
Citation: Satyam, S.M.; Bairy, L.K.

Neuronutraceuticals Combating

Neuroinflammaging: Molecular

Insights and Translational

Challenges—A Systematic Review.

Nutrients 2022, 14, 3029. https://

doi.org/10.3390/nu14153029

Academic Editor: M. Hasan Mohajeri

Received: 5 July 2022

Accepted: 20 July 2022

Published: 23 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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/).

nutrients

Review

Neuronutraceuticals Combating Neuroinflammaging: Molecular
Insights and Translational Challenges—A Systematic Review
Shakta Mani Satyam and Laxminarayana Kurady Bairy *

Department of Pharmacology, RAK College of Medical Sciences, RAK Medical and Health Sciences University,
Ras Al Khaimah 11172, United Arab Emirates; satyam@rakmhsu.ac.ae
* Correspondence: klbairy@gmail.com or kurady@rakmhsu.ac.ae

Abstract: Neuropathologies, such as neuroinflammaging, have arisen as a serious concern for pre-
serving the quality of life due to the global increase in neurodegenerative illnesses. Nowadays,
neuronutraceuticals have gained remarkable attention. It is necessary to investigate the bioavail-
ability, off-target effects, and mechanism of action of neuronutraceuticals. To comprehend the
comprehensive impact on brain health, well-designed randomized controlled trials testing combina-
tions of neuronutraceuticals are also necessary. Although there is a translational gap between basic
and clinical research, the present knowledge of the molecular perspectives of neuroinflammaging
and neuronutraceuticals may be able to slow down brain aging and to enhance cognitive perfor-
mance. The present review also highlights the key emergent issues, such as regulatory and scientific
concerns of neuronutraceuticals, including bioavailability, formulation, blood–brain permeability,
safety, and efficacy.
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1. Introduction

Neuroinflammation is hypothesized to develop from prolonged immune system
activation in the central nervous system (CNS) in response to numerous insults. This brain
immune stimulation leads to resident cell activation and invasion of the CNS by circulating
immune cells. Additionally, pro-inflammatory mediators that lead to neurodegenerative
disorders are produced and secreted. The malfunctioning of the central nervous system
(CNS) may be a cause of a variety of human medical conditions associated with both
cognitive impairment and varying degrees of neuroinflammation. A growing body of
research indicates that the central nervous system’s (CNS) homeostasis depends on a
two-way exchange of information between the brain and the immune system [1].

The process of aging can be thought of as being multifactorial because it results
from the interaction of genetic, environmental, and lifestyle variables. The notion that
cerebral aging is a complex multifactorial process has supplanted earlier monofactorial
theories that linked the aging phenomenon to a single cause. With increasing age, there
is a significantly increased risk of neurological problems, particularly neurodegenerative
disorders. The production of toxins that result in the death or malfunctioning of neurons in
neurodegenerative illnesses may be significantly influenced by age-dependent heightened
neuroinflammatory processes. According to a meta-analysis of data from around the world,
the prevalence was 40.51 per 100,000 people aged 40 to 49, 106.67 per 100,000 people aged
50 to 59, 428.48 per 100,000 people aged 60 to 69, 1086.54 per 100,000 people aged 70 to 79,
and 1902.98 per 100,000 people aged 80 and more [2].

The term “neuroinflammaging” refers to the up-regulation of the inflammatory re-
sponse and a low level of chronic neuroinflammation that accompany neuronal aging [3–6].
Neuroinflammaging is characterized by five conditions: low-grade, controlled, asymp-
tomatic, chronic, and neuroinflammation [4]. Neuroinflammaging is characterized by the
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up-regulation of a number of stress responses. The interplay of genetics, environment,
and lifestyle choices results in multiple and complicated mechanisms that cause neuroin-
flammaging and the accompanying neurodegenerative disorders. A better understanding
of the connections between neuroinflammaging and neurodegenerative disorders could
therefore result in new therapeutic strategies. Given that pro-inflammatory cytokine levels
are elevated with aging, numerous therapies may be successful in bringing these levels
down. The neuroinflammaging process may also produce reactive oxygen species (ROS),
which cause oxidative damage and increase cytokine production. This vicious cycle results
in a chronic proinflammatory state where tissue damage and repair mechanisms happen
at the same time. Furthermore, oxidative stress can influence other transcription factors,
such as nuclear factor-kB (NF-kB) and activator protein-1, and also induce apoptosis [3].
Some of the most important aspects of immunosenescence are the accumulation of memory
cells, the growth of megaclones, the restriction of the repertoire of T lymphocytes, and the
increase in autoimmune symptoms [5]. The body’s capacity to adapt correctly to a variety
of oxidative stressors and inflammation appears to have a significant role in promoting
human longevity and in preventing/delaying the main age-related illnesses. In human
brains, aging is linked to abnormal inflammatory responses [7,8]. Specifically basal levels of
pro-inflammatory cytokines are enhanced with aging [9], whereas anti-inflammatory medi-
ators are lowered [10]. The complement (C) pathway, toll-like receptor (TLR) signaling, and
inflammasome activation are additional elements involved in innate immune responses
that are similarly elevated as the brain ages [7,11,12]. In reality, as we become older, our
brains produce different levels of pro-and anti-inflammatory cytokines.

Numerous nutraceuticals and traditional medicines frequently exhibit pleiotropic
effects, which include positive impacts on brain health as well as immunomodulatory and
anti-inflammatory benefits. Broad ranges of naturally derived substances with nutritional
and medicinal qualities to improve brain health are referred as “neuro-nutraceuticals”, [13].
Neuronutraceuticals often have one or two substances, such as vitamins and fatty acids.
There is a paucity of clinical data regarding their overall safety, efficacy, and possible
drug/food interactions. Furthermore, it has been noticed that while healthy people may
not benefit from brain supplements, sick people may. As a result, their use needs to be
given additional thought [14–16].

The fundamental idea behind modern drug research is that medicine should have only
one site of action and few or no side effects that could jeopardize its selectivity. Though
there are numerous instances of clinically licensed medications acting on multiple targets
in the literature, numerous attempts have been undertaken to create medications that have
dual-purpose activities. The adage “the whole is more than the sum of its parts” may be
worth reevaluating in this situation; perhaps it is the numerous beneficial effects of a single
“effective” nutraceutical rather than the combined effects of several nutraceuticals found
in a functional food that support health and treat disease conditions [17]. In the current
context of molecular and cellular neuroscience, a number of mechanisms, such as oxidative
stress, excitotoxicity and their downstream effects, are involved in neurodegenerative
illnesses and brain injury. However, inflammation (recruitment of micro-/macroglial
signaling), decreased cerebral blood flow, and alterations in the blood–brain barrier are
also associated with neuronal injury. As a result, it would not be speculative to suggest
that one naturally occurring and bioavailable chemical in a mixture of potentially bioactive
molecules may interact with many targets to have several ameliorative effects on CNS.
Due to their well-balanced composition of the majority of nutrients beneficial to the brain,
including flavonoids, carotenoids, saponins, polyunsaturated fatty acids, marine natural
products, probiotics, vitamins, etc., dietary herbal formulations have attracted the most
interest as neuronutraceuticals. Starting with the fact that inflammation is a crucial factor
in aging and chronic degenerative diseases, and that several nutraceuticals can disrupt and
control cellular processes, this review aims to explore the key molecular perspectives
of neuroinflammaging processes and neuronutraceuticals in combating the same. In
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addition, translational challenges associated with neuronutraceuticals are highlighted
in the current review.

2. Methodology

The PRISMA guidelines were followed in conducting this systematic review (an
evidence-based minimum set of items for reporting in systematic reviews and meta-
analyses for systematic reviews).

2.1. Search Strategy

The literature was searched on PubMed, Scopus, EMBASE, and the Cochrane Central
Register of Controlled Trials (CENTRAL) from inception to 31 December 2021, during the
first 6 months of the year 2022. All the keywords for the literature search were used as
indexing terms, such as MeSH (if available) and text words. The following essential words
and their synonyms were used and truncated occasionally: Neuroinflammaging, Neu-
roinflammation, Neuronal aging, Neuronutraceuticals, and Nutraceuticals. The literature
search was done using the following search equations in the titles and the abstracts: “Neu-
ronutraceuticals OR Neuroinflammaging”, “Nutraceuticals AND Neuroinflammation”,
“Nutraceuticals AND Neuronal aging”. We scrutinized the articles based on the title first
and then the abstract (Figure 1). Later, we gathered information from the selected relevant
articles by reading the full text and highlighting the facts relevant to our research question.
Grey literature was looked through and references were cross-checked to look for relevant
papers that had not come up in earlier searches. There was no language restriction on the
literature search.

Figure 1. Flowchart showing the process of article selection.

2.2. Study Eligibility Criteria
2.2.1. Types of Studies
Included

We incorporated pre-clinical studies (mostly rodent disease models), case-control studies,
prospective and retrospective cohort studies, and randomized controlled trials (RCTs). The
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interventions of interest were directly contrasted in RCTs and non-randomized studies. We
considered both prospective and retrospective research for non-randomized investigations.

Excluded

Due to the inferior quality of the evidence, we did not include descriptive studies,
cross-sectional studies, conference presentations, case series, or case reports. We also
excluded studies due to (1) insufficient data such as short communications, letters, brief
reports, and comments, (2) duplicate articles, (3) lack of access to study data even by
contacting the first author or corresponding author, and (4) clinical studies without control
or placebo groups.

3. Literature Search Results

The results of the literature search have been discussed below under two sections:
Section 3.1 Neuroinflammaging from a molecular perspective (Figure 2), Section 3.2 Neu-
ronutraceuticals and neuroinflammaging.

Figure 2. Molecular perspective of neuroinflammaging.

3.1. Neuroinflammaging from a Molecular Perspective
3.1.1. Microglia

Microglia are abundantly distributed throughout the brain and are the main innate
immune cells as well as the early responses to pathogenic insults [18,19]. Depending on
their activation level, microglia can either be pro-inflammatory or neuroprotective in the
CNS. Pro-inflammatory cytokines, which are byproducts of infections or injured cells,
cause resting microglia to express pro-inflammatory molecules such as nitric oxide (NO),
proteases, IL-1, TNF-α, and IL-6, which are harmful in neurodegenerative disorders [20,21].
Contrarily, IL-4, IL-10, IL-13, and transforming growth factor (TGF)- activate neuropro-
tective microglia, which causes the production of numerous substances including FIZZ1,
Chitinase-3-Like-3 (Chi3l3), Arginase 1, Ym1, CD206, insulin-like growth factor (IGF-1),
and Frizzled class receptor 1 (Fzd1) [20–23]. These microglial components could contribute
to tissue repair and neuroprotection.

Major Histocompatibility Complex II (MHC II) and CD11b are two glial activation
markers that are up-regulated in microglia with normal aging. Young animals’ microglia
express MHCII at incredibly low levels during basal conditions, giving a clear baseline for
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identifying alterations in microglia immunophenotype related to aging [24]. Age-related
increases in microglia numbers or rises in per microglial cell expression could both lead
to increased MHCII [23,24]. Although there is research, that supports the notion that
increasing per microglial cell expression leads to sensitization [25].

Glial activation, inflammatory mediators, and brain shrinkage have all been shown
in studies to significantly increase with age [26,27]. Age-associated changes in the ex-
pression of genes related to cellular stress, inflammation, and trophic support have been
reported [28]. These alterations imply that as neurons age, they face greater difficulties
while also receiving less support.

The cause of increasing inflammation with aging is still unknown. Genetic studies
reveal that DNA plays a substantial role in this process and that DNA bases are partic-
ularly vulnerable to oxidative stress damage, which causes considerable inflammatory
alterations [29].

