protein phosphorylation ¥'ameliorate learningand memory dysfunction

¥improving cognitive function ¥'amelioration of morphological alteration,
mPTP opening, cytochrome c release,
MMP depolarization, caspase-3 activation,

Bax/Bcl-2 imbalance, mitochondrial DNA damage

Finhibition of oxidative stress

Freverse AB accumulation

¥'ROS production decrease
*MDA decrease, GSH-Px increase

¥ APP/BACE1 decrease

¥reduction of the expression of Nucling

#reduction of mitochondrial dysfunction

¥'suppression of NF-kB activation
sdecrease in pro-inflammatory cytokines:
sTNF-q, IL-1B, IL-6

#inhibition of pro-inflammatory response in microglia

Figure 3. The neuroprotective effect of lycopene in Alzheimer’s disease (AD) models. Abbrevia-
tions: mitochondrial permeability transition pore (mPTP), reactive oxidative species (ROS), mito-
chondria membrane potential (MMP), nuclear factor-«B (NF-kB), and amyloid precursor protein
(APP)/amyloid precursor protein lyase 1 (BACE1). Malondialdehyde (MDA) decreases and glu-
tathione peroxidase (GSH-Px) increases. Antiapoptotic Bcl-2 (the B-cell lymphoma-2) protein family
is involved in the control of intracellular Ca®* signaling. A high level of Bax/Bcl-2 is associated with

greater vulnerability to apoptotic activation.

Surprisingly, a systematic review and meta-analysis published in 2021 in J. Alzheimers
Dis. [200] regarding the relationship between the level of carotenoids in plasma/serum and
the occurrence of Alzheimer’s disease did not confirm significant differences in the level of
lycopene between the study group and the control group (SMD = —0.12, 95% CI: —0.96
to 0.72, p = 0.78), even though the authors included 16 studies involving approximately

10,000 participants.

Improving the bioavailability of lycopene can be achieved by administering it orally
in the form of lycopene micro-/nano-emulsion (LME). This form of the drug not only
improves its bioavailability but also reduces its elimination rate [201]. In the study by
Ning et al. [202] from 2021, the effectiveness of such a preparation was tested using a rat
model of AD induced by Ap. The study found an improvement in learning ability, an
increased expression of proteins related to the Wnt/ 3-catenin pathway, and the promotion

of neurogenesis in the DG and SVZ regions of the hippocampus.
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The mechanisms responsible for the effects of lycopene are still being investigated
mostly using animal models or cell lines. The neuroprotective effect is believed to be the
result of restoring the activity of mitochondrial enzymes and eliminating oxidative stress,
as lycopene is considered to be one of the most potent ROS scavengers [197,203].

The inhibition of oxidative stress and the alleviation of AD symptoms by lycopene
has been confirmed in rodents [204,205]. Studies have been conducted on tau transgenic
mice with the P301L mutation [196]. These P301L mice show AD-related memory deficits
and an increase in MDA, a decrease in serum GSH-Px activity, and an increase in tau
phosphorylation at Thr231/Ser235, Ser262, and Ser396 in the brain.

Yu et al. [196] show that lycopene supplementation for 8 weeks (5 mg/kg) reversed
these trends. Other authors also confirm the reduction in memory deficits, mitochondrial
oxidative stress, and neuronal damage in AB1-42-exposed rats by lycopene [173,206,207].
Moreover, Hsiao et al. proved the effectiveness of lycopene in focal cerebral ischemia in
rats [208].

The pro-inflammatory response in microglia induced by Af3, which plays a role in
the pathogenesis of AD, is also inhibited by lycopene. The neuroprotective effects of
lycopene are mediated by the activation of microglia, the adenosine 5'-monophosphate-
activated protein kinase (AMPK), peroxisome proliferator-activated receptor vy (PPARY),
and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (Akt) signal-
ing [179,209]. Liu et al. [178] conducted a study in rats that showed that lycopene had
a protective effect on 3-amyloid-induced inflammatory responses in the choroid plexus.
After intragastric lycopene supplementation for 21 days (5 mg/kg), cognitive functions
improved in the study group and the cytokine profiles of tumor necrosis factor-o (TNF-cx),
interleukin-1p (IL-1B), and IL-6 were reduced in serum, and the inhibition of nuclear
factor-xB (NF-«B) p65 and TLR4 activation in the choroid plexus occurred. The inhibition
of the inflammatory response in the CNS and repair of learning and memory deficits as a
result of 2 weeks of lycopene treatment was demonstrated in an in vivo study using rats
exposed to A3 1-42 [176].

Lycopene supplementation (5 mg/kg, 21 days) reduced caspase-3 activation, which
was induced by Af 1-42 injection in rats [175]. In another study by Wang et al. [98], ap-
proximately one month of treatment with lycopene at a ten times higher dose of 50 mg/kg
prevented LPS-induced neuroinflammation and oxidative stress and reversed the accumu-
lation of A3. Lycopene caused the increase in APP/BACEI in the LPS-induced amyloido-
genesis model in mice [98]. The effect of lycopene was also observed in vitro in cultured rat
cerebral cortex neurons [173,174]. Lycopene was confirmed to reduce Af-induced neuronal
damage by mitigating mitochondrial-related pathogenesis. Hwang et al. [170] proved that
lycopene inhibited amyloid-B-induced changes in human neuroblastoma (SH-SY5Y) cells
by reducing apoptotic responses in the form of an increase in the Bax/Bcl-2 ratio, caspase-3
activation, and p53 expression.

Fang et al. investigated the effect of lycopene on a cellular model of AD overexpressing
AP [169]. The effect of lycopene was to activate the PI3K/Akt/Nrf2 signaling pathway
and reduce BACE expression in M146L cells. Lim et al. [171] proved that lycopene inhibits
apoptosis in calcineurin 1 (RCAN1)-overexpressing neuronal cells on chromosome 21 that
are involved in the process of learning and memory [210,211]. The overexpression of the
regulator of RCAN1 and oxidative stress cause neuronal impairment by a pro-apoptotic
effect and may be a precursor of early AD [212,213].

One of the therapies for AD is the use of neural stem cells (NSCs) by secreting neu-
rotrophic and immune-system-modulating factors and initiating cell turnover as precursors
of neurons, astrocytes, and oligodendrocytes [214,215]. Huang et al. [172] showed that
NSCs treated with lycopene secrete trophic factors (nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), and vascular endothelial growth factor (VEGF)) and
reduce oxidative damage to neurons exposed to tert-butyl hydroperoxide (t-OHS). The anti-
apoptotic effect was caused by the inhibition of the expression of Bax/Bcl-2, cytochrome C,
and cleaved caspase-3.
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4.1.2. B-Carotene

Alpha- (x-carotene) and beta-carotene ([3-carotene) (Figure 4) are secondary metabo-
lites synthesized by plants. These are carotene linear C40 hydrocarbons with a chain of
conjugated double bonds. C-6’ in a-carotene between the e-end group and the conjugated
double bonds is chiral, that is why all of a-carotene and its derivatives are (6'R) and (6'S)
types. However, Shinichi Takaichi et al. [216], who examined the C-6 chirality of naturally
occurring x-carotene in 40 species using circular dichroism or nuclear magnetic resonance
spectra, found they only had the (6'R) type.

CO5433

CoZ094

Figure 4. Chemical structures of x-carotene: KEGG Compound: C05433 (top), 3-carotene-KEGG
compound: C02094 (bottom) [115].

a-carotene is abundant in carrot, orange, papaya, banana, and apricot, and {3-carotene
is found in carrot, lettuce, grapefruit, apricot, and broccoli [217]. 3-carotene has an antiox-
idant effect by suppressing singlet oxygen and lipid peroxides [156,218]. In addition to
[3-carotene, its metabolites [219,220], i.e., active vitamin A compounds (ATRA), participate
in changes in gene expression. ATRAs are formed as a result of the cleavage of (3-carotene
with the participation of 3-carotene oxidase 1 (BCO1) at the central 15, 15” double bondand
BCO2 at eccentric double bonds [221]. Retinoic acid (RA) interacts with nuclear receptors,
e.g., retinoic acid receptor (RAR) and retinoid X receptor (RXR) [222]. Transcription factors
such as NF-kB and nuclear erythrocyte factor 2-related factor 2 (Nrf2) also participate in
[3-carotene-mediated signaling [223]. Metabolites act as ligands for nuclear receptors. In
this way, they are involved in the regulation of metabolic pathways, including lipidation, in-
flammation, and blood-brain barrier (BBB) integrity. Thanks to their influence on synaptic
plasticity, they are involved in the regulation of cognitive function [224].

[3-carotene is transformed into vitamin A, which is why it is often referred to as provi-
tamin A. The metabolic conversion of [3-carotene determines further retinoid-mediated
signaling [223,225]. Vitamin A, apart from being involved in cell differentiation, regulating
lipid metabolism and immune functions, is essential in the process of vision and regulating
cognitive functions. The effects of 3-carotene, as a precursor of vitamin A, on cognitive
functions were summarized in a recent review by Wotoszynowska-Fraser in 2020 [226].
[3-carotene is metabolized locally via retinol to retinoic acid in the hippocampus, an area
where cognitive functions are impaired in early AD [227-229]. It has been shown in an-
imal models that the role of retinoic acid in the hippocampus includes the induction of
neurogenesis [230,231] and the correction of spatial memory deficits [232-235]. Moreover,
vitamin A deficiency causes a reduction in hippocampal volume and the deposition of
amyloid-f3 [236,237]. The biomarker used to assess the status of vitamin A in the body is
the determination of retinol levels. Patients with AD not only have lower retinol concentra-
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tions [238], but also often lower concentrations of the retinol transport protein, RBP4, in
their cerebrospinal fluid in the presence of inflammation [239-241].

Another active metabolite of vitamin A, retinoic acid (RA), is also a potent signaling
molecule that plays a role in AD [242] by preventing neurodegeneration [243,244]. However,
RA occurs in plasma at very low pmol/mL levels [245], in the form of several endogenous
isomers, i.e., all-trans-RA, 9-cis-RA, 13-cis-RA, and 9,13-di-cis-RA; therefore, it is not often
examined. Post-mortem studies have revealed retinoic acid receptor deficiency in people
with AD [236]. Retinoic acid (RA)’ key isomers 9-cis RA (9CRA) and all-trans RA (ATRA)
are ligands for the retinoic acid receptor (RAR). Additionally, 9CRA isomer is a ligand
for another receptor, namely, retinoid X receptor (RXR) [246]. The synthetic RXR agonist
bexarotene has been shown to improve the symptoms of Alzheimer’s disease [247-249].
9-cis 3-carotene (9CBC), which occurs mainly in the alga Dunaliella bardawil, is, like
bexarotene, an RXR agonist, but unlike bexarotene, it is not cytotoxic [250,251]. The RXR
heterodimer, together with another nuclear receptor RAR, is expressed in AD-prone regions
mainly the basal forebrain and hippocampus, and their stimulation has several beneficial
effects such as reducing neurodegeneration and promoting A3 phagocytosis [252].

A study report on the effects of 3-carotene on cognitive function and verbal memory,
conducted by the Physicians’ Health Study, shows that the earlier age of (3-carotene sup-
plementation/or the longer duration of supplementation may provide cognitive benefits.
The study, which lasted for 18 years, involved over 4000 participants over 56 years of age.
The report also shows that annual 3-carotene supplementation is not sufficient to improve
global performance or verbal memory [160]. Similar results were found in the Nurse’s
Health Study [238]. In case of low vitamin A intake, the use of supplementation improves
cognitive function [253,254]. The concentration of 3-carotene in the blood not only is posi-
tively correlated with telomere length and telomerase activity [255,256], but also reduces
the risk of cognitive decline with age and the occurrence of Alzheimer’s disease [257].

A cross-sectional study [258] involving about two thousand participants reported
improvements in cognitive function in a series of tests such as the Consortium to Estab-
lish Registry for Alzheimer’s disease (CERAD W-L), Animal Fluency Test (AFT), and
Digit Symbol Substitution Test (DSST) after an x-carotene intake > 1379.5 mcg/d or a
(-carotene intake > 7876 mcg/d). Also, a randomized controlled intervention known as the
Mediterranean-DASH Intervention for Neurodegenerative Delay (MIND) (NCT02817074)
confirmed that high plasma «-carotene concentrations are associated with better global
cognition [259]. The study involved participants aged 65-84 years at risk of AD. The
average plasma concentrations of o-carotene and B-carotene were 349.0 ug L~! and
134.9 ug L1, respectively. The study found that high plasma «-carotene levels were associ-
ated with a higher global cognitive score (p = 0.001). The global cognitive score improved
successively as the plasma a-carotene concentration increased from 34.9 to 155.8 pug L1
(p = 0.002). However, no statistically significant relationship was found between 3-carotene
and global cognition.

Some authors postulate that the levels of x-carotene and (3-carotene in the blood
can be considered AD biomarkers, due to the fact that they are significantly reduced in
AD [256,260-262]. Patients with reduced plasma (3-carotene levels also show an increase
in the levels of A} 1-42 and tau protein in their cerebrospinal fluid (CSF) [263]. However,
the results presented by other authors on the levels of x-carotene, 3-carotene, lycopene,
and p-cryptoxanthin in people with AD compared to controls contradicted this; therefore,
the use of carotenoids as AD biomarkers seems controversial [200,264,265]. The benefits of
using [3-carotene as a supplement in the prevention of AD are also controversial, as shown
by a systematic review of the literature [266].

A case-cohort study by Koch et al. [265] did not confirm that plasma 3-carotene and
o-carotene were statistically significantly associated with AD, dementia risk, or cognitive
decline. Surprisingly, trends toward a greater AD risk were observed with higher plasma
levels of trans-p-carotene and o-carotene. Similar results were reported by Engelhart
et al. [267] and the 2008 Nurses” Health Study [268] regarding the association of plasma
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retinol with the incidence of AD. It should be noted that in the study by Hu et al. [257], the
beneficial effect of 3-carotene in improving cognitive functions was observed only among
carriers of apolipoprotein E 4 alleles (APOE ¢4).

In Wang et al.’s study [269], cognitive performance and reaction time are associated
only with selenium levels (OR 1.047, 95% CI 1.005 to 1.091, p = 0.028) in contrast to other
antioxidants, such as vitamin A, vitamin C, zinc, 3-carotene, and urate.

The pathogenesis and therapeutic strategies of AD are also studied in animal mod-
els [270,271]. For this purpose, transgenic mouse models are used with mutations in the
APP, PSEN1, or PSEN2 genes identified as the cause of early-onset AD, which affects at
most 1% of patients [272-274]. Late sporadic AD, which occurs after the age of 60 years
and is induced by various risk factors related to lifestyle and environmental pollution, is
difficult to reproduce in animal models [275]. Many other factors, such as differences in the
immune systems of mice and humans [276] and the reproduction of extensive neuronal
loss in mouse models [277], make it difficult to transfer results obtained in animal models
to humans. Nevertheless, studies using animal models have been carried out. An example
is the report by Hir et al. [278], who used a mouse model of streptozotocin-induced AD,
which was orally administered (-carotene at a dose of 1.02 and 2.05 mg/kg for 2 weeks.
After this time, anti-oxidative effects, the inhibition of acetylcholinesterase, and a reduction
of AP plaques were obtained. Another study is that of Twitto-Greenberg et al. [250] from
2024 using mouse models of AD, i.e., Tg2576, 5xFAD, and apoE4, which were treated
with 9-cis beta-carotene (9CBC) in the form of powder from the algae Dunaliella bar-
dawil. Thanks to such supplementation, improvements in long- and short-term memory,
as well as reductions in A plaques, tau hyperphosphorylation, and neuroinflammation
were achieved.

The finding that higher serum (-carotene levels result in higher 3-carotene-dependent
signaling is partially disputed. There are other autoregulatory mechanisms in (3-carotene/
retinoid-dependent signaling [223]. Vitamin A status is thought to regulate the absorption
and cleavage of -carotene. If vitamin A intake is low, the uptake and conversion of
[3-carotene increases. In turn, hypervitaminosis A inhibits the conversion of carotenoids to
retinal [279,280].

4.2. Xanthophyll Carotenoids

Lutein and zeaxanthin are xanthophyll carotenoid pigments that are structural isomers
that differ in the position of one double bond (Figure 5). The position of the double bond in
lutein causes the greater reactivity of the allylic hydroxyl end group compared to zeaxanthin,
in which the double bond extends the system of conjugated double bonds. Thanks to the
hydroxyl group, xanthophylls are more polar compared to carotenes, which affect ADME
(absorption, distribution, metabolism, and excretion) processes and accumulation in tissues.
Both lutein and zeaxanthin are strong scavengers of free oxygen radicals, especially singlet
oxygen, which preferentially interacts with conjugated double bonds, thanks to the system
of conjugated double bonds in its structure.

They are found in egg yolks and many fruits and vegetables that are dark green, e.g.,
spinach and lettuce. Lutein and zeaxanthin are found in the human body in the eye in
the area of the macula and are responsible for the yellow color. They strongly absorb
the highest-energy blue light, protecting the retina against damage. Their presence is
essential; therefore, they must be supplied in one’s diet to prevent age-related macular
degeneration [281-283]. However, in addition to affecting eye health, lutein may also be
important for the brain, especially proper cognitive function. According to recent studies
conducted on post-sectional brain tissues of elderly people over 70 years of age, the most
abundant xanthophylls and carotene were 3-cryptoxanthin and (-carotene [40]. However,
people with AD had significantly lower concentrations of lutein (p = 0.03), zeaxanthin
(p = 0.001), and anhydrolutein (p = 0.05). Healthy brains contained 1.5 and 2 times more
lutein and zeoxanthin. The distribution of carotenoids in different areas of the brain is also
not uniform. It turns out that the gray matter of the brain has statistically significantly
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higher concentrations of lutein and zeaxanthin compared to the white matter (p = 0.0006
and p = 0.009, respectively), and this relationship is also maintained in the course of AD.
The authors of the study warn that zeaxanthin concentrations, next to lycopene, are the
most deficient antioxidants in AD brains; therefore, the brain does not have sufficient
antioxidant, anti-inflammatory, and anti-amyloidogenic protection [40].
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Figure 5. Chemical structures of lutein: KEGG compound: C08601 (top), and zeaxathin KEGG
compound: C06098 (bottom) [115].

Lutein/zeaxanthin deficiencies in the brains of people with AD are related to diet. As
shown by the Memory and Aging Project [161], NHANESIII [264], EVA [284] studies, low
intake is associated with low plasma levels and further deficiencies in these carotenoids
in the brains of AD patients. People with higher levels of lutein/zeaxanthin have better
results in cognitive tests [285-287], and the risk of AD is reduced by up to half [161,200].
There is evidence that lutein/zeaxanthin supplementation improves brain activity in older
people [288,289]. Lutein/zeoxanthin deficiencies can be observed in the macular pigment [290].
While testing the level of carotenoids in plasma or the brain requires a multi-stage analytical
procedure, taking whole blood from a vein, the content of lutein/zeoxanthin in the macula is
assessed non-invasively based on the so-called “macular pigment optical density” (MPOD)
using heterochromatic flicker photometry (cHFP) [290]. Studies on the relationship between
MPOD and cognitive function were conducted in Ireland on a group of 4453 patients over
50 years of age [290]. The research confirmed that a lower MPOD was associated with, among
others, a poorer prospective memory (p = 0.011) but not pictorial memory. Those with lower
MPODs showed deteriorations in Montreal cognitive function (p = 0.016) and mental status
(p = 0.026) [290].

4.2.1. Lutein

Lutein, like other carotenoids, is transported after absorption in the digestive tract
by lipoproteins [291,292]. Lutein has been detected in human brain tissue. Lutein-rich
areas are those involved in cognitive functions including the cerebellum, brain bridge,
and frontal and occipital cortical regions [293-296]. Lutein levels have been shown to
be correlated with learning and memory functions [294]. Potential mechanisms for the
neuroprotective effects of lutein have been proposed, highlighting the role of reducing
oxidative stress and anti-inflammatory effects [296]. A congress in Lisbon in 2016 played a
role in better understanding the biological role of lutein [297], at which specialists including
Dr. Renzi-Hammond from the University of Georgia described AMD as “Alzheimer’s of the
eye”. It should be noted that visual abnormalities such as AMD often coexist with AD and
develop before cognitive decline occurs [298]. In turn, Professor Elizabeth Johnson, from
the Jean Mayer USDA Human Nutrition Research Center on Aging at Tufts University in
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Boston, Massachusetts, emphasized that according to her research, “the brain preferentially
takes up lutein compared to other carotenoids”.

A study by Leila Nazari et al. [299] from 2022 tested the preventive and therapeutic
effect of lutein on cognitive disorders in a rat model of Alzheimer’s disease. The authors ex-
amined spatial memory (using the Morris water maze test (MWM) and Barnes test), passive
avoidance memory and learning (using PAL tasks), and object recognition memory (using
the novel object recognition (NOR) test). In addition to behavioral tests, measurements of
the degree of lipid oxidation and serum antioxidant status were performed by determining
the levels of malondialdehyde (MDA), total oxidative status (TOS), and total antioxidant
capacity (TAC). The authors confirmed that lutein improves learning and memory and
statistically significantly reverses the increase in MDA and TOS and the decrease in TAC
observed in the AD group after the intravenous administration of Ap [299]. Blood tests
showed that MDA in the AD group was significantly higher (p < 0.01) compared to that in
the control group. After the lutein treatment, a significant decrease in MDA was observed
in the AD group (p < 0.05; F = 4.774) [299]. Also, Liu et al. confirmed the protective effect of
lutein against A(3(25-35) toxicity, probably by changing the expression of Nrf-2 and NF-kB
in the endothelium of cerebrovascular cells [300]. There are many reports that lutein, in
addition to zeoxanthin, has a positive effect on cognitive perception in older adults and
people with AD [301], whose levels of these xanthophyll carotenoids are low [284].

Based on data from the National Health and Nutrition Examination Survey and the
Centers for Medicare & Medicaid, Beydoun et al. [302] developed Cox proportional hazards
regression models to examine the association between serum levels of vitamins A, C, E,
and carotenoids and dementia in AD and other causes. Over 20 years of observations were
conducted involving approximately 7000 people. The participants showed that only serum
lutein and its structural isomer zeaxanthin levels were significantly associated with the risk
of dementia (hazard ratio (HR) 0.93; 95% CI 0.87-0.99; p = 0.037). A similar relationship was
shown between the level of 3-cryptoxanthin in serum and dementia in two age groups (HR
0.86, 95% CI 0.80-0.93, p < 0.001 for 45+; HR 0.86, 95% CI 0.80-0.93, p = 0.001 for 65+) [302].

Over the last 10 years, the Pubmed database has included six clinical trials on the
use of lutein in AD patients. A 2022, randomized, double-blind, placebo-controlled trial
demonstrated behavioral and functional benefits following one-year daily supplementation
with 1 g of fish oil (500 mg DHA, 150 mg EPA), 22 mg of carotenoids (10 mg lutein, 10 mg
mesozeaxanthin, and 2 mg zeaxanthin), and 15 mg vitamin E [303,304]. The authors of the
study emphasize that the study group recorded a decrease in the severity of AD. Statistical
significance between the groups was achieved for clinical memory parameters (p < 0.001).

Xanthophyll carotenoid supplementation is particularly effective in AD therapy when
administered together with omega-3 fatty acids. The study by Nolan et al. [305] tested
12 AD patients who were supplemented with xanthophylls for 1.5 years (lutein:meso-
zeaxanthin:zeaxanthin 10:10:2 mg/day) and 13 AD patients who received supplementation
with xanthophyll carotenoids and fish oil (lutein: meso-zeaxanthin:zeaxanthin 10:10:2
mg/day plus 1 g of fish oil (430 mg docohexaenoic acid (DHA) and 90 mg eicopentaenoic
acid (EPA))). In the second group, not only was a higher level of xanthophyll achieved
(p < 0.05), but the progression of AD was slowed (p = 0.003) in terms of memory, vision,
and mood. It is interesting that the same group of researchers in an earlier study from
2015 [295] did not find significant changes in cognitive function (p > 0.05) in AD patients
supplemented with macular carotenoids at an identical dose of 10 mg meso-zeaxanthin +
10 mg lutein + 2 mg zeaxanthin. However, it seems that the key factor in this case is the
duration of supplementation, which, in the last study, was much shorter and amounted
to only 0.5 year. This period of supplementation was only sufficient to improve serum
xanthophyll concentrations (p < 0.001), as well as visual acuity and contrast sensitivity
(p =0.039) [295].
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Similarly, no statistically significant effect of supplementation with long-chain polyun-
saturated fatty acids (LCPUFAs) (1 g) and/or lutein (10 mg)/zeaxanthin (2 mg) on cognitive
function was reported in another double-blind, randomized clinical trial [306].

Despite these inconsistencies, the Mediterranean-DASH Intervention for Neurode-
generative Delay (MIND) study clearly demonstrated that high levels of both plasma
a-carotene and lutein and zeaxanthin were positively associated with higher semantic
memory scores (the p value for this trend was 0.009) [259].

Lutein is considered the most anti-amyloidogenic carotenoid that inhibits the forma-
tion of A(3 42 fibrils. Katayama et al. believe that it is the number and configuration of
hydroxyl groups that determine its power to inhibit Ap aggregation [307]. Therefore, lutein
with two hydroxyl groups has a higher activity than, for example, 3-cryptoxanthin with one
hydroxyl group, carotenes such as (3-carotene and «-carotene, or apocarotenoid (bixin) with
a cis configuration. Studies based on molecular docking simulations [38] found that lutein
interacts with A through hydrogen bonds and van der Waals interactions, providing the
inhibition of A aggregation and amino acids which are necessary for oligomerization.
The long polyene chain of lutein in the trans configuration and perpendicular orientation,
which is longer than the A peptide, and two hydroxyl groups interacting with the polar
residues of the A peptide block the self-aggregation of the peptide.

Due to its antioxidant and anti-inflammatory properties, lutein has the potential
to protect against AD. An obstacle to its widespread use is its poor solubility, which
causes low bioavailability [308]. Dhas and Mehta [309] developed core/shell nanoparticles
(Chitosan@PLGA C/SNPs) containing lutein, chitosan and biodegradable polymers, and
poly (lactic-co-glycolic acid) (PLGA) for intranasal administration. In vitro studies showed
that the sustained-release preparation penetrates the BBB and can be efficiently delivered
by endocytosis.

4.2.2. Astaxanthin

Astaxanthin (Figure 6) is a xanthophyll carotenoid with antioxidative and anti-inflammatory
effects, occurring naturally in seafood and marine algae such as the algae Haematococcus
pluvialis. Astaxanthin is absorbed in the small intestine and reaches the brain by crossing the
BBB [310]. Astaxanthin uses all lipoprotein densities for transport [311]. The effect of astaxanthin
on brain function has been analyzed in humans and animal models, mainly rodents [312,313].

CoB580

Figure 6. Chemical structures of astaxanthin-KEGG compound: C08580 [115].

Various doses of astaxanthin have been tested in clinical trials, ranging from 2 mg to 12 mg
daily (Table 2). Studies have tested various properties of astaxanthin to lower LDL cholesterol
levels and to help fight atherosclerosis, hypertension, cancer, and diabetes [120,314-317].
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Table 2. Astaxanthin’s cognitive benefits in humans.

Trial Dose Population Treatment Period = Accompanying Substances Ref.
. . 104 patients with Bacopa, phosphatidylserine
clinical trial 2 mg/day p MCI 2 months P arI: d Vigmin ]2:] [318]
lq t(})llde{)'adll.lts astaxanthin-rich
clinical trial 12 mg/day wi mselrlni) E:; e 12 weeks Haematococcus pluvialis [319]
complaints extract
double-blind 96 older people astaxantion-rich
randomized 6 or 12 mg/day with for e}t)fulﬁess 12 weeks Haematococcus pluvialis [320]
controlled trial & extract
sesamin (10 mg/day,
double-blind 21 people with derived from Sesamum
randomized 6 mg/day P Iv? Cl 12 weeks indicum); astaxanthin-rich [321]
controlled trial Haematococcus pluvialis
extract
double-blind 54 middle-aced astaxanthin-rich extract
randomized 8 mg/day adults (aged 4§_ 64) 8 weeks derived from Paracoccus [322]
controlled trial & carotinifaciens
ézzﬁferf‘gﬁi‘i{ 30 adults (15 men
! 6 or 12 mg/day and 15 women) 12 weeks - [323]

placebo-controlled

human trial aged 50-69

Clinical and preclinical studies conducted in humans mostly confirm that astaxan-
thin prevents dementia and cognitive aging [120]. However, although improvements are
observed on various measurement scales, such as the ADAS-Cog scale, the studies either
lack a control sample [318], observe only slight improvements in memory, reaction time,
and delayed recall [319], or involve too few study groups [320]. In turn, in the study by
Katagiri et al. [320], memory improvements are visible compared to the baseline but not to
the control group.