The extent to which aging changes microglia’s responsiveness or their capacity to
cause neuronal death is also unknown. Despite morphological and phenotypic changes
that imply microglial activation, it has been proposed that microglia may actually become
dysfunctional and enter a senescent state with age [27]. Such a condition may lead to
decreased neurotrophic factor secretion and a downregulation of phagocytic activity in
microglia. This process may cause neuronal death and ineffective removal of harmful
protein clumps in neurodegenerative diseases since it is linked to increased secretion of
inflammatory mediators [26].

3.1.2. Astrocytes

The majority of glial cells in the brain are astrocytes [30]. Similar to microglia, astro-
cytes are pro-inflammatory, and they have immunoregulatory (neuroprotective) capacity.
Pro-inflammatory reactive astrocytes are known to upregulate a number of genes, including
complement cascade genes and generate pro-inflammatory chemicals, such as IL-1 and
TNF-α, which are known to have detrimental consequences [20,21]. In contrast, several
neurotrophic factors and thrombospondins are upregulated by the neuroprotective reactive
astrocytes [21]. In a neuroprotective manner, anti-inflammatory cytokines, including IL-4,
IL-13, and IL-10, can activate astrocytes. These activated astrocytes can then produce IL-4,
IL-10, and TGF-β [31]. Pro-inflammatory microglia can generate inflammatory mediators,
such as IL-1, IL-6, TNF-α, and C1q, which can activate pro-inflammatory astrocytes and
trigger a subsequent inflammatory response [32,33].

A large number of other cytokines, sphingolipids, and neurotrophins can all cause
detrimental astrocytic signaling pathways [30]. During neuro-inflammatory conditions,
astrocytes activate the receptors for IL-17 and tropomyosin receptor kinase B. NF-kB
activator 1 (Act1) may be attracted to IL-17 receptors and pro-inflammatory cytokines may
be produced as a result [34]. The JAK-STAT3 pathway could mediate reactive astrocytes’
neuroprotective properties. Uncertainty exists about the chemical mechanism underlying
the development of neuroprotective reactive astrocytes [35]. There may be additional
polarization states than only the pro-inflammatory or the neuroprotective [21].

3.1.3. Toll-like Receptors (TLRs)

The innate immune system is significantly influenced by a class of proteins known as
TLRs. They are single-pass membrane-spanning receptors that identify pathogen-derived
compounds with structural conservation that are typically expressed on sentinel cells, such
as macrophages and dendritic cells. Multiple toll-like receptors (TLRs) are expressed more
often in the aged brain, which may cause glia and neurons to become hypersensitive and
amplify possible damage [36]. The stimulation of TLRs results in the activation of NF-kB
and the subsequent transcriptional activation of a large number of proinflammatory genes,
including those encoding adhesion molecules, immunological receptors, cyclooxygenase 2,
inducible nitric oxide synthase enzymes, cytokines, and complement proteins [37].
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3.1.4. Mitogen-Activated Protein Kinases (MAPKs)

The MAPK family of serine/threonine protein kinases mediates the majority of cellular
reactions to cytokines and outside stressors, which is also essential for controlling the
synthesis of inflammatory mediators. The stress-activated protein kinase/c-Jun N terminal
kinase (JNK), the extracellular signal-regulated kinases (ERKs) and the p38 MAPK are three
subfamilies that are divided into MAPK transduction cascades depending on how much
the sequences are similar [38]. In response to various stimuli, these kinases are connected
to pathways that lead to both survival and death to control cellular functions, such as cell
division, proliferation, survival, and differentiation. However, depending on the type and
function of a specific neuron, activation of ERKs can either be neuroprotective or can cause
cell death [39].

JNK may be an important regulator of the inflammatory and apoptotic pathways
that are activated in the course of neuroinflammaging and neurodegenerative disorders,
according to a significant body of literature [40–42]. In fact, JNK has a role in the inflam-
matory responses of astrocytes and primary glial cells. JNK activity has also been linked
to reports that it controls neuronal survival by preserving mitochondrial homeostasis [1].
Last but not least, mounting evidence points to the specific roles that p38 plays in aging
and neuroinflammation [43].

3.1.5. Sirtuins

The significance of class III histone deacetylases, also known as sirtuins, in neurode-
generative processes has been demonstrated by a wealth of evidence [44–46]. The primary
described sirtuin (SIRT1) molecule controls the formation of ROS via regulating immuno-
logical responses through NF-kB signaling [47]. Studies have reported the antioxidant
and anti-inflammatory actions of SIRT1 [48,49]. In particular, SIRT1 has a strong NF-kB
signaling inhibitory effect, which reduces inflammation [50,51]. One of the studies re-
ported that microglial SIRT1 deficiency causes cognitive deterioration in healthy aging [11].
The scientists hypothesized that an increased expression of IL-1β is linked to memory
impairments and accompanying cognitive decline, which could be caused by epigenetic
changes brought on by SIRT1 deficiency (aging-induced) in microglia. Activating SIRT1
and other sirtuins may also protect neurons in experimental models of neurodegenerative
diseases, according to a growing body of research [52]. A prospective therapy alternative
for neurological diseases, such as Alzheimer’s, Parkinson’s, and Huntington’s disease as
well as for the prevention and the advancement of neuroinflammaging, is now thought to
include SIRT1 and the other sirtuins [53].

3.1.6. Nuclear Factor (erythroid-derived)-like 2 (Nrf2)

Nrf2 is another important molecule connected to neuroinflammaging. Some re-
searchers have suggested that Nrf2 has an antagonistic effect on the NF- kB pathway, which
is regarded as a hallmark of neuroinflammation [54,55]. Nrf2 regulates the antioxidants
necessary for cells to protect themselves from various electrophiles and oxidants [56,57].
Nrf2 has been linked to the development of several beneficial proteins, including brain-
derived neurotrophic factor (BDNF) [58], the anti-apoptotic B-cell lymphoma 2 (BCL-2) [59],
the anti-inflammatory IL-10, and the mitochondrial transcription co-factors Nrf1 and per-
oxisome proliferator-activated receptor [60]. Although the relationship between Nrf2 and
NF-kB is not fully understood, the discovery of NF-kB binding sites in the Nrf2 gene’s
promoter region implies that there may be an interaction between these two inflammatory
process regulators [61]. According to a study, as compared to their wild-type littermates’
hippocampi, Nrf2 deletion mice were more vulnerable to the inflammation caused by
lipopolysaccharide (LPS), which was shown to increase microglial cells and the inflamma-
tory markers iNOS, IL-6 and TNF-α [62]. The increase in peripheral IGF-1 that flows into
the brain after exercise may also activate Nrf2 [63,64]. Rojo et al. recently demonstrated that
Nrf2-deficient animals displayed increased astrogliosis and microgliosis [65]. COX-2, iNOS,
IL-6, and TNF-α, inflammation indicators linked to traditional microglial activation were
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likewise elevated, while FIZZ-1 and IL-4, anti-inflammatory signals linked to alternative
microglial activation, were lowered. These findings were verified in microglial cultures,
illustrating even more clearly how Nrf2 regulates the harmony between conventional and
unconventional microglial activation [65].

BBB permeability rises in old animals, possibly allowing monocyte infiltration that
releases ROS produced by mitochondria [66,67]. CD11bC and CD45 cell counts, which are
indicative of infiltrating monocytes, have been found to rise with age in the brains of elderly
rats, supporting this notion [66]. Similar to this, the hippocampal region expresses chemo-
tactic molecules, such as interferon-inducible protein 10 (IIP10) and monocyte chemotactic
protein-1, at higher levels than normal (MCP-1) [66,68].

3.1.7. Oxidative Stress

There are studies indicating that reactive oxygen species/reactive nitrogen species
(ROS/RNS) can stimulate inflammation via the activation of inflammasomes, and the pro-
duction of IL-1 and IL-18 cytokines subsequently trigger inflammatory responses [47,69,70].
Oxidative stress and inflammation interact with one another in a complex manner. The
production of ROS and RNS accelerates the synthesis of a variety of chemokines and pro-
inflammatory cytokines, such as IL-1, IL-6, and tumor necrosis factor (TNF-α), during brain
aging. These inflammatory mediators cause microglia and astrocytes to become highly
ROS/RNS-producing cells. Studies have revealed that neuroinflammatory reactions could
be viewed as the result of ongoing oxidative stress [71,72].

3.2. Neuronutraceuticals and Neuroinflammaging

The use of neuronutraceuticals is intended to improve brain health. Many phytochem-
icals share a shared lineage with conserved biological processes, such as the similarities in
most pathways for the production and breakdown of macro biomolecules. This common
ancestry is assumed to be the cause of these substances’ potential impacts [73]. In fact,
all eukaryotes include a number of compounds that function as neurochemicals in the
mammalian central nervous system (CNS) [74]. The use of nutritional supplements rich in
polyphenols as a modulator of age-related cognitive decline is justified by the age-related
increase in oxidative stress and low-grade inflammation [75,76]. Phytochemicals are often
thought to have health benefits because of their natural anti-inflammatory and antioxidant
capabilities [39]. Phytochemicals can be harmful in large concentrations yet have positive
or stimulating effects on animal cells in low doses [77]. Hormonal phytochemicals have
been shown to promote cellular resistance to injury and illness. These compounds include
resveratrol, sulforaphane, curcumin, catechins, allicin, and hypericin [78]. We have en-
lightened below an overview of some of the neuronutraceuticals having the potential to
mitigate neuroinflammaging (Table 1).

3.2.1. Curcuma Longa

Curcuma longa also known as turmeric is a perennial shrub that is widely distributed
throughout Southeast Asia. This herb’s underground stems (rhizome) are a crucial part
of toothpaste, food additives, and spices used in cooking. Nitric oxide release, NF-kB sig-
naling, astrocytes and microglia (reactive), cytokine production (IL-23, IL-1, IL-6, TNF-α),
and PPAR transcriptional activity were all inhibited by curcumin to reduce neuroinflam-
mation [79–81]. Additionally, numerous studies demonstrated that curcumin interacts
with NF-kB and this connection regulates T-cell-mediated immunity in a protective man-
ner [82]. The creation of mitochondrial ROS, activation of the transcription factors Nrf2
and NF-kB, elevation of the protein kinase Mitogen-Activated Protein Kinase (MAPK) p38,
and suppression of phosphatase activity were all associated with curcumin-induced HO-1
overexpression in rats and human cells [83,84]. Curcumin inhibits the synthesis of pro-
inflammatory mediators via modifying the histone acetylation of transcription factors and
the methylation pattern of genes implicated in the inflammatory response [85]. Curcumin’s
neuroprotective effects also entail the regulation of SIRT1. Curcumin’s neuroprotective im-
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pact is thought to be mediated by SIRT1 signaling activation. Prophylactic administration
of curcumin (50 mg/kg) reduced inflammation, apoptosis, and mitochondrial dysfunction
in the ischemic brain among rats [86].

3.2.2. Anthocyanins

These are a group of flavonoids that includes water-soluble colored pigments. Berries
that are red, blue, or purple are one of the main sources of dietary anthocyanins [87]. Antho-
cyanins (100 mg/kg) have been found to inhibit the release of pro-inflammatory mediators
and shield cellular components from oxidative damage brought on by demyelination [88].
Additionally, prolonged use of a blackberry anthocyanin extract (25 mg/kg) may have
favorable effects on synaptogenesis and synaptic plasticity while reducing the negative
effects of neuroinflammation in high-fat-fed mice [89]. Through a variety of processes,
such as the control of Nrf2 and the suppression of NF-kB pathways, anthocyanins shield
CNS from pro-oxidant and inflammatory damage [90]. In a rodent model of the peripheral
nervous system, improved myelination following red wine treatment is thought to be
caused by SIRTs activation, particularly SIRT1 [91].

3.2.3. Flavanols

Flavanols such as catechin and epicatechin were discovered in cocoa in higher concen-
trations than in other plant-based diets. The modulation of several pathways is thought to
be how flavanols affect neuroinflammaging. In both pre- and post-treatment, the injection of
an epicatechin (30 mg/kg) dose dependently protects against transitory ischemia-induced
brain injury through activation of the Nrf2/HO1 pathway in rodents [92]. Catechin inhibits
the synthesis of pro-inflammatory mediators and reduces NF-kB activation through mod-
ulation of the ERK and p38 MAPK pathways in LPS-induced BV-2 microglial cells [93].
Epigallocatechin gallate (EGCG), one of the components of green tea, up-regulates haem
oxygenase-1 (HO-1) expression via activating the Nrf2-ARE pathway in endothelial cells,
imparting resistance against Hydrogen peroxide (H2O2) induced cell death and indicating
a hermetic method of action [94]. It has been shown that EGCG specifically guards against
oxidative stress in cultured rat cerebellar granule neurons [95].

3.2.4. Resveratrol

Resveratrol is usually present in grapes, red wine, mulberries and peanuts. It is well
known that resveratrol reduces peripheral inflammation. Resveratrol impacts numerous
pro- and anti-inflammatory variables because it crosses the blood–brain barrier [96,97].
Resveratrol’s wide anti-inflammatory properties and potential advantages during neu-
roinflammation are shown by the fact that it successfully suppressed proinflammatory
cytokines in activated macrophage and microglial cell lines at quantities detected in plasma.
Studies have shown that resveratrol has neuroprotective benefits, particularly against beta-
amyloid-induced oxidative cell death and against dopaminergic neuronal injuries [98,99].
Resveratrol pretreatment reduced the transiently induced activation of NF-kB by Aβ, in-
dicating a critical role for the NF-kB inflammatory pathway in the deposition of A and
a potential therapeutic benefit of resveratrol in mediating neuroprotection [98]. Resver-
atrol has been demonstrated to influence SIRT1 activity in vitro depending on the kind
of deacetylation substrate [100]. Resveratrol does not affect the NF-kB proteins’ ability
to bind to DNA, but it did prevent reporter gene transcription and the TNF-α-induced
translocation of the NF-kB p65 subunit. Resveratrol also inhibits the activation of JNK and
its upstream MAPK, which may provide insight into how it suppresses AP-1 [101]. Overall,
the findings of this study indicate that resveratrol protects neurons from hypoxia-induced
neurotoxicity via inhibiting inflammation in microglia. These effects were at least partially
achieved by inhibiting the NF-kB, ERK, and JNK/MAPK signaling pathways from being
activated [102].
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3.2.5. Oleuropein and Hydroxytyrosol

These are ingredients found in virgin and extra-virgin olive oils (VOO and EVOO),
which are derived from the fruits of the Olea europea. Tyrosol, hydroxytyrosol, and oleu-
ropein, which are phenolic substances found in olive oil, can reduce the impact of the
chronic inflammatory milieu on glioblastoma by regulating TNF-α, COX-2, JNK, ERK,
and NF-kB [103]. In the cortex of the brains of db/db mice, hydroxytyrosol also enhances
neuronal survival and mitochondrial function, and it lowers oxidative stress. After 8 weeks
of administration at doses of 10 and 50 mg/kg, the energy-sensing protein network acti-
vated SIRT1, and Nrf2 are known to modulate mitochondrial function and oxidative stress
responses [104].

3.2.6. Bacopa Monniera

Also known as Brahmi or BM, this herb belongs to the Scrophulariaceae family. It is a
creeping perennial herb. It is widely distributed throughout the tropical United States and
East Asia, including India, in wetlands and on the shores of lakes and rivers. Ayurvedic,
Unani, Siddha, and homeopathic traditional medical literature all make special reference to
BM for its energizing, nootropic, and mental health-promoting properties. These prelim-
inary studies highlighted the anti-inflammatory (100 mg/kg BW) and antioxidant (dose
range: 40–250 mg/kg BW, duration: 1–4 weeks) potential of BM extracts [105–107]. In
addition to reversing cell cycle arrest, BM also reduced intra-neuronal protein aggregation
and lipofuscin accumulation, and it prevented microglia from secreting pro-inflammatory
cytokines (IL-6 and TNF-α) in aging and dementia models [107,108].

3.2.7. Withania Somnifera

This herb is also referred to as Indian ginseng, poison gooseberry, and ashwagandha
(WS, Family: Solanaceae). This plant grows best in the dry climates of South and Central
Asia, Africa, India, Pakistan, Bangladesh, Sri Lanka, Afghanistan, Egypt, the Middle East,
and North America. This herb is grown commercially in numerous nations, including
India, and it is listed among the selected therapeutic plants in World Health Organization
monographs [109]. Animals treated with WS exhibited reduced levels of reactive gliosis,
inflammatory cytokines such as TNF-α, IL-1β, and IL-6, and expression of nitro-oxidative
stress enzymes. Additionally, an investigation of the NF-kB, P38, and JNK MAPK pathways
revealed their contribution to the inhibition of neuroinflammation [110].

3.2.8. Ferulic Acid (FA)

This is frequently present in a variety of foods, including tomatoes, sweet corn, and
rice [111]. FA lowers inflammatory mediator levels (prostaglandin E2 and TNF-α), as well
as iNOS expression and function [112,113]. By preventing microglial activation in vivo,
long-term treatment of FA effectively guards against Aβ toxicity [114].

3.2.9. Sulforaphane (SFN)

Sulforaphane, a phytochemical found in high concentrations in cruciferous vegetables
such as broccoli, has been shown to activate the Nrf2-ARE stress response pathway in mouse
brains and microvasculature, reducing brain damage in a traumatic brain injury model [115].
Sulforaphane has been found to protect dopaminergic neurons from mitochondrial toxins
and oxidative stress in cultured neurons [116–118].

3.2.10. Polyunsaturated Fatty Acids (Eicosapentaenoic and Docosahexaenoic Acids)

These reduce the inflammatory response of activated microglial cells, and these anti-
inflammatory effects seem to be helpful in preventing age-related memory impairment [119].
The favorable effects of polyunsaturated fatty acids in ischemic stroke and traumatic brain
damage models may be attributed to AMPK and Nrf2, which limit microglial activation,
similar to resveratrol [120].
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3.2.11. Sallyl Cysteine

The most prevalent molecule in aged garlic extracts has a variety of neuroprotective
properties that are probably mediated by antioxidant actions, presumably via Nrf2, but
more recent data imply furthermore a diversity of anti-inflammatory effects [121]. Another
component of garlic-Allicin, efficiently inhibited neuronal injury by acting on sphingosine
kinase-2 against idle cerebral artery blockage in rats [122].

3.2.12. Gut Microbiota

The targeted dietary and probiotic uptake appear to have a good effect on the treatment
of some age-related illnesses, and they also provide a viable therapeutic alternative for
the aging process [21]. Nowadays, numerous studies are being conducted to explore the
regulation of the gut–brain axis with an influence on healthy aging and mental health
as a result of a growing body of evidence showing a favorable association between the
health of the gut microbiota and brain health. The gut–brain axis is a two-way chemical
communication system that transmits data from the intestine to the brain via soluble
chemical signals as well as sympathetic and parasympathetic nervous system inputs. The
gut microbiota is a third component that has a significant impact on the health of both
systems. Aging is associated with behavioral changes, anxiety, and cognitive impairment in
addition to synaptic deterioration, oxidative stress, and neuroinflammation. The gut–brain
axis is recognized as a crucial, accessible target for fostering healthy brain aging [123,124].

3.2.13. Marine Natural Compounds

These simultaneously act as multiple-target modulators of intestinal and supra-
intestinal illnesses. Marine natural products have been reported to modulate the inflamma-
tory mediators, apoptosis, and oxidative stress in the gut, including NF-kB, TNF-α, ILs,
COX-2, and TLRs [125]. Additionally, these substances control several important gut-related
pathways, such as PI3K/Akt/mTOR, MAMPs, BDNF, and ERK/CREB/MAPK [125]. Cit-
reohybridonol was obtained from the marine-derived fungal strain Toxicocladosporium
species [126]. According to their research, citreohybridonol exerts antineuroinflammatory
effects by reducing the number of proinflammatory mediators and cytokines produced by
activated BV2 cells, including TNF-α, IL-1, IL-12, IL-6, iNOS, and COX-2. Citreohybridonol
and related terpenoid derivatives are the targets of this action in order to create anti-
inflammatory treatments for illnesses where neuroinflammation has been observed [126].

4. Translational Challenges

Any nutraceutical’s translation to humans often faces two significant obstacles: sci-
entific and regulatory. No universally accepted definition exists for the group of products
known in various nations as dietary supplements, natural health products (NHPs), com-
plementary medicines, or food supplements. For example, a product that is considered a
dietary supplement and is regulated as a food in the USA may be considered a food sup-
plement, a therapeutic good (complementary medicine), a therapeutic good (prescription
medication), or even a restricted substance in another country. When nations such as China
or India are taken into consideration, where traditional medicine or phytomedicine using
unprocessed botanicals already has an established regulatory framework, the situation
becomes even more problematic. Numerous regulatory frameworks are evolving, which
only makes matters more confusing. The scientific issues and the regulatory frameworks
that have developed to address nutraceuticals differ significantly between nations.

Regarding the classifications of human bioactives needs and the implications for di-
etary supplements, scientists frequently disagree. They disagree about the need for specific
non-nutrient bioactives in certain demographic subgroups as well as the potential negative
impacts on health from their use. Over a century has passed since the discovery of inborn
defects in nutrient metabolism, which can be corrected by giving the deficient nutrient.
However, it is unclear whether a paradigm such as this, which is based on single gene
abnormalities, is helpful to treat multigenic complicated disorders. It is unknown whether
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a sizable population of people with prevalent diseases and ailments, such as type 2 diabetes
and depression, have specific genetic requirements that necessitate dietary supplements
or medical foods [127]. Nutritional implications result from the identification of genetic
variations and the development of widely accessible, reasonably priced genetic tests. They
have contributed to the emergence of “precision nutrition” or “personalized” eating pro-
grams [128], as well as the growth of boutique “personalized” dietary supplements that are
purportedly based on a person’s genetic profile. We still do not know how effective these
supplements are at preventing chronic degenerative illness.

The effectiveness and the application of analytical procedures play a role in some of
the scientific difficulties associated with all of the issues mentioned above. Several unique
bioactive compounds found in dietary supplements lack analytical methodologies and
reference standards. Whether there should be only one officially recognized method of
analysis is still up for debate. Any analytical method that has been correctly calibrated
to a recognized reference standard should be adequate. It is the user’s responsibility to
demonstrate that the method’s affirmative requirements are met leading to accurate and
precise results. Dietary supplements may not respond well to certain techniques that are
appropriate for foods.