There are also studies [231] reporting no significant improvement in cognitive func-
tions compared to a placebo group [321,322] or reporting improvements observed in
memory tests in people under 55 years of age treated with astaxanthin as opposed to older
people [322].

Another study [323] was conducted on healthy elderly people. The authors measured
the level of phospholipid hydroperoxides (PLOOH) in erythrocytes, a specific marker of
oxidative damage to the cell membrane. The results confirmed that astaxanthin supplemen-
tation reduced PLOOH levels. The same group of researchers in a subsequent study [324]
hypothesized that 3-amyloid peptide (Af) impairs the ability of red blood cells (RBCs)
to transport oxygen to the brain and examined the levels of Af340 and A342 in red blood
cells and blood plasma. The A concentration in RBCs determined by an ELISA was
5.32 + 0.21 pmol/g hemoglobin and 2.09 £ 0.06 pmol/g hemoglobin for Af340 and A{342,
respectively, and increased with age. Af levels in red blood cells were approximately
eight and fourteen times higher than in plasma for A40 and Ap42, respectively. It was
shown that after supplementation with astaxanthin at a dose of 12 mg/day for 12 weeks,
there was a reduction in A3 concentration in red blood cells. Unfortunately, astaxanthin
supplementation had no effect on plasma A{340 and A {342 levels [324].

The effectiveness of astaxanthin against dementia or MClI is controversial [325]. The
significant improvement in cognitive function observed in many studies thanks to astax-
anthin supplementation is the driving force for further attempts. Few studies concern
combined supplementation with an additional ingredient, e.g., sesamine, which, among
other things, protects astaxanthin against immediate degradation [321]. Bhatt et al. pre-
pared astaxanthin solid lipid nanoparticles, which showed strong neuroprotective effects
in neuronal cell lines after intranasal administration [326].
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The beneficial effect of astaxanthin on cognitive deficits and memory improvements
was also tested in animal models. Zhang et al. [327] administered different doses of
Haematococcus pluvialis algae powder (0, 0.26, 1.3, and 6.4 mg/kg body weight) to
BALB/c mice for 30 days. The mice were tested in the Morris water maze. Experimental
results show that a preparation containing astaxanthin can help improve memory in a
dose-dependent manner.

Komaki et al. [328] checked how selected antioxidants, i.e., vitamins C and E, and
600 mg/kg astaxanthin can eliminate the adverse effects of a high-fat diet (HFD), which
induces oxidative stress. Wistar rats were tested for passive avoidance learning (PAL) using
a shuttle apparatus. After half a year of following the diet, the results revealed that the
supplementation effectively prevented the PAL impairment that was caused by the HFD.

The authors of the research indicate that astaxanthin is responsible for anti-inflammatory
[329-331] and antioxidant effects [332-336]. The anti-inflammatory effect of astaxanthin is
due to its ability to inhibit the nuclear translocation of NF-kB and to reduce the expression of
TNF-a in the hippocampus and frontal cortex [330]. Astaxanthin protects against oxidative
damage by modulating the intracellular Keap1-Nrf2 pathway and activating the nuclear
transcription factor of erythroid type 2-Nrf2, which is one of the key elements of the cell’s
response to oxidative stress [336].

The neuroprotective and memory-enhancing effects of astaxanthin were confirmed
in a rat model induced by the potent neurotoxin doxorubicin (DOX) [337]. Astaxanthin
at a dose of 25 mg/kg showed a protective effect against induced cognitive disorders.
An improvement in the structure of the hippocampus, a reduction in acetylcholinesterase
activity, and a weakening of neuronal apoptosis were observed [337].

Studies in mouse models of traumatic brain injury (TBI), as well as cerebral is-
chemia/strokes and subarachnoid hemorrhage (SAH) are promising [338]. The oral admin-
istration of astaxanthin at a dose of 25 or 75 mg/kg for a month resulted in improvements
in, among others, cognitive function (measured using the object recognition test and the
Y-maze test) [338]. Astaxanthin reduced neuronal loss and affected the levels of brain-
derived neurotrophic factor (BDNF), growth-associated protein-43 (GAP-43), synapsin, and
synaptophysin (SYP) [338]. Also, in the case of cerebral ischemia/reperfusion, astaxanthin
at a dose of 10 mg/kg/day was effective in eliminating memory deficits [339], thanks to the
improvement in antioxidant potential. The attenuation of oxidative stress by astaxanthin is
demonstrated by reduced malondialdehyde levels, an increase in the levels of the endoge-
nous antioxidants, reduced glutathione and superoxide dismutase in the hippocampus, a
decrease in the expression of cytochrome C (Cyt C), cleaved caspase-3, and Bax, and an
increase in the expression of Bcl-2 [339].

Wen et al. [340] were the first to provide evidence that astaxanthin may be helpful
in the treatment of AD because it protects against glutamate-induced cytotoxicity. The
neuroprotective effects of astaxanthin were mediated by Akt/glycogen synthase kinase-33
(GSK-3p) signaling in HT22 cells of the HT-22 mouse hippocampal neuronal cell line,
attenuating caspase activation and mitochondrial dysfunction [340].

4.2.3. Fucoxanthin

Fucoxanthin (Figure 7) occurs in the chloroplasts of brown algae [341]. Reports show
that fucoxanthin has neuroprotective effects in AD [42,342-344]. Unfortunately, the first
preclinical and clinical studies confirmed low toxicity but also low bioavailability in the CNS.
Fucoxanthin in the form of nanoparticles overcomes this problem. The intravenous injection
of nanoparticles improves cognitive functions in AD mice and inhibits the formation of
amyloid-f fibrils and oligomers [345].
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Figure 7. Chemical structure of fucoxanthin—-KEGG compound: C08596 [115].

Although fucoxanthin’s strong antioxidant and anti-inflammatory properties have
been confirmed, it is a relatively poorly researched carotenoid. The antioxidant activity
of fucoxanthin and its metabolites, especially against hydroxyl radicals, is many times
stronger than that of x-tocopherol [346]. Metabolic studies are mainly performed in in vivo
mouse and rat models [347-349]. The BBB penetration and effectiveness of fucoxanthin in
reversing brain damage were confirmed in a study in animals with middle cerebral artery
occlusion (MCAO) [350]. It has been noted that in cases of neurodegeneration and ischemia,
fucoxanthin restores cognitive and motor functions [178,191,204].

Several studies have confirmed the anti-apoptotic effect of fucoxanthin [351] as a
result of an increase in Bcl-2 abundance and a reduction in Bax activity, cytochrome ¢, and
caspase 3 release [350,352]. Fucoxanthin provides neuroprotection by activating the Nrf2
transcription factor and the PI3K/ Akt pathway involved in the regulation of antioxidant
genes [353,354].

Studies based on computational structure and molecular docking simulations revealed
that fucoxanthin binds through hydrogen bonds and van der Waals interactions with
residues 1620, 24-28, and 33-37 to the A} peptide and inhibits aggregation and the
formation of pathological A3 fibrils [38]. However, this activity is lower compared to lutein,
bixin, cryptocapsin, and astaxanthin, mainly because fucoxanthin possesses hydroxyl
groups in other positions, but also because of other groups that could influence activity,
such as an epoxide group or an allene group [38].

4.2.4. 3-Cryptoxanthin

B-Cryptoxanthin (Figure 8) belongs to the xanthophyll group with one hydroxyl
group molecule and 11 conjugated double bonds. It can be considered as a monohydroxy
derivative of (3-carotene, albeit more polar. Similarly to other carotenoids, it occurs in
yellow-orange fruits and vegetables as free 3-cryptoxanthin and in an extrified form. The
main sources of 3-cryptoxanthin are pumpkin, persimmon, papaya, pepper, mango, apricot,
mandarin, and orange [355,356]. However, it also occurs in green leafy vegetables (cilantro,
parsley, and basil), and as well as in animal products including chicken skin, egg yolks, and
butter [357,358].
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Figure 8. Chemical structure of 3-cryptoxanthin-KEGG compound: C08591 [115].

In recent years, there has been a growing interest in 3-cryptoxanthin due to its good
bioavailability, which is higher than that of other carotenoids [359]. Similar to beta-carotene,
[-cryptoxanthin is a precursor of vitamin A and is metabolized in the body to retinol [360].
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Studies have shown that there is an inverse relationship between 3-cryptoxanthin and
the risk of many lifestyle diseases, such as cancer [361], diabetes [362], liver diseases [363],
and cognitive function [364]. It should be emphasized that the pure form of 3-cryptoxanthin
is unstable and degrades under the influence of light, heat, and oxygen [360].

In the human body, 3-cryptoxanthin occurs in human blood and tissues, and the
ester form is enzymatically hydrolyzed in the intestines with the participation of pan-
creatic lipases [365,366]. The level of B-cryptoxanthin in the blood is not constant and
depends on one’s diet. Higher levels of 3-cryptoxanthin were observed in Japanese people,
which is related to the consumption of satsuma mandarins rich in 3-cryptoxanthin [367],
approximately 1.8 mg/100 g [368].

Thanks to its chemical structure characterized by a system of conjugated double
bonds, Bcryptoxanthin has antioxidant properties and is more effective than vitamin E in
quenching singlet oxygen [369]. Studies confirm the activity of Bcryptoxanthin in reducing
the effects of oxidative stress and lipid peroxidation [370].

o-,3-cryptoxanthin is a source of vitamin A due to the fact that it has an unsubstituted
f ring, similar to «-, 3-, and y-carotene. In the body, it is enzymatically cleaved with
the help of (BCO1) and (BCO2) to retinol, retinal, and retinoic acid, which is a key factor
in neuronal differentiation [371,372] (Figure 9). Unlike 3-carotene, which splits into two
retinol molecules, 3-cryptoxanthin forms only one [369], but due to its better bioavailability,
it is considered a rich source of vitamin A [373].

B-cryptoxanthin

central BCO1 excentric| BCO2
cleavage cleavage
retinal apocarotenals
retinol retinoic acid

Figure 9. The cleavage pathways of 3-cryptoxanthin.

May A. Beydoun et al. [302] used data from studies conducted by the National Health
and Nutrition Examination Surveys, Medicare, and Medicaid to test the hypothesis whether
there is a relationship between the presence of various antioxidants in blood serum, i.e.,
vitamins A, C, and E and carotenoids, and incidents of AD and dementia among adult
patients in the USA. The study covered a period of 17 years, with over 7000 patients aged
45-90. The study showed an inverse relationship between the level of 3-cryptoxanthin in
serum and dementia regardless of age and gender (HR 0.86, 95% CI 0.80-0.93, p < 0.001
for 45+; HR 0.86, 95% CI 0.80-0.93, p = 0.001 for 65+). In addition to 3-cryptoxanthin,
similar conclusions were found for other carotenoids, such as luteins + zeaxanthins. A 2021
study [161] confirmed the existence of such a relationship, but for 3-cryptoxanthin, it was
only marginally significant. This study focused on postmortem brain AD neuropathology
and included just over 500 cases.

In a systematic review and meta-analysis by Lin Wang et al. [374], the hypothesis
was tested whether low levels of carotenoids in the blood correlate with dementia and
mild cognitive impairment. The study authors searched electronic databases such as the
Web of Science, PubMed, Embase, and the Cochrane Library and collected data published
through early 2023. Ultimately, 23 studies were included in the analysis (1 = 6610). Results
from 1422 patients with dementia, 435 patients with MCI, and 4753 controls were included.
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Based on a meta-analysis, they showed that patients with dementia have reduced levels
of carotenoids in the blood compared to controls. In addition to lycopene, x-carotene,
[3-carotene, lutein, and zeaxanthin, the level of (3-cryptoxanthin (SMD: —0.617; 95% CI:
—0.953, —0.281) was significantly negatively correlated with the examined dementia indi-
cators [374].

Human brains contain several carotenoids, most of them from the xanthophyll group.
The highest concentrations are (3-cryptoxanthin, lutein, anhydrolutein, and zeaxanthin [375].
The study by Dorey et al. [40] shows that there is no statistically significant difference
between the level of 3-cryptoxanthin not only between the gray matter and white matter
of the brain, but also between healthy people and those suffering from AD. However, the
level of retinol, which is a metabolite of both 3-cryptoxanthin and (3-carotene, is statistically
significantly (p = 0.006) lower in those with AD compared to controls. Retinol deficiency in
the gray matter of the AD brains was significant, as retinol in the AD brains represented
only 46.5% of the content of healthy brains (p = 0.003). The authors of the study detected a
very high level of an unidentified chemical compound with the spectral characteristics of
xanthophyll, which was significantly higher in the AD brains than in the controls (XMiAD;
p = 0.006) but only in the gray matter of the brain [40].

4.2.5. Crocin and Crocetin

Crocetin and crocin (digentiobiosyl ester of crocetin) (Figure 10) are carotenoid pig-
ments of saffron (Crocus sativus Linne) and gardenia fruit (Gardenia jasminoides Ellis). Apart
from the conjugated polyene chain, as in crocetin, crocin is distinguished by the presence
of sugar substitutes, which makes it soluble in water. A bright red crocin gives the stig-
matic lobes of saffron crocus flowers their red color [376]. Many previously published
studies have shown that safflower oil has antioxidant properties and supports learning
and memory [377]. Both compounds have been tested in medication for many neurological
disorders [378-381].
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Figure 10. Chemical structure of crocin-KEGG compound: C08589 [115].

When testing extracts, it should be taken into account that saffron, in addition to
crocetin and crocin, also contains conventional carotenoids such as « and (-carotene,
lycopene, and zeaxanthin, and other ingredients such as sugars, proteins, amino acids, fats,
minerals, essential oil (safranal), and bitter substances (picrocrocin) [382].

The activity of saffron extract was tested by in vitro enzymatic and molecular dock-
ing [383]. Moderate acetylcholinesterase (AChE) inhibitory activity was observed (up to
30%). However, in silico docking studies showed that safranal interacts only with the AChE
binding site, and crocetin and dimethylcrocetin bind to the catalytic sites and peripheral
anions. IC(50) values were also determined, which were 96.33, 107.1, and 21.09 uM for
crocetin, dimethylcrocetin, and safranal, respectively. Other in vitro studies have shown
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that crocin has an affinity for the N-methyl-D-aspartate (NMDA) ion channel receptor in
rat hippocampal neurons [384]. The antagonist of this NMDA receptor is, among others,
memantine, a drug used to treat cognitive deficits in AD. Crocin acts against synaptic
dysfunction by antagonizing NMDA receptors’ depression [384,385].

In the study by Nikolaos Pitsikas et al. [386], extracts of Crocus sativus L. at a dose
of 30 mg/kg and 60 mg/kg were shown to be able to antagonize memory deficits in-
duced by an amnesic (scopolamine). In the previous study, higher doses of the extract
(125-500 mg/kg) were also tested, which were effective in the object recognition test and
ethanol-induced performance deficits [387]. In a streptozocin (STZ)-induced sporadic AD
model, the administration of crocin at a dose of 30 mg/kg antagonized AD in rats [388].
In the study by Hosseinzadeh and Ziaei [389], the effect of an aqueous extract of Crocus
sativus stigma (0.0025-0.56 g/kg), safranal (0.2-0.75 mL/kg), and crocin (50 and 200 mg/kg)
on scopolamine-induced learning deficits was assessed. According to the authors of the
study, even a much smaller dose of 5 mg/kg of the extract shortened the latency time in
rats performing the Morris water maze task. In turn, hyoscine-induced memory deficits
(1 and 500 mg/kg of hyoscine) were reduced by the stigma extract and crocin at both low
and high doses. However, all the preparations tested had no effect on intact memory.

Chronic stress causes functional and structural changes in the limbic system, which is
responsible for memory and cognitive functions. Recent studies have shown a link between
the development of AD and chronic stress. Experimental studies confirm the effectiveness
of saffron/crocin in the fight against the decline in cognitive function caused by stress. The
mechanisms responsible for this activity include the following, among others: antioxidant
and anti-inflammatory effects, the inhibition of acetylcholinesterase, the aggregation of A3
and tau proteins, and the promotion synaptic plasticity [390].

Crocin improves learning and memory and prevents hippocampal damage resulting
from chronic stress in rats [391,392] by increasing GPx and SOD activity and reducing
plasma corticosterone levels [393,394]. The antioxidant activity of crocin is responsible for
its effect. By scavenging free radicals, reducing the production of peroxides membrane
lipids, and restoring SOD activity, crocin prevent cerebral ischemia and damage to the
cerebral cortex and hippocampus [395]. Crocin is also responsible for anti-inflammatory
effects by suppressing microglial activation and increasing CX3CR1 expression by suppress-
ing NF-kB initiation [396]. Asadi et al. [397] investigated the effect of crocin on memory,
cell apoptosis, and autophagy by the use of in vivo models of AD. The results confirm
that crocin improves spatial memory indicators and inhibits apoptosis induced by beta-
amyloid, as evidenced by a reduced Bax/Bcl-2 ratio and the level of cleaved caspase-3 [397].
However, autophagy biomarkers Beclin-1 and the LC3-1I/LC3-I ratio do not change under
crocin administration [397]. An in vivo study in rats by Rezai et al. [398] showed that the
administration of 25 mg/kg of crocin can inhibit the effect of morphine, which reduces the
expression of BDNF and CREB genes in the ventral tegmental area (VTA).

Crocetin is a dicarboxylic acid, the aglycone of crocin. Crocetin has seven conjugated
double bonds and the possibility of isomerization into the cis form and the trans form,
which is more stable. It also has proven neuroprotective effects in AD in in vitro, in vivo,
and human studies [399].

In 2021, Wani et al. [400] conducted comprehensive studies that confirmed the ef-
fect of crocetin as an autophagy inducer in AD mediated by the STK11-AMPK activation
pathway. The activation of autophagy allowed for the removal of aggregated and hyper-
phosphorylated proteins. The studies were performed on different types of brain cells (N9
microglial and primary neuron cells) in the brains of wild-type mice (male C57BL/6 mice)
and confirmed in a mouse model of AD (5XFAD transgenic males). A 30-day treatment
with crocetin at three different doses (5, 10, and 20 mg/kg) was confirmed to reduce Af3
levels and neuroinflammation. Additionally, an improvement in memory function was
observed under the influence of the crocetin treatment.

Zhang et al. [401] investigated the effects of crocetin on inflammation and amyloid-f3
(AP) accumulation. The study was performed in a mouse model of AD in transgenic
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APPsw mice. Mice with the Swedish mutant of the APP751 transgene were treated orally
with various doses of crocetin 0-30 mg/kg/day for half a year. Many positive effects of
treatment were observed in the form of improved memory and learning, which resulted
in reduced A, lower levels of pro-inflammatory cytokines, and the inhibition of NF-«B
activation and P53 expression in the hippocampus. Studies dedicated to the anti-AD
effects of products coming from saffron divided into experiments performed with humans,

animals, and cell lines are collected in Table 3.

Table 3. Studies dedicated to the effects of saffron and crocin on AD.

Population AD Model Doses Results of Treatment Ref.
Studies on animal models
tsanadimgor - mprovenent s leming andmenory
adult Wistar rats STZ-induced AD crocin/ lg%:] Sé‘i-ssurgery, MDA concentration; and a critical [388]
increment in GPx activity
. Improvement in cognitive performance,
adu‘}\t]ig;:lerg}cls)mo STZ-induced AD 100 mgl/ léga’y I;'O' for lov%r)ering of MDA, gnd incfease in thiol [402]
levels and GPx activity
gfgé%ogigr}glﬁgoercl{ﬂ;ﬂ 81{ No changes in Beclin-1 and
adult male albino A injection in CA1 30 jection LC3-II/LC3-I ratio (autophagy),
. . mg/kg of crocin; I [397]
Wistar rats area of hippocampus P . X . reduction in Bax/Bcl-2 and cleaved
administration for caspase-3 (apoptosis)
20 days
Acrolein at 12.5; 25; 50 mg/kg/day Decrease in MDA, AR, and
male Wistar rats crolemn a of crocin; p.o., or IP for phospho-tau levels by modulating [403]
3 mg/kg/day p.o p
o 2 weeks MAPKs signalling pathways
Decrease in MDA and CML formation;
D- galactose 7.5;15; or increase in MAPK pErk/Erk ratio;
male Wistar rats 400 mg/kg/day; SC for ~ 30 mg/kg/day of crocin; phosphorylation of Akt protein; nuclear [404]
56 days IP administration NF-kB p65 expression; and decrease in
NF-«B p65, IL-1$3, and TNFx
Decrease in the apoptotic cell number
Intracerebrove-ntricular (p < 0.01) and the expression of Bcl2 in
male Wistar rats administration of 40 mg/kg of crocin PFC and hippo (p < 0.01); increase in [405]
AR25-35 Bax, Caspase3, GRP78, and CHOP
(p<0.01)
Improvement in cognition and memory
abilities in an open field test; reduction
in their escape time in the Morris water
AD induced by maze test; reduction in the Ap1-42
. . content in their brains; increase in the
mice | D—galactfge }ﬁnd' 4 5 or 20 mg/kg of crocin levels of GPx, SOD, ACH, and ChAT: [406]
aluminum trichloride reduction in the levels of ROS and
acetylcholinesterase in serum, cerebral
cortex, and hypothalamus; reduction in
Ko of A[1-42 in the hippocampus
. . 30 mg/kg o Increase in the activities of GPx and
adult male Wistar rats chronic restraint saffron extract; SOD and diminishment of plasma [392]
stress exposure 15 and 30 mg/kg of corticosterone levels
crocin; injection v
Counteracted delay-dependent
male, 3-month-old scopolamine 0.2 mg/kg 15mg/kg or 30 mg/kg recognition memory deficits, attenuated [376]
Wistar rats of crocin deficits in the radial water maze test
SXFAD mutations (50 mg/kg/day) or Reduction in A load, enhancement of
. characterized by A3 :
C57BL/6 (wild-type . (10 mg/kg/day) of A clearance pathways, upregulation
. accumulation, ) . . .
mice) and inflammatory astrocvtes Crocus sativus extract; of synaptic proteins NEP and ApoE, [379]
5XFAD mice activa tign and y crocin (10 mg/kg/day); and reduced neuroinflammation in
cognitive decline orally for one month the brain
Decrease in apoptosis, inflammation,
male trimethyltin chloride 25 mg/kg or 50 mg/kg Bax, Casp-9, Pt, A340, and TNF-«,
Wistar rats injected IP at single dose  crocin administered IP  IL-1f,—6; increase in Bcl-2, BDNF, and [407]
of 8 mg/kg for 30 days neuronal thickness of

hippocampal partitions
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Table 3. Cont.
Population AD Model Doses Results of Treatment Ref.
Studies on the cell lines
the human AD neuronal cell culture . Reduction in 3- and y-secretases;
neuroblastoma SH-SY5Y models (SH-SY5Y trans—crocm-% or accumulation of cellular AP, total tau,
and rat overexpressing APP and 0 1tml\'f ;cr(l)cetlg[l fror;l h and tau phosphorylation; and [408]
pheochromocytoma PC12 expressing hyper- K (())r 7rg h or suppression the GSK3p and
PC12 cell lines phosphorylated tau) ERK1/2 kinases
Increase in HT22 cell viability, decrease
in apoptotic rate, improvement in
mitochondrial function, reduction in
Lol crocin at the dose of 0.5 intracellular accumulation of ROS and
the HT22 cell lines ~glutamate- and 2 M for 3 h at Ca?*, decrease in expression of Bax, [406]
damaged HT22 cells 37°C Bad, and cleaved caspase-3, and
increase in expression levels of B-cell
lymphoma (extra large) and
phosphorylated protein lzlinasg1 B 1
. rotection against H,O,-induced ce
mousﬁ%gpoﬁampal cells induced by Ap1-42  crocetin at 1-10 uM feath, Aﬁ1-4gZ-induced cell death, and [409]
cens ROS production
CD14+ monocytes cells isqlated from 22 155,0131\/2[%}22;—1?‘833ﬂ1 [mp rovemept in the clearance of A(i»42 [410]
sporadic AD patients for 24, 48,72 and 120 h through the involvement of cathepsin B
The inhibition of LPS-induced nitric
BV2 mouse LPS (100 ng /mL) was crocin or crocetin at oxide (NO) releasg; reduct_ion in tumor
microglial cells . applied to concentration 0—40 pM  necrosis faptor-oc, n)terleukm-l 3, NF-xB [411]
hippocampal cultures for 30 min activation, and intracellular ROS;
blocking of hippocampal cell death
Studies on humans
capsule saffron
46 patients mild to moderate AD 30 mg/day (15 mg twice Better outcome in cognitive function [412]
per day)/p.o./16-weeks
Improvement similar to donepezil in
54 patients; Iranian capsule saffron the Alzheimer’s Disease Assessment
clinical trials mild-to-moderate AD 30 mg/day (15 mg twice Scale-cognitive subscale and Clinical [413]
(IRCT138711051556N1) per day)/p.o./22-weeks Dementia Rating Scale-Sums of
Boxes scores
saffron extract capsules Reduction in cognitive decline
68 patients moderate to severe AD (30 mg/day) for comparable with memantine in SCIRS [414]
12 months and FAST evaluation;
:17 patients, 18 controls; 125 me of saffron Improvement in MMSE scores
single-blind MCI and aMCImd & (p = 0.015), and MR, EEG, and ERP in [415]
extract/day/12 months

randomized clinical trial

specific structural brain domains

Abbreviations: malondialdehyde (MDA); glutathione peroxidase (GPx); streptozocin (STZ); intracerebroven-
tricular (icv); intra-hippocampal (IH); intra-peritoneal (IP); subcutaneous (SC); per os (p.o.); Severe Cognitive
Impairment Rating Scale (SCIRS) and Functional Assessment Staging (FAST); amnesic and multi domain MCI
(aMCImd); electroencephalogram (EEG); electroencephalography-derived event-related potentials (ERPs); mag-
netic resonance imaging (MRI); mitogen-activated protein kinases (MAPKSs); expressions of carboxymethyl lysine
(CML) protein; superoxide dismutase (SOD), acetylcholine (ACH), and choline acetyltransferase (ChAT); reac-
tive oxygen species (ROS); Escherichia coli lipopolysaccharide (LPS); Mini-Mental State Examination (MMSE);
neprilysin (NEP); apolipoprotein E (ApoE); phospho tau protein (Pt); amyloid-beta 40 (A(40); tumor necrosis
factor (TNF-«).

The use of crocetin in pharmaceutical preparations is limited by its low stability
and poor solubility. Liu et al. [416] compiled special inclusion complexes with three
cyclodextrins (x-CD, HP-3-CD, and y-CD) to overcome these problems. In this way,
they achieved a three to four times increase in bioavailability in studies on rats. Bharate
et al. [417] prepared a preparation from Crocus sativus extract in the form of gelatin
capsules, which, by inducing P-gp expression, increased the clearance of amyloid-f3 in
AD brains. Song et al. [418] prepared crocin-loaded nanoparticles that reduced amyloid-f3
concentration in differentiated SH-SY5Y cells. Wong et al. [419] synthesized a crocetin-y-
cyclodextrin inclusion complex, which, when injected intravenously, crossed the BBB and
reduced the production of amyloid-f3 protein.
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4.3. Carotenoid-Based Treatment

Carotenoids, like other phytochemicals, are being investigated as potential drugs. An
overview of registered clinical trials on carotenoids is summarized in review articles [119,
420,421]. The authors found 193 studies on carotenoids on ClinicalTrials.gov and ISRCTN.
Most of the research concerned food, mainly tomatoes and tomato products. Currently,
the most popular topics are lutein, lycopene, and astaxanthin. The tested pharmaceutical
formulations are proposed for the treatment of eye and circulatory system health. Newer
trends include applications to improve cognitive functions and intestinal microbiota.