The safety of dietary supplements largely depends on the dose, aside from problems
with product quality. High doses of certain nutrients have a higher propensity than others
to produce difficulties, while the amount at which problems arise is disputed. For example,
certain dialysis patients who receive extremely high amounts of calcium and vitamin D
active on a regular basis may exceed the tolerable upper level (UL) and experience negative
health effects, such as calcification of the soft tissues [129]. People with normal renal func-
tion may experience negative consequences from extremely high vitamin D dosages [130].
There is not much evidence that the typical dosages and types of these nutrients cause
health issues [131]. In countries with programs to fortify their food supplies compared to
others, the likelihood of excessive nutrient intake via dietary supplements is higher, so they
must also be taken into consideration [132–135]. It is frequently difficult to establish safe
intake amounts of non-nutrient bioactives in supplements due to a lack of dose–response
evidence [136,137]. Even after accounting for concurrent use with acetaminophen and
alcohol as well as consumption while fasting, some dietary supplements with non-target
herbs added purposefully (such as germander as an adulterant for skullcap) or accidentally
(such as black cohosh, kava extract, green tea, and others) have been connected to various
types of liver damage [138].

Favorable pharmacokinetic profiling of neuronutraceuticals in terms of poor gastroin-
testinal absorption leading to low bioavailability, poor crossing through the blood–brain
barrier, metabolism, and excretion is a major concern. Nutraceuticals must be bioavailable
in order to be effective, but the legislation of some nations does not recommend in vitro
testing of supplements for disintegration and dissolution, and some products already avail-
able in the market do not pass such tests. Researchers and regulators are both concerned
about this since it has an adverse effect on studies that look at the effectiveness of dietary
supplements. It is possible to examine the dissolution and the disintegration of medications
in vitro, and dietary supplement items can be used with these techniques.

Exploration of untoward adverse effects of neuronutraceuticals, especially those re-
lated to CNS, such as sedation, tremors, convulsion, psychiatric issues, and interactions
with food or other concomitant drugs, is necessary. The issues involved in evaluating
efficacy that is pertinent to the testing of all pharmaceuticals include study designs, signif-
icance testing, appropriate endpoints, effect sizes, acceptable biomarkers of impact, and
the distinctions between clinical and statistical significance. Regulators in some countries
require a change in health outcomes or in validated alternative biochemical markers of
effect on the causal pathway to a health or performance outcome. Others agree that changes
in intermediate biochemical markers, which may or may not be used in place of health
outcomes, are acceptable. These concerns have been brought up because it seems that
certain countries’ supplements have scant or no evidence of their efficacy. A review of
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63 randomized, placebo-controlled clinical trials of dietary supplements in Western adults
found that in 45 of them no benefits were observed, 10 showed a trend toward harm, and
2 showed a trend toward benefit, while 4 reported actual injury and 2 reported both harms
and benefits. However, only omega-3 fatty acids and vitamin D demonstrated significant
enough advantages and no adverse effects to imply potential efficacy [139]. Concerns have
been expressed about this hotly discussed topic based on the type of dietary supplement
utilized, particularly herbal treatments, the standard of the research included in the review,
and other factors, such as the product quality of the supplement being reviewed that must
be taken into account [140].

Table 1. Summary of the recent update on neuronutraceuticals and neuroinflammaging.

Author/Year Type of Study Inference

Liddelow et al., 2017 [28] Pre-clinical Gut microbiota modulates age-related illnesses.

Oksanen et al., 2019 [42] Pre-clinical
Anti-inflammatory cytokines such as IL-4, IL-13, and IL-10 can
activate astrocytes in a neuroprotective manner, and these activated
astrocytes can then generate IL-4, IL-10, and TGF- β.

Liddelow et al., 2017 [44] Pre-clinical
Pro-inflammatory microglia can activate pro-inflammatory astrocytes
by generating inflammatory mediators and trigger a subsequent
inflammatory response

Kumar et al., 2021 [117] Pre-clinical Bacopa monniera extract exerts anti-inflammatory (100 mg/kg) and
antioxidant (40–250 mg/kg) effects.

Nemetchek et al., 2017 [119] Pre-clinical

Bacopa monniera decreases intra-neuronal protein aggregation and
lipofuscin accumulation and prevents microglia from secreting
pro-inflammatory cytokines (IL-6 and TNF-α) in aging and
dementia models.

Gupta et al., 2018 [122] Pre-clinical

Withania somnifera reduces neuroinflammation by decreasing the
levels of reactive gliosis, inflammatory cytokines such as TNF-α,
IL-1β, and IL-6, and expression of nitro-oxidative stress enzymes and
modulating JNK MAPK pathways.

Vaiserman et al., 2017 [135] Pre-clinical Gut microbiota has the therapeutic potential for microbiome-targeted
interventions in anti-aging medicines.

Fakhri et al., 2021 [137] Pre-clinical
Marine natural products modulate the inflammatory mediators,
apoptosis, and oxidative stress in the gut, including NF-kB, TNF-α,
ILs, COX-2, and TLRs, and regulate important gut-related pathways.

For the safety of nutraceuticals, better chains of custody and product characterization
are required than those now in place, especially for those engaging global markets. Effec-
tiveness, or whether the product’s health promotion claims are accurate and not deceptive,
is also crucial. Clinical research with clearly defined goods, rigorous experimental designs,
and repeatable investigations are necessary for proving efficacy.

Neuronutraceuticals use is common among those who believe it will enhance cog-
nitive function [141]. Another high-risk group includes people who use a combination
of prescription, over-the-counter, and dietary supplements, and they require treatments
to reduce the possibility of adverse outcomes [142,143]. To advance supplement science,
international scientific collaborations are required. Regardless of the type of health product,
a successful regulatory framework depends on high-quality science. The scientific data that
regulators require must be provided by evaluations of the efficacy, safety, and quality of
nutrients and other bioactives [144]. In order to recognize problems and to create solutions,
it is essential that scientists and regulators collaborate and share knowledge. While it is
necessary to address regulatory obstacles at the national level, it is also important to recog-
nize the global impact of national regulatory decisions on supplements. As Margaret Chan,
MD, the former director-general of the World Health Organization stressed, “appropriate
regulatory control of nutraceuticals is highly complex and demands that scientists and
regulators work together” [145].
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5. Conclusions

The development of neuroinflammaging may depend on the equilibrium between
pro-inflammatory and neuroprotective glial cells. It is necessary to determine the roles
played by microglia and astrocytes at particular illness stages in particular patients. There
are several theories that relate neuroinflammaging to neurodegenerative disorders, but the
processes underlying these connections are still not fully understood.

The evaluation of neuronutraceuticals in short- or long-term nutritional interven-
tion trials depends critically on a better understanding of their mechanisms of action
as modulators of cell signaling pathways involved in neuroinflammaging. Numerous
neuronutraceuticals are already commercialized for use in treating or preventing various
disorders, including age-related cognitive impairment. The majority of these items lack
credible scientific support and have not yet received FDA or EFSA approval.

The amounts of phytochemicals, for instance, that pass through the blood–brain barrier
and reach the bloodstream are unknown. Bioavailability is still emphasized as a primary
concern in human intervention research, despite the fact that delivery technologies, such
as nanoparticles, may provide an effective strategy for medication administration into the
CNS. Another significant factor contributing to variation and contradictory outcomes is the
quality of the chemicals. Understanding whether dietary phytochemicals have adequate
effects on particular epigenetic pathways in particular genes or sets of genes is another
challenge. In fact, significant changes in epigenetic profiles are related to brain aging,
and numerous preclinical investigations have shown that bioactive phytochemicals are
crucial in the regulation of total epigenetic modifications (histone modifications, DNA
methylations, and microRNA).

The therapeutic application of neuronutraceuticals is constrained by a lack of knowl-
edge on topics, such as their complex metabolic destiny and the role of the gut microbiota
in the bioconversion of phytochemicals. Future research focusing on these concerns is
required. It is necessary to pay more attention to side effects and possible interactions in
order to prevent negative medical results. Before starting or recommending a regimen
incorporating these medications, users and doctors should both study the most recent
literature. It is important for healthcare professionals to be aware that a significant portion
of the general populace uses neuronutraceuticals. Therefore, in order to deliver the best
possible medical care, they should ask patients about their supplement use.

Author Contributions: S.M.S. designed the research (project conception, development of overall
review methodologies). S.M.S. and L.K.B. carried out the review process, including screening for
article inclusion and data extraction. S.M.S. and L.K.B. wrote the paper. L.K.B. provided project
oversight throughout. All authors have read and agreed to the published version of the manuscript.

Funding: This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors. The authors have no relevant financial or non-financial interests
to disclose. The authors have no financial or proprietary interests in any material discussed in
this article.

Acknowledgments: The authors are grateful to RAK Medical & Health Sciences University, Ras Al
Khaimah, UAE for their support.

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

References
1. Davinelli, S.; Maes, M.; Corbi, G.; Zarrelli, A.; Willcox, D.C.; Scapagnini, G. Dietary phytochemicals and neuro-inflammaging:

From mechanistic insights to translational challenges. Immun. Ageing 2016, 13, 16. [CrossRef] [PubMed]
2. Pringsheim, T.; Fiest, K.; Jette, N. The international incidence and prevalence of neurologic conditions: How common are they?

Neurology 2014, 83, 1661–1664. [CrossRef] [PubMed]
3. Salvioli, S.; Capri, M.; Valensin, S.; Tieri, P.; Monti, D.; Ottaviani, E.; Franceschi, C. Inflamm-aging, cytokines and aging: State of

the art, new hypotheses on the role of mitochondria and new perspectives from systems biology. Curr. Pharm. Des. 2006, 12,
3161–3171. [CrossRef] [PubMed]

http://doi.org/10.1186/s12979-016-0070-3
http://www.ncbi.nlm.nih.gov/pubmed/27081392
http://doi.org/10.1212/WNL.0000000000000929
http://www.ncbi.nlm.nih.gov/pubmed/25349272
http://doi.org/10.2174/138161206777947470
http://www.ncbi.nlm.nih.gov/pubmed/16918441


Nutrients 2022, 14, 3029 14 of 19

4. Candore, G.; Colonna-Romano, G.; Balistreri, C.R.; Carlo, D.D.; Grimaldi, M.P.; Listì, F.; Nuzzo, D.; Vasto, S.; Lio, D.; Caruso, C.
Biology of longevity: Role of the innate immune system. Rejuvenation Res. 2006, 9, 143–148. [CrossRef]

5. Ginaldi, L.; De Martinis, M.; Monti, D.; Franceschi, C. The immune system in the elderly. Immunol. Res. 2004, 30, 81–94. [CrossRef]
6. Pizza, V.; Agresta, A.; D’Acunto, C.W.; Festa, M.; Capasso, A. Neuroinflamm-aging and neurodegenerative diseases: An overview.