Currently, medicines and supplements containing carotenoids include preparations
with lycopene dedicated to skin diseases (IQQU SPF 50 sunscreen) and a dietary sup-
plement intended for patients with hypertriglyceridemia. There are many preparations
containing a derivative of vitamin A, e.g., isotretinoin (Absorica, Accutane, Amnesteem,
Claravis, Clarus, Epuris, Myorisan, Sotret, and Zenatane), acitretin (Soriatane), etretinate
(Tegison), and tretinoin (Altreno, Atralin, Avita, and Renova), intended for the treatment of
acne and psoriasis. In the treatment of eye diseases, there are preparations with carotenoids,
such as Vitamin A palmitate, intended for the prevention of cataracts, and retinitis pigmen-
tosa and zeaxanthin (AREDS2 Vista), intended for the treatment of age-related macular
degeneration (AMD)/ cataracts, glaucoma, non-proliferative diabetic retinopathy/diabetes
type 2. A preparation with 3-carotene (Pregvit) is used for adjunctive treatment of photo-
sensitivity in patients with erythropoietic protoporphyria.

Although there is evidence of the effectiveness of carotenoids in improving cognitive
functions, there is no AD therapy with their participation, only nutritional recommenda-
tions [422,423]. The reason may be the fact that the research presented so far is correlational
and does not indicate a cause-and-effect relationship.

A new direction is certainly given by the recent discovery by Tijms’s research group [424],
which identified five different biological variants of AD that respond differently to treatment.
Understanding the heterogeneity of AD at the molecular level is crucial for developing effec-
tive therapy. Subtypes were distinguished by mass spectrometry proteomics in cerebrospinal
fluid. The subtypes differ in the increase/decrease in amyloid production, impaired BBB
permeability, RNA dysregulation, and choroid plexus dysfunction.

The problem is to determine reference ranges for carotenoids in blood plasma, which
would be helpful in interpreting the obtained results.

Burrows et al. [425] in 2015 published a systematic review of studies on carotenoid
levels in plasma based on 142 cross-sectional, cohort, case-control, and randomized con-
trolled trials (RCT) studies involving 95,480 participants. The authors of the study did not
observe a relationship between the intake of carotenoids and their concentration in plasma.
However, the results of the meta-analysis are valuable because they present weighted
average carotenoid concentrations in plasma, which were as follows: lycopene 0.62 pmol/L
(95% CI: 0.61, 0.63, n = 56 studies), B-carotene 0.47 umol/L (95% CI: 0.46, 0.48, n = 78),
lutein/zeaxanthin 0.31 umol/L (95% CI: 0.30, 0.32, n = 31), cryptoxanthin 0.17 pmol/L
(95% CI: 0.17, 0.18, n = 44), and «-carotene 0.12 umol/L (95% CI: 0.11, 0.13, n = 53).

Mullan et al. [426] performed a meta-analysis of 52 studies using random-effects
models of cumulative mean differences in antioxidant concentrations, among others, of
serum carotenoids between AD and people with cognitive impairment. AD patients had
significantly lower a-carotene levels (x-carotene levels were 0.03 moles/L lower in cases
versus the controls (95% CI: —0.05,-0.01; p = 0.002)), 3-carotene levels (beta-carotene levels
were 0.11 moles/L lower in cases versus the controls (95% CI:-0.17, -0.04; p = 0.0008;),
lycopene levels (0.15 moles/L lower levels of lycopene (95% CI: -0.27, -0.02; p = 0.02),
and lutein levels (pooled mean differences (PMD) -0.13, 95% CI: -0.23, -0.03, p = 0.01)
in plasma. -cryptoxanthin levels and zeaxanthin in plasma did not differ between the
compared groups.

The above meta-analyses have many limitations, as they are characterized by a high
level of statistical heterogeneity, which results from differences in the studied populations
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(gender, age, and ethnicity) or different study protocols. The strength of the study is the
large number of participants and the systematic research methodology.

5. Conclusions

The collected data indicate that it cannot be ruled out that carotenoids, both those
obtained from the diet and those from supplements, can reduce oxidative stress, inflamma-
tion, and Ap fibril aggregation. Therefore, they are useful in reducing the symptoms and
the risk of developing AD and dementia. Despite so much evidence, it is surprising that
there is no pharmaceutical formulation dedicated to AD therapy containing carotenoids.
Most observational studies confirm that higher intake is associated with increased levels
of carotenoids in the serum and brain and, consequently, less neuropathy and cognitive
dysfunction. The lack of such a relationship is rarely observed, although observational data
from long-term studies may be questionable because they require strict dietary control and
are often obtained from interviews with families. While the evaluation of carotenoids in
one’s diet may be estimated with low accuracy, analytical determinations of carotenoid
levels in the blood are a good measure of one’s intake. On the other hand, a high intake
may not guarantee sufficient saturation of carotenoids in the brain due to a low HDL
concentration. The results of studies on animal models should also be interpreted with
great caution, as they are often performed on animals with induced brain damage and
not de facto AD patients. Despite this, the presented reports reinforce the idea of the
beneficial antioxidant, anti-inflammatory, and anti-amyloidogenic effects of carotenoids. So
far, most reports confirming the neuroprotective activity of carotenoids have been prepared
for lycopene, lutein, and zeaxanthin. With the number of natural carotenoids exceeding
one thousand, future research should explore this undiscovered area in search of stable,
bioavailable ones that maintain cognitive performance.

Author Contributions: Conceptualization, J.F,, RM. and G.T.; methodology, ].B.; software, PJ.G., ED,;
validation, W.E,, M.F. and E.D.; formal analysis, R.M.; investigation, A.F,; resources, E.D. and PJ.G;
data curation, A.F. and M.E,; writing—original draft preparation, J.F. and W.F.; writing—review and
editing, ].F. and W.E; visualization, M.E. and A.F,; supervision, PJ.G. and E.D.; project administration,
J.B.; funding acquisition, R.M., G.T. and ].B. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

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

References

1. Mecocci, P; Tinarelli, C.; Schulz, R.J.; Polidori, M.C. Nutraceuticals in cognitive impairment and Alzheimer’s disease. Front.
Pharmacol. 2014, 5, 147. [CrossRef]

2. Lekchand Dasriya, V.; Samtiya, M.; Dhewa, T.; Puniya, M.; Kumar, S.; Ranveer, S.; Chaudhary, V.; Vij, S.; Behare, P.; Singh, N.; et al.
Etiology and management of Alzheimer’s disease: Potential role of gut microbiota modulation with probiotics supplementation.
J. Food Biochem. 2022, 46, €14043. [CrossRef]

3.  Lewis, J.E,; Poles, J.; Shaw, D.P,; Karhu, E.; Khan, S.A.; Lyons, A.E.; Sacco, S.B.; McDaniel, H.R. The effects of twenty-one nutrients
and phytonutrients on cognitive function: A narrative review. J. Clin. Transl. Res. 2021, 7, 575-620. [PubMed]

4.  Ellouze, I; Sheffler, J.; Nagpal, R.; Arjmandi, B. Dietary Patterns and Alzheimer’s Disease: An Updated Review Linking Nutrition
to Neuroscience. Nutrients 2023, 15, 3204. [CrossRef]

5. Li, S.; Wei, Y.; Liang, Z.; Guo, L.; Hao, X.; Zhang, Y. Review on dietary supplements as an effective improvement of Alzheimer’s
disease: Focus on structures and mechanisms. Food Sci. Hum. Wellness 2024, 13, 1787-1805. [CrossRef]

6. Xu, W.; Xu, Z.; Guo, Y.; Wy, J. Two decades of research on the role of diet in Alzheimer’s disease (2003-2023): A bibliometric and
visual analysis based on CiteSpace. . Health Popul. Nutr. 2024, 43,9. [CrossRef]

7. Doroszkiewicz, ].; Mroczko, J.; Rutkowski, P.; Mroczko, B. Molecular Aspects of a Diet as a New Pathway in the Prevention and
Treatment of Alzheimer’s Disease. Int. J. Mol. Sci. 2023, 24, 10751. [CrossRef]

8. Hickman, R.A.; Faustin, A.; Wisniewski, T. Alzheimer Disease and Its Growing Epidemic: Risk Factors, Biomarkers, and the

Urgent Need for Therapeutics. Neurol. Clin. 2016, 34, 941-953. [CrossRef]


https://doi.org/10.3389/fphar.2014.00147
https://doi.org/10.1111/jfbc.14043
https://www.ncbi.nlm.nih.gov/pubmed/34541370
https://doi.org/10.3390/nu15143204
https://doi.org/10.26599/FSHW.2022.9250150
https://doi.org/10.1186/s41043-024-00503-9
https://doi.org/10.3390/ijms241310751
https://doi.org/10.1016/j.ncl.2016.06.009

Int. J. Mol. Sci. 2024, 25, 8982 28 of 44

10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Balakrishnan, R.; Jannat, K.; Choi, D.K. Development of dietary small molecules as multi-targeting treatment strategies for
Alzheimer’s disease. Redox Biol. 2024, 71, 103105. [CrossRef]

Cerejeira, J.; Lagarto, L.; Mukaetova-Ladinska, E.B. Behavioral and psychological symptoms of dementia. Front. Neurol. 2012, 3,
73. [CrossRef]

Bessey, L.].; Walaszek, A. Management of Behavioral and Psychological Symptoms of Dementia. Curr. Psychiatry Rep. 2019, 21, 66.
[CrossRef]

Rawat, P.; Sehar, U.; Bisht, J.; Selman, A.; Culberson, J.; Reddy, PH. Phosphorylated Tau in Alzheimer’s Disease and Other
Tauopathies. Int. J. Mol. Sci. 2022, 23, 12841. [CrossRef] [PubMed]

Armstrong, R. Risk factors for Alzheimer’s disease. Folia Neuropathol. 2019, 57, 87-105. [CrossRef]

Ballatore, C.; Lee, V.M.; Trojanowski, ].Q. Tau-mediated neurodegeneration in Alzheimer’s disease and related disorders. Nat.
Rev. Neurosci. 2007, 8, 663-672. [CrossRef]

Azizi, G.; Khannazer, N.; Mirshafiey, A. The Potential Role of Chemokines in Alzheimer’s Disease Pathogenesis. Am. J. Alzheimer’s
Dis. Other Demen. 2014, 29, 415-425. [CrossRef]

Azizi, G.; Mirshafiey, A. The potential role of proinflammatory and antiinflammatory cytokines in Alzheimer disease pathogenesis.
Immunopharmacol. Immunotoxicol. 2012, 34, 881-895. [CrossRef] [PubMed]

Sotiropoulos, I.; Sousa, N. Tau as the Converging Protein between Chronic Stress and Alzheimer’s Disease Synaptic Pathology.
Neurodegener. Dis. 2016, 16, 22-25. [CrossRef] [PubMed]

Balakrishnan, R.; Azam, S.; Kim, L.S.; Choi, D.K. Neuroprotective Effects of Black Pepper and Its Bioactive Compounds in
Age-Related Neurological Disorders. Aging Dis. 2023, 14, 750-777. [CrossRef]

Chen, Z.-R.; Huang, J.-B.; Yang, S.-L.; Hong, E.-F. Role of cholinergic signaling in Alzheimer’s disease. Molecules 2022, 27, 1816.
[CrossRef]

Arendt, T.; Briickner, M.K.; Morawski, M.; Jager, C.; Gertz, H.-]. Early neurone loss in Alzheimer’s disease: Cortical or subcortical?
Acta Neuropathol. Commun. 2015, 3, 10. [CrossRef]

Arora, R.B.; Kumar, K.; Deshmukh, R.R. FK506 attenuates intracerebroventricular streptozotocin-induced neurotoxicity in rats.
Behav. Pharmacol. 2013, 24, 580-589. [CrossRef] [PubMed]

Rodriguez, ].J.; Noristani, H.N.; Verkhratsky, A. The serotonergic system in ageing and Alzheimer’s disease. Prog. Neurobiol. 2012,
99, 15-41. [CrossRef] [PubMed]

Cifariello, A.; Pompili, A.; Gasbarri, A. 5-HT7 receptors in the modulation of cognitive processes. Behav. Brain Res. 2008, 195,
171-179. [CrossRef] [PubMed]

Mizukami, K.; Ikonomovic, M.D.; Grayson, D.R.; Sheffield, R.; Armstrong, D.M. Immunohistochemical study of GABAA receptor
«l subunit in the hippocampal formation of aged brains with Alzheimer-related neuropathologic changes. Brain Res. 1998, 799,
148-155. [CrossRef] [PubMed]

Butterfield, D.A.; Pocernich, C.B. The glutamatergic system and Alzheimer’s disease. CNS Drugs 2003, 17, 641-652. [CrossRef]
[PubMed]

Polidori, M.C.; Mecocci, P. Plasma susceptibility to free radical-induced antioxidant consumption and lipid peroxidation is
increased in very old subjects with Alzheimer disease. J. Alzheimer’s Dis. 2002, 4, 517-522. [CrossRef]

Subbarao, K.V.; Richardson, J.S.; Ang, L.C. Autopsy samples of Alzheimer’s cortex show increased peroxidation in vitro. J.
Neurochem. 1990, 55, 342-345. [CrossRef]

Scalbert, A.; Andres-Lacueva, C.; Arita, M.; Kroon, P.; Manach, C.; Urpi-Sarda, M.; Wishart, D. Databases on food phytochemicals
and their health-promoting effects. J. Agric. Food Chem. 2011, 59, 4331-4348. [CrossRef]

Carrera, I.; Martinez, O.; Cacabelos, R. Neuroprotection with Natural Antioxidants and Nutraceuticals in the Context of Brain
Cell Degeneration: The Epigenetic Connection. Curr. Top. Med. Chem. 2019, 19, 2999-3011. [CrossRef]

Nasri, H.; Baradaran, A.; Shirzad, H.; Rafieian-Kopaei, M. New concepts in nutraceuticals as alternative for pharmaceuticals. Int.
J. Prev. Med. 2014, 5, 1487-1499.

Neveu, V.; Perez-Jiménez, ].; Vos, E; Crespy, V.; du Chaffaut, L.; Mennen, L.; Knox, C.; Eisner, R.; Cruz, J.; Wishart, D.; et al.
Phenol-Explorer: An online comprehensive database on polyphenol contents in foods. Database 2010, 2010, bap(024. [CrossRef]
Kelsey, N.A.; Wilkins, H.M.; Linseman, D.A. Nutraceutical Antioxidants as Novel Neuroprotective Agents. Molecules 2010, 15,
7792-7814. [CrossRef] [PubMed]

Chauhan, N.B.; Mehla, J. Bioactive Nutraceuticals and Dietary Supplements in Neurological and Brain Disease; Ameliorative Effects of
Nutraceuticals in Neurological Disorders; Elsevier: Amsterdam, The Netherlands, 2015; pp. 245-260.

Golla, U. Emergence of nutraceuticals as the alternative medications for pharmaceuticals. Int. |. Complement. Alt. Med. 2018, 11,
155-158. [CrossRef]

Piemontese, L. Plant food supplements with antioxidant properties for the treatment of chronic and neurodegenerative diseases:
Benefits or risks? J. Diet. Suppl. 2017, 14, 478-484. [CrossRef] [PubMed]

Su, W,; Xu, W,; Liu, E.; Su, W.; Polyakov, N.E. Improving the Treatment Effect of Carotenoids on Alzheimer’s Disease through
Various Nano-Delivery Systems. Int. . Mol. Sci. 2023, 24, 7652. [CrossRef] [PubMed]

Batool, Z.; Chen, ].H.; Gao, Y.; Lu, LW.; Xu, H.; Liu, B.; Wang, M.; Chen, F. Natural Carotenoids as Neuroprotective Agents
for Alzheimer’s Disease: An Evidence-Based Comprehensive Review. ]. Agric. Food Chem. 2022, 70, 15631-15646. [CrossRef]
[PubMed]


https://doi.org/10.1016/j.redox.2024.103105
https://doi.org/10.3389/fneur.2012.00073
https://doi.org/10.1007/s11920-019-1049-5
https://doi.org/10.3390/ijms232112841
https://www.ncbi.nlm.nih.gov/pubmed/36361631
https://doi.org/10.5114/fn.2019.85929
https://doi.org/10.1038/nrn2194
https://doi.org/10.1177/1533317513518651
https://doi.org/10.3109/08923973.2012.705292
https://www.ncbi.nlm.nih.gov/pubmed/22970774
https://doi.org/10.1159/000440844
https://www.ncbi.nlm.nih.gov/pubmed/26551025
https://doi.org/10.14336/AD.2022.1022
https://doi.org/10.3390/molecules27061816
https://doi.org/10.1186/s40478-015-0187-1
https://doi.org/10.1097/FBP.0b013e32836546db
https://www.ncbi.nlm.nih.gov/pubmed/26057771
https://doi.org/10.1016/j.pneurobio.2012.06.010
https://www.ncbi.nlm.nih.gov/pubmed/22766041
https://doi.org/10.1016/j.bbr.2007.12.012
https://www.ncbi.nlm.nih.gov/pubmed/18243350
https://doi.org/10.1016/S0006-8993(98)00437-5
https://www.ncbi.nlm.nih.gov/pubmed/9666109
https://doi.org/10.2165/00023210-200317090-00004
https://www.ncbi.nlm.nih.gov/pubmed/12828500
https://doi.org/10.3233/JAD-2002-4608
https://doi.org/10.1111/j.1471-4159.1990.tb08858.x
https://doi.org/10.1021/jf200591d
https://doi.org/10.2174/1568026619666191202155738
https://doi.org/10.1093/database/bap024
https://doi.org/10.3390/molecules15117792
https://www.ncbi.nlm.nih.gov/pubmed/21060289
https://doi.org/10.15406/ijcam.2018.11.00388
https://doi.org/10.1080/19390211.2016.1247936
https://www.ncbi.nlm.nih.gov/pubmed/27893282
https://doi.org/10.3390/ijms24087652
https://www.ncbi.nlm.nih.gov/pubmed/37108814
https://doi.org/10.1021/acs.jafc.2c06206
https://www.ncbi.nlm.nih.gov/pubmed/36480951

Int. J. Mol. Sci. 2024, 25, 8982 29 of 44

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Lakey-Beitia, J.; Kumar, D.J.; Hegde, M.L.; Rao, K.S. Carotenoids as Novel Therapeutic Molecules against Neurodegenerative
Disorders: Chemistry and Molecular Docking Analysis. Int. |. Mol. Sci. 2019, 20, 5553. [CrossRef] [PubMed]

Ratto, F; Franchini, F.; Musicco, M.; Caruso, G.; Di Santo, S.G. A narrative review on the potential of tomato and lycopene for the
prevention of Alzheimer’s disease and other dementias. Crit. Rev. Food Sci. Nutr. 2022, 62, 4970-4981. [CrossRef] [PubMed]
Dorey, C.K.; Gierhart, D.; Fitch, K.A.; Crandell, I.; Craft, N.E. Low Xanthophylls, Retinol, Lycopene, and Tocopherols in Grey and
White Matter of Brains with Alzheimer’s Disease. |. Alzheimer’s Dis. 2023, 94, 1-17. [CrossRef]

Grodzicki, W.; Dziendzikowska, K. The Role of Selected Bioactive Compounds in the Prevention of Alzheimer’s Disease.
Antioxidants 2020, 9, 229. [CrossRef]

Oliyaei, N.; Moosavi-Nasab, M.; Tanideh, N.; Iraji, A. Multiple roles of fucoxanthin and astaxanthin against Alzheimer’s disease:
Their pharmacological potential and therapeutic insights. Brain Res. Bull. 2023, 193, 11-21. [CrossRef] [PubMed]

Hu, D;; Jin, Y,; Hou, X.; Zhu, Y.; Chen, D.; Tai, J.; Chen, Q.; Shi, C.; Ye, J.; Wu, M.; et al. Application of Marine Natural Products
against Alzheimer’s Disease: Past, Present and Future. Mar. Drugs 2023, 21, 43. [CrossRef]

Balendra, V.; Singh, S.K. Therapeutic potential of astaxanthin and superoxide dismutase in Alzheimer’s disease. Open Biol. 2021,
11,210013. [CrossRef] [PubMed]

Bej, E.; Volpe, A.R,; Cesare, P; Cimini, A.; d’Angelo, M.; Castelli, V. Therapeutic potential of saffron in brain disorders: From
bench to bedside. Phytother. Res. 2024, 38, 2482-2495. [CrossRef]

Ganapathy, A.A.; Haripriya, V.M.; Acharya, N.; Somappa, S.B.; Kumaran, A. Ethnobotanical significance of medicinal plants:
Beta-amyloid and tau aggregation inhibitors against Alzheimer’s disease. J. Biochem. Mol. Toxicol. 2023, 37, €23339. [CrossRef]
Kapoor, B.; Gulati, M,; Rani, P; Kochhar, R.S.; Atanasov, A.G.; Gupta, R.; Sharma, D.; Kapoor, D. Lycopene: Sojourn from kitchen
to an effective therapy in Alzheimer’s disease. Biofactors 2023, 49, 208-227. [CrossRef]

Martins, B.; Vieira, M.; Delerue-Matos, C.; Grosso, C.; Soares, C. Biological Potential, Gastrointestinal Digestion, Absorption, and
Bioavailability of Algae-Derived Compounds with Neuroprotective Activity: A Comprehensive Review. Mar. Drugs 2022, 20, 362.
[CrossRef]

Olasehinde, T.A.; Olaniran, A.O.; Okoh, A.I. Macroalgae as a Valuable Source of Naturally Occurring Bioactive Compounds for
the Treatment of Alzheimer’s Disease. Mar. Drugs 2019, 17, 609. [CrossRef] [PubMed]

Fakhri, S.; Pesce, M.; Patruno, A.; Moradi, S.Z.; Iranpanah, A.; Farzaei, M.H.; Sobarzo-Sanchez, E. Attenuation of
Nrf2/Keapl/ARE in Alzheimer’s Disease by Plant Secondary Metabolites: A Mechanistic Review. Molecules 2020, 25,
4926. [CrossRef]

Cho, K.S.; Shin, M.; Kim, S.; Lee, S.B. Recent Advances in Studies on the Therapeutic Potential of Dietary Carotenoids in
Neurodegenerative Diseases. Oxid. Med. Cell. Longev. 2018, 2018, 4120458. [CrossRef]

Fiedor, J.; Burda, K. Potential role of carotenoids as antioxidants in human health and disease. Nutrients 2014, 6, 466—488.
[CrossRef] [PubMed]

Samanta, S.; Chakraborty, S.; Bagchi, D. Pathogenesis of Neurodegenerative Diseases and the Protective Role of Natural Bioactive
Components. J. Am. Nutr. Assoc. 2024, 43, 20-32. [CrossRef] [PubMed]

Young, AJ.; Lowe, G.L. Carotenoids-Antioxidant Properties. Antioxidants 2018, 7, 28. [CrossRef] [PubMed]

Mullan, K.; Williams, M.A.; Cardwell, C.R.; McGuinness, B.; Passmore, P; Silvestri, G.; Woodside, J.V.; McKay, G.J. Serum
concentrations of vitamin E and carotenoids are altered in Alzheimer’s disease: A case-control study. Alzheimer’s Dement. 2017, 3,
432-439. [CrossRef]

Grabska-Kobytecka, I.; Szpakowski, P.; Krdl, A.; Ksiazek-Winiarek, D.; Kobytecki, A.; Glabiriski, A.; Nowak, D. Polyphenols and
Their Impact on the Prevention of Neurodegenerative Diseases and Development. Nutrients 2023, 15, 3454. [CrossRef] [PubMed]
Wang, Y.; Huang, Y.; Ma, A.; You, J.; Miao, J.; Li, J. Natural Antioxidants: An Effective Strategy for the Treatment of Alzheimer’s
Disease at the Early Stage. J. Agric. Food Chem. 2024, 72, 11854-11870. [CrossRef] [PubMed]

Lee, ].Y.; Wong, C.Y.; Koh, R.Y,; Lim, C.L.; Kok, Y.Y.; Chye, S.M. Natural Bioactive Compounds from Macroalgae and Microalgae
for the Treatment of Alzheimer’s Disease: A Review. Yale J. Biol. Med. 2024, 97, 205-224. [CrossRef] [PubMed]

Iyer, S.; Bhat, I.; Bangera Sheshappa, M. Lutein and the Underlying Neuroprotective Promise against Neurodegenerative Diseases.
Mol. Nutr. Food Res. 2024, 68, €2300409. [CrossRef] [PubMed]

Korczowska-Lacka, I.; Stowikowski, B.; Piekut, T.; Hurla, M.; Banaszek, N.; Szymanowicz, O.; Jagodziniski, PP.; Kozubski,
W.; Permoda-Pachuta, A.; Dorszewska, ]. Disorders of Endogenous and Exogenous Antioxidants in Neurological Diseases.
Antioxidants 2023, 12, 1811. [CrossRef]

Adigiizel, E.; Ulger, T.G. A marine-derived antioxidant astaxanthin as a potential neuroprotective and neurotherapeutic agent: A
review of its efficacy on neurodegenerative conditions. Eur. J. Pharmacol. 2024, 977, 176706. [CrossRef]

Karran, E.; De Strooper, B. The amyloid cascade hypothesis: Are we poised for success or failure? J. Neurochem. 2016, 139 (Suppl.
2), 237-252. [CrossRef]

Thingore, C.; Kshirsagar, V.; Juvekar, A. Amelioration of oxidative stress and neuroinflammation in lipopolysaccharide-induced
memory impairment using Rosmarinic acid in mice. Metab. Brain Dis. 2021, 36, 299-313. [CrossRef]

Mecocci, P; Boccardi, V.; Cecchetti, R.; Bastiani, P.; Scamosci, M.; Ruggiero, C.; Baroni, M. A long journey into aging, brain aging,
and Alzheimer’s disease following the oxidative stress tracks. J. Alzheim. Dis. 2018, 62, 1319-1335. [CrossRef]

Halliwell, B. Oxidative stress and neurodegeneration: Where are we now? J. Neurochem. 2006, 97, 1634-1658. [CrossRef]


https://doi.org/10.3390/ijms20225553
https://www.ncbi.nlm.nih.gov/pubmed/31703296
https://doi.org/10.1080/10408398.2021.1880363
https://www.ncbi.nlm.nih.gov/pubmed/33577362
https://doi.org/10.3233/JAD-220460
https://doi.org/10.3390/antiox9030229
https://doi.org/10.1016/j.brainresbull.2022.11.018
https://www.ncbi.nlm.nih.gov/pubmed/36435362
https://doi.org/10.3390/md21010043
https://doi.org/10.1098/rsob.210013
https://www.ncbi.nlm.nih.gov/pubmed/34186009
https://doi.org/10.1002/ptr.8169
https://doi.org/10.1002/jbt.23339
https://doi.org/10.1002/biof.1910
https://doi.org/10.3390/md20060362
https://doi.org/10.3390/md17110609
https://www.ncbi.nlm.nih.gov/pubmed/31731422
https://doi.org/10.3390/molecules25214926
https://doi.org/10.1155/2018/4120458
https://doi.org/10.3390/nu6020466
https://www.ncbi.nlm.nih.gov/pubmed/24473231
https://doi.org/10.1080/27697061.2023.2203235
https://www.ncbi.nlm.nih.gov/pubmed/37186678
https://doi.org/10.3390/antiox7020028
https://www.ncbi.nlm.nih.gov/pubmed/29439455
https://doi.org/10.1016/j.trci.2017.06.006
https://doi.org/10.3390/nu15153454
https://www.ncbi.nlm.nih.gov/pubmed/37571391
https://doi.org/10.1021/acs.jafc.4c01323
https://www.ncbi.nlm.nih.gov/pubmed/38743017
https://doi.org/10.59249/JNKB9714
https://www.ncbi.nlm.nih.gov/pubmed/38947104
https://doi.org/10.1002/mnfr.202300409
https://www.ncbi.nlm.nih.gov/pubmed/38487969
https://doi.org/10.3390/antiox12101811
https://doi.org/10.1016/j.ejphar.2024.176706
https://doi.org/10.1111/jnc.13632
https://doi.org/10.1007/s11011-020-00629-9
https://doi.org/10.3233/JAD-170732
https://doi.org/10.1111/j.1471-4159.2006.03907.x

Int. J. Mol. Sci. 2024, 25, 8982 30 of 44

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.
92.

Ng, F; Berk, M.; Dean, O.; Bush, A.I. Oxidative stress in psychiatric disorders: Evidence base and therapeutic implications. Int. J.
Neuropsychopharmacol. 2008, 11, 851-876. [CrossRef]

Valko, M.; Leibfritz, D.; Moncol, J.; Cronin, M.T.; Mazur, M.; Telser, J. Free radicals and antioxidants in normal physiological
functions and human disease. Int. J. Biochem. Cell Biol. 2007, 39, 44-84. [CrossRef]

Huang, W.-J.; Zhang, X.; Chen, W.-W. Role of oxidative stress in Alzheimer’s disease. Biomed. Rep. 2016, 4, 519-522. [CrossRef]
[PubMed]

Karisetty, B.C.; Bhatnagar, A.; Armour, E.M.; Beaver, M.; Zhang, H.; Elefant, F. Amyloid-f3 peptide impact on synaptic function
and neuroepigenetic gene control reveal new therapeutic strategies for Alzheimer’s disease. Front. Mol. Neurosci. 2020, 13, 577622.
[CrossRef]

Amin, FEU,; Shah, S.A.; Kim, M.O. Vanillic acid attenuates A{31-42-induced oxidative stress and cognitive impairment in mice. Sci.
Rep. 2017, 7, 40753. [CrossRef] [PubMed]

Ashok, A.; Andrabi, S.S.; Mansoor, S.; Kuang, Y.; Kwon, B.K.; Labhasetwar, V. Antioxidant therapy in oxidative stress-induced
neurodegenerative diseases: Role of nanoparticle-based drug delivery systems in clinical translation. Antioxidants 2022, 11, 408.
[CrossRef] [PubMed]

Uttara, B.; Singh, A.; Zamboni, P.; Mahajan, R. Oxidative stress and neurodegenerative diseases: A review of upstream and
downstream antioxidant therapeutic options. Curr. Neuropharmacol. 2009, 7, 65-74. [CrossRef] [PubMed]

Gilgun-Sherki, Y.; Melamed, E.; Offen, D. Oxidative stress induced-neurodegenerative diseases: The need for antioxidants that
penetrate the blood brain barrier. Neuropharmacol. 2001, 40, 959-975. [CrossRef] [PubMed]

Huang, X; Zhao, X,; Li, B.; Cai, Y.; Zhang, S.; Yu, FE; Wan, Q. Biomarkers for evaluating the effects of exercise interventions in
patients with MCI or dementia: A systematic review and meta-analysis. Exp. Gerontol. 2021, 151, 111424. [CrossRef] [PubMed]
Liu, L,; Sakai, T.; Sano, N.; Fukui, K. Nucling mediates apoptosis by inhibiting expression of galectin-3 through interference with
nuclear factor kappaB signalling. Biochem. . 2004, 380, 31-41. [CrossRef] [PubMed]

Zhang, Y.; Thompson, R.; Zhang, H.; Xu, H. APP processing in Alzheimer’s disease. Mol. Brain 2011, 4, 3. [CrossRef] [PubMed]
Gouras, G.K.; Willén, K.; Tampellini, D. Critical role of intraneuronal A{ in Alzheimer’s disease: Technical challenges in studying
intracellular AB. Life Sci. 2012, 91, 1153-1158. [CrossRef] [PubMed]

Oberstein, T.].; Spitzer, P; Klafki, HW.; Linning, P.; Neff, F; Knolker, H.].; Lewczuk, P.; Wiltfang, J.; Kornhuber, J.; Maler, ].M.
Astrocytes and microglia but not neurons preferentially generate N-terminally truncated A peptides. Neurobiol. Dis. 2015, 73,
24-35. [CrossRef] [PubMed]

Kummer, M.P,; Heneka, M.T. Truncated and modified amyloid-beta species. Alzheimer’s Res. Ther. 2014, 6, 28. [CrossRef]
Trinchese, F,; Liu, S.; Ninan, I.; Puzzo, D.; Jacob, J.P.; Arancio, O. Cell cultures from animal models of Alzheimer’s disease as a
tool for faster screening and testing of drug efficacy. J. Mol. Neurosci. 2004, 24, 15-21. [CrossRef]

Gouras, G.K,; Willén, K.; Faideau, M. The inside-out amyloid hypothesis and synapse pathology in Alzheimer’s disease.
Neurodegener. Dis. 2014, 13, 142-146. [CrossRef]

Tampellini, D.; Gouras, G.K. Synapses, synaptic activity and intraneuronal abeta in Alzheimer’s disease. Front. Aging Neurosci.
2010, 2, 13. [CrossRef] [PubMed]

Ling, Y.; Morgan, K.; Kalsheker, N. Amyloid precursor protein (APP) and the biology of proteolytic processing: Relevance to
Alzheimer’s disease. Int. J. Biochem. Cell Biol. 2003, 35, 1505-1535. [CrossRef] [PubMed]

Portelius, E.; Price, E.; Brinkmalm, G.; Stiteler, M.; Olsson, M.; Persson, R.; Westman-Brinkmalm, A.; Zetterberg, H.; Simon,
A.].; Blennow, K. A novel pathway for amyloid precursor protein processing. Neurobiol. Aging 2011, 32, 1090-1098. [CrossRef]
[PubMed]

Takeda, S.; Sato, N.; Rakugi, H.; Morishita, R. Plasma beta-amyloid as potential biomarker of Alzheimer disease: Possibility of
diagnostic tool for Alzheimer disease. Mol. Biosyst. 2010, 6, 1760-1766. [CrossRef] [PubMed]

Wiltfang, J.; Esselmann, H.; Bibl, M.; Smirnov, A.; Otto, M.; Paul, S.; Schmidt, B.; Klafki, H.W.; Maler, M.; Dyrks, T.; et al. Highly
conserved and disease-specific patterns of carboxyterminally truncated Abeta peptides 1-37/38/39 in addition to 1-40/42 in
Alzheimer’s disease and in patients with chronic neuroinflammation. J. Neurochem. 2002, 81, 481-496. [CrossRef] [PubMed]
Gong, C.-X.; Igbal, K. Hyperphosphorylation of microtubule-associated protein tau: A promising therapeutic target for Alzheimer
disease. Curr. Med. Chem. 2008, 15, 2321-2328. [CrossRef] [PubMed]

Kametani, F.; Hasegawa, M. Reconsideration of amyloid hypothesis and tau hypothesis in Alzheimer’s disease. Front. Neurosci.
2018, 12, 25. [CrossRef] [PubMed]

Mocanu, M.-M.; Nissen, A.; Eckermann, K.; Khlistunova, I.; Biernat, J.; Drexler, D.; Petrova, O.; Schonig, K.; Bujard, H.;
Mandelkow, E.; et al. The potential for 3-structure in the repeat domain of tau protein determines aggregation, synaptic decay,
neuronal loss, and coassembly with endogenous tau in inducible mouse models of tauopathy. J. Neurosci. 2008, 28, 737-748.
[CrossRef] [PubMed]

Duan, Y,; Dong, S.; Gu, F; Hu, Y.; Zhao, Z. Advances in the pathogenesis of Alzheimer’s disease: Focusing on tau-mediated
neurodegeneration. Transl. Neurodegener. 2012, 1, 24. [CrossRef]

Wendimu, M.Y.; Hooks, S.B. Microglia phenotypes in aging and neurodegenerative diseases. Cells 2022, 11, 2091. [CrossRef]
Ries, M.; Sastre, M. Mechanisms of Af} clearance and degradation by glial cells. Front. Aging Neurosci. 2016, 8, 160. [CrossRef]
[PubMed]


https://doi.org/10.1017/S1461145707008401
https://doi.org/10.1016/j.biocel.2006.07.001
https://doi.org/10.3892/br.2016.630
https://www.ncbi.nlm.nih.gov/pubmed/27123241
https://doi.org/10.3389/fnmol.2020.577622
https://doi.org/10.1038/srep40753
https://www.ncbi.nlm.nih.gov/pubmed/28098243
https://doi.org/10.3390/antiox11020408
https://www.ncbi.nlm.nih.gov/pubmed/35204290
https://doi.org/10.2174/157015909787602823
https://www.ncbi.nlm.nih.gov/pubmed/19721819
https://doi.org/10.1016/S0028-3908(01)00019-3
https://www.ncbi.nlm.nih.gov/pubmed/11406187
https://doi.org/10.1016/j.exger.2021.111424
https://www.ncbi.nlm.nih.gov/pubmed/34051283
https://doi.org/10.1042/bj20031300
https://www.ncbi.nlm.nih.gov/pubmed/14961764
https://doi.org/10.1186/1756-6606-4-3
https://www.ncbi.nlm.nih.gov/pubmed/21214928
https://doi.org/10.1016/j.lfs.2012.06.004
https://www.ncbi.nlm.nih.gov/pubmed/22727791
https://doi.org/10.1016/j.nbd.2014.08.031
https://www.ncbi.nlm.nih.gov/pubmed/25204716
https://doi.org/10.1186/alzrt258
https://doi.org/10.1385/JMN:24:1:015
https://doi.org/10.1159/000354776
https://doi.org/10.3389/fnagi.2010.00013
https://www.ncbi.nlm.nih.gov/pubmed/20725518
https://doi.org/10.1016/S1357-2725(03)00133-X
https://www.ncbi.nlm.nih.gov/pubmed/12824062
https://doi.org/10.1016/j.neurobiolaging.2009.06.002
https://www.ncbi.nlm.nih.gov/pubmed/19604603
https://doi.org/10.1039/c003148h
https://www.ncbi.nlm.nih.gov/pubmed/20567751
https://doi.org/10.1046/j.1471-4159.2002.00818.x
https://www.ncbi.nlm.nih.gov/pubmed/12065657
https://doi.org/10.2174/092986708785909111
https://www.ncbi.nlm.nih.gov/pubmed/18855662
https://doi.org/10.3389/fnins.2018.00025
https://www.ncbi.nlm.nih.gov/pubmed/29440986
https://doi.org/10.1523/JNEUROSCI.2824-07.2008
https://www.ncbi.nlm.nih.gov/pubmed/18199773
https://doi.org/10.1186/2047-9158-1-24
https://doi.org/10.3390/cells11132091
https://doi.org/10.3389/fnagi.2016.00160
https://www.ncbi.nlm.nih.gov/pubmed/27458370

Int. J. Mol. Sci. 2024, 25, 8982 31 of44

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.
114.

115.
116.

117.
118.
119.

120.

Thériault, P; E1Ali, A ; Rivest, S. The dynamics of monocytes and microglia in Alzheimer’s disease. Alzheimer’s Res. Ther. 2015, 7,
41. [CrossRef] [PubMed]

Cai, Y,; Liu, J.; Wang, B.; Sun, M.; Yang, H. Microglia in the neuroinflammatory pathogenesis of Alzheimer’s disease and related
therapeutic targets. Front. Immunol. 2022, 13, 856376. [CrossRef] [PubMed]

Kwon, H.S.; Koh, S.-H. Neuroinflammation in neurodegenerative disorders: The roles of microglia and astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef] [PubMed]

Bachiller, S.; Jiménez-Ferrer, I.; Paulus, A.; Yang, Y.; Swanberg, M.; Deierborg, T.; Boza-Serrano, A. Microglia in neurological
diseases: A road map to brain-disease dependent-inflammatory response. Front. Cell. Neurosci. 2018, 12, 488. [CrossRef] [PubMed]
Erta, M.; Quintana, A.; Hidalgo, J. Interleukin-6, a major cytokine in the central nervous system. Int. J. Biol. Sci. 2012, 8, 1254-1266.
[CrossRef] [PubMed]

Wang, J.; Li, L; Wang, Z.; Cui, Y.; Tan, X,; Yuan, T; Liu, Q.; Liu, Z,; Liu, X. Supplementation of lycopene attenuates
lipopolysaccharide-induced amyloidogenesis and cognitive impairments via mediating neuroinflammation and oxidative
stress. J. Nutr. Biochem. 2018, 56, 16-25. [CrossRef] [PubMed]

Katafuchi, T.; Ifuku, M.; Mawatari, S.; Noda, M.; Miake, K.; Sugiyama, M.; Fujino, T. Effects of plasmalogens on systemic
lipopolysaccharide-induced glial activation and -amyloid accumulation in adult mice. Ann. N. Y. Acad. Sci. 2012, 1262, 85-92.
[CrossRef] [PubMed]

Qiao, Y,; Bai, X.F; Du, Y.G. Chitosan oligosaccharides protect mice from LPS challenge by attenuation of inflammation and
oxidative stress. Int. Immunopharmacol. 2011, 11, 121-127. [CrossRef]

Lin, G.H.; Lee, Y.J.; Choi, D.Y.; Han, S.B.; Jung, ] K.; Hwang, B.Y.; Moon, D.C.; Kim, Y.; Lee, M.K.; Oh, KW.; et al. Anti-
amyloidogenic effect of thiacremonone through anti-inflamation in vitro and in vivo models. |. Alzheimer’s Dis. 2012, 29, 659-676.
[CrossRef]

Gu, SM.; Park, M.H.; Hwang, CJ.; Song, H.S.; Lee, U.S.; Han, S.B.; Oh, KW.; Ham, YW,; Song, M.].; Son, D.J.; et al. Bee
venom ameliorates lipopolysaccharide-induced memory loss by preventing NF-kappaB pathway. J. Neuroinflamm. 2015, 12, 124.
[CrossRef] [PubMed]

Urrutia, PJ.; Hirsch, E.C.; Gonzalez-Billault, C.; Nufiez, M.T. Hepcidin attenuates amyloid beta-induced inflammatory and
pro-oxidant responses in astrocytes and microglia. J. Neurochem. 2017, 142, 140-152. [CrossRef]

Ribari¢, S. Detecting early cognitive decline in Alzheimer’s disease with brain synaptic structural and functional evaluation.
Biomedicines 2023, 11, 355. [CrossRef]

Urbanc, B.; Cruz, L.; Le, R,; Sanders, J.; Ashe, K.H.; Duff, K; Stanley, H.E.; Irizarry, M.C.; Hyman, B.T. Neurotoxic effects
of thioflavin S-positive amyloid deposits in transgenic mice and Alzheimer’s disease. Proc. Natl. Acad. Sci. USA 2002, 99,
13990-13995. [CrossRef] [PubMed]

Tsai, J.; Grutzendler, J.; Duff, K.; Gan, W.-B. Fibrillar amyloid deposition leads to local synaptic abnormalities and breakage of
neuronal branches. Nat. Neurosci. 2004, 7, 1181-1183. [CrossRef]

Shankar, G.M.; Bloodgood, B.L.; Townsend, M.; Walsh, D.M.; Selkoe, D.].; Sabatini, B.L. Natural oligomers of the Alzheimer
amyloid- protein induce reversible synapse loss by modulating an NMDA-type glutamate receptor-dependent signaling
pathway. J. Neurosci. 2007, 27, 2866-2875. [CrossRef] [PubMed]

Palop, J.J.; Chin, J.; Mucke, L. A network dysfunction perspective on neurodegenerative diseases. Nature 2006, 443, 768-773.
[CrossRef]

Lue, L.-F; Kuo, Y.-M.; Roher, A.E.; Brachova, L.; Shen, Y.; Sue, L.; Beach, T.; Kurth, ].H.; Rydel, R.E.; Rogers, ]J. Soluble amyloid £
peptide concentration as a predictor of synaptic change in Alzheimer’s disease. Am. . Pathol. 1999, 155, 853-862. [CrossRef]
Wang, J.; Dickson, D.W.; Trojanowski, ].Q.; Lee, V.M.-Y. The levels of soluble versus insoluble brain A distinguish Alzheimer’s
disease from normal and pathologic aging. Exp. Neurol. 1999, 158, 328-337. [CrossRef]

Subramanian, J.; Savage, J.C.; Tremblay, M.-E. Synaptic loss in Alzheimer’s disease: Mechanistic insights provided by two-photon
in vivo imaging of transgenic mouse models. Front. Cell. Neurosci. 2020, 14, 592607. [CrossRef]

Steiner, H.; Fluhrer, R.; Haass, C. Intramembrane proteolysis by gamma-secretase. J. Biol. Chem. 2008, 283, 29627-29631. [CrossRef]
[PubMed]

Oikawa, N.; Walter, J. Presenilins and gamma-secretase in membrane proteostasis. Cell 2019, 8, 209. [CrossRef]

Wang, X.; Zhou, X,; Li, G.; Zhang, Y.; Wu, Y; Song, W. Modifications and trafficking of APP in the pathogenesis of Alzheimer’s
disease. Front. Mol. Neurosci. 2017, 10, 294. [CrossRef]

Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27-30. [CrossRef]

Yaari, R.; Tariot, PN.; Schneider, L.S. Cognitive enhancers and treatments for Alzheimer’s disease. In Psychiatry; Wiley: New
York, NY, USA, 2008; pp. 2294-2317.

Lleo, A. Current therapeutic options for Alzheimers disease. Curr. Genom. 2007, 8, 550-558. [CrossRef] [PubMed]

Harris, E. FDA Greenlights Second Alzheimer Drug, Donanemab. JAMA 2024. [CrossRef] [PubMed]

Zhang, Y.; Chen, H,; Li, R;; Sterling, K.; Song, W. Amyloid (3-based therapy for Alzheimer’s disease: Challenges, successes and
future. Signal Transduct. Target Ther. 2023, 8, 248. [CrossRef]

Bjerklund, G.; Shanaida, M.; Lysiuk, R.; Butnariu, M.; Peana, M.; Sarac, I.; Strus, O.; Smetanina, K.; Chirumbolo, S. Natural
compounds and products from an anti-aging perspective. Molecules 2022, 27, 7084. [CrossRef]


https://doi.org/10.1186/s13195-015-0125-2
https://www.ncbi.nlm.nih.gov/pubmed/25878730
https://doi.org/10.3389/fimmu.2022.856376
https://www.ncbi.nlm.nih.gov/pubmed/35558075
https://doi.org/10.1186/s40035-020-00221-2
https://www.ncbi.nlm.nih.gov/pubmed/33239064
https://doi.org/10.3389/fncel.2018.00488
https://www.ncbi.nlm.nih.gov/pubmed/30618635
https://doi.org/10.7150/ijbs.4679
https://www.ncbi.nlm.nih.gov/pubmed/23136554
https://doi.org/10.1016/j.jnutbio.2018.01.009
https://www.ncbi.nlm.nih.gov/pubmed/29454265
https://doi.org/10.1111/j.1749-6632.2012.06641.x
https://www.ncbi.nlm.nih.gov/pubmed/22823439
https://doi.org/10.1016/j.intimp.2010.10.016
https://doi.org/10.3233/JAD-2012-111709
https://doi.org/10.1186/s12974-015-0344-2
https://www.ncbi.nlm.nih.gov/pubmed/26112466
https://doi.org/10.1111/jnc.14005
https://doi.org/10.3390/biomedicines11020355
https://doi.org/10.1073/pnas.222433299
https://www.ncbi.nlm.nih.gov/pubmed/12374847
https://doi.org/10.1038/nn1335
https://doi.org/10.1523/JNEUROSCI.4970-06.2007
https://www.ncbi.nlm.nih.gov/pubmed/17360908
https://doi.org/10.1038/nature05289
https://doi.org/10.1016/S0002-9440(10)65184-X
https://doi.org/10.1006/exnr.1999.7085
https://doi.org/10.3389/fncel.2020.592607
https://doi.org/10.1074/jbc.R800010200
https://www.ncbi.nlm.nih.gov/pubmed/18650432
https://doi.org/10.3390/cells8030209
https://doi.org/10.3389/fnmol.2017.00294
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.2174/138920207783769549
https://www.ncbi.nlm.nih.gov/pubmed/19415128
https://doi.org/10.1001/jama.2024.13386
https://www.ncbi.nlm.nih.gov/pubmed/39058481
https://doi.org/10.1038/s41392-023-01484-7
https://doi.org/10.3390/molecules27207084

Int. J. Mol. Sci. 2024, 25, 8982 32 o0f 44

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Singh Makhaik, M.; Shakya, A K.; Kale, R. Antioxidants—Benefits, Sources, Mechanisms of Action. In Dietary Phytochemicals: As a
Natural Source of Antioxidants; IntechOpen: Rijeka, Croatia, 2021.

Socci, V.; Tempesta, D.; Desideri, G.; De Gennaro, L.; Ferrara, M. Enhancing human cognition with cocoa flavonoids. Front. Nutr.
2017, 4, 19. [CrossRef]

Bakoyiannis, I.; Daskalopoulou, A.; Pergialiotis, V.; Perrea, D. Phytochemicals and cognitive health: Are flavonoids doing the
trick? Biomed. Pharmacother. 2019, 109, 1488-1497. [CrossRef]

Williams, R.J.; Spencer, ].P.E. Flavonoids, cognition, and dementia: Actions, mechanisms, and potential therapeutic utility for
Alzheimer disease. Free Radic. Biol. Med. 2012, 52, 35-45. [CrossRef] [PubMed]

Singh, A.; Omer, K. Recent Advancement in Therapeutic Activity of Carotenoids. In Physiology; IntechOpen: Rijeka, Croatia, 2024.
[CrossRef]

Miiller-Maatsch, J.; Sprenger, J.; Hempel, J.; Kreiser, F.; Carle, R.; Schweiggert, R.M.S. Carotenoids from gac fruit aril (Momordica
cochinchinensis [Lour.] Spreng.) are more bioaccessible than those from carrot root and tomato fruit. Food Res. Inter. 2016, 99,
928-935. [CrossRef]

Jaswir, I.; Noviendri, D.; Hasrini, R.E,; Octavianti, F. Carotenoids: Sources, medicinal properties and their application in food and
nutraceutical industry. J. Med. Plants Res. 2011, 5, 7119-7131. [CrossRef]

Dias, M.G.; Olmedilla-Alonso, B.; Hornero-Mendez, D.; Mercadante, A.Z.; Osorio, C.; Vargas-Murga, L.; Melendez-Martinez, A.J.
Comprehensive Database of Carotenoid Contents in Ibero-American Foods. A Valuable Tool in the Context of Functional Foods
and the Establishment of Recommended Intakes of Bioactives. J. Agric. Food Chem. 2018, 66, 5055-5107. [CrossRef]

Mezadri, T.; Pérez-Galvez, A.; Hornero-Méndez, D. Carotenoid pigments in acerola fruits (Malpighia emarginata DC.) and derived
products. Eur. Food Res. Technol. 2005, 220, 63—69. [CrossRef]

Costa Perez, J. Method of Producing Beta-Carotene by Means of Mixed Culture Fermentation Using (+) and (—) Strains of
Blakeslea trispora. European Patent Application 1,367,131, 2003.

Papadaki, E.; Mantzouridou, F.T. Natural 3-Carotene Production by Blakeslea trispora Cultivated in Spanish-Style Green Olive
Processing Wastewaters. Foods 2021, 10, 327. [CrossRef]

Zhou, C.; Zhao, D.; Sheng, Y.; Tao, J.; Yang, Y. Carotenoids in Fruits of Different Persimmon Cultivars. Molecules 2011, 16, 624—636.
[CrossRef] [PubMed]

Saini, R K.; Prasad, P.; Lokesh, V.; Shang, X.; Shin, J.; Keum, Y.S.; Lee, ].H. Carotenoids: Dietary Sources, Extraction, Encapsulation,
Bioavailability, and Health Benefits-A Review of Recent Advancements. Antioxidants 2022, 11, 795. [CrossRef]

Mercadante, A.Z.; Steck, A.; Pfander, H. Carotenoids from guava (Psidium guajava L.): Isolation and structure elucidation. J. Agric.
Food Chem. 1999, 47, 145-151. [CrossRef] [PubMed]

Saini, R.K.; Assefa, A.D.; Keum, Y.S. Fatty acid and carotenoid composition of bitter melon (Momordica charantia L.) seed arils: A
potentially valuable source of lycopene. J. Food Meas. Charact. 2017, 11, 1266-1273. [CrossRef]

Ambati, RR,; Phang, S.M.; Ravi, S.; Aswathanarayana, R.G. Astaxanthin: Sources, extraction, stability, biological activities and its
commercial applications—A review. Mar. Drugs 2014, 12, 128-152. [CrossRef] [PubMed]

Mota, G.C.P; de Moraes, L.B.S.; Oliveira, C.Y.B.; Oliveira, D.W.S.; de Abreu, J.L.; Dantas, D.M.M.; Galvez, A.O. Astaxanthin from
Huaematococcus pluvialis: Processes, applications, and market. Prepar. Biochem. Biotech. 2021, 52, 598-609. [CrossRef]

Frengova, G.L; Beshkova, D.M. Carotenoids from Rhodotorula and Phaffia: Yeasts of biotechnological importance. J. Ind. Microbiol.
Biotechnol. 2009, 36, 163—180. [CrossRef]

Xiao, H.; Zhao, J.; Fang, C.; Cao, Q.; Xing, M.; Li, X.; Hou, J.; Ji, A.; Song, S. Advances in Studies on the Pharmacological Activities
of Fucoxanthin. Mar. Drugs 2020, 18, 634. [CrossRef] [PubMed]

Din, N.A.S.; Mohd Alayudin, S.; Sofian-Seng, N.S.; Rahman, H.A.; Mohd Razali, N.S.; Lim, S.J.; Wan Mustapha, W.A. Brown
Algae as Functional Food Source of Fucoxanthin: A Review. Foods 2022, 11, 2235. [CrossRef]

Ali, A.; Yu, L,; Kousar, S.; Khalid, W.; Magbool, Z.; Aziz, A.; Arshad, M.S.; Aadil, RM,; Trif, M.; Riaz, S.; et al. Crocin: Functional
characteristics, extraction, food applications and efficacy against brain related disorders. Front. Nutr. 2022, 9, 1009807. [CrossRef]
[PubMed]

Mohd Hatta, F.A.; Othman, R.; Mat Ali, Q.A.; Mohd Hassan, N.; Ramya, R.; Wan Sulaiman, W.S.; Mohd Latiff, N.; Mohd Kashim,
M.IL Carotenoids composition, antioxidant and antimicrobial capacities of Crocus sativus L. stigma. Food Res. 2023, 7, 337-343.
[CrossRef]

Flieger, ].; Raszewska-Famielec, M.; Radzikowska-Biichner, E.; Flieger, W. Skin Protection by Carotenoid Pigments. Int. J. Mol. Sci.
2024, 25, 1431. [CrossRef]

Parrado, C.; Mascaraque, M.; Gilaberte, Y.; Juarranz, A.; Gonzalez, S. Fernblock (Polypodium leucotomos extract): Molecular
mechanisms and pleiotropic effects in light-related skin conditions, photoaging and skin cancers. Int. J. Mol. Sci. 2016, 17, 1026.
[CrossRef] [PubMed]

Tapiero, H.; Townsend, D.M.; Tew, K.D. The role of carotenoids in the prevention of human pathologies. Biomed. Pharmacother.
2004, 58, 100-110. [CrossRef]

Bernhardt, S.; Schlich, E. Impact of different cooking methods on food quality: Retention of lipophilic vitamins in fresh and
frozen vegetables. J. Food Eng. 2006, 77, 327-333. [CrossRef]


https://doi.org/10.3389/fnut.2017.00019
https://doi.org/10.1016/j.biopha.2018.10.086
https://doi.org/10.1016/j.freeradbiomed.2011.09.010
https://www.ncbi.nlm.nih.gov/pubmed/21982844
https://doi.org/10.5772/intechopen.112580
https://doi.org/10.1016/j.foodres.2016.10.053
https://doi.org/10.5897/JMPRx11.011
https://doi.org/10.1021/acs.jafc.7b06148
https://doi.org/10.1007/s00217-004-1042-y
https://doi.org/10.3390/foods10020327
https://doi.org/10.3390/molecules16010624
https://www.ncbi.nlm.nih.gov/pubmed/21242942
https://doi.org/10.3390/antiox11040795
https://doi.org/10.1021/jf980405r
https://www.ncbi.nlm.nih.gov/pubmed/10563863
https://doi.org/10.1007/s11694-017-9504-7
https://doi.org/10.3390/md12010128
https://www.ncbi.nlm.nih.gov/pubmed/24402174
https://doi.org/10.1080/10826068.2021.1966802
https://doi.org/10.1007/s10295-008-0492-9
https://doi.org/10.3390/md18120634
https://www.ncbi.nlm.nih.gov/pubmed/33322296
https://doi.org/10.3390/foods11152235
https://doi.org/10.3389/fnut.2022.1009807
https://www.ncbi.nlm.nih.gov/pubmed/36583211
https://doi.org/10.26656/fr.2017.7(4).390
https://doi.org/10.3390/ijms25031431
https://doi.org/10.3390/ijms17071026
https://www.ncbi.nlm.nih.gov/pubmed/27367679
https://doi.org/10.1016/j.biopha.2003.12.006
https://doi.org/10.1016/j.jfoodeng.2005.06.040