CNS Neurol. Disord. Drug Targets 2011, 10, 621–634. [CrossRef]
7. Cribbs, D.H.; Berchtold, N.C.; Perreau, V.; Coleman, P.D.; Rogers, J.; Tenner, A.J.; Cotman, C.W. Extensive innate immune gene

activation accompanies brain aging, increasing vulnerability to cognitive decline and neurodegeneration: A microarray study.
J. Neuroinflamm. 2012, 9, 179. [CrossRef]

8. Lu, T.; Pan, Y.; Kao, S.Y.; Li, C.; Kohane, I.; Chan, J.; Yankner, B.A. Gene regulation and DNA damage in the aging human brain.
Nature 2004, 429, 883–891. [CrossRef]

9. Sierra, A.; Gottfried-Blackmore, A.C.; McEwen, B.S.; Bulloch, K. Microglia derived from aging mice exhibit an altered inflamma-
tory profile. Glia 2007, 55, 412–424. [CrossRef]

10. Ye, S.M.; Johnson, R.W. Increased interleukin-6 expression by microglia from brain of aged mice. J. Neuroimmunol. 1999, 93,
139–148. [CrossRef]

11. Cho, S.H.; Chen, J.A.; Sayed, F.; Ward, M.E.; Gao, F.; Nguyen, T.A.; Krabbe, G.; Sohn, P.D.; Lo, I.; Minami, S.; et al. SIRT1 deficiency
in microglia contributes to cognitive decline in aging and neurodegeneration via epigenetic regulation of IL-1β. J. Neurosci. 2015,
35, 807–818. [CrossRef]

12. Corbi, G.; Conti, V.; Davinelli, S.; Scapagnini, G.; Filippelli, A.; Ferrara, N. Dietary phytochemicals in neuroimmunoaging: A new
therapeutic possibility for humans? Front. Pharmacol. 2016, 7, 364. [CrossRef]

13. Williams, R.J.; Mohanakumar, K.P.; Beart, P.M. Neuro-nutraceuticals: The path to brain health via nourishment is not so distant.
Neurochem. Int. 2015, 89, 1–6. [CrossRef]

14. Dwyer, J.T.; Coates, P.M.; Smith, M.J. Dietary supplements: Regulatory challenges and research resources. Nutrients 2018, 10, 41.
[CrossRef]

15. Ronis, M.J.; Pedersen, K.B.; Watt, J. Adverse effects of nutraceuticals and dietary supplements. Annu. Rev. Pharmacol. Toxicol.
2018, 58, 583. [CrossRef]

16. Talih, F.; Ajaltouni, J. Probable nootropicinduced psychiatric adverse effects: A series of four cases. Innov. Clin. Neurosci. 2015,
12, 21.

17. Joseph, J.A.; Shukitt-Hale, B.; Denisova, N.A.; Prior, R.L.; Cao, G.; Martin, A.; Taglialatela, G.; Bickford, P.C. Long-term dietary
strawberry, spinach, or vitamin E supplementation retards the onset of age-related neuronal signal-transduction and cognitive
behavioral deficits. J. Neurosci. 1998, 18, 8047–8055. [CrossRef]

18. Heneka, M.T.; Carson, M.J.; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.; Wyss-Coray, T.; Vitorica, J.;
Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14, 388–405. [CrossRef]

19. Baufeld, C.; O’Loughlin, E.; Calcagno, N.; Madore, C.; Butovsky, O. Differential contribution of microglia and monocytes in
neurodegenerative diseases. J. Neural Transm. 2018, 125, 809–826. [CrossRef]

20. Glass, C.K.; Saijo, K.; Winner, B.; Marchetto, M.C.; Gage, F.H. Mechanisms underlying inflammation in neurodegeneration. Cell
2010, 140, 918–934. [CrossRef]

21. Liddelow, S.A.; Barres, B.A. Reactive astrocytes: Production, function, and therapeutic potential. Immunity 2017, 46, 957–967.
[CrossRef]

22. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122, 787–795. [CrossRef]
23. Tang, Y.; Le, W. Differential roles of M1 and M2 microglia in neurodegenerative diseases. Mol. Neurobiol. 2016, 53, 1181–1194.

[CrossRef]
24. Frank, M.G.; Barrientos, R.M.; Biedenkapp, J.C.; Rudy, J.W.; Watkins, L.R.; Maier, S.F. mRNA up-regulation of MHC II and pivotal

pro-inflammatory genes in normal brain aging. Neurobiol. Aging 2006, 27, 717–722. [CrossRef]
25. Barrientos, R.M.; Kitt, M.M.; Watkins, L.R.; Maier, S.F. Neuroinflammation in the normal aging hippocampus. Neuroscience 2015,

309, 84–99. [CrossRef]
26. Lucin, K.M.; Wyss-Coray, T. Immune activation in brain aging and neurodegeneration: Too much or too little? Neuron 2009, 64,

110–122. [CrossRef]
27. Streit, W.J.; Miller, K.R.; Lopes, K.O.; Njie, E. Microglial degeneration in the aging brain–bad news for neurons? Front. Biosci. 2008,

13, 3423–3438. [CrossRef]
28. Lee, C.K.; Weindruch, R.; Prolla, T.A. Gene-expression profile of the ageing brain in mice. Nat. Genet. 2000, 25, 294–297. [CrossRef]
29. Bianco, A.; Mazzarella, G.; Turchiarelli, V.; Nigro, E.; Corbi, G.; Scudiero, O.; Sofia, M.; Daniele, A. Adiponectin: An attractive

marker for metabolic disorders in Chronic Obstructive Pulmonary Disease (COPD). Nutrients 2013, 5, 4115–4125. [CrossRef]
30. Colombo, E.; Farina, C. Astrocytes: Key regulators of neuroinflammation. Trends Immunol. 2016, 37, 608–620. [CrossRef]
31. Oksanen, M.; Lehtonen, S.; Jaronen, M.; Goldsteins, G.; Hamalainen, R.H.; Koistinaho, J. Astrocyte alterations in neurodegenera-

tive pathologies and their modeling in human induced pluripotent stem cell platforms. Cell. Mol. Life Sci. 2019, 76, 2739–2760.
[CrossRef] [PubMed]

32. Saijo, K.; Winner, B.; Carson, C.T.; Collier, J.G.; Boyer, L.; Rosenfeld, M.G.; Gage, F.H.; Glass, C.K. A Nurr1/CoREST pathway in
microglia and astrocytes protects dopaminergic neurons from inflammation-induced death. Cell 2009, 137, 47–59. [CrossRef]
[PubMed]

http://doi.org/10.1089/rej.2006.9.143
http://doi.org/10.1385/IR:30:1:081
http://doi.org/10.2174/187152711796235014
http://doi.org/10.1186/1742-2094-9-179
http://doi.org/10.1038/nature02661
http://doi.org/10.1002/glia.20468
http://doi.org/10.1016/S0165-5728(98)00217-3
http://doi.org/10.1523/JNEUROSCI.2939-14.2015
http://doi.org/10.3389/fphar.2016.00364
http://doi.org/10.1016/j.neuint.2015.08.012
http://doi.org/10.3390/nu10010041
http://doi.org/10.1146/annurev-pharmtox-010617-052844
http://doi.org/10.1523/JNEUROSCI.18-19-08047.1998
http://doi.org/10.1016/S1474-4422(15)70016-5
http://doi.org/10.1007/s00702-017-1795-7
http://doi.org/10.1016/j.cell.2010.02.016
http://doi.org/10.1016/j.immuni.2017.06.006
http://doi.org/10.1172/JCI59643
http://doi.org/10.1007/s12035-014-9070-5
http://doi.org/10.1016/j.neurobiolaging.2005.03.013
http://doi.org/10.1016/j.neuroscience.2015.03.007
http://doi.org/10.1016/j.neuron.2009.08.039
http://doi.org/10.2741/2937
http://doi.org/10.1038/77046
http://doi.org/10.3390/nu5104115
http://doi.org/10.1016/j.it.2016.06.006
http://doi.org/10.1007/s00018-019-03111-7
http://www.ncbi.nlm.nih.gov/pubmed/31016348
http://doi.org/10.1016/j.cell.2009.01.038
http://www.ncbi.nlm.nih.gov/pubmed/19345186


Nutrients 2022, 14, 3029 15 of 19

33. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.; Münch, A.E.; Chung, W.S.;
Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated microglia. Nature 2017, 541, 481–487. [CrossRef]
[PubMed]

34. Qian, Y.; Liu, C.; Hartupee, J.; Altuntas, C.Z.; Gulen, M.F.; Jane-Wit, D.; Xiao, J.; Lu, Y.; Giltiay, N.; Liu, J.; et al. The adaptor Act1 is
required for interleukin 17–dependent signaling associated with autoimmune and inflammatory disease. Nat. Immunol. 2007, 8,
247–256. [CrossRef] [PubMed]

35. Ceyzeriat, K.; Abjean, L.; Carrillo-de Sauvage, M.A.; Ben Haim, L.; Escartin, C. The complex STATes of astrocyte reactivity: How
are they controlled by the JAKSTAT3 pathway? Neuroscience 2016, 330, 205–218. [CrossRef] [PubMed]

36. Letiembre, M.; Hao, W.; Liu, Y.; Walter, S.; Mihaljevic, I.; Rivest, S.; Hartmann, T.; Fassbender, K. Innate immune receptor
expression in normal brain aging. Neuroscience 2007, 146, 248–254. [CrossRef]

37. Nguyen, M.D.; D’Aigle, T.; Gowing, G.; Julien, J.P.; Rivest, S. Exacerbation of motor neuron disease by chronic stimulation of
innate immunity in a mouse model of amyotrophic lateral sclerosis. J. Neurosci. 2004, 24, 1340–1349. [CrossRef]

38. Chang, L.; Karin, M. Mammalian MAP kinase signalling cascades. Nature 2001, 410, 37–40. [CrossRef]
39. Murugaiyah, V.; Mattson, M.P. Neurohormetic phytochemicals: An evolutionary-bioenergetic perspective. Neurochem. Int. 2015,

89, 271–280. [CrossRef]
40. Coffey, E.T. Nuclear and cytosolic JNK signalling in neurons. Nat. Rev. Neurosci. 2014, 15, 285–299. [CrossRef]
41. Mehan, S.; Meena, H.; Sharma, D.; Sankhla, R. JNK: A stress-activated protein kinase therapeutic strategies and involvement in

Alzheimer’s and various neurodegenerative abnormalities. J. Mol. Neurosci. 2011, 43, 376–390. [CrossRef]
42. Yin, F.; Jiang, T.; Cadenas, E. Metabolic triad in brain aging: Mitochondria, insulin/IGF-1 signalling and JNK signalling. Biochem.

Soc. Trans. 2013, 41, 101–105. [CrossRef]
43. Coulthard, L.R.; White, D.E.; Jones, D.L.; McDermott, M.F.; Burchill, S.A. p38(MAPK): Stress responses from molecular mecha-

nisms to therapeutics. Trends Mol. Med. 2009, 15, 369–379. [CrossRef]
44. Kim, D.; Nguyen, M.D.; Dobbin, M.M.; Fischer, A.; Sananbenesi, F.; Rodgers, J.T.; Delalle, I.; Baur, J.A.; Sui, G.; Armour, S.M.; et al.