Int. J. Mol. Sci. 2024, 25, 8982 33 of 44

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Fernandez-Garcia, E.; Carvajal-Lerida, I.; Jaren-Galan, M.; Garrido-Fernandez, J.; Perez-Galvez, A.; Hornero-Mendez, D.
Carotenoids bioavailability from foods: From plant pigments to efficient biological activities. Food Res. Int. 2012, 46, 438—
450. [CrossRef]

Prince, M.R,; Frisoli, ].K. Beta-carotene accumulation in serum and skin. Am. J. Clin. Nutr. 1993, 57, 175-181. [CrossRef]
Khachik, F. Distribution and metabolism of dietary carotenoids in humans as a criterion for development of nutritional supple-
ments. Pure Appl. Chem. 2006, 78, 1551-1557. [CrossRef]

Vandersee, S.; Beyer, M.; Lademann, J.; Darvin, M.E. Blue-violet light irradiation dose dependently decreases carotenoids in
human skin, which indicates the generation of free radicals. Oxid. Med. Cell Longev. 2015, 2015, 579675. [CrossRef]

Ames, B.N. Prolonging healthy aging: Longevity vitamins and proteins. Proc. Natl. Acad. Sci. USA 2018, 115, 10836-10844.
[CrossRef]

Meléndez-Martinez, A.].; Stinco, C.M.; Mapelli-Brahm, P. Skin Carotenoids in Public Health and Nutricosmetics: The Emerging
Roles and Applications of the UV Radiation-Absorbing Colourless Carotenoids Phytoene and Phytofluene. Nutrients 2019, 11,
1093. [CrossRef] [PubMed]

Imran, M.; Ghorat, E; Ul-Hagq, I.; Ur-Rehman, H.; Aslam, F.; Heydari, M.; Shariati, M.A.; Okuskhanova, E.; Yessimbekov, Z.;
Thiruvengadam, M.; et al. Lycopene as a Natural Antioxidant Used to Prevent Human Health Disorders. Antioxidants 2020, 9, 706.
[CrossRef] [PubMed]

Stahl, W.; Sies, H. 3-Carotene and other carotenoids in protection from sunlight. Am. J. Clin. Nutr. 2012, 96, 11795-1184S.
[CrossRef]

Chen, C.H,; Han, RM,; Liang, R.; Fu, L.M.; Wang, P; Ai, X.C.; Zhang, J.P; Skibsted, L.H. Direct observation of the (3-carotene
reaction with hydroxyl radical. J. Phys. Chem. B. 2011, 115, 2082-2089. [CrossRef] [PubMed]

Krinsky, N.I; Johnson, E.J. Carotenoid actions and their relation to health and disease. Mol. Aspects Med. 2005, 26, 459-516.
[CrossRef]

Devore, E.E.; Kang, ].H.; Stampfer, M.].; Grodstein, F. The association of antioxidants and cognition in the Nurses” Health Study.
Am. J. Epidemiol. 2013, 177, 33—41. [CrossRef]

Morris, M.C.; Wang, Y.; Barnes, L.L.; Bennett, D.A.; Dawson-Hughes, B.; Booth, S.L. Nutrients and bioactives in green leafy
vegetables and cognitive decline: Prospective study. Neurology 2018, 90, e214—e222. [CrossRef]

Wengreen, H.J.; Munger, R.G.; Corcoran, C.D.; Zandi, P.; Hayden, K.M.; Fotuhi, M.; Skoog, I.; Norton, M.C.; Tschanz, J.; Breitner,
J.C.; et al. Antioxidant intake and cognitive function of elderly men and women: The Cache County Study. J. Nutr. Health Aging
2007, 11, 230-237. [PubMed]

Grodstein, F; Kang, J.H.; Glynn, R.J.; Cook, N.R.; Gaziano, ].M. A randomized trial of beta carotene supplementation and
cognitive function in men: The Physicians’ Health Study II. Arch. Intern. Med. 2007, 167, 2184-2190. [CrossRef]

Yuan, C.; Chen, H.; Wang, Y.; Schneider, ].A.; Willett, W.C.; Morris, M.C. Dietary carotenoids related to risk of incident Alzheimer
dementia (AD) and brain AD neuropathology: A community-based cohort of older adults. Am. J. Clin. Nutr. 2021, 113, 200-208.
[CrossRef] [PubMed]

Renzi-Hammond, L.M.; Bovier, E.R.; Fletcher, L.M.; Miller, L.S.; Mewborn, C.M.; Lindbergh, C.A ; Baxter, ].H.; Hammond, B.R.
Effects of a Lutein and Zeaxanthin Intervention on Cognitive Function: A Randomized, Double-Masked, Placebo-Controlled Trial
of Younger Healthy Adults. Nutrients 2017, 9, 1246. [CrossRef]

Lindbergh, C.A.; Renzi-Hammond, L.M.; Hammond, B.R; Terry, D.P.; Mewborn, C.M.; Puente, A.N.; Miller, L.S. Lutein and
Zeaxanthin Influence Brain Function in Older Adults: A Randomized Controlled Trial. J. Int. Neuropsychol. Soc. 2018, 24, 77-90.
[CrossRef] [PubMed]

Chen, D.; Huang, C.; Chen, Z. A review for the pharmacological effect of lycopene in central nervous system disorders. Biomed.
Pharmacother. 2019, 111, 791-801. [CrossRef]

Rao, A.V,; Shen, H. Effect of low dose lycopene intake on lycopene bioavailability and oxidative stress. Nutr. Res. 2002, 22,
1125-1131. [CrossRef]

Gustin, D.M.; Rodvold, K.A.; Sosman, J.A.; Diwadkar-Navsariwala, V.; Stacewicz-Sapuntzakis, M.; Viana, M.; Crowell, ].A;
Murray, J.; Tiller, P.; Bowen, P.E. Single-dose pharmacokinetic study of lycopene delivered in a well-defined food-based lycopene
delivery system (Tomato Paste-oil Mixture) in healthy adult male subjects. Cancer Epidemiol. Biomark. Prev. 2004, 13, 850-860.
[CrossRef]

Trumbo, P.R. Are there adverse effects of lycopene exposure? J. Nutr. 2005, 135, 20605-2061S. [CrossRef] [PubMed]

Khan, U.M,; Sevindik, M.; Zarrabi, A.; Nami, M.; Ozdemir, B.; Kaplan, D.N.; Selamoglu, Z.; Hasan, M.; Kumar, M.; Alshehri,
M.M,; et al. Lycopene: Food sources, biological activities, and human health benefits. Oxid. Med. Cell. Longev. 2021, 2021, 2713511.
[CrossRef]

Fang, Y,; Ou, S.; Wu, T; Zhou, L; Tang, H.; Jiang, M.; Xu, J.; Guo, K. Lycopene alleviates oxidative stress via the
PI3K/Akt/Nrf2pathway in a cell model of Alzheimer’s disease. Peer] 2020, 8, €9308. [CrossRef]

Hwang, S.; Lim, J.; Kim, H. Inhibitory effect of lycopene on amyloid-p-induced apoptosis in neuronal cells. Nutrients 2017, 9, 883.
[CrossRef] [PubMed]

Lim, S.; Hwang, S.; Yu, ].H.; Lim, ] W.; Kim, H. Lycopene inhibits regulator of calcineurin 1-mediated apoptosis by reducing
oxidative stress and down-regulating Nucling in neuronal cells. Mol. Nutr. Food Res. 2017, 61, 1600530. [CrossRef]


https://doi.org/10.1016/j.foodres.2011.06.007
https://doi.org/10.1093/ajcn/57.2.175
https://doi.org/10.1351/pac200678081551
https://doi.org/10.1155/2015/579675
https://doi.org/10.1073/pnas.1809045115
https://doi.org/10.3390/nu11051093
https://www.ncbi.nlm.nih.gov/pubmed/31100970
https://doi.org/10.3390/antiox9080706
https://www.ncbi.nlm.nih.gov/pubmed/32759751
https://doi.org/10.3945/ajcn.112.034819
https://doi.org/10.1021/jp1100889
https://www.ncbi.nlm.nih.gov/pubmed/21323327
https://doi.org/10.1016/j.mam.2005.10.001
https://doi.org/10.1093/aje/kws202
https://doi.org/10.1212/WNL.0000000000004815
https://www.ncbi.nlm.nih.gov/pubmed/17508099
https://doi.org/10.1001/archinte.167.20.2184
https://doi.org/10.1093/ajcn/nqaa303
https://www.ncbi.nlm.nih.gov/pubmed/33184623
https://doi.org/10.3390/nu9111246
https://doi.org/10.1017/S1355617717000534
https://www.ncbi.nlm.nih.gov/pubmed/28695791
https://doi.org/10.1016/j.biopha.2018.12.151
https://doi.org/10.1016/S0271-5317(02)00430-X
https://doi.org/10.1158/1055-9965.850.13.5
https://doi.org/10.1093/jn/135.8.2060S
https://www.ncbi.nlm.nih.gov/pubmed/16046742
https://doi.org/10.1155/2021/2713511
https://doi.org/10.7717/peerj.9308
https://doi.org/10.3390/nu9080883
https://www.ncbi.nlm.nih.gov/pubmed/28813012
https://doi.org/10.1002/mnfr.201600530

Int. J. Mol. Sci. 2024, 25, 8982 34 of 44

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Huang, C,; Gan, D,; Fan, C.; Wen, C.; Li, A,; Li, Q.; Zhao, J.; Wang, Z.; Zhu, L.; Lu, D. The secretion from neural stem cells
pretreated with lycopene protects against tert -butyl hydroperoxide-induced neuron oxidative damage. Oxid. Med. Cell. Longev.
2018, 2018, 28. [CrossRef] [PubMed]

Qu, M,; Li, L,; Chen, C.; Li, M,; Pei, L.; Chu, E; Yang, J.; Yu, Z.; Wang, D.; Zhou, Z. Protective effects of lycopene against amyloid
B-induced neurotoxicity in cultured rat cortical neurons. Neurosci. Lett. 2011, 505, 286-290. [CrossRef]

Qu, M.; Jiang, Z.; Liao, Y.; Song, Z.; Nan, X. Lycopene prevents amyloid [Beta]-Induced mitochondrial oxidative stress and
dysfunctions in cultured rat cortical neurons. Neurochem. Res. 2016, 41, 1354-1364. [CrossRef]

Prakash, A.; Kumar, A. Implicating the role of lycopene in restoration of mitochondrial enzymes and BDNF levels in 3-amyloid
induced Alzheimer’s disease. Eur. |. Pharmacol. 2014, 741, 104-111. [CrossRef]

Sachdeva, A K.; Chopra, K. Lycopene abrogates Af3(1-42)-mediated neuroinflammatory cascade in an experimental model of
Alzheimer’s disease. |. Nutr. Biochem. 2015, 26, 736-744. [CrossRef] [PubMed]

Xu, X.; Teng, Y.; Zou, ]J.; Ye, Y,; Song, H.; Wang, Z. Effects of lycopene on vascular remodeling through the LXR-PI3K-AKT
signaling pathway in APP/PS1 mice. Biochem. Biophys. Res. Commun. 2020, 526, 699-705. [CrossRef] [PubMed]

Liu, C.-B.; Wang, R.; Yi, Y.-F,; Gao, Z.; Chen, Y.-Z. Lycopene mitigates 3-amyloid induced inflammatory response and inhibits
NF-«B signaling at the choroid plexus in early stages of Alzheimer’s disease rats. J. Nutr. Biochem. 2018, 53, 66-71. [CrossRef]
Yin, Q.; Ma, Y.; Hong, Y.; Hou, X.; Chen, ].; Shen, C.; Sun, M.; Shang, Y.; Dong, S.; Zeng, Z.; et al. Lycopene attenuates insulin
signaling deficits, oxidative stress, neuroinflammation, and cognitive impairment in fructose-drinking insulin resistant rats.
Neuropharmacology 2014, 86, 389-396. [CrossRef] [PubMed]

Xu, Z.; Liu, C.; Wang, R.; Gao, X.; Hao, C.; Liu, C. A combination of lycopene and human amniotic epithelial cells can ameliorate
cognitive deficits and suppress neuroinflammatory signaling by choroid plexus in Alzheimer’s disease rat. |. Nutr. Biochem. 2021,
88, 108558. [CrossRef]

Kumar, P.; Kumar, A. Effect of lycopene and epigallocatechin-3-gallate against 3-nitropropionic acid induced cognitive dysfunction
and glutathione depletion in rat: A novel nitric oxide mechanism. Food Chem. Toxicol. 2009, 47, 2522-2530. [CrossRef]

Liu, C.B.; Wang, R.; Pan, H.B.; Ding, Q.F; Lu, F.B. Effect of lycopene on oxidative stress and behavioral deficits in rotenone
induced model of Parkinson’s disease. Zhongguo Ying Yong Sheng Li Xue Za Zhi 2013, 29, 380-384.

Tang, EY.; Shih, C.J.; Cheng, L.H.; Ho, H.]J.; Chen, H.]. Lycopene inhibits growth of human colon cancer cells via suppression of
the Akt signaling pathway. Mol. Nutr. Food Res. 2008, 52, 646—654. [CrossRef]

Lin, J; Xia, J.; Zhao, H.; Hou, R.; Talukder, M.; Yu, L.; Guo, J.; Li, J. Lycopene triggers Nrf2—AMPK cross talk to alleviate
atrazine-induced nephrotoxicity in mice. J. Agric. Food Chem. 2018, 66, 12385-12394. [CrossRef]

Crowe-White, K.M.; Phillips, T.A; Ellis, A.C. Lycopene and cognitive function. J. Nutr. Sci. 2019, 8, €20. [CrossRef]

Wang, J.; Wang, Z.; Li, B.; Qiang, Y,; Yuan, T,; Tan, X.; Wang, Z.; Liu, Z.; Liu, X. Lycopene attenuates western-diet-induced
cognitive deficits via improving glycolipid metabolism dysfunction and inflammatory responses in gut-liver-brain axis. Int. J.
Obes. 2019, 43, 1735-1746. [CrossRef] [PubMed]

Martinez, A.; Stinco, C.M.; Meléndez-Martinez, A.]. Free radical scavenging properties of phytofluene and phytoene isomers
as compared to lycopene: A combined experimental and theoretical study. J. Phys. Chem. B 2014, 118, 9819-9825. [CrossRef]
[PubMed]

Gartner, C.; Stahl, W,; Sies, H. Lycopene is more bioavailable from tomato paste than from fresh tomatoes. Am. J. Clin. Nutr. 1997,
66, 116-122. [CrossRef] [PubMed]

Srivastava, S.; Srivastava, A K. Lycopene; chemistry, biosynthesis, metabolism and degradation under various abiotic parameters.
J. Food Sci. Technol. 2015, 52, 41-53. [CrossRef]

Medin, A.C,; Carlsen, M.H.; Andersen, L.F. Associations between reported intakes of carotenoid-rich foods and concentrations of
carotenoids in plasma: A validation study of a web-based food recall for children and adolescents. Public Health Nutr. 2016, 19,
3265-3275. [CrossRef] [PubMed]

Gerster, H. The potential role of lycopene for human health. J. Am. Coll. Nutr. 1997, 16, 109-126. [CrossRef] [PubMed]

Pratico, D.; Sung, S. Lipid peroxidation and oxidative imbalance: Early functional events in Alzheimer’s disease. ]. Alzheimer’s
Dis. 2004; 6, 171-175. [CrossRef]

Mecocci, P.; Polidori, M.C.; Cherubini, A.; Ingegni, T.; Mattioli, P.; Catani, M.; Rinaldi, P.; Cecchetti, R.; Stahl, W.; Senin, U.; et al.
Lymphocyte oxidative DNA damage and plasma antioxidants in Alzheimer disease. Arch. Neurol. 2002, 59, 794-798. [CrossRef]
[PubMed]

Wu, A,; Liu, R.; Dai, W,; Jie, Y; Yu, G.; Fan, X.; Huang, Q. Lycopene attenuates early brain injury and inflammation following
subarachnoid hemorrhage in rats. Int. J. Clin. Exp. Med. 2015, 8, 14316-14322.

Khachik, E; Carvalho, L.; Bernstein, P.S.; Muir, G.J.; Zhao, D.Y.; Katz, N.B. Chemistry, distribution, and metabolism of tomato
carotenoids and their impact on human health. Exp. Biol. Med. 2002, 227, 845-851. [CrossRef]

Yu, L.; Wang, W.; Pang, W.; Xiao, Z.; Jiang, Y.; Hong, Y. Dietary Lycopene Supplementation Improves Cognitive Performances in
Tau Transgenic Mice Expressing P301L Mutation via Inhibiting Oxidative Stress and Tau Hyperphosphorylation. J. Alzheimer’s
Dis. 2017, 57, 475-482. [CrossRef]

Prema, A.; Janakiraman, U.; Manivasagam, T.; Thenmozhi, A.J. Neuroprotective effect of lycopene against MPTP induced
experimental Parkinson’s disease in mice. Neurosci. Lett. 2015, 599, 12-19. [CrossRef] [PubMed]


https://doi.org/10.1155/2018/5490218
https://www.ncbi.nlm.nih.gov/pubmed/30140366
https://doi.org/10.1016/j.neulet.2011.10.048
https://doi.org/10.1007/s11064-016-1837-9
https://doi.org/10.1016/j.ejphar.2014.07.036
https://doi.org/10.1016/j.jnutbio.2015.01.012
https://www.ncbi.nlm.nih.gov/pubmed/25869595
https://doi.org/10.1016/j.bbrc.2020.02.063
https://www.ncbi.nlm.nih.gov/pubmed/32253029
https://doi.org/10.1016/j.jnutbio.2017.10.014
https://doi.org/10.1016/j.neuropharm.2014.07.020
https://www.ncbi.nlm.nih.gov/pubmed/25110828
https://doi.org/10.1016/j.jnutbio.2020.108558
https://doi.org/10.1016/j.fct.2009.07.011
https://doi.org/10.1002/mnfr.200700272
https://doi.org/10.1021/acs.jafc.8b04341
https://doi.org/10.1017/jns.2019.16
https://doi.org/10.1038/s41366-018-0277-9
https://www.ncbi.nlm.nih.gov/pubmed/30538283
https://doi.org/10.1021/jp503227j
https://www.ncbi.nlm.nih.gov/pubmed/25072669
https://doi.org/10.1093/ajcn/66.1.116
https://www.ncbi.nlm.nih.gov/pubmed/9209178
https://doi.org/10.1007/s13197-012-0918-2
https://doi.org/10.1017/S1368980016001622
https://www.ncbi.nlm.nih.gov/pubmed/27346293
https://doi.org/10.1080/07315724.1997.10718661
https://www.ncbi.nlm.nih.gov/pubmed/9100211
https://doi.org/10.3233/jad-2004-6209
https://doi.org/10.1001/archneur.59.5.794
https://www.ncbi.nlm.nih.gov/pubmed/12020262
https://doi.org/10.1177/153537020222701002
https://doi.org/10.3233/JAD-161216
https://doi.org/10.1016/j.neulet.2015.05.024
https://www.ncbi.nlm.nih.gov/pubmed/25980996

Int. J. Mol. Sci. 2024, 25, 8982 35 of 44

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Lei, X.; Lei, L.; Zhang, Z.; Cheng, Y. Neuroprotective effects of lycopene pretreatment on transient global cerebral ischemia-
reperfusion in rats: The role of the Nrf2/HO-1 signaling pathway. Mol. Med. Rep. 2016, 13, 412-418. [CrossRef] [PubMed]
Zhang, F; Fu, Y.; Zhou, X,; Pan, W.; Shi, Y.; Wang, M.; Zhang, X.; Qi, D.; Li, L.; Ma, K,; et al. Depression-like behaviors and
heme oxygenase-1 are regulated by Lycopene in lipopolysaccharide-induced neuroinflammation. J. Neuroimmunol. 2016, 298, 1-8.
[CrossRef] [PubMed]

Qu, M,; Shi, H.; Wang, K.; Wang, X.; Yu, N.; Guo, B. The Associations of Plasma/Serum Carotenoids with Alzheimer’s Disease: A
Systematic Review and Meta-Analysis. J. Alzheimer’s Dis. 2021, 82, 1055-1066. [CrossRef] [PubMed]

Guo, Y,; Fan, Z.; Zhao, S.; Yu, W,; Hou, X,; Nie, S.; Xu, S.; Zhao, C.; Han, J.; Liu, X. Brain-targeted lycopene-loaded microemulsion
modulates neuroinflammation, oxidative stress, apoptosis and synaptic plasticity in 3-amyloid-induced Alzheimer’s disease
mice. Neurol. Res. 2023, 45, 753-764. [CrossRef] [PubMed]

Ning, W.J.; Lv, R],; Xu, N.; Hou, X.Y,; Shen, C.; Guo, Y.L.; Fan, Z.Y.; Cao, N.; Liu, X.P. Lycopene-Loaded Microemulsion Regulates
Neurogenesis in Rats with AB-Induced Alzheimer’s Disease Rats Based on the Wnt/ 3-catenin Pathway. Neural. Plast. 2021, 2021,
5519330. [CrossRef] [PubMed]

Kumar, P; Kalonia, H.; Kumar, A. Lycopene modulates nitric oxide pathways against 3-nitropropionic acid-induced neurotoxicity.
Life Sci. 2009, 85, 711-718. [CrossRef] [PubMed]

Toénnies, E.; Trushina, E. Oxidative Stress, Synaptic Dysfunction, and Alzheimer’s Disease. J. Alzheimer’s Dis. 2017, 57, 1105-1121.
[CrossRef] [PubMed]

Islam, M.A.; Khandker, S.S.; Alam, F.; Khalil, M.I.; Kamal, M.A.; Gan, S.H. Alzheimer’s Disease and Natural Products: Future
Regimens Emerging from Nature. Curr. Top. Med. Chem. 2017, 17, 1408-1428. [CrossRef]

Qu, M.; Zhou, Z.; Chen, C.; Li, M.; Pei, L.; Chu, F; Yang, J.; Wang, Y,; Li, L.; Liu, C.; et al. Lycopene protects against
trimethyltin-induced neurotoxicity in primary cultured rat hippocampal neurons by inhibiting the mitochondrial apoptotic
pathway. Neurochem. Int. 2011, 59, 1095-1103. [CrossRef]

Chen, W.; Mao, L.; Xing, H.; Xu, L.; Fu, X.; Huang, L.; Huang, D.; Pu, Z,; Li, Q. Lycopene attenuates Af31-42 secretion and its
toxicity in human cell and Caenorhabditis elegans models of Alzheimer disease. Neurosci. Lett. 2015, 608, 28-33. [CrossRef]
Hsiao, G.; Fong, TH.; Tzu, N.H.; Lin, K.H.; Chou, D.S.; Sheu, ].R. A potent antioxidant, lycopene, affords neuroprotection against
microglia activation and focal cerebral ischemia in rats. In Vivo 2004, 18, 351-356.

Lin, H.Y.; Huang, B.R.; Yeh, W.L.; Lee, C.H.; Huang, S.S.; Lai, C.H.; Lin, H.; Lu, D.Y. Antineuroinflammatory effects of lycopene
via activation of adenosine monophosphate-activated protein kinase-«1/heme oxygenase-1 pathways. Neurobiol. Aging 2014, 35,
191-202. [CrossRef]

Chang, K.T.; Shi, Y.J.; Min, K.T. The Drosophila homolog of Down’s syndrome critical region 1 gene regulates learning: Implica-
tions for mental retardation. Proc. Natl. Acad. Sci. USA 2003, 100, 15794-15799. [CrossRef]

Ermak, G.; Morgan, T.E.; Davies, K.J. Chronic overexpression of the calcineurin inhibitory gene DSCR1 (Adapt78) is associated
with Alzheimer’s disease. J. Biol. Chem. 2001, 276, 38787-38794. [CrossRef] [PubMed]

Sun, X.; Wu, Y.; Chen, B.; Zhang, Z.; Zhou, W.; Tong, Y.; Yuan, J.; Xia, K.; Gronemeyer, H.; Flavell, R.A.; et al. Regulator of
calcineurin 1 (RCANT1) facilitates neuronal apoptosis through caspase-3 activation. J. Biol. Chem. 2011, 286, 9049-9062. [CrossRef]
Kim, Y.S.; Lee, H.J.; Jang, C.; Kim, H.S.; Cho, Y.J. Knockdown of RCAN1.4 Increases Susceptibility to FAS-mediated and DNA-
damage-induced Apoptosis by Upregulation of p53 Expression. Korean |. Physiol. Pharmacol. 2009, 13, 483-489. [CrossRef]
[PubMed]

Shin, J.J.; Fricker-Gates, R.A.; Perez, FA.; Leavitt, B.R.; Zurakowski, D.; Macklis, J.D. Transplanted neuroblasts differentiate
appropriately into projection neurons with correct neurotransmitter and receptor phenotype in neocortex undergoing targeted
projection neuron degeneration. J. Neurosci. 2000, 20, 7404-7416. [CrossRef]

Han, M.H,; Lee, E.H.; Koh, S.H. Current opinion on the role of neurogenesis in the therapeutic strategies for Alzheimer disease,
Parkinson disease, and ischemic stroke; considering neuronal voiding function. Int. Neurourol. J. 2016, 20, 276-287. [CrossRef]
[PubMed]

Takaichi, S.; Murakami, A.; Mochimaru, M. All of x-Carotene and Its Derivatives Have a Sole Chirality? In Photosynthesis
Research for Food, Fuel and the Future. Advanced Topics in Science and Technology in China; SpringerBerlin/Heidelberg,
Germany, 2013. [CrossRef]

Carazo, A.; Macdkova, K.; Matousova, K.; Krémova, L.K,; Protti, M.; Mladénka, P. Vitamin A Update: Forms, Sources, Kinetics,
Detection, Function, Deficiency, Therapeutic Use and Toxicity. Nutrients 2021, 13, 1703. [CrossRef]

van Helden, Y.G.; Godschalk, R.W.; Swarts, H.J.; Hollman, P.C.; van Schooten, EJ.; Keijer, ]. Beta-carotene affects gene expression
in lungs of male and female Bcmol (-/-) mice in opposite directions. Cell. Mol. Life Sci. 2011, 68, 489-504. [CrossRef] [PubMed]
Piga, R.; van Dartel, D.; Bunschoten, A.; van der Stelt, L.; Keijer, J. Role of Frizzled6 in the molecular mechanism of beta-carotene
action in the lung. Toxicology 2014, 320, 67-73. [CrossRef] [PubMed]

Kaulmann, A.; Bohn, T. Carotenoids, inflammation, and oxidative stress--implications of cellular signaling pathways and relation
to chronic disease prevention. Nutr. Res. 2014, 34, 907-929. [CrossRef] [PubMed]

Amengual, J.; Widjaja-Adhi, M.A.K.; Rodriguez-Santiago, S.; Hessel, S.; Golczak, M.; Palczewski, K.; von Lintig, J. Two carotenoid
oxygenases contribute to mammalian provitamin A metabolism. J. Biol. Chem. 2013, 288, 34081-34096. [CrossRef] [PubMed]
Riihl, R.; Bub, A.; Watzl, B. Modulation of plasma all-trans retinoic acid concentrations by the consumption of carotenoid-rich
vegetables. Nutrition 2008, 24, 1224-1226. [CrossRef] [PubMed]


https://doi.org/10.3892/mmr.2015.4534
https://www.ncbi.nlm.nih.gov/pubmed/26572165
https://doi.org/10.1016/j.jneuroim.2016.06.001
https://www.ncbi.nlm.nih.gov/pubmed/27609268
https://doi.org/10.3233/JAD-210384
https://www.ncbi.nlm.nih.gov/pubmed/34151808
https://doi.org/10.1080/01616412.2023.2203615
https://www.ncbi.nlm.nih.gov/pubmed/37068195
https://doi.org/10.1155/2021/5519330
https://www.ncbi.nlm.nih.gov/pubmed/34545285
https://doi.org/10.1016/j.lfs.2009.10.001
https://www.ncbi.nlm.nih.gov/pubmed/19822156
https://doi.org/10.3233/JAD-161088
https://www.ncbi.nlm.nih.gov/pubmed/28059794
https://doi.org/10.2174/1568026617666170103163054
https://doi.org/10.1016/j.neuint.2011.10.005
https://doi.org/10.1016/j.neulet.2015.10.009
https://doi.org/10.1016/j.neurobiolaging.2013.06.020
https://doi.org/10.1073/pnas.2536696100
https://doi.org/10.1074/jbc.M102829200
https://www.ncbi.nlm.nih.gov/pubmed/11483593
https://doi.org/10.1074/jbc.M110.177519
https://doi.org/10.4196/kjpp.2009.13.6.483
https://www.ncbi.nlm.nih.gov/pubmed/20054496
https://doi.org/10.1523/JNEUROSCI.20-19-07404.2000
https://doi.org/10.5213/inj.1632776.388
https://www.ncbi.nlm.nih.gov/pubmed/28043116
https://doi.org/10.1007/978-3-642-32034-7_29
https://doi.org/10.3390/nu13051703
https://doi.org/10.1007/s00018-010-0461-0
https://www.ncbi.nlm.nih.gov/pubmed/20820853
https://doi.org/10.1016/j.tox.2014.03.002
https://www.ncbi.nlm.nih.gov/pubmed/24657404
https://doi.org/10.1016/j.nutres.2014.07.010
https://www.ncbi.nlm.nih.gov/pubmed/25134454
https://doi.org/10.1074/jbc.M113.501049
https://www.ncbi.nlm.nih.gov/pubmed/24106281
https://doi.org/10.1016/j.nut.2008.05.022
https://www.ncbi.nlm.nih.gov/pubmed/18653315