SIRT1 deacetylase protects against neurodegeneration in models for Alzheimer’s disease and amyotrophic lateral sclerosis. EMBO
J. 2007, 26, 3169–3179. [CrossRef]

45. Vang, O.; Ahmad, N.; Baile, C.A.; Baur, J.A.; Brown, K.; Csiszar, A.; Das, D.K.; Delmas, D.; Gottfried, C.; Lin, H.Y.; et al. What
is new for an old molecule? Systematic review and recommendations on the use of resveratrol. PLoS ONE 2011, 6, e19881.
[CrossRef]

46. Baur, J.A.; Ungvari, Z.; Minor, R.K.; Le Couteur, D.G.; De Cabo, R. Are sirtuins viable targets for improving healthspan and
lifespan? Nat. Rev. Drug Discov. 2012, 11, 443–461. [CrossRef]

47. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Crosstalk between oxidative stress and SIRT1, impact on the aging process. Int. J.
Mol. Sci. 2013, 14, 3834–3859. [CrossRef]

48. Rajendran, R.; Garva, R.; Krstic-Demonacos, M.; Demonacos, C. Sirtuins: Molecular traffic lights in the crossroad of oxidative
stress, chromatin remodeling, and transcription. J. Biomed. Biotechnol. 2011, 2011, 368276. [CrossRef]

49. Salminen, A.; Hyttinen, J.M.; Kaarniranta, K. AMP-activated protein kinase inhibits NF-κB signaling and inflammation: Impact
on healthspan and lifespan. J. Mol. Med. 2011, 89, 667–676. [CrossRef]

50. Yeung, F.; Hoberg, J.E.; Ramsey, C.S.; Keller, M.D.; Jones, D.R.; Frye, R.A.; Mayo, M.W. Modulation of NF-κB-dependent
transcription and cell survival by the SIRT1 deacetylase. EMBO J. 2004, 23, 2369–2380. [CrossRef]

51. Salminen, A.; Kauppinen, A.; Suuronen, T.; Kaarniranta, K. SIRT1 longevity factor suppresses NF-κB-driven immune responses:
Regulation of aging via NF-κB acetylation? BioEssays 2008, 30, 939–942. [CrossRef] [PubMed]

52. Duan, W. Sirtuins: From metabolic regulation to brain aging. Front. Aging Neurosci. 2013, 5, 36. [CrossRef] [PubMed]
53. Jeong, H.; Cohen, D.E.; Cui, L.; Supinski, A.; Savas, J.N.; Mazzulli, J.R.; Yates, J.R.; Bordone, L.; Guarente, L.; Krainc, D. Sirt1

mediates neuroprotection from mutant huntingtin by activation of the TORC1 and CREB transcriptional pathway. Nat. Med.
2012, 18, 159–165. [CrossRef] [PubMed]

54. Liu, G.H.; Qu, J.; Shen, X. NF-κB/p65 antagonizes Nrf2-ARE pathway by depriving CBP from Nrf2 and facilitating recruitment
of HDAC3 to MafK. Biochim. Biophys. Acta BBA Mol. Cell Res. 2008, 1783, 713–727. [CrossRef] [PubMed]

55. Djordjevic, J.; Djordjevic, A.; Adzic, M.; Mitic, M.; Lukic, I.; Radojcic, M.B. Alterations in the Nrf2–Keap1 signaling pathway and
its downstream target genes in rat brain under stress. Brain Res. 2015, 1602, 20–31. [CrossRef]

56. Kobayashi, M.; Yamamoto, M. Nrf2-Keap1 regulation of cellular defense mechanisms against electrophiles and reactive oxygen
species. Adv. Enzym. Regul. 2006, 46, 113–140. [CrossRef]

57. Calabrese, V.; Cornelius, C.; Mancuso, C.; Pennisi, G.; Calafato, S.; Bellia, F.; Bates, T.E.; Giuffrida Stella, A.M.; Schapira, T.;
Dinkova Kostova, A.T.; et al. Cellular stress response: A novel target for chemoprevention and nutritional neuroprotection in
aging, neurodegenerative disorders and longevity. Neurochem. Res. 2008, 33, 2444–2471. [CrossRef]

58. Sakata, H.; Niizuma, K.; Yoshioka, H.; Kim, G.S.; Jung, J.E.; Katsu, M.; Narasimhan, P.; Maier, C.M.; Nishiyama, Y.; Chan, P.H.
Minocycline-preconditioned neural stem cells enhance neuroprotection after ischemic stroke in rats. J. Neurosci. 2012, 32,
3462–3473. [CrossRef]

59. Niture, S.K.; Jaiswal, A.K. Nrf2 protein up-regulates antiapoptotic protein Bcl-2 and prevents cellular apoptosis. J. Biol. Chem.
2012, 287, 9873–9886. [CrossRef]

http://doi.org/10.1038/nature21029
http://www.ncbi.nlm.nih.gov/pubmed/28099414
http://doi.org/10.1038/ni1439
http://www.ncbi.nlm.nih.gov/pubmed/17277779
http://doi.org/10.1016/j.neuroscience.2016.05.043
http://www.ncbi.nlm.nih.gov/pubmed/27241943
http://doi.org/10.1016/j.neuroscience.2007.01.004
http://doi.org/10.1523/JNEUROSCI.4786-03.2004
http://doi.org/10.1038/35065000
http://doi.org/10.1016/j.neuint.2015.03.009
http://doi.org/10.1038/nrn3729
http://doi.org/10.1007/s12031-010-9454-6
http://doi.org/10.1042/BST20120260
http://doi.org/10.1016/j.molmed.2009.06.005
http://doi.org/10.1038/sj.emboj.7601758
http://doi.org/10.1371/journal.pone.0019881
http://doi.org/10.1038/nrd3738
http://doi.org/10.3390/ijms14023834
http://doi.org/10.1155/2011/368276
http://doi.org/10.1007/s00109-011-0748-0
http://doi.org/10.1038/sj.emboj.7600244
http://doi.org/10.1002/bies.20799
http://www.ncbi.nlm.nih.gov/pubmed/18800364
http://doi.org/10.3389/fnagi.2013.00036
http://www.ncbi.nlm.nih.gov/pubmed/23888142
http://doi.org/10.1038/nm.2559
http://www.ncbi.nlm.nih.gov/pubmed/22179316
http://doi.org/10.1016/j.bbamcr.2008.01.002
http://www.ncbi.nlm.nih.gov/pubmed/18241676
http://doi.org/10.1016/j.brainres.2015.01.010
http://doi.org/10.1016/j.advenzreg.2006.01.007
http://doi.org/10.1007/s11064-008-9775-9
http://doi.org/10.1523/JNEUROSCI.5686-11.2012
http://doi.org/10.1074/jbc.M111.312694


Nutrients 2022, 14, 3029 16 of 19

60. Piantadosi, C.A.; Withers, C.M.; Bartz, R.R.; MacGarvey, N.C.; Fu, P.; Sweeney, T.E.; Welty-Wolf, K.E.; Suliman, H.B. Heme
oxygenase-1 couples activation of mitochondrial biogenesis to anti-inflammatory cytokine expression. J. Biol. Chem. 2011, 286,
16374–16385. [CrossRef]

61. Nair, S.; Doh, S.T.; Chan, J.Y.; Kong, A.N.; Cai, L. Regulatory potential for concerted modulation of Nrf2-and Nfkb1-mediated
gene expression in inflammation and carcinogenesis. Br. J. Cancer 2008, 99, 2070–2082. [CrossRef]

62. Innamorato, N.G.; Rojo, A.I.; García-Yagüe, Á.J.; Yamamoto, M.; De Ceballos, M.L.; Cuadrado, A. The transcription factor Nrf2 is
a therapeutic target against brain inflammation. J. Immunol. 2008, 181, 680–689. [CrossRef]

63. Cotman, C.W.; Berchtold, N.C.; Christie, L.A. Exercise builds brain health: Key roles of growth factor cascades and inflammation.
Trends Neurosci. 2007, 30, 464–472. [CrossRef]

64. Sandberg, M.; Patil, J.; D’Angelo, B.; Weber, S.G.; Mallard, C. NRF2-regulation in brain health and disease: Implication of cerebral
inflammation. Neuropharmacology 2014, 79, 298–306. [CrossRef]

65. Rojo, A.I.; Innamorato, N.G.; Martín-Moreno, A.M.; De Ceballos, M.L.; Yamamoto, M.; Cuadrado, A. Nrf2 regulates microglial
dynamics and neuroinflammation in experimental Parkinson’s disease. Glia 2010, 58, 588–598. [CrossRef]

66. Blau, C.W.; Cowley, T.R.; O’Sullivan, J.; Grehan, B.; Browne, T.C.; Kelly, L.; Birch, A.; Murphy, N.; Kelly, A.M.; Kerskens, C.M.; et al.
The age-related deficit in LTP is associated with changes in perfusion and blood-brain barrier permeability. Neurobiol. Aging 2012,
33, 1005.e23–1005.e35. [CrossRef]

67. Enciu, A.M.; Gherghiceanu, M.; Popescu, B.O. Triggers and effectors of oxidative stress at blood-brain barrier level: Relevance for
brain ageing and neurodegeneration. Oxidative Med. Cell. Longev. 2013, 2013, 297512. [CrossRef]

68. Von Bernhardi, R.; Eugenín-von Bernhardi, L.; Eugenín, J. Microglial cell dysregulation in brain aging and neurodegeneration.
Front. Aging Neurosci. 2015, 7, 124. [CrossRef]

69. Kitazawa, M.; Oddo, S.; Yamasaki, T.R.; Green, K.N.; LaFerla, F.M. Lipopolysaccharide-induced inflammation exacerbates tau
pathology by a cyclin-dependent kinase 5-mediated pathway in a transgenic model of Alzheimer’s disease. J. Neurosci. 2005, 25,
8843–8853. [CrossRef]

70. Heneka, M.T.; O’Banion, M.K. Inflammatory processes in Alzheimer’s disease. J. Neuroimmunol. 2007, 18, 69–91. [CrossRef]
71. Taylor, J.M.; Main, B.S.; Crack, P.J. Neuroinflammation and oxidative stress: Co-conspirators in the pathology of Parkinson’s

disease. Neurochem. Int. 2013, 62, 803–819. [CrossRef] [PubMed]
72. Agostinho, P.; Cunha, R.A.; Oliveira, C. Neuroinflammation, oxidative stress and the pathogenesis of Alzheimer’s disease. Curr.

Pharm. Des. 2010, 16, 2766–2778. [CrossRef] [PubMed]
73. Kennedy, D.O.; Wightman, E.L. Herbal extracts and phytochemicals: Plant secondary metabolites and the enhancement of human

brain function. Adv. Nutr. 2011, 2, 32–50. [CrossRef] [PubMed]
74. Kawashima, K.; Misawa, H.; Moriwaki, Y.; Fujii, Y.X.; Fujii, T.; Horiuchi, Y.; Yamada, T.; Imanaka, T.; Kamekura, M. Ubiquitous

expression of acetylcholine and its biological functions in life forms without nervous systems. Life Sci. 2007, 80, 2206–2209.
[CrossRef] [PubMed]

75. Morris, M.C.; Evans, D.A.; Tangney, C.C.; Bienias, J.L.; Wilson, R.S. Associations of vegetable and fruit consumption with
age-related cognitive change. Neurology 2006, 67, 1370–1376. [CrossRef] [PubMed]

76. Craft, S.; Foster, T.C.; Landfield, P.W.; Maier, S.F.; Resnick, S.M.; Yaffe, K. Session III: Mechanisms of age-related cognitive change
and targets for intervention: Inflammatory, oxidative, and metabolic processes. J. Gerontol. Ser. A Biomed. Sci. Med. Sci. 2012, 67,
754–759. [CrossRef] [PubMed]

77. Lee, J.; Jo, D.G.; Park, D.; Chung, H.Y.; Mattson, M.P. Adaptive cellular stress pathways as therapeutic targets of dietary
phytochemicals: Focus on the nervous system. Pharmacol. Rev. 2014, 66, 815–868. [CrossRef]

78. Mattson, M.P.; Cheng, A. Neurohormetic phytochemicals: Low-dose toxins that induce adaptive neuronal stress responses. Trends
Neurosci. 2006, 29, 632–639. [CrossRef]

79. Begum, A.N.; Jones, M.R.; Lim, G.P.; Morihara, T.; Kim, P.; Heath, D.D.; Rock, C.L.; Pruitt, M.A.; Yang, F.; Hudspeth, B.; et al.
Curcumin structure-function, bioavailability, and efficacy in models of neuroinflammation and Alzheimer’s disease. J. Pharmacol.
Exp. Ther. 2008, 326, 196–208. [CrossRef]

80. Koronyo-Hamaoui, M.; Koronyo, Y.; Ljubimov, A.V.; Miller, C.A.; Ko, M.K.; Black, K.L.; Schwartz, M.; Farkas, D.L. Identification
of amyloid plaques in retinas from Alzheimer’s patients and noninvasive in vivo optical imaging of retinal plaques in a mouse
model. Neuroimage 2011, 54, S204–S217. [CrossRef]