Int. J. Mol. Sci. 2024, 25, 8982 36 of 44

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

Bohn, T.; Desmarchelier, C.; El, S.N.; Keijer, J.; van Schothorst, E.; Riihl, R.; Borel, P. 3-Carotene in the human body: Metabolic
bioactivation pathways—From digestion to tissue distribution and excretion. Proc. Nutr. Soc. 2019, 78, 68-87. [CrossRef]
[PubMed]

Rao, A.V.; Rao, L.G. Carotenoids and human health. Pharmacol. Res. 2007, 55, 207-216. [CrossRef]

Shete, V.; Quadro, L. Mammalian Metabolism of 3-Carotene: Gaps in Knowledge. Nutrients 2013, 5, 4849—4868. [CrossRef]
Wotoszynowska-Fraser, M.U.; Kouchmeshky, A.; McCaffery, P. Vitamin A and Retinoic Acid in Cognition and Cognitive Disease.
Annu. Rev. Nutr. 2020, 40, 247-272. [CrossRef]

Bettio, L.E.B.; Rajendran, L.; Gil-Mohapel, ]. The effects of aging in the hippocampus and cognitive decline. Neurosci. Biobehav.
Rev. 2017, 79, 66-86. [CrossRef] [PubMed]

O’Shea, A.; Cohen, R.A_; Porges, E.C.; Nissim, N.R.; Woods, A.]. Cognitive Aging and the Hippocampus in Older Adults. Front.
Aging Neurosci. 2016, 8, 298. [CrossRef]

Wotoszynowska-Fraser, M.U.; Rossi, S.L.; Long, ].M.; Mccaffery, PJ.; Rapp, P.R. Differential retinoic acid signaling in the
Hippocampus of aged rats with and without memory impairment. eNeuro 2021, 8, ENEURO.0120-21.2021. [CrossRef] [PubMed]
Jacobs, E.J.; Thun, M.].; Bain, E.B.; Rodriguez, C.; Henley, S.J.; Calle, E.E. A large cohort study of long-term daily use of
adult-strength aspirin and cancer incidence. J. Natl. Cancer Inst. 2007, 99, 608-615. [CrossRef]

Mishra, S.; Kelly, K K.; Rumian, N.L.; Siegenthaler, J.A. Retinoic Acid Is Required for Neural Stem and Progenitor Cell Proliferation
in the Adult Hippocampus. Stem Cell Rep. 2018, 10, 1705-1720. [CrossRef]

Bonnet, E.; Touyarot, K.; Alfos, S.; Pallet, V.; Higueret, P.; Abrous, D.N. Retinoic acid restores adult hippocampal neurogenesis
and reverses spatial memory deficit in vitamin A deprived rats. PLoS ONE 2008, 3, e3487. [CrossRef]

Cocco, S.; Diaz, G.; Stancampiano, R.; Diana, A.; Carta, M.; Curreli, R.; Sarais, L.; Fadda, F. Vitamin A deficiency produces spatial
learning and memory impairment in rats. Neuroscience 2002, 115, 475-482. [CrossRef]

Etchamendy, N.; Enderlin, V.; Marighetto, A.; Vouimba, R.M.; Pallet, V.; Jaffard, R.; Higueret, P. Alleviation of a selective
age-related relational memory deficit in mice by pharmacologically induced normalization of brain retinoid signaling. J. Neurosci.
2001, 21, 6423-6429. [CrossRef]

Dumetz, F; Buré, C.; Alfos, S.; Bonneu, M.; Richard, E.; Touyarot, K.; Marie, A.; Schmitter, ] M.; Bosch-Bouju, C.; Pallet, V.
Normalization of hippocampal retinoic acid level corrects age-related memory deficits in rats. Neurobiol. Aging 2020, 85, 1-10.
[CrossRef]

Corcoran, J.P.; So, PL.; Maden, M. Disruption of the retinoid signalling pathway causes a deposition of amyloid beta in the adult
rat brain. Eur. ]. Neurosci. 2004, 20, 896-902. [CrossRef] [PubMed]

Husson, M.; Enderlin, V.; Delacourte, A.; Ghenimi, N.; Alfos, S.; Pallet, V.; Higueret, P. Retinoic acid normalizes nuclear receptor
mediated hypo-expression of proteins involved in beta-amyloid deposits in the cerebral cortex of vitamin A deprived rats.
Neurobiol. Dis. 2006, 23, 1-10. [CrossRef] [PubMed]

Yuan, C.; Fondell, E.; Ascherio, A.; Okereke, O.1; Grodstein, F; Hofman, A.; Willett, W.C. Long-Term Intake of Dietary Carotenoids
Is Positively Associated with Late-Life Subjective Cognitive Function in a Prospective Study in US Women. J. Nutr. 2020, 150,
1871-1879. [CrossRef] [PubMed]

Wang, J.; Cunningham, R.; Zetterberg, H.; Asthana, S.; Carlsson, C.; Okonkwo, O.; Li, L. Label-free quantitative comparison of
cerebrospinal fluid glycoproteins and endogenous peptides in subjects with Alzheimer’s disease, mild cognitive impairment, and
healthy individuals. Proteom. Clin. Appl. 2016, 10, 1225-1241. [CrossRef] [PubMed]

Chen, D.; Huang, X.; Lu, S.; Deng, H.; Gan, H.; Du, X.; Weixue, T. RBP4/Lp-PLA2/Netrin-1 signaling regulation of cognitive
dysfunction in diabetic nephropathy complicated with silent cerebral infarction. Exp. Clin. Endocrinol. Diabetes. 2017, 125, 547-553.
[CrossRef]

Ishii, M.; Kamel, H.; Iadecola, C. Retinol Binding Protein 4 Levels Are Not Altered in Preclinical Alzheimer’s Disease and Not
Associated with Cognitive Decline or Incident Dementia. . Alzheimer’s Dis. 2019, 67, 257-263. [CrossRef]

Trasino, S.E.; Tang, X.H.; Jessurun, J.; Gudas, L.J. Obesity Leads to Tissue, but not Serum Vitamin A Deficiency. Sci. Rep. 2015, 5,
15893. [CrossRef] [PubMed]

Endres, K.; Fahrenholz, F; Lotz, J.; Hiemke, C.; Teipel, S.; Lieb, K.; Tiischer, O.; Fellgiebel, A. Increased CSF APPs-« levels in
patients with Alzheimer disease treated with acitretin. Neurology 2014, 83, 1930-1935. [CrossRef]

Chakrabarti, M.; Mcdonald, A.J.; Will Reed, J.; Moss, M.A.; Das, B.C.; Ray, S.K. Molecular signaling mechanisms of natural and
synthetic retinoids for inhibition of pathogenesis in Alzheimer’s disease. J. Alzheimer’s Dis. 2015, 50, 335-352. [CrossRef]

Jones, J.W.; Pierzchalski, K.; Yu, J.; Kane, M.A. Use of fast HPLC multiple reaction monitoring cubed for endogenous retinoic acid
quantification in complex matrices. Anal. Chem. 2015, 87, 3222-3230. [CrossRef] [PubMed]

Bastien, J.; Rochette-Egly, C. Nuclear retinoid receptors and the transcription of retinoid-target genes. Gene 2004, 328, 1-16.
[CrossRef] [PubMed]

Boehm-Cagan, A.; Michaelson, D.M. Reversal of apoE4-driven brain pathology and behavioral deficits by bexarotene. J. Neurosci.
2014, 34, 7293-7301. [CrossRef]

Cramer, P.E.; Cirrito, J.R.; Wesson, D.W.; Lee, C.Y.; Karlo, ].C.; Zinn, A.E.; Casali, B.T.; Restivo, J.L.; Goebel, W.D.; James, M.].;
et al. ApoE-directed therapeutics rapidly clear 3-amyloid and reverse deficits in AD mouse models. Science 2012, 335, 1503-1506.
[CrossRef]


https://doi.org/10.1017/S0029665118002641
https://www.ncbi.nlm.nih.gov/pubmed/30747092
https://doi.org/10.1016/j.phrs.2007.01.012
https://doi.org/10.3390/nu5124849
https://doi.org/10.1146/annurev-nutr-122319-034227
https://doi.org/10.1016/j.neubiorev.2017.04.030
https://www.ncbi.nlm.nih.gov/pubmed/28476525
https://doi.org/10.3389/fnagi.2016.00298
https://doi.org/10.1523/ENEURO.0120-21.2021
https://www.ncbi.nlm.nih.gov/pubmed/34417282
https://doi.org/10.1093/jnci/djk132
https://doi.org/10.1016/j.stemcr.2018.04.024
https://doi.org/10.1371/journal.pone.0003487
https://doi.org/10.1016/S0306-4522(02)00423-2
https://doi.org/10.1523/JNEUROSCI.21-16-06423.2001
https://doi.org/10.1016/j.neurobiolaging.2019.09.016
https://doi.org/10.1111/j.1460-9568.2004.03563.x
https://www.ncbi.nlm.nih.gov/pubmed/15305858
https://doi.org/10.1016/j.nbd.2006.01.008
https://www.ncbi.nlm.nih.gov/pubmed/16531051
https://doi.org/10.1093/jn/nxaa087
https://www.ncbi.nlm.nih.gov/pubmed/32386230
https://doi.org/10.1002/prca.201600009
https://www.ncbi.nlm.nih.gov/pubmed/27863112
https://doi.org/10.1055/s-0043-109099
https://doi.org/10.3233/JAD-180682
https://doi.org/10.1038/srep15893
https://www.ncbi.nlm.nih.gov/pubmed/26522079
https://doi.org/10.1212/WNL.0000000000001017
https://doi.org/10.3233/JAD-150450
https://doi.org/10.1021/ac504597q
https://www.ncbi.nlm.nih.gov/pubmed/25704261
https://doi.org/10.1016/j.gene.2003.12.005
https://www.ncbi.nlm.nih.gov/pubmed/15019979
https://doi.org/10.1523/JNEUROSCI.5198-13.2014
https://doi.org/10.1126/science.1217697

Int. J. Mol. Sci. 2024, 25, 8982 37 of 44

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Tachibana, M.; Shinohara, M.; Yamazaki, Y.; Liu, C.C.; Rogers, J.; Bu, G.; Kanekiyo, T. Rescuing effects of RXR agonist bexarotene
on aging-related synapse loss depend on neuronal LRP1. Exp. Neurol. 2016, 277, 1-9. [CrossRef]

Twitto-Greenberg, R.; Liraz-Zaltsman, S.; Michaelson, D.M.; Liraz, O.; Lubitz, I.; Atrakchi-Baranes, D.; Shemesh, C.; Ashery, U,;
Cooper, I.; Harari, A,; et al. 9-cis beta-carotene-enriched diet significantly improved cognition and decreased Alzheimer’s disease
neuropathology and neuroinflammation in Alzheimer’s disease-like mouse models. Neurobiol. Aging 2024, 133, 16-27. [CrossRef]
Shaish, A.; Harari, A.; Hananshvili, L.; Cohen, H.; Bitzur, R.; Luvish, T.; Ulman, E.; Golan, M.; Ben-Amotz, A.; Gavish, D.; et al.
9-cis beta-carotene-rich powder of the alga Dunaliella bardawil increases plasma HDL-cholesterol in fibrate-treated patients.
Atherosclerosis 2006, 189, 215-221. [CrossRef]

Lane, M.A ; Bailey, S.]J. Role of retinoid signalling in the adult brain. Prog. Neurobiol. 2005, 75, 275-293. [CrossRef]

Kang, ].H.; Cook, N.R.; Manson, J.E.; Buring, ].E.; Albert, C.M.; Grodstein, F. Vitamin E, vitamin C, beta carotene, and cognitive
function among women with or at risk of cardiovascular disease: The Women’s Antioxidant and Cardiovascular Study. Circulation
2009, 119, 2772-2780. [CrossRef]

Kopec, R.E.; Chasman, D.I,; Okereke, O.1; Sesso, H.D. Re-remembering the influence of randomized (3-carotene on cognitive
decline. Alzheimers Dement. 2023, 19, 3718-3721. [CrossRef]

Min, K.B.; Min, J.Y. Association between leukocyte telomere length and serum carotenoid in US adults. Eur. . Nutr. 2017, 56,
1045-1052. [CrossRef]

Boccardi, V.; Arosio, B.; Cari, L.; Bastiani, P.; Scamosci, M.; Casati, M.; Ferri, E.; Bertagnoli, L.; Ciccone, S.; Rossi, PD.; et al.
Beta-carotene, telomerase activity and Alzheimer’s disease in old age subjects. Eur. J. Nutr. 2020, 59, 119-126. [CrossRef]

Hu, P; Bretsky, P.; Crimmins, E.M.; Guralnik, ].M.; Reuben, D.B.; Seeman, T.E. Association between serum beta-carotene levels
and decline of cognitive function in high-functioning older persons with or without apolipoprotein E 4 alleles: MacArthur studies
of successful aging. J. Gerontol. A Biol. Sci. Med. Sci. 2006, 61, 616-620. [CrossRef]

Zhong, Q.; Sun, W.; Qin, Y.; Xu, H. Association of Dietary «-Carotene and 3-Carotene Intake with Low Cognitive Performance
in Older Adults: A Cross-Sectional Study from the National Health and Nutrition Examination Survey. Nutrients 2023, 15, 239.
[CrossRef] [PubMed]

Liu, X.; Dhana, K.; Furtado, ].D.; Agarwal, P.; Aggarwal, N.T.; Tangney, C.; Laranjo, N.; Carey, V.; Barnes, L.L.; Sacks, FEM. Higher
circulating x-carotene was associated with better cognitive function: An evaluation among the MIND trial participants. J. Nutr.
Sci. 2021, 10, e64. [CrossRef]

Jimenez-Jimenez, FJ.; Molina, ].A.; Bustos, E; Orti-Pareja, M.; Benito-Leon, J.; Tallon-Barranco, A.; Gasalla, T.; Porta, J.; Arenas, ].
Serum levels of beta-carotene, alpha-carotene and vitamin A in patients with Alzheimer’s disease. Eur. J. Neurol. 1999, 6, 495-497.
[CrossRef]

Li, E-]J.; Shen, L.; Ji, H.-F. Dietary Intakes of Vitamin E, Vitamin C, and 3-Carotene and Risk of Alzheimer’s Disease: A
Meta-Analysis. |. Alzheimer’s Dis. 2012, 31, 253-258. [CrossRef]

Schippling, S.; Kontush, A.; Arlt, S.; Buhmann, C.; Stiirenburg, H.-J.; Mann, U.; Miiller-Thomsen, T.; Beisiegel, U. Increased
lipoprotein oxidation in alzheimer’s disease. Free Radic. Biol. Med. 2000, 28, 351-360. [CrossRef]

Stuerenburg, H.J.; Ganzer, S.; Miiller-Thomsen, T. Plasma beta carotene in Alzheimer’s disease. Association with cerebrospinal
fluid beta-amyloid 1-40, (Abeta40), beta-amyloid 1-42 (Abeta42) and total Tau. Neuro. Endocrinol. Lett. 2005, 26, 696—698.

Min, J.; Min, K. Serum Lycopene, Lutein and Zeaxanthin, and the Risk of Alzheimer’s Disease Mortality in Older Adults. Dement.
Geriatr. Cogn. Disord. 2014, 37, 246-256. [CrossRef]

Koch, M.; Furtado, ].D.; Cronjé, H.T.; DeKosky, S.T.; Fitzpatrick, A.L.; Lopez, O.L.; Kuller, L.H.; Mukamal, K.J.; Jensen, M.K.
Plasma antioxidants and risk of dementia in older adults. Alzheimer’s Dement. 2021, 7, €12208. [CrossRef]

Butler, M.; Nelson, V.A.; Davila, H.; Ratner, E.; Fink, H.A.; Hemmy, L.S.; McCarten, ].R.; Barclay, T.R.; Brasure, M.; Kane, R.L. Over-
the-Counter Supplement Interventions to Prevent Cognitive Decline, Mild Cognitive Impairment, and Clinical Alzheimer-Type
Dementia: A Systematic Review. Ann. Intern. Med. 2018, 168, 52. [CrossRef]

Engelhart, M.J.; Ruitenberg, A.; Meijer, |.; Kiliaan, A.; van Swieten, J.C.; Hofman, A.; Witteman, J.C.; Breteler, M.M. Plasma levels
of antioxidants are not associated with Alzheimer’s disease or cognitive decline. Dement. Geriatr. Cogn. Disord. 2005, 19, 134-139.
[CrossRef]

Kang, ].H.; Grodstein, F. Plasma carotenoids and tocopherols and cognitive function: A prospective study. Neurobiol. Aging 2008,
29, 1394-1403. [CrossRef]

Wang, J.; Huang, Y.; Bei, C.; Yang, H.; Lin, Z.; Xu, L. Causal associations of antioxidants with Alzheimer’s disease and cognitive
function: A Mendelian randomisation study. J. Epidemiol. Community Health 2024, 78, 424-430. [CrossRef]

Chen, Z.Y,; Zhang, Y. Animal models of Alzheimer’s disease: Applications, evaluation, and perspectives. Zool. Res. 2022, 43,
1026-1040. [CrossRef]

Drummond, E.; Wisniewski, T. Alzheimer’s disease: Experimental models and reality. Acta Neuropathol. 2017, 133, 155-175.
[CrossRef]

Goate, A.; Chartier-Harlin, M.C.; Mullan, M.; Brown, J.; Crawford, E; Fidani, L.; Giuffra, L.; Haynes, A ; Irving, N.; James, L.; et al.
Segregation of a missense mutation in the amyloid precursor protein gene with familial Alzheimer’s disease. Nature 1991, 349,
704-706. [CrossRef]

Zhang, S.; Cai, F; Wu, Y,; Bozorgmehr, T.; Wang, Z.; Zhang, S.; Huang, D.; Guo, J.; Shen, L.; Rankin, C.; et al. A presenilin-1
mutation causes Alzheimer disease without affecting Notch signaling. Mol. Psychiatry 2020, 25, 603-613. [CrossRef]


https://doi.org/10.1016/j.expneurol.2015.12.003
https://doi.org/10.1016/j.neurobiolaging.2023.09.005
https://doi.org/10.1016/j.atherosclerosis.2005.12.004
https://doi.org/10.1016/j.pneurobio.2005.03.002
https://doi.org/10.1161/CIRCULATIONAHA.108.816900
https://doi.org/10.1002/alz.13018
https://doi.org/10.1007/s00394-016-1152-x
https://doi.org/10.1007/s00394-019-01892-y
https://doi.org/10.1093/gerona/61.6.616
https://doi.org/10.3390/nu15010239
https://www.ncbi.nlm.nih.gov/pubmed/36615894
https://doi.org/10.1017/jns.2021.56
https://doi.org/10.1046/j.1468-1331.1999.640495.x
https://doi.org/10.3233/JAD-2012-120349
https://doi.org/10.1016/S0891-5849(99)00247-6
https://doi.org/10.1159/000356486
https://doi.org/10.1002/trc2.12208
https://doi.org/10.7326/M17-1530
https://doi.org/10.1159/000082884
https://doi.org/10.1016/j.neurobiolaging.2007.03.006
https://doi.org/10.1136/jech-2023-221184
https://doi.org/10.24272/j.issn.2095-8137.2022.289
https://doi.org/10.1007/s00401-016-1662-x
https://doi.org/10.1038/349704a0
https://doi.org/10.1038/s41380-018-0101-x

Int. J. Mol. Sci. 2024, 25, 8982 38 of 44

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

Deng, Y.; Wang, Z.; Wang, R.; Zhang, X.; Zhang, S.; Wu, Y.; Staufenbiel, M.; Cai, F; Song, W. Amyloid-f protein (Af) Glull is the
major (3-secretase site of 3-site amyloid-3 precursor protein-cleaving enzyme 1(BACEL), and shifting the cleavage site to Af
Aspl contributes to Alzheimer pathogenesis. Eur. J. Neurosci. 2013, 37, 1962-1969. [CrossRef]

Daviglus, M.L.; Bell, C.C.; Berrettini, W.; Bowen, P.E.; Connolly, E.S., Jr.; Cox, N.J.; Dunbar-Jacob, ].M.; Granieri, E.C.; Hunt, G,;
McGarry, K.; et al. National Institutes of Health State-of-the-Science Conference statement: Preventing alzheimer disease and
cognitive decline. Ann. Intern. Med. 2010, 153, 176-181. [CrossRef]

Mestas, J.; Hughes, C.C. Of mice and not men: Differences between mouse and human immunology. J. Immunol. 2004, 172,
2731-2738. [CrossRef]

Franco, R.; Cedazo-Minguez, A. Successful therapies for Alzheimer’s disease: Why so many in animal models and none in
humans? Front. Pharmacol. 2014, 5, 146. [CrossRef]

Hira, S.; Saleem, U.; Anwar, E; Sohail, M.F,; Raza, Z.; Ahmad, B. 3-Carotene: A Natural Compound Improves Cognitive
Impairment and Oxidative Stress in a Mouse Model of Streptozotocin-Induced Alzheimer’s Disease. Biomolecules 2019, 9, 441.
[CrossRef]

Mondloch, S.; Gannon, B.M.; Davis, C.R.; Chileshe, J.; Kaliwile, C.; Masi, C.; Rios-Avila, L.; Gregory, J.F., 3rd; Tanumihardjo, S.A.
High provitamin A carotenoid serum concentrations, elevated retinyl esters, and saturated retinol-binding protein in Zambian
preschool children are consistent with the presence of high liver vitamin A stores. Am. J. Clin. Nutr. 2015, 102, 497-504. [CrossRef]
Borel, P; Lietz, G.; Goncalves, A.; Szabo de Edelenyi, F.; Lecompte, S.; Curtis, P.; Goumidji, L.; Caslake, M.].; Miles, E.A.; Packard,
C.; et al. CD36 and SR-BI are involved in cellular uptake of provitamin A carotenoids by Caco-2 and HEK cells, and some of
their genetic variants are associated with plasma concentrations of these micronutrients in humans. J. Nutr. 2013, 143, 448-456.
[CrossRef]

Johnson, E.J. Role of lutein and zeaxanthin in visual and cognitive function throughout the lifespan. Nutr. Rev. 2014, 72, 605-612.
[CrossRef]

Ranard, K.M.; Jeon, S.; Mohn, E.S.; Griffiths, ].C.; Johnson, E.J.; Erdman, ].W., Jr. Dietary guidance for lutein: Consideration for
intake recommendations is scientifically supported. Eur. |. Nutr. 2017, 56, 37-42. [CrossRef]

Jia, Y.P; Sun, L; Yu, HS,; Liang, L.P; Li, W.; Ding, H.; Song, X.B.; Zhang, L.]. The Pharmacological Effects of Lutein and
Zeaxanthin on Visual Disorders and Cognition Diseases. Molecules 2017, 22, 610. [CrossRef]

Akbaraly, N.T.; Faure, H.; Gourlet, V.; Favier, A.; Berr, C. Plasma carotenoid levels and cognitive performance in an elderly
population: Results of the EVA Study. J. Gerontol. A Biol. Sci. Med. Sci. 2007, 62, 308-316. [CrossRef]

Zuniga, K.E.; Bishop, N.J.; Turner, A.S. Dietary lutein and zeaxanthin are associated with working memory in an older population.
Public Health Nutr. 2021, 24, 1708-1715. [CrossRef]

Feeney, J.; O’Leary, N.; Moran, R.; O’'Halloran, A.M.; Nolan, ] M.; Beatty, S.; Young, I.S.; Kenny, R.A. Plasma Lutein and Zeaxanthin
Are Associated with Better Cognitive Function across Multiple Domains in a Large Population-Based Sample of Older Adults:
Findings from The Irish Longitudinal Study on Aging. J. Gerontol. A Biol. Sci. Med. Sci. 2017, 72, 1431-1436. [CrossRef]
Vishwanathan, R.; lannaccone, A.; Scott, T.M.; Kritchevsky, S.B.; Jennings, B.J.; Carboni, G.; Forma, G.; Satterfield, S.; Harris, T.;
Johnson, K.C.; et al. Macular pigment optical density is related to cognitive function in older people. Age Ageing 2014, 43, 271-275.
[CrossRef]

Hammond, B.R,, Jr.; Miller, L.S.; Bello, M.O.; Lindbergh, C.A.; Mewborn, C.; Renzi-Hammond, L.M. Effects of Lutein/Zeaxanthin
Supplementation on the Cognitive Function of Community Dwelling Older Adults: A Randomized, Double-Masked, Placebo-
Controlled Trial. Front. Aging Neurosci. 2017, 9, 254. [CrossRef] [PubMed]

Ceravolo, S.A.; Hammond, B.R.; Oliver, W.; Clementz, B.; Miller, L.S.; Renzi-Hammond, L.M. Dietary Carotenoids Lutein and
Zeaxanthin Change Brain Activation in Older Adult Participants: A Randomized, Double-Masked, Placebo-Controlled Trial. Mol.
Nutr. Food Res. 2019, 63, €1801051. [CrossRef] [PubMed]

Feeney, ].; Finucane, C.; Savva, G.M.; Cronin, H.; Beatty, S.; Nolan, ].M.; Kenny, R.A. Low macular pigment optical density is
associated with lower cognitive performance in a large, population-based sample of older adults. Neurobiol. Aging 2013, 34,
2449-2456. [CrossRef] [PubMed]

Eisenhauer, B.; Natoli, S.; Liew, G.; Flood, V.M. Lutein and Zeaxanthin-Food Sources, Bioavailability and Dietary Variety in
Age-Related Macular Degeneration Protection. Nutrients 2017, 9, 120. [CrossRef] [PubMed]

Loane, E.; Nolan, ].M.; O’Donovan, O.; Bhosale, P; Bernstein, P.S.; Beatty, S. Transport and retinal capture of lutein and zeaxanthin
with reference to age-related macular degeneration. Surv. Ophthalmol. 2008, 53, 68-81. [CrossRef] [PubMed]

Obulesu, M.; Dowlathabad, M.R.; Bramhachari, P.V. Carotenoids and Alzheimer’s disease: An insight into therapeutic role of
retinoids in animal models. Neurochem. Int. 2011, 59, 535-541. [CrossRef] [PubMed]

Johnson, EJ.; Vishwanathan, R.; Johnson, M.A.; Hausman, D.B.; Davey, A.; Scott, TM.; Green, R.C.; Miller, L.S.; Gearing, M.;
Woodard, J.; et al. Relationship between Serum and Brain Carotenoids, «-Tocopherol, and Retinol Concentrations and Cognitive
Performance in the Oldest Old from the Georgia Centenarian Study. J. Aging Res. 2013, 2013, 951786. [CrossRef] [PubMed]
Nolan, ].M.; Loskutova, E.; Howard, A.; Mulcahy, R.; Moran, R.; Stack, J.; Bolger, M.; Coen, R.E; Dennison, J.; Akuffo, K.O.; et al.
The impact of supplemental macular carotenoids in Alzheimer’s disease: A randomized clinical trial. ]. Alzheimer’s Dis. 2015, 44,
1157-1169. [CrossRef] [PubMed]

Johnson, E.J. Obesity, lutein metabolism, and age-related macular degeneration: A web of connections. Nutr. Rev. 2005, 63, 9-15.
[CrossRef]


https://doi.org/10.1111/ejn.12235
https://doi.org/10.7326/0003-4819-153-3-201008030-00260
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.3389/fphar.2014.00146
https://doi.org/10.3390/biom9090441
https://doi.org/10.3945/ajcn.115.112383
https://doi.org/10.3945/jn.112.172734
https://doi.org/10.1111/nure.12133
https://doi.org/10.1007/s00394-017-1580-2
https://doi.org/10.3390/molecules22040610
https://doi.org/10.1093/gerona/62.3.308
https://doi.org/10.1017/S1368980019005020
https://doi.org/10.1093/gerona/glw330
https://doi.org/10.1093/ageing/aft210
https://doi.org/10.3389/fnagi.2017.00254
https://www.ncbi.nlm.nih.gov/pubmed/28824416
https://doi.org/10.1002/mnfr.201801051
https://www.ncbi.nlm.nih.gov/pubmed/30950580
https://doi.org/10.1016/j.neurobiolaging.2013.05.007
https://www.ncbi.nlm.nih.gov/pubmed/23769396
https://doi.org/10.3390/nu9020120
https://www.ncbi.nlm.nih.gov/pubmed/28208784
https://doi.org/10.1016/j.survophthal.2007.10.008
https://www.ncbi.nlm.nih.gov/pubmed/18191658
https://doi.org/10.1016/j.neuint.2011.04.004
https://www.ncbi.nlm.nih.gov/pubmed/21672580
https://doi.org/10.1155/2013/951786
https://www.ncbi.nlm.nih.gov/pubmed/23840953
https://doi.org/10.3233/JAD-142265
https://www.ncbi.nlm.nih.gov/pubmed/25408222
https://doi.org/10.1111/j.1753-4887.2005.tb00105.x

Int. J. Mol. Sci. 2024, 25, 8982 39 of 44

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

314.

315.

316.

317.

318.

319.

320.

Available online: https://www.nutraingredients.com/Article/2016/06/09/Lutein-shows-brain-health-promise-beyond-
Alzheimer-s-of-the-eye (accessed on 2 January 2017).

Ashok, A ; Singh, N.; Chaudhary, S.; Bellamkonda, V.; Kritikos, A.E.; Wise, A.S.; Rana, N.; McDonald, D.; Ayyagari, R. Retinal
Degeneration and Alzheimer’s Disease: An Evolving Link. Int. ]. Mol. Sci. 2020, 21, 7290. [CrossRef]

Nazari, L.; Komaki, S.; Salehi, I.; Raoufi, S.; Golipoor, Z.; Kourosh-Arami, M.; Komaki, A. Investigation of the protective effects of
lutein on memory and learning using behavioral methods in a male rat model of Alzheimer’s disease. J. Funct. Foods 2022, 99,
105319. [CrossRef]

Liu, T.; Liu, W.H.; Zhao, ].S.; Meng, F.Z.; Wang, H. Lutein protects against f-amyloid peptide-induced oxidative stress in
cerebrovascular endothelial cells through modulation of Nrf-2 and NF-«b. Cell Biol. Toxicol. 2017, 33, 57-67. [CrossRef] [PubMed]
Mewborn, C.M.; Lindbergh, C.A.; Robinson, T.; Gogniat, M.A_; Terry, D.P,; Jean, KR.; Hammond, B.R.; Renzi-Hammond, L.M.;
Miller, L.S. Lutein and Zeaxanthin Are Positively Associated with Visual-Spatial Functioning in Older Adults: An fMRI Study.
Nutrients 2018, 10, 458. [CrossRef] [PubMed]

Beydoun, M.A; Beydoun, H.A.; Fanelli-Kuczmarski, M.T.; Weiss, J.; Hossain, S.; Canas, J.A.; Evans, M.K.; Zonderman, A.B.
Association of Serum Antioxidant Vitamins and Carotenoids with Incident Alzheimer Disease and All-Cause Dementia Among
US Adults. Neurology 2022, 98, €2150-€2162. [CrossRef] [PubMed]

Nolan, ].M.; Power, R.; Howard, A.N.; Bergin, P.; Roche, W.; Prado-Cabrero, A.; Pope, G.; Cooke, J.; Power, T.; Mulcahy, R.
Supplementation with Carotenoids, Omega-3 Fatty Acids, and Vitamin E Has a Positive Effect on the Symptoms and Progression
of Alzheimer’s Disease. J. Alzheimer’s Dis. 2022, 90, 233-249. [CrossRef]

Power, R.; Nolan, ].M.; Prado-Cabrero, A.; Roche, W.; Coen, R.; Power, T.; Mulcahy, R. Omega-3 fatty acid, carotenoid and
vitamin E supplementation improves working memory in older adults: A randomised clinical trial. Clin. Nutr. 2022, 41, 405-414.
[CrossRef] [PubMed]

Nolan, ].M.; Mulcahy, R.; Power, R.; Moran, R.; Howard, A.N. Nutritional Intervention to Prevent Alzheimer’s Disease: Potential
Benefits of Xanthophyll Carotenoids and Omega-3 Fatty Acids Combined. . Alzheimer’s Dis. 2018, 64, 367-378. [CrossRef]
[PubMed]

Chew, E.Y,; Clemons, T.E.; Agron, E.; Launer, L.J.; Grodstein, F; Bernstein, P.S. Age-Related Eye Disease Study 2 (AREDS2)
Research Group. Effect of Omega-3 Fatty Acids, Lutein/Zeaxanthin, or Other Nutrient Supplementation on Cognitive Function:
The AREDS2 Randomized Clinical Trial. JAMA 2015, 314, 791-801. [CrossRef] [PubMed]

Katayama, S.; Ogawa, H.; Nakamura, S. Apricot carotenoids possess potent anti-amyloidogenic activity in vitro. . Agric. Food
Chem. 2011, 59, 12691-12696. [CrossRef]

Arunkumar, R.; Gorusupudi, A.; Bernstein, P.S. The macular carotenoids: A biochemical overview. Biochim. Biophys. Acta Mol.
Cell Biol. Lipids 2020, 1865, 158617. [CrossRef]

Dhas, N.; Mehta, T. Cationic biopolymer functionalized nanoparticles encapsulating lutein to attenuate oxidative stress in effective
treatment of Alzheimer’s disease: A non-invasive approach. Int. J. Pharm. 2020, 586, 119553. [CrossRef] [PubMed]

Tso, M.; Lam, T. Method of Retarding and Ameliorating Central Nervous System and Eye Damage. U.S. Patent 5527533, 18 June
1996.

Osterlie, M.; Bjerkeng, B.; Liaaen-Jensen, S. Plasma appearance and distribution of astaxanthin E/Z and R/S isomers in plasma
lipoproteins of men after single dose administration of astaxanthin. J. Nutr. Biochem. 2000, 11, 482-490. [CrossRef] [PubMed]
Wu, H.; Niu, H,; Shao, A.; Wu, C; Dixon, B.J.; Zhang, J.; Yang, S.; Wang, Y. Astaxanthin as a Potential Neuroprotective Agent for
Neurological Diseases. Mar. Drugs 2015, 13, 5750-5766. [CrossRef] [PubMed]

Grimmig, B.; Kim, S.H.; Nash, K.; Bickford, P.C.; Douglas Shytle, R. Neuroprotective mechanisms of astaxanthin: A potential
therapeutic role in preserving cognitive function in age and neurodegeneration. Geroscience 2017, 39, 19-32. [CrossRef] [PubMed]
Pereira, C.P.M.; Souza, A.C.R.; Vasconcelos, A.R.; Prado, PS.; Name, ].]. Antioxidant and anti-inflammatory mechanisms of action
of astaxanthin in cardiovascular diseases (Review). Int. J. Mol. Med. 2021, 47, 37-48. [CrossRef]

Choi, H.D.; Youn, Y.K.; Shin, W.G. Positive effects of astaxanthin on lipid profiles and oxidative stress in overweight subjects.
Plant Foods Hum. Nutr. 2011, 66, 363-369. [CrossRef]

Hwang, E.J.; Jeong, Y.I; Lee, K.J.; Yu, Y.B.; Ohk, S.H.; Lee, S.Y. Anticancer Activity of Astaxanthin-Incorporated Chitosan
Nanoparticles. Molecules 2024, 29, 529. [CrossRef] [PubMed]

Landon, R.; Gueguen, V.; Petite, H.; Letourneur, D.; Pavon-Djavid, G.; Anagnostou, F. Impact of Astaxanthin on Diabetes
Pathogenesis and Chronic Complications. Mar. Drugs 2020, 18, 357. [CrossRef]

Zanotta, D.; Puricelli, S.; Bonoldi, G. Cognitive effects of a dietary supplement made from extract of Bacopa monnieri, astaxanthin,
phosphatidylserine, and vitamin E in subjects with mild cognitive impairment: A noncomparative, exploratory clinical study.
Neuropsychiatr. Dis. Treat. 2014, 10, 225-230. [CrossRef]

Satoh, A.; Tsuji, S.; Okada, Y.; Murakami, N.; Urami, M.; Nakagawa, K.; Ishikura, M.; Katagiri, M.; Koga, Y.; Shirasawa, T.
Preliminary Clinical Evaluation of Toxicity and Efficacy of A New Astaxanthin-rich Haematococcus pluvialis Extract. J. Clin.
Biochem. Nutr. 2009, 44, 280-284. [CrossRef]

Katagiri, M.; Satoh, A.; Tsuji, S.; Shirasawa, T. Effects of astaxanthin-rich Haematococcus pluvialis extract on cognitive function: A
randomised, double-blind, placebo-controlled study. J. Clin. Biochem. Nutr. 2012, 51, 102-107. [CrossRef] [PubMed]


https://www.nutraingredients.com/Article/2016/06/09/Lutein-shows-brain-health-promise-beyond-Alzheimer-s-of-the-eye
https://www.nutraingredients.com/Article/2016/06/09/Lutein-shows-brain-health-promise-beyond-Alzheimer-s-of-the-eye
https://doi.org/10.3390/ijms21197290
https://doi.org/10.1016/j.jff.2022.105319
https://doi.org/10.1007/s10565-016-9360-y
https://www.ncbi.nlm.nih.gov/pubmed/27878403
https://doi.org/10.3390/nu10040458
https://www.ncbi.nlm.nih.gov/pubmed/29642425
https://doi.org/10.1212/WNL.0000000000200289
https://www.ncbi.nlm.nih.gov/pubmed/35508396
https://doi.org/10.3233/JAD-220556
https://doi.org/10.1016/j.clnu.2021.12.004
https://www.ncbi.nlm.nih.gov/pubmed/34999335
https://doi.org/10.3233/JAD-180160
https://www.ncbi.nlm.nih.gov/pubmed/29945352
https://doi.org/10.1001/jama.2015.9677
https://www.ncbi.nlm.nih.gov/pubmed/26305649
https://doi.org/10.1021/jf203654c
https://doi.org/10.1016/j.bbalip.2020.158617
https://doi.org/10.1016/j.ijpharm.2020.119553
https://www.ncbi.nlm.nih.gov/pubmed/32561306
https://doi.org/10.1016/S0955-2863(00)00104-2
https://www.ncbi.nlm.nih.gov/pubmed/11120445
https://doi.org/10.3390/md13095750
https://www.ncbi.nlm.nih.gov/pubmed/26378548
https://doi.org/10.1007/s11357-017-9958-x
https://www.ncbi.nlm.nih.gov/pubmed/28299644
https://doi.org/10.3892/ijmm.2020.4783
https://doi.org/10.1007/s11130-011-0258-9
https://doi.org/10.3390/molecules29020529
https://www.ncbi.nlm.nih.gov/pubmed/38276606
https://doi.org/10.3390/md18070357
https://doi.org/10.2147/NDT.S51092
https://doi.org/10.3164/jcbn.08-238
https://doi.org/10.3164/jcbn.D-11-00017
https://www.ncbi.nlm.nih.gov/pubmed/22962526

Int. J. Mol. Sci. 2024, 25, 8982 40 of 44

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

Imai, A.; Oda, Y,; Ito, N.; Seki, S.; Nakagawa, K.; Miyazawa, T.; Ueda, E. Effects of Dietary Supplementation of Astaxanthin and
Sesamin on Daily Fatigue: A Randomized, Double-Blind, Placebo-Controlled, Two-Way Crossover Study. Nutrients 2018, 10, 281.
[CrossRef]

Hayashi, M.; Ishibashi, T.; Maoka, T. Effect of astaxanthin-rich extract derived from Paracoccus carotinifaciens on cognitive
function in middle-aged and older individuals. . Clin. Biochem. Nutr. 2018, 62, 195-205. [CrossRef]

Nakagawa, K.; Kiko, T.; Miyazawa, T.; Carpentero Burdeos, G.; Kimura, F.; Satoh, A.; Miyazawa, T. Antioxidant effect of
astaxanthin on phospholipid peroxidation in human erythrocytes. Br. J. Nutr. 2011, 105, 1563-1571. [CrossRef]

Kiko, T.; Nakagawa, K.; Satoh, A.; Tsuduki, T.; Furukawa, K.; Arai, H.; Miyazawa, T. Amyloid 3 Levels in Human Red Blood
Cells. PLoS ONE 2012, 7, e49620. [CrossRef]

Queen, C.J.].; Sparks, S.A.; Marchant, D.C.; McNaughton, L.R. The Effects of Astaxanthin on Cognitive Function and Neurode-
generation in Humans: A Critical Review. Nutrients 2024, 16, 826. [CrossRef] [PubMed]

Bhatt, P.C,; Srivastava, P.; Pandey, P; Khan, W.; Panda, B.P. Nose to brain delivery of astaxanthin-loaded solid lipid nanoparticles:
Fabrication, radio labeling, optimization and biological studies. RSC Adv. 2016, 6, 10001-10010. [CrossRef]

Zhang, X.; Pan, L.; Wei, X.; Gao, H.; Liu, ]. Impact of astaxanthin-enriched algal powder of Haematococcus pluvialis on memory
improvement in BALB/c mice. Environ. Geochem. Health 2007, 29, 483-489. [CrossRef]

Komaki, A.; Karimi, S.A.; Salehi, I.; Sarihi, A.; Shahidi, S.; Zarei, M. The treatment combination of vitamins E and C and
astaxanthin prevents high-fat diet induced memory deficits in rats. Pharmacol. Biochem. Behav. 2015, 131, 98-103. [CrossRef]
[PubMed]

Zhang, X.S.; Zhang, X.; Wu, Q.; Li, W.; Wang, C.X; Xie, G.B.; Zhou, X.M.; Shi, ] X.; Zhou, M.L. Astaxanthin offers neuroprotection
and reduces neuroinflammation in experimental subarachnoid hemorrhage. J. Surg. Res. 2014, 192, 206-213. [CrossRef]

Zhou, X.; Zhang, F; Hu, X.; Chen, J.; Wen, X,; Sun, Y,; Liu, Y,; Tang, R.; Zheng, K.; Song, Y. Inhibition of inflammation by
astaxanthin alleviates cognition deficits in diabetic mice. Physiol. Behav. 2015, 151, 412—420. [CrossRef]

Balietti, M.; Giannubilo, S.R.; Giorgetti, B.; Solazzi, M.; Turi, A.; Casoli, T.; Ciavattini, A.; Fattorettia, P. The effect of astaxanthin
on the aging rat brain: Gender-related differences in modulating inflammation. J. Sci. Food Agric. 2016, 96, 615-618. [CrossRef]
[PubMed]

Lu, Y; Xie, T.; He, X.X.; Mao, Z.F; Jia, L.J.; Wang, W.P; Zhen, ]J.L.; Liu, L.M. Astaxanthin rescues neuron loss and attenuates
oxidative stress induced by amygdala kindling in adult rat hippocampus. Neurosci. Lett. 2015, 597, 49-53. [CrossRef]

Chen, Y.Y,; Lee, P.C.; Wu, Y.L,; Liu, L.Y. In Vivo Effects of Free Form Astaxanthin Powder on Anti-Oxidation and Lipid Metabolism
with High-Cholesterol Diet. PLoS ONE 2015, 10, e0134733. [CrossRef]

Wolf, AM.; Asoh, S.; Hiranuma, H.; Ohsawa, I; lio, K.; Satou, A.; Ishikura, M.; Ohta, S. Astaxanthin protects mitochondrial redox
state and functional integrity against oxidative stress. J. Nutr. Biochem. 2010, 21, 381-389. [CrossRef] [PubMed]

Chang, C.H.; Chen, C.Y.; Chiou, ].Y;; Peng, R.Y,; Peng, C.H. Astaxanthins secured apoptotic death of PC12 cells induced by
beta-amyloid peptide 25-35: Its molecular action targets. . Med. Food. 2010, 13, 548-556. [CrossRef] [PubMed]

Saw, C.L,; Yang, A.Y,; Guo, Y,; Kong, A.N. Astaxanthin and omega-3 fatty acids individually and in combination protect against
oxidative stress via the Nrf2-ARE pathway. Food Chem. Toxicol. 2013, 62, 869-875. [CrossRef]

El-Agamy, S.E.; Abdel-Aziz, A K,; Wahdan, S.; Esmat, A.; Azab, S.S. Astaxanthin Ameliorates Doxorubicin-Induced Cognitive
Impairment (Chemobrain) in Experimental Rat Model: Impact on Oxidative, Inflammatory, and Apoptotic Machineries. Mol.
Neurobiol. 2018, 55, 5727-5740. [CrossRef]

Ji, X.; Peng, D.; Zhang, Y.; Zhang, J.; Wang, Y.; Gao, Y.; Lu, N.; Tang, P. Astaxanthin improves cognitive performance in mice
following mild traumatic brain injury. Brain Res. 2017, 1659, 88-95. [CrossRef]

Xue, Y,; Qu, Z.; Fu, J.; Zhen, ].; Wang, W.; Cai, Y.; Wang, W. The protective effect of astaxanthin on learning and memory deficits
and oxidative stress in a mouse model of repeated cerebral ischemia/reperfusion. Brain Res. Bull. 2017, 131, 221-228. [CrossRef]
[PubMed]

Wen, X.; Huang, A.; Hu, J.; Zhong, Z.; Liu, Y,; Li, Z.; Pan, X,; Liu, Z. Neuroprotective effect of astaxanthin against glutamate-
induced cytotoxicity in HT22 cells: Involvement of the Akt/GSK-33 pathway. Neuroscience 2015, 303, 558-568. [CrossRef]
[PubMed]

Heo, S.-].; Jeon, Y.-]. Protective effect of fucoxanthin isolated from Sargassum siliquastrum on UV-B induced cell damage. .
Photochem. Photobiol. B-Biol. 2009, 95, 101-107. [CrossRef] [PubMed]

Xiang, S.; Liu, F; Lin, J.; Chen, H.; Huang, C.; Chen, L.; Zhou, Y.; Ye, L.; Zhang, K.; Jin, J.; et al. Fucoxanthin Inhibits beta-Amyloid
Assembly and Attenuates beta-Amyloid Oligomer-Induced Cognitive Impairments. J. Agric. Food Chem. 2017, 65, 4092-4102.
[CrossRef]

Li, N.; Gao, X.; Zheng, L.; Huang, Q.; Zeng, F.; Chen, H.; Farag, M.A.; Zhao, C. Advances in fucoxanthin chemistry and
management of neurodegenerative diseases. Phytomedicine 2022, 105, 154352. [CrossRef] [PubMed]

Lee, A.H.; Hong, S.-C.; Park, L; Yoon, S.; Kim, Y.; Kim, J.; Yang, S.-H. Validation of Fucoxanthin from Microalgae Phaeodactylum
tricornutum for the Detection of Amyloid Burden in Transgenic Mouse Models of Alzheimer’s Disease. Appl. Sci. 2021, 11, 5878.
[CrossRef]

Yang, M.; Jin, L.; Wu, Z,; Xie, Y.; Zhang, P.; Wang, Q.; Yan, S.; Chen, B.; Liang, H.; Naman, C.B.; et al. PLGA-PEG Nanoparticles
Facilitate In Vivo Anti-Alzheimer’s Effects of Fucoxanthin, a Marine Carotenoid Derived from Edible Brown Algae. J. Agric. Food
Chem. 2021, 69, 9764-9777. [CrossRef] [PubMed]


https://doi.org/10.3390/nu10030281
https://doi.org/10.3164/jcbn.17-100
https://doi.org/10.1017/S0007114510005398
https://doi.org/10.1371/journal.pone.0049620
https://doi.org/10.3390/nu16060826
https://www.ncbi.nlm.nih.gov/pubmed/38542737
https://doi.org/10.1039/C5RA19113K
https://doi.org/10.1007/s10653-007-9117-x
https://doi.org/10.1016/j.pbb.2015.02.008
https://www.ncbi.nlm.nih.gov/pubmed/25687375
https://doi.org/10.1016/j.jss.2014.05.029
https://doi.org/10.1016/j.physbeh.2015.08.015
https://doi.org/10.1002/jsfa.7131
https://www.ncbi.nlm.nih.gov/pubmed/25678261
https://doi.org/10.1016/j.neulet.2015.04.018
https://doi.org/10.1371/journal.pone.0134733
https://doi.org/10.1016/j.jnutbio.2009.01.011
https://www.ncbi.nlm.nih.gov/pubmed/19423317
https://doi.org/10.1089/jmf.2009.1291
https://www.ncbi.nlm.nih.gov/pubmed/20521980
https://doi.org/10.1016/j.fct.2013.10.023
https://doi.org/10.1007/s12035-017-0797-7
https://doi.org/10.1016/j.brainres.2016.12.031
https://doi.org/10.1016/j.brainresbull.2017.04.019
https://www.ncbi.nlm.nih.gov/pubmed/28479214
https://doi.org/10.1016/j.neuroscience.2015.07.034
https://www.ncbi.nlm.nih.gov/pubmed/26197224
https://doi.org/10.1016/j.jphotobiol.2008.11.011
https://www.ncbi.nlm.nih.gov/pubmed/19264501
https://doi.org/10.1021/acs.jafc.7b00805
https://doi.org/10.1016/j.phymed.2022.154352
https://www.ncbi.nlm.nih.gov/pubmed/35917771
https://doi.org/10.3390/app11135878
https://doi.org/10.1021/acs.jafc.1c00569
https://www.ncbi.nlm.nih.gov/pubmed/34404210

Int. J. Mol. Sci. 2024, 25, 8982 41 of 44

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

Sachindra, N.M,; Sato, E.; Maeda, H.; Hosokawa, M.; Niwano, Y.; Kohno, M.; Miyashita, K. Radical scavenging and singlet oxygen
quenching activity of marine carotenoid fucoxanthin and its metabolites. J. Agric. Food Chem. 2007, 55, 8516-8522. [CrossRef]
[PubMed]

Zhang, Y.; Wu, H.; Wen, H.; Fang, H.; Hong, Z.; Yi, R.; Liu, R. Simultaneous Determination of Fucoxanthin and Its Deacetylated
Metabolite Fucoxanthinol in Rat Plasma by Liquid Chromatography-Tandem Mass Spectrometry. Mar. Drugs 2015, 13, 6521-6536.
[CrossRef]

Zhang, Y,; Lin, J.; Yan, G.; Jin, W.; Chen, W.; Sun, ].; Yang, L.; Huang, M.; Hong, Z. Determination of fucoxanthinol in rat plasma
by liquid chromatography-tandem mass spectrometry. J. Pharm. Biomed. Anal. 2019, 164, 155-163. [CrossRef]

Hashimoto, T.; Ozaki, Y.; Taminato, M.; Das, S.K.; Mizuno, M.; Yoshimura, K.; Maoka, T.; Kanazawa, K. The distribution and
accumulation of fucoxanthin and its metabolites after oral administration in mice. Br. J. Nutr. 2009, 102, 242-248. [CrossRef]
Hu, L.; Chen, W,; Tian, F,; Yuan, C.; Wang, H.; Yue, H. Neuroprotective role of fucoxanthin against cerebral ischemic/reperfusion
injury through activation of Nrf2 /HO-1 signaling. Biomed. Pharmacother. 2018, 106, 1484-1489. [CrossRef]

Lin, J.; Huang, L.; Yu, J.; Xiang, S.; Wang, J.; Zhang, J.; Yan, X.; Cui, W.; He, S.; Wang, Q. Fucoxanthin, a Marine Carotenoid,
Reverses Scopolamine-Induced Cognitive Impairments in Mice and Inhibits Acetylcholinesterase In Vitro. Mar. Drugs 2016, 14,
67. [CrossRef]

Zhang, L.; Wang, H.; Fan, Y,; Gao, Y.; Li, X,; Hu, Z.; Ding, K.; Wang, Y.; Wang, X. Fucoxanthin provides neuroprotection in models
of traumatic brain injury via the Nrf2-ARE and Nrf2-autophagy pathways. Sci. Rep. 2017, 7, 46763. [CrossRef]

Yu, J; Lin, J.J.; Yu, R;; He, S.; Wang, Q.W.; Cui, W.; Zhang, J.R. Fucoxanthin prevents H202-induced neuronal apoptosis via
concurrently activating the PI3-K/ Akt cascade and inhibiting the ERK pathway. Food Nutr. Res. 2017, 61, 1304678. [CrossRef]
[PubMed]

Lin, J; Yu,J.; Zhao, J.; Zhang, K.; Zheng, ].; Wang, J.; Huang, C.; Zhang, J.; Yan, X.; Gerwick, W.H.; et al. Fucoxanthin, a Marine
Carotenoid, Attenuates beta-Amyloid Oligomer-Induced Neurotoxicity Possibly via Regulating the PI3K/Akt and the ERK
Pathways in SH-SY5Y Cells. Oxid. Med. Cell. Longev. 2017, 2017, 6792543. [CrossRef]

Burri, B.J.; La Frano, M.R.; Zhu, C. Absorption, metabolism, and functions of 3-cryptoxanthin. Nutr. Rev. 2016, 74, 69-82.
[CrossRef] [PubMed]

Nakamura, M.; Sugiura, M.; Ogawa, K.; Ikoma, Y.; Yano, M. Serum Pcryptoxanthin and 3-carotene derived from Satsuma
mandarin and brachial-ankle pulse wave velocity: The Mikkabi cohort study. Nutr. Metab. Cardiovasc. Dis. 2016, 26, 808-814.
[CrossRef]

Zheng, Y.F.; Kwon, M.].; Park, ].B.; Choi, H.D.; Shin, W.G.; Bae, S.K. Inhibitory effects of astaxanthin, 3-cryptoxanthin, canthaxan-
thin, lutein, and zeaxanthin on cytochrome P450 enzyme activities. Food Chem. Toxicol. 2013, 59, 78-85. [CrossRef]

Heying, E.K.; Tanumihardjo, ].P.; Vasic, V.; Cook, M.; Palacios-Rojas, N.; Tanumihardjo, S.A. Biofortified orange maize enhances
BCryptoxanthin concentrations in egg yolks of laying hens better than tangerine peel fortificant. J. Agric. Food Chem. 2014, 62,
11892-11900. [CrossRef] [PubMed]

Jiao, Y.; Reuss, L.; Wang, Y. B-Cryptoxanthin: Chemistry, Occurrence, and Potential Health Benefits. Curr. Pharmacol. Rep. 2019, 5,
20-34. [CrossRef]

Mein, J.R.; Dolnikowski, G.G.; Ernst, H.; Russell, R.M.; Wang, X.D. Enzymatic formation of apo-carotenoids from the xanthophyll
carotenoids lutein, zeaxanthin and B-cryptoxanthin by ferret carotene-9’, 10’-monooxygenase. Arch. Biochem. Biophys. 2011, 506,
109-121. [CrossRef] [PubMed]

Iskandar, A.R.; Miao, B.; Li, X.; Hu, K.Q.; Liu, C.; Wang, X.D. 3-Cryptoxanthin Reduced Lung Tumor Multiplicity and Inhibited
Lung Cancer Cell Motility by Downregulating Nicotinic Acetylcholine Receptor «7 Signaling. Cancer Prev. Res. 2016, 9, 875-886.
[CrossRef] [PubMed]

Montonen, J.; Knekt, P; Jarvinen, R.; Reunanen, A. Dietary antioxidant intake and risk of type 2 diabetes. Diabetes Care 2004, 27,
362-366. [CrossRef] [PubMed]

Yilmaz, B.; Sahin, K.; Bilen, H.; Bahcecioglu, I.H.; Bilir, B.; Ashraf, S.; Halazun, K.J.; Kucuk, O. Carotenoids and non-alcoholic fatty
liver disease. Hepatobiliary Surg. Nutr. 2015, 4, 161-171. [CrossRef] [PubMed]

Palacios, N.; Lee, ].S.; Scott, T.; Kelly, R.S.; Bhupathiraju, S.N.; Bigornia, S.J.; Tucker, K.L. Circulating Plasma Metabolites and
Cognitive Function in a Puerto Rican Cohort. ]. Alzheimer’s Dis. 2020, 76, 1267-1280. [CrossRef] [PubMed]

Sarungallo, Z.L.; Hariyadi, P; Andarwulan, N.; Purnomo, E.H.; Wada, M. Analysis of x-cryptoxanthin, 3-cryptoxanthin, «-
carotene, and (3-carotene of pandanus conoideus oil by high-performance liquid chromatography (HPLC). Procedia Food Sci. 2015,
3, 231. [CrossRef]

Mercadante, A.Z.; Rodrigues, D.B.; Petry, E.C.; Mariutti, L.R.B. Carotenoid esters in foods—A review and practical directions on
analysis and occurrence. Food Res. Int. 2017, 99, 830-850. [CrossRef] [PubMed]

Takayanagi, K.; Mukai, K. Beta-cryptoxanthin, a novel carotenoid derived from Satsuma mandarin, prevents abdominal obesity.
Nutr. Prev. Treat. Abdom. Obes. 2014, 34, 381-399. [CrossRef]

Takayanagi, K.; Morimoto, S.-I.; Shirakura, Y.; Mukai, K.; Sugiyama, T.; Tokuji, Y.; Ohnishi, M. Mechanism of visceral fat reduction
in Tsumura Suzuki obese, diabetes (TSOD) mice orally administered Bcryptoxanthin from Satsuma mandarin oranges (Citrus
unshiu Marc). J. Agric. Food Chem. 2011, 59, 12342-12351. [CrossRef]


https://doi.org/10.1021/jf071848a
https://www.ncbi.nlm.nih.gov/pubmed/17894451
https://doi.org/10.3390/md13106521
https://doi.org/10.1016/j.jpba.2018.10.033
https://doi.org/10.1017/S0007114508199007
https://doi.org/10.1016/j.biopha.2018.07.088
https://doi.org/10.3390/md14040067
https://doi.org/10.1038/srep46763
https://doi.org/10.1080/16546628.2017.1304678
https://www.ncbi.nlm.nih.gov/pubmed/28469544
https://doi.org/10.1155/2017/6792543
https://doi.org/10.1093/nutrit/nuv064
https://www.ncbi.nlm.nih.gov/pubmed/26747887
https://doi.org/10.1016/j.numecd.2016.04.001
https://doi.org/10.1016/j.fct.2013.04.053
https://doi.org/10.1021/jf5037195
https://www.ncbi.nlm.nih.gov/pubmed/25393127
https://doi.org/10.1007/s40495-019-00168-7
https://doi.org/10.1016/j.abb.2010.11.005
https://www.ncbi.nlm.nih.gov/pubmed/21081106
https://doi.org/10.1158/1940-6207.CAPR-16-0161
https://www.ncbi.nlm.nih.gov/pubmed/27623933
https://doi.org/10.2337/diacare.27.2.362
https://www.ncbi.nlm.nih.gov/pubmed/14747214
https://doi.org/10.3978/j.issn.2304-3881.2015.01.11
https://www.ncbi.nlm.nih.gov/pubmed/26151056
https://doi.org/10.3233/JAD-200040
https://www.ncbi.nlm.nih.gov/pubmed/32716356
https://doi.org/10.1016/j.profoo.2015.01.026
https://doi.org/10.1016/j.foodres.2016.12.018
https://www.ncbi.nlm.nih.gov/pubmed/28847421
https://doi.org/10.1016/B978-0-12-407869-7.00034-9
https://doi.org/10.1021/jf202821u

Int. J. Mol. Sci. 2024, 25, 8982 42 of 44

369.