81. Yanagisawa, D.; Amatsubo, T.; Morikawa, S.; Taguchi, H.; Urushitani, M.; Shirai, N.; Hirao, K.; Shiino, A.; Inubushi, T.; Tooyama, I.
In vivo detection of amyloid β deposition using 19F magnetic resonance imaging with a 19F-containing curcumin derivative in a
mouse model of Alzheimer’s disease. Neuroscience 2011, 184, 120–127. [CrossRef]

82. Kou, M.C.; Chiou, S.Y.; Weng, C.Y.; Wang, L.; Ho, C.T.; Wu, M.J. Curcuminoids distinctly exhibit antioxidant activities and
regulate expression of scavenger receptors and heme oxygenase-1. Mol. Nutr. Food Res. 2013, 57, 1598–1610. [CrossRef]

83. Andreadi, C.K.; Howells, L.M.; Atherfold, P.A.; Manson, M.M. Involvement of Nrf2, p38, B-Raf, and nuclear factor-κB, but not
phosphatidylinositol 3-kinase, in induction of hemeoxygenase-1 by dietary polyphenols. Mol. Pharmacol. 2006, 69, 1033–1040.
[CrossRef]

84. McNally, S.J.; Harrison, E.M.; Ross, J.A.; Garden, O.J.; Wigmore, S.J. Curcumin induces heme oxygenase 1 through generation of
reactive oxygen species, p38 activation and phosphatase inhibition. Int. J. Mol. Med. 2007, 19, 165–172. [CrossRef]

http://doi.org/10.1074/jbc.M110.207738
http://doi.org/10.1038/sj.bjc.6604703
http://doi.org/10.4049/jimmunol.181.1.680
http://doi.org/10.1016/j.tins.2007.06.011
http://doi.org/10.1016/j.neuropharm.2013.11.004
http://doi.org/10.1002/glia.20947
http://doi.org/10.1016/j.neurobiolaging.2011.09.035
http://doi.org/10.1155/2013/297512
http://doi.org/10.3389/fnagi.2015.00124
http://doi.org/10.1523/JNEUROSCI.2868-05.2005
http://doi.org/10.1016/j.jneuroim.2006.11.017
http://doi.org/10.1016/j.neuint.2012.12.016
http://www.ncbi.nlm.nih.gov/pubmed/23291248
http://doi.org/10.2174/138161210793176572
http://www.ncbi.nlm.nih.gov/pubmed/20698820
http://doi.org/10.3945/an.110.000117
http://www.ncbi.nlm.nih.gov/pubmed/22211188
http://doi.org/10.1016/j.lfs.2007.01.059
http://www.ncbi.nlm.nih.gov/pubmed/17363003
http://doi.org/10.1212/01.wnl.0000240224.38978.d8
http://www.ncbi.nlm.nih.gov/pubmed/17060562
http://doi.org/10.1093/gerona/gls112
http://www.ncbi.nlm.nih.gov/pubmed/22570133
http://doi.org/10.1124/pr.113.007757
http://doi.org/10.1016/j.tins.2006.09.001
http://doi.org/10.1124/jpet.108.137455
http://doi.org/10.1016/j.neuroimage.2010.06.020
http://doi.org/10.1016/j.neuroscience.2011.03.071
http://doi.org/10.1002/mnfr.201200227
http://doi.org/10.1124/mol.105.018374
http://doi.org/10.3892/ijmm.19.1.165


Nutrients 2022, 14, 3029 17 of 19

85. Boyanapalli, S.S.; Tony Kong, A.N. Curcumin, the King of Spices: Epigenetic Regulatory Mechanisms in the Prevention of Cancer,
Neurological, and Inflammatory Diseases. Curr. Pharmacol. Rep. 2015, 1, 129–139. [CrossRef]

86. Miao, Y.; Zhao, S.; Gao, Y.; Wang, R.; Wu, Q.; Wu, H.; Luo, T. Curcumin pretreatment attenuates inflammation and mitochondrial
dysfunction in experimental stroke: The possible role of Sirt1 signaling. Brain Res. Bull. 2015, 121, 9–15. [CrossRef]

87. Zafra-Stone, S.; Yasmin, T.; Bagchi, M.; Chatterjee, A.; Vinson, J.A.; Bagchi, D. Berry anthocyanins as novel antioxidants in human
health and disease prevention. Mol. Nutr. Food Res. 2007, 51, 675–683. [CrossRef]

88. Carvalho, F.B.; Gutierres, J.M.; Bohnert, C.; Zago, A.M.; Abdalla, F.H.; Vieira, J.M.; Palma, H.E.; Oliveira, S.M.; Spanevello, R.M.;
Duarte, M.M.; et al. Anthocyanins suppress the secretion of proinflammatory mediators and oxidative stress, and restore ion
pump activities in demyelination. J. Nutr. Biochem. 2015, 26, 378–390. [CrossRef]

89. Meireles, M.; Marques, C.; Norberto, S.; Fernandes, I.; Mateus, N.; Rendeiro, C.; Spencer, J.P.; Faria, A.; Calhau, C. The impact
of chronic blackberry intake on the neuroinflammatory status of rats fed a standard or high-fat diet. J. Nutr. Biochem. 2015, 26,
1166–1173. [CrossRef]

90. De Pascual-Teresa, S. Molecular mechanisms involved in the cardiovascular and neuroprotective effects of anthocyanins. Arch.
Biochem. Biophys. 2014, 559, 68–74. [CrossRef]

91. Stettner, M.; Wolffram, K.; Mausberg, A.K.; Albrecht, P.; Derksen, A.; Methner, A.; Dehmel, T.; Hartung, H.P.; Dietrich, H.;
Kieseier, B.C. Promoting myelination in an in vitro mouse model of the peripheral nervous system: The effect of wine ingredients.
PLoS ONE 2013, 7, e66079.

92. Shah, Z.A.; Li, R.C.; Ahmad, A.S.; Kensler, T.W.; Yamamoto, M.; Biswal, S.; Doré, S. The flavanol (−)-epicatechin prevents stroke
damage through the Nrf2/HO1 pathway. J. Cereb. Blood Flow Metab. 2010, 30, 1951–1961. [CrossRef]

93. Syed Hussein, S.S.; Kamarudin, M.N.; Kadir, H.A. (+)-Catechin Attenuates NF-κB Activation Through Regulation of Akt, MAPK,
and AMPK Signaling Pathways in LPS-Induced BV-2 Microglial Cells. Am. J. Chin. Med. 2015, 43, 927–952. [CrossRef]

94. Wu, C.C.; Hsu, M.C.; Hsieh, C.W.; Lin, J.B.; Lai, P.H.; Wung, B.S. Upregulation of heme oxygenase-1 by Epigallocatechin-3-gallate
via the phosphatidylinositol 3-kinase/Akt and ERK pathways. Life Sci. 2006, 78, 2889–2897. [CrossRef]

95. Schroeder, E.K.; Kelsey, N.A.; Doyle, J.; Breed, E.; Bouchard, R.J.; Loucks, F.A.; Harbison, R.A.; Linseman, D.A. Green tea epigallo-
catechin 3-gallate accumulates in mitochondria and displays a selective antiapoptotic effect against inducers of mitochondrial
oxidative stress in neurons. Antioxid. Redox Signal. 2009, 11, 469–480. [CrossRef]

96. Steiner, N.; Balez, R.; Karunaweera, N.; Lind, J.M.; Münch, G.; Ooi, L. Neuroprotection of Neuro2a cells and the cytokine
suppressive and anti-inflammatory mode of action of resveratrol in activated RAW264.7 macrophages and C8–B4 microglia.
Neurochem. Int. 2016, 95, 46–54. [CrossRef]

97. Williams, R.J.; Mohanakumar, K.P.; Beart, P.M. Neuro-nutraceuticals: Further insights into their promise for brain health.
Neurochem. Int. 2016, 95, 1–3. [CrossRef] [PubMed]

98. Jang, J.H.; Surh, Y.J. Protective effect of resveratrol on β-amyloid-induced oxidative PC12 cell death. Free Radic. Biol. Med. 2003,
34, 1100–1110. [CrossRef]

99. Okawara, M.; Katsuki, H.; Kurimoto, E.; Shibata, H.; Kume, T.; Akaike, A. Resveratrol protects dopaminergic neurons in midbrain
slice culture from multiple insults. Biochem. Pharmacol. 2007, 73, 550–560. [CrossRef] [PubMed]

100. Baur, J.A.; Sinclair, D.A. Therapeutic potential of resveratrol: The in vivo evidence. Nat. Rev. Drug Discov. 2006, 5, 493–506.
[CrossRef] [PubMed]

101. Rahman, I.; Biswas, S.K.; Kirkham, P.A. Regulation of inflammation and redox signaling by dietary polyphenols. Biochem.
Pharmacol. 2006, 72, 1439–1452. [CrossRef]

102. Zhang, Q.; Yuan, L.; Zhang, Q.; Gao, Y.; Liu, G.; Xiu, M.; Wei, X.; Wang, Z.; Liu, D. Resveratrol attenuates hypoxia-induced
neurotoxicity through inhibiting microglial activation. Int. Immunopharmacol. 2015, 28, 578–587. [CrossRef]

103. Lamy, S.; Ben Saad, A.; Zgheib, A.; Annabi, B. Olive oil compounds inhibit the paracrine regulation of TNF-α-induced endothelial
cell migration through reduced glioblastoma cell cyclooxygenase-2 expression. J. Nutr. Biochem. 2016, 27, 136–145. [CrossRef]

104. Zheng, A.; Li, H.; Xu, J.; Cao, K.; Li, H.; Pu, W.; Yang, Z.; Peng, Y.; Long, J.; Liu, J.; et al. Hydroxytyrosol improves mitochondrial
function and reduces oxidative stress in the brain of db/db mice: Role of AMP-activated protein kinase activation. Br. J. Nutr.
2015, 113, 1667–1676. [CrossRef]

105. Kumar, A.; Konar, A.; Garg, S.; Kaul, S.C.; Wadhwa, R. Experimental evidence and mechanism of action of some popular
neuro-nutraceutical herbs. Neurochem. Int. 2021, 149, 105124. [CrossRef]

106. Mathur, D.; Goyal, K.; Koul, V.; Anand, A. The molecular links of re-emerging therapy: A review of evidence of Brahmi
(Bacopa monniera). Front. Pharmacol. 2016, 7, 44. [CrossRef]

107. Nemetchek, M.D.; Stierle, A.A.; Stierle, D.B.; Lurie, D.I. The Ayurvedic plant Bacopa monnieri inhibits inflammatory pathways in
the brain. J. Ethnopharmacol. 2017, 197, 92–100. [CrossRef]

108. Aguiar, S.; Borowski, T. Neuropharmacological review of the nootropic herb Bacopa monnieri. Rejuvenation Res. 2013, 16, 313–326.
[CrossRef]

109. Mirjalili, M.H.; Fakhr-Tabatabaei, S.M.; Alizadeh, H.; Ghassempour, A.; Mirzajani, F. Genetic and withaferin A analysis of
Iranian natural populations of Withania somnifera and, W. coagulans by RAPD and HPTLC. Nat. Prod. Commun. 2009, 4, 337–346.
[CrossRef]