370.

371.

372.

373.

374.

375.

376.

377.
378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

Ouchi, A.; Aizawa, K,; Iwasaki, Y.; Inakuma, T.; Terao, J.; Nagaoka, S.-I.; Mukai, K. Kinetic study of the quenching reaction of
singlet oxygen by carotenoids and food extracts in solution. Development of a singlet oxygen absorption capacity (SOAC) assay
method. J. Agric. Food Chem. 2010, 58, 9967-9978. [CrossRef] [PubMed]

Park, Y.-G.; Lee, S.-E.; Son, Y.-].; Jeong, S.-G.; Shin, M.-Y.; Kim, W.-].; Kim, E.-Y,; Park, S.-P. Antioxidant $-cryptoxanthin enhances
porcine oocyte maturation and subsequent embryo development in vitro. Reprod. Fertil. Dev. 2018, 30, 1204-1213. [CrossRef]
[PubMed]

Saini, R.K.; Keum, Y.S. Significance of genetic, environmental, and pre- and postharvest factors affecting carotenoid contents in
crops:a review. J. Agric. Food Chem. 2018, 66, 5310-5325. [CrossRef] [PubMed]

Gence, L,; Servent, A.; Poucheret, P.; Hiol, A.; Dhuique-Mayer, C. Pectin structure and particle size modify carotenoid bioaccessi-
bility and uptake by Caco-2 cells in citrus juices: Vs. concentrates. Food Funct. 2018, 9, 3523-3531. [CrossRef]

Burri, B.J.; Chang, ].S.T.; Neidlinger, T.R. 3-Cryptoxanthin- and acarotene-rich foods have greater apparent bioavailability than
[carotene-rich foods in Western diets. Br. J. Nutr. 2011, 105, 212-219. [CrossRef] [PubMed]

Wang, L.; Zhao, T.; Zhu, X,; Jiang, Q. Low blood carotenoid status in dementia and mild cognitive impairment: A systematic
review and meta-analysis. BMC Geriatr. 2023, 23, 195. [CrossRef] [PubMed]

Craft, N.E.; Haitema, T.B.; Garnett, K.M.; Fitch, K.A.; Dorey, C.K. Carotenoid, tocopherol, and retinol concentrations in elderly
human brain. J. Nutr. Health Aging 2004, 8, 156-162.

Pitsikas, N.; Zisopoulou, S.; Tarantilis, P.A.; Kanakis, C.D.; Polissiou, M.G.; Sakellaridis, N. Effects of the active constituents of
Crocus sativus L., crocins on recognition and spatial rats’ memory. Behav. Brain Res. 2007, 183, 141-146. [CrossRef]

Abdullaev, EI. Biological effects of saffron. Biofactors 1993, 4, 83-86. [PubMed]

Moratalla-Lopez, N.; Bagur, M.].; Lorenzo, C.; Salinas, M.E.M.R.; Alonso, G.L. Bioactivity and Bioavailability of the Major
Metabolites of Crocus sativus L. Flower. Molecules 2019, 24, 2827. [CrossRef]

Batarseh, Y.S.; Bharate, S.S.; Kumar, V.; Kumar, A.; Vishwakarma, R.A.; Bharate, S.B.; Kaddoumi, A. Crocus sativus Extract Tightens
the Blood-Brain Barrier, Reduces Amyloid 3 Load and Related Toxicity in 5XFAD Mice. ACS Chem. Neurosci. 2017, 8, 1756-1766.
[CrossRef] [PubMed]

Broadhead, G.K.; Chang, A.; Grigg, ].; McCluskey, P. Efficacy and Safety of Saffron Supplementation: Current Clinical Findings.
Crit. Rev. Food Sci. Nutr. 2016, 56, 2767-2776. [CrossRef] [PubMed]

Ahmed, S.; Hasan, M.M.; Heydari, M.; Rauf, A.; Bawazeer, S.; Abu-Izneid, T.; Rebezov, M.; Shariati, M.A.; Daglia, M.; Rengasamy,
K.R. Therapeutic potentials of crocin in medication of neurological disorders. Food Chem. Toxicol. 2020, 145, 111739. [CrossRef]
[PubMed]

Xixi, L.; Qian, Z. Pharmacological Properties of Crocetin and Crocin (Digentiobiosyl Ester of Crocetin) from Saffron. NPC Nat.
Prod. Commun. 2006, 1, 65-75. [CrossRef]

Geromichalos, G.D.; Lamari, EN.; Papandreou, M. A.; Trafalis, D.T.; Margarity, M.; Papageorgiou, A.; Sinakos, Z. Saffron as a
source of novel acetylcholinesterase inhibitors: Molecular docking and in vitro enzymatic studies. J. Agric. Food Chem. 2012, 60,
6131-6138. [CrossRef] [PubMed]

Abe, K.; Sugiura, M.; Shoyama, Y.; Saito, H. Crocin antagonizes ethanol inhibition of NMDA receptor-mediated responses in rat
hippocampal neurons. Brain Res. 1998, 787, 132-138. [CrossRef] [PubMed]

Liu, J.; Chang, L.; Song, Y.; Li, H.; Wu, Y. The Role of NMDA Receptors in Alzheimer’s Disease. Front. Neurosci. 2019, 13, 43.
[CrossRef]

Pitsikas, N.; Sakellaridis, N. Crocus sativus L. extracts antagonize memory impairments in different behavioural tasks in the rat.
Behav. Brain Res. 2006, 173, 112-115. [CrossRef]

Zhang, Y.; Shoyama, Y.; Sugiura, M.; Saito, H. Effects of Crocus sativus L. on the ethanol-induced impairment of passive avoidance
performances in mice. Biol. Pharm. Bull. 1994, 17, 217-221. [CrossRef]

Khalili, M.; Hamzeh, F. Effects of active constituents of Crocus sativus L., crocin on streptozocin-induced model of sporadic
Alzheimer’s disease in male rats. Iran. Biomed. ]. 2010, 14, 59-65. [PubMed]

Hosseinzadeh, H.; Ziaei, T. Effects of Crocus sativus stigma extract and its constituents, crocin and safranal, on intact memory and
scopolamine-induced learning deficits in rats performing the Morris water maze task. J. Med. Plants 2006, 3, 40-50.

Saeedi, M.; Rashidy-Pour, A. Association between chronic stress and Alzheimer’s disease: Therapeutic effects of Saffron. Biomed.
pharmacother. 2021, 133, 110995. [CrossRef]

Ghalandari-Shamami, M.; Nourizade, S.; Yousefi, B.; Vafaei, A.A.; Pakdel, R.; Rashidy-Pour, A. Beneficial Effects of Physical
Activity and Crocin Against Adolescent Stress Induced Anxiety or Depressive-Like Symptoms and Dendritic Morphology
Remodeling in Prefrontal Cortex in Adult Male Rats. Neurochem. Res. 2019, 44, 917-929. [CrossRef] [PubMed]

Ghadrdoost, B.; Vafaei, A.A.; Rashidy-Pour, A.; Hajisoltani, R.; Bandegi, A.R.; Motamedji, F.; Haghighi, S.; Sameni, H.R.; Pahlvan,
S. Protective effects of saffron extract and its active constituent crocin against oxidative stress and spatial learning and memory
deficits induced by chronic stress in rats. Eur. J. Pharmacol. 2011, 667, 222-229. [CrossRef]

Justice, N.J. The relationship between stress and Alzheimer’s disease. Neurobiol. Stress. 2018, 8, 127-133. [CrossRef] [PubMed]
Bisht, K.; Sharma, K.; Tremblay, M.E. Chronic stress as a risk factor for Alzheimer’s disease: Roles of microglia-mediated synaptic
remodeling, inflammation, and oxidative stress. Neurobiol. Stress. 2018, 9, 9-21. [CrossRef]

Finley, J W.; Gao, S. A Perspective on Crocus sativus L. (Saffron) Constituent Crocin: A Potent Water-Soluble Antioxidant and
Potential Therapy for Alzheimer’s Disease. ]. Agric. Food Chem. 2017, 65, 1005-1020. [CrossRef] [PubMed]


https://doi.org/10.1021/jf101947a
https://www.ncbi.nlm.nih.gov/pubmed/20726555
https://doi.org/10.1071/RD17444
https://www.ncbi.nlm.nih.gov/pubmed/29566784
https://doi.org/10.1021/acs.jafc.8b01613
https://www.ncbi.nlm.nih.gov/pubmed/29745660
https://doi.org/10.1039/C8FO00111A
https://doi.org/10.1017/S0007114510003260
https://www.ncbi.nlm.nih.gov/pubmed/20807466
https://doi.org/10.1186/s12877-023-03900-7
https://www.ncbi.nlm.nih.gov/pubmed/36997905
https://doi.org/10.1016/j.bbr.2007.06.001
https://www.ncbi.nlm.nih.gov/pubmed/8347278
https://doi.org/10.3390/molecules24152827
https://doi.org/10.1021/acschemneuro.7b00101
https://www.ncbi.nlm.nih.gov/pubmed/28471166
https://doi.org/10.1080/10408398.2013.879467
https://www.ncbi.nlm.nih.gov/pubmed/25875654
https://doi.org/10.1016/j.fct.2020.111739
https://www.ncbi.nlm.nih.gov/pubmed/32916219
https://doi.org/10.1177/1934578X0600100112
https://doi.org/10.1021/jf300589c
https://www.ncbi.nlm.nih.gov/pubmed/22655699
https://doi.org/10.1016/S0006-8993(97)01505-9
https://www.ncbi.nlm.nih.gov/pubmed/9518580
https://doi.org/10.3389/fnins.2019.00043
https://doi.org/10.1016/j.bbr.2006.06.005
https://doi.org/10.1248/bpb.17.217
https://www.ncbi.nlm.nih.gov/pubmed/20683499
https://doi.org/10.1016/j.biopha.2020.110995
https://doi.org/10.1007/s11064-019-02727-2
https://www.ncbi.nlm.nih.gov/pubmed/30656594
https://doi.org/10.1016/j.ejphar.2011.05.012
https://doi.org/10.1016/j.ynstr.2018.04.002
https://www.ncbi.nlm.nih.gov/pubmed/29888308
https://doi.org/10.1016/j.ynstr.2018.05.003
https://doi.org/10.1021/acs.jafc.6b04398
https://www.ncbi.nlm.nih.gov/pubmed/28098452

Int. J. Mol. Sci. 2024, 25, 8982 43 of 44

396.

397.

398.

399.

400.

401.

402.

403.

404.

405.

406.

407.

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

Lv, B; Yin, J.; Feng, C.; Li, Y. Neuroprotective effects of crocin I and II in an ischemia-reperfusion injury model. bioRxiv 2019.
[CrossRef]

Asadi, F; Jamshidi, A.H.; Khodagholi, F; Yans, A.; Azimi, L.; Faizi, M.; Vali, L.; Abdollahi, M.; Ghahremani, M.H.; Sharifzadeh, M.
Reversal effects of crocin on amyloid B-induced memory deficit: Modification of autophagy or apoptosis markers. Pharmacol.
Biochem. Behav. 2015, 139, 47-58. [CrossRef]

Rezai, M.; Mahmoodi, M.; Kaeidi, A.; Karimabad, M.N.; Khoshdel, A.; Hajizadeh, M.R. Effect of crocin carotenoid on BDNF and
CREB gene expression in brain ventral tegmental area of morphine treated rats. Asian Pac. ]. Tropical Biomed. 2018, 8, 387-393.
Guo, Z,; Li, M,; Li, X;; Wang, P; Wang, W.; Du, W,; Yang, Z.; Chen, S.; Wu, D.; Tian, X. Crocetin: A Systematic Review. Front.
Pharmacol. 2022, 12, 3920. [CrossRef] [PubMed]

Wani, A.; Al Rihani, S.B.; Sharma, A.; Weadick, B.; Govindarajan, R.; Khan, S.U.; Sharma, PR.; Dogra, A.; Nandi, U.; Reddy,
C.N,; et al. Crocetin Promotes Clearance of Amyloid-f by Inducin Autophagy via the STK11/LKB1-Mediated AMPK Pathway.
Autophagy 2021, 17, 3813. [CrossRef] [PubMed]

Zhang, J.; Wang, Y.; Dong, X.; Liu, J. Crocetin Attenuates Inflammation and Amyloid-f Accumulation in APPsw Transgenic Mice.
Immun. Ageing 2018, 15, 24. [CrossRef] [PubMed]

Naghizadeh, B.; Mansouri, M.T.; Ghorbanzadeh, B.; Farbood, Y.; Sarkaki, A. Protective effects of oral crocin against intrac-
erebroventricular streptozotocin-induced spatial memory deficit and oxidative stress in rats. Phytomedicine 2013, 20, 537-542.
[CrossRef]

Rashedinia, M.; Lari, P.; Abnous, K.; Hosseinzadeh, H. Protective effect of crocin on acrolein-induced tau phosphorylation in the
rat brain. Acta Neurobiol. Exp. 2015, 75, 208-219. [CrossRef] [PubMed]

Heidari, S.; Mehri, S.; Hosseinzadeh, H. Memory enhancement and protective effects of crocin against D-galactose aging model in
the hippocampus of Wistar rats. Iran. J. Basic Med. Sci. 2017, 20, 1250-1259. [CrossRef] [PubMed]

Lin, L,; Liu, G.; Yang, L. Crocin Improves Cognitive Behavior in Rats with Alzheimer’s Disease by Regulating Endoplasmic
Reticulum Stress and Apoptosis. Biomed. Res. Int. 2019, 2019, 9454913. [CrossRef]

Wang, C.; Cai, X.; Hu, W,; Li, Z.; Kong, F,; Chen, X.; Wang, D. Investigation of the neuroprotective effects of crocin via antioxidant
activities in HT22 cells and in mice with Alzheimer’s disease. Int. . Mol. Med. 2019, 43, 956-966. [CrossRef]

Sadoughi, D. The effect of crocin on apoptotic, inflammatory, BDNEF, Pt, and A {340 indicators and neuronal density of CA1, CA2,
and CA3 regions of hippocampus in the model of Alzheimer suffering rats induced with trimethyltin chloride. Comp. Clin. Pathol.
2019, 28, 1403-1413. [CrossRef]

Chalatsa, I.; Arvanitis, D.A.; Koulakiotis, N.S.; Giagini, A.; Skaltsounis, A.L.; Papadopoulou-Daifoti, Z.; Tsarbopoulos, A.;
Sanoudou, D. The Crocus sativus Compounds trans-Crocin 4 and trans-Crocetin Modulate the Amyloidogenic Pathway and Tau
Misprocessing in Alzheimer Disease Neuronal Cell Culture Models. Front. Neurosci. 2019, 13, 249. [CrossRef]

Yoshino, Y.; Ishisaka, M.; Umigai, N.; Shimazawa, M.; Tsuruma, K.; Hara, H. Crocetin Prevents Amyloid 31-42-Induced Cell
Death in Murine Hippocampal Cells. Pharmacol. Pharm. 2014, 5, 37-42. [CrossRef]

Tiribuzi, R.; Crispoltoni, L.; Chiurchiu, V.; Casella, A.; Montecchiani, C.; Del Pino, A.M.; Maccarrone, M.; Palmerini, C.A;
Caltagirone, C.; Kawarai, T.; et al. Trans-crocetin improves amyloid-f degradation in monocytes from Alzheimer’s Disease
patients. J. Neurol. Sci. 2017, 372, 408-412. [CrossRef] [PubMed]

Nam, K.N,; Park, YM.; Jung, HJ.; Lee, J.Y.; Min, B.D,; Park, S.U.; Jung, W.S.; Cho, K.H,; Park, ].H.; Kang, I; et al. Anti-inflammatory
effects of crocin and crocetin in rat brain microglial cells. Eur. J. Pharmacol. 2010, 648, 110-116. [CrossRef]

Akhondzadeh, S.; Sabet, M.S.; Harirchian, M.H.; Togha, M.; Cheraghmakani, H.; Razeghi, S.; Hejazi, S.S.; Yousefi, M.H.;
Alimardani, R.; Jamshidi, A.; et al. Saffron in the treatment of patients with mild to moderate Alzheimer’s disease: A 16-week,
randomized and placebo-controlled trial. J. Clin. Pharm. Ther. 2010, 35, 581-588. [CrossRef] [PubMed]

Akhondzadeh, S.; Shafiee Sabet, M.; Harirchian, M.H.; Togha, M.; Cheraghmakani, H.; Razeghi, S.; Hejazi, S.S.; Yousefi, M.H.;
Alimardani, R.; Jamshidi, A.; et al. A 22-week, multicenter, randomized, double-blind controlled trial of Crocus sativus in the
treatment of mild-to-moderate Alzheimer’s disease. Psychopharmacology 2010, 207, 637—-643. [CrossRef] [PubMed]

Farokhnia, M.; Shafiee Sabet, M.; Iranpour, N.; Gougol, A.; Yekehtaz, H.; Alimardani, R.; Farsad, F.; Kamalipour, M.; Akhondzadeh,
S. Comparing the efficacy and safety of Crocus sativus L. with memantine in patients with moderate to severe Alzheimer’s disease:
A double-blind randomized clinical trial. Hum. Psychopharmacol. 2014, 29, 351-359. [CrossRef]

Tsolaki, M.; Karathanasi, E.; Lazarou, 1.; Dovas, K.; Verykouki, E.; Karacostas, A.; Georgiadis, K.; Tsolaki, A.; Adam, K,;
Kompatsiaris, I.; et al. Efficacy and Safety of Crocus sativus L. in Patients with Mild Cognitive Impairment: One Year Single-Blind
Randomized, with Parallel Groups, Clinical Trial. J. Alzheimer’s Dis. 2016, 54, 129-133. [CrossRef]

Liu, N.; Xiao, J.; Zang, L.H.; Quan, P; Liu, D.C. Preparation of trans-Crocetin with High Solubility, Stability, and Oral Bioavailability
by Incorporation into Three Types of Cyclodextrins. Pharmaceutics 2023, 15, 2790. [CrossRef]

Bharate, S.S.; Kumar, V.; Singh, G.; Singh, A.; Gupta, M.; Singh, D.; Kumar, A.; Vishwakarma, R.A.; Bharate, S.B. Preclinical
Development of Crocus sativus-Based Botanical Lead IIIM-141 for Alzheimer’s Disease: Chemical Standardization, Efficacy,
Formulation Development, Pharmacokinetics, and Safety Pharmacology. ACS Omega 2018, 3, 9572-9585. [CrossRef] [PubMed]
Song, G.; Liu, J.; Wang, Q.; Wang, D.; Chu, B.; Li, L.; Xiao, G.; Gong, J.; Zheng, F. Layer-by-layer self-assembly of hollow dextran
sulfate/chitosan-coated zein nanoparticles loaded with crocin: Fabrication, structural characterization and potential biological
fate. Food Hydrocoll. 2022, 125, 107420. [CrossRef]


https://doi.org/10.1101/757971
https://doi.org/10.1016/j.pbb.2015.10.011
https://doi.org/10.3389/fphar.2021.745683
https://www.ncbi.nlm.nih.gov/pubmed/35095483
https://doi.org/10.1080/15548627.2021.1872187
https://www.ncbi.nlm.nih.gov/pubmed/33404280
https://doi.org/10.1186/s12979-018-0132-9
https://www.ncbi.nlm.nih.gov/pubmed/30450117
https://doi.org/10.1016/j.phymed.2012.12.019
https://doi.org/10.55782/ane-2015-2029
https://www.ncbi.nlm.nih.gov/pubmed/26232997
https://doi.org/10.22038/IJBMS.2017.9541
https://www.ncbi.nlm.nih.gov/pubmed/29299203
https://doi.org/10.1155/2019/9454913
https://doi.org/10.3892/ijmm.2018.4032
https://doi.org/10.1007/s00580-019-02981-4
https://doi.org/10.3389/fnins.2019.00249
https://doi.org/10.4236/pp.2014.51007
https://doi.org/10.1016/j.jns.2016.11.004
https://www.ncbi.nlm.nih.gov/pubmed/27865556
https://doi.org/10.1016/j.ejphar.2010.09.003
https://doi.org/10.1111/j.1365-2710.2009.01133.x
https://www.ncbi.nlm.nih.gov/pubmed/20831681
https://doi.org/10.1007/s00213-009-1706-1
https://www.ncbi.nlm.nih.gov/pubmed/19838862
https://doi.org/10.1002/hup.2412
https://doi.org/10.3233/JAD-160304
https://doi.org/10.3390/pharmaceutics15122790
https://doi.org/10.1021/acsomega.8b00841
https://www.ncbi.nlm.nih.gov/pubmed/31459089
https://doi.org/10.1016/j.foodhyd.2021.107420

Int. J. Mol. Sci. 2024, 25, 8982 44 of 44

419.

420.

421.

422.

423.

424.

425.

426.

Wong, K.H.; Xie, Y.; Huang, X.; Kadota, K.; Yao, X.-S.; Yu, Y,; Chen, X,; Lu, A.; Yang, Z. Delivering Crocetin across the Blood-Brain
Barrier by Using gamma-Cyclodextrin to Treat Alzheimer’s Disease. Sci. Rep. 2020, 10, 3654. [CrossRef] [PubMed]

Metibemu, D.S.; Ogungbe, I.V. Carotenoids in Drug Discovery and Medicine: Pathways and Molecular Targets Implicated in
Human Diseases. Molecules 2022, 27, 6005. [CrossRef] [PubMed]

Martini, D.; Negrini, L.; Marino, M.; Riso, P.; Del Bo, C.; Porrini, M. What Is the Current Direction of the Research on Carotenoids
and Human Health? An Overview of Registered Clinical Trials. Nutrients 2022, 14, 1191. [CrossRef] [PubMed]

Xu Lou, I; Ali, K.; Chen, Q. Effect of nutrition in Alzheimer’s disease: A systematic review. Front. Neurosci. 2023, 17, 1147177.
[CrossRef]

Gerger, P,; Pai, R K.; Stuckenschneider, T.; Falkenreck, J.; Weigert, H.; Stahl, W.; Weber, B.; Nelles, G.; Spazzafumo, L.; Schneider, S.;
et al. Associations of Lipophilic Micronutrients with Physical and Cognitive Fitness in Persons with Mild Cognitive Impairment.
Nutrients 2019, 11, 902. [CrossRef]

Tijms, B.M.; Vromen, E.M.; Mjaavatten, O.; Holstege, H.; Reus, L.M.; van der Lee, S.; Wesenhagen, K.E.].; Lorenzini, L.; Vermunt,
L.; Venkatraghavan, V.; et al. Cerebrospinal fluid proteomics in patients with Alzheimer’s disease reveals five molecular subtypes
with distinct genetic risk profiles. Nat. Aging 2024, 4, 33—47. [CrossRef]

Burrows, T.L.; Williams, R.; Rollo, M.; Wood, L.; Garg, M.L.; Jensen, M.; Collins, C.E. Plasma carotenoid levels as biomarkers of
dietary carotenoid consumption: A systematic review of the validation studies. J. Nutr. Intermed. Metab. 2015, 2, 15-64. [CrossRef]
Mullan, K.; Cardwell, C.R.; McGuinness, B.; Woodside, ].V.; McKay, G.J. Plasma antioxidant status in patients with Alzheimer’s
disease and cognitively intact elderly: A meta-analysis of case-control studies. J. Alzheimer’s Dis. 2018, 62, 305-317. [CrossRef]

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


https://doi.org/10.1038/s41598-020-60293-y
https://www.ncbi.nlm.nih.gov/pubmed/32107408
https://doi.org/10.3390/molecules27186005
https://www.ncbi.nlm.nih.gov/pubmed/36144741
https://doi.org/10.3390/nu14061191
https://www.ncbi.nlm.nih.gov/pubmed/35334849
https://doi.org/10.3389/fnins.2023.1147177
https://doi.org/10.3390/nu11040902
https://doi.org/10.1038/s43587-023-00550-7
https://doi.org/10.1016/j.jnim.2015.05.001
https://doi.org/10.3233/JAD-170758

	Introduction 
	Pathogenesis of AD 
	AD Treatment Strategies 
	Carotenoids in AD Treatment 
	Carotens 
	Lycopene 
	-Carotene 

	Xanthophyll Carotenoids 
	Lutein 
	Astaxanthin 
	Fucoxanthin 
	-Cryptoxanthin 
	Crocin and Crocetin 

	Carotenoid-Based Treatment 

	Conclusions 
	References