110. Gupta, M.; Kaur, G. Withania somnifera as a potential anxiolytic and anti-inflammatory candidate against systemic
lipopolysaccharide-induced neuroinflammation. Neuromol. Med. 2018, 20, 343–362. [CrossRef]

http://doi.org/10.1007/s40495-015-0018-x
http://doi.org/10.1016/j.brainresbull.2015.11.019
http://doi.org/10.1002/mnfr.200700002
http://doi.org/10.1016/j.jnutbio.2014.11.006
http://doi.org/10.1016/j.jnutbio.2015.05.008
http://doi.org/10.1016/j.abb.2014.04.012
http://doi.org/10.1038/jcbfm.2010.53
http://doi.org/10.1142/S0192415X15500548
http://doi.org/10.1016/j.lfs.2005.11.013
http://doi.org/10.1089/ars.2008.2215
http://doi.org/10.1016/j.neuint.2015.10.013
http://doi.org/10.1016/j.neuint.2016.03.016
http://www.ncbi.nlm.nih.gov/pubmed/27086712
http://doi.org/10.1016/S0891-5849(03)00062-5
http://doi.org/10.1016/j.bcp.2006.11.003
http://www.ncbi.nlm.nih.gov/pubmed/17147953
http://doi.org/10.1038/nrd2060
http://www.ncbi.nlm.nih.gov/pubmed/16732220
http://doi.org/10.1016/j.bcp.2006.07.004
http://doi.org/10.1016/j.intimp.2015.07.027
http://doi.org/10.1016/j.jnutbio.2015.08.026
http://doi.org/10.1017/S0007114515000884
http://doi.org/10.1016/j.neuint.2021.105124
http://doi.org/10.3389/fphar.2016.00044
http://doi.org/10.1016/j.jep.2016.07.073
http://doi.org/10.1089/rej.2013.1431
http://doi.org/10.1177/1934578X0900400307
http://doi.org/10.1007/s12017-018-8497-7


Nutrients 2022, 14, 3029 18 of 19

111. Srinivasan, M.; Sudheer, A.R.; Menon, V.P. Ferulic acid: Therapeutic potential through its antioxidant property. J. Clin. Biochem.
Nutr. 2007, 40, 92–100. [CrossRef]

112. Ou, L.; Kong, L.Y.; Zhang, X.M.; Niwa, M. Oxidation of ferulic acid by Momordica charantia peroxidase and related anti-
inflammation activity changes. Biol. Pharm. Bull. 2003, 26, 1511–1516. [CrossRef]

113. Tetsuka, T.; Baier, L.D.; Morrison, A.R. Antioxidants Inhibit Interleukin-1-induced Cyclooxygenase and Nitric-oxide Synthase
Expression in Rat Mesangial Cells: Evidence for post-transcriptional regulation. J. Biol. Chem. 1996, 271, 11689–11693. [CrossRef]

114. Kim, H.S.; Cho, J.Y.; Kim, D.H.; Yan, J.J.; Lee, H.K.; Suh, H.W.; Song, D.K. Inhibitory effects of long-term administration of ferulic
acid on microglial activation induced by intracerebroventricular injection of β-amyloid peptide (1-42) in mice. Biol. Pharm. Bull.
2004, 27, 120–121. [CrossRef]

115. Zhao, J.; Moore, A.N.; Redell, J.B.; Dash, P.K. Enhancing expression of Nrf2-driven genes protects the blood–brain barrier after
brain injury. J. Neurosci. 2007, 27, 10240–10248. [CrossRef]

116. Kraft, A.D.; Johnson, D.A.; Johnson, J.A. Nuclear factor E2-related factor 2-dependent antioxidant response element activation by
tert-butyl hydroquinone and sulforaphane occurring preferentially in astrocytes conditions neurons against oxidative insult.
J. Neurosci. 2004, 24, 1101–1112. [CrossRef]

117. Han, J.M.; Lee, Y.J.; Lee, S.Y.; Kim, E.M.; Moon, Y.; Kim, H.W.; Hwang, O. Protective effect of sulforaphane against dopaminergic
cell death. J. Pharmacol. Exp. Ther. 2007, 321, 249–256. [CrossRef]

118. Son, T.G.; Camandola, S.; Mattson, M.P. Hormetic dietary phytochemicals. Neuromol. Med. 2008, 10, 236–246. [CrossRef] [PubMed]
119. Vauzour, D.; Martinsen, A.; Layé, S. Neuroinflammatory processes in cognitive disorders: Is there a role for flavonoids and n-3

polyunsaturated fatty acids in counteracting their detrimental effects? Neurochem. Int. 2015, 89, 63–74. [CrossRef] [PubMed]
120. Lopez, M.S.; Dempsey, R.J.; Vemuganti, R. Resveratrol neuroprotection in stroke and traumatic CNS injury. Neurochem. Int. 2015,

89, 75–82. [CrossRef] [PubMed]
121. Colín-González, A.L.; Santana, R.A.; Silva-Islas, C.A.; Chánez-Cárdenas, M.E.; Santamaría, A.; Maldonado, P.D. The antioxidant

mechanisms underlying the aged garlic extract-and S-allyl cysteine-induced protection. Oxid. Med. Cell. Longev. 2012,
2012, 907162. [CrossRef]

122. Lin, J.J.; Chang, T.; Cai, W.K.; Zhang, Z.; Yang, Y.X.; Sun, C.; Li, Z.Y.; Li, W.X. Post-injury administration of allicin attenuates
ischemic brain injury through sphingosine kinase 2, in vivo and in vitro studies. Neurochem. Int. 2015, 89, 92–100. [CrossRef]

123. Vaiserman, A.M.; Koliada, A.K.; Marotta, F. Gut microbiota: A player in aging and a target for anti-aging intervention. Ageing Res.
Rev. 2017, 35, 36–45. [CrossRef]

124. Claesson, M.J.; Jeffery, I.B.; Conde, S.; Power, S.E.; O’Connor, E.M.; Cusack, S.; Harris, H.M.B.; Coakley, M.; Lakshminarayanan,
B.; O’Sullivan, O.; et al. Gut microbiota composition correlates with diet and health in the elderly. Nature 2012, 488, 178–184.
[CrossRef]

125. Fakhri, S.; Yarmohammadi, A.; Yarmohammadi, M.; Farzaei, M.H.; Echeverria, J. Marine natural products: Promising candidates
in the modulation of gut-brain axis towards neuroprotection. Mar. Drugs 2021, 19, 165. [CrossRef]

126. Cho, K.H.; Kim, D.C.; Yoon, C.S.; Ko, W.M.; Lee, S.J.; Sohn, J.H.; Jang, J.H.; Ahn, J.S.; Kim, Y.C.; Oh, H. Anti-neuroinflammatory
effects of citreohybridonol involving TLR4-MyD88-mediated inhibition of NF-κB and MAPK signaling pathways in
lipopolysaccharide-stimulated BV2 cells. Neurochem. Int. 2016, 95, 55–62. [CrossRef]

127. Görman, U.; Mathers, J.C.; Grimaldi, K.A.; Ahlgren, J.; Nordström, K. Do we know enough? A scientific and ethical analysis of
the basis for genetic-based personalized nutrition. Genes Nutr. 2013, 8, 373–381. [CrossRef]

128. De Toro-Martín, J.; Arsenault, B.J.; Després, J.P.; Vohl, M.C. Precision nutrition: A review of personalized nutritional approaches
for the prevention and management of metabolic syndrome. Nutrients 2017, 9, 913. [CrossRef]

129. Drüeke, T.B.; Massy, Z.A. Role of vitamin D in vascular calcification: Bad guy or good guy? Nephrol. Dial. Transplant. 2012, 27,
1704–1707. [CrossRef]

130. Rooney, M.R.; Harnack, L.; Michos, E.D.; Ogilvie, R.P.; Sempos, C.T.; Lutsey, P.L. Trends in use of high-dose vitamin D supplements
exceeding 1000 or 4000 international units daily, 1999–2014. JAMA Intern. Med. 2017, 317, 2448–2450. [CrossRef]

131. Prentice, R.L.; Pettinger, M.B.; Jackson, R.D.; Wactawski-Wende, J.; Lacroix, A.Z.; Anderson, G.L.; Chlebowski, R.T.; Manson, J.E.;
Van Horn, L.; Vitolins, M.Z.; et al. Health risks and benefits from calcium and vitamin D supplementation: Women’s Health
Initiative clinical trial and cohort study. Osteoporos. Int. 2013, 24, 567–580. [CrossRef] [PubMed]

132. Fulgoni, V.L., III; Keast, D.R.; Bailey, R.L.; Dwyer, J. Foods, fortificants, and supplements: Where do Americans get their nutrients?
J. Nutr. 2011, 141, 1847–1854. [CrossRef] [PubMed]

133. Boyles, A.L.; Yetley, E.A.; Thayer, K.A.; Coates, P.M. Safe use of high intakes of folic acid: Research challenges and paths forward.
Nutr. Rev. 2016, 74, 469–474. [CrossRef] [PubMed]

134. Dwyer, J.T.; Wiemer, K.L.; Dary, O.; Keen, C.L.; King, J.C.; Miller, K.B.; Philbert, M.A.; Tarasuk, V.; Taylor, C.L.; Gaine, P.C.; et al.
Fortification and health: Challenges and opportunities. Adv. Nutr. 2015, 6, 124–131. [CrossRef] [PubMed]

135. Dwyer, J.T.; Woteki, C.; Bailey, R.; Britten, P.; Carriquiry, A.; Gaine, P.C.; Miller, D.; Moshfegh, A.; Murphy, M.M.; Smith Edge, M.
Fortification: New findings and implications. Nutr. Rev. 2014, 72, 127–141. [CrossRef] [PubMed]

136. Yetley, E.A.; MacFarlane, A.J.; Greene-Finestone, L.S.; Garza, C.; Ard, J.D.; Atkinson, S.A.; Bier, D.M.; Carriquiry, A.L.;
Harlan, W.R.; Hattis, D.; et al. Options for basing Dietary Reference Intakes (DRIs) on chronic disease endpoints: Report
from a joint US-/Canadian-sponsored working group. Am. J. Clin. Nutr. 2017, 105, 249S–285S. [CrossRef]

http://doi.org/10.3164/jcbn.40.92
http://doi.org/10.1248/bpb.26.1511
http://doi.org/10.1074/jbc.271.20.11689
http://doi.org/10.1248/bpb.27.120
http://doi.org/10.1523/JNEUROSCI.1683-07.2007
http://doi.org/10.1523/JNEUROSCI.3817-03.2004
http://doi.org/10.1124/jpet.106.110866
http://doi.org/10.1007/s12017-008-8037-y
http://www.ncbi.nlm.nih.gov/pubmed/18543123
http://doi.org/10.1016/j.neuint.2015.08.004
http://www.ncbi.nlm.nih.gov/pubmed/26260547
http://doi.org/10.1016/j.neuint.2015.08.009
http://www.ncbi.nlm.nih.gov/pubmed/26277384
http://doi.org/10.1155/2012/907162
http://doi.org/10.1016/j.neuint.2015.07.022
http://doi.org/10.1016/j.arr.2017.01.001
http://doi.org/10.1038/nature11319
http://doi.org/10.3390/md19030165
http://doi.org/10.1016/j.neuint.2015.12.010
http://doi.org/10.1007/s12263-013-0338-6
http://doi.org/10.3390/nu9080913
http://doi.org/10.1093/ndt/gfs046
http://doi.org/10.1001/jama.2017.4392
http://doi.org/10.1007/s00198-012-2224-2
http://www.ncbi.nlm.nih.gov/pubmed/23208074
http://doi.org/10.3945/jn.111.142257
http://www.ncbi.nlm.nih.gov/pubmed/21865568
http://doi.org/10.1093/nutrit/nuw015
http://www.ncbi.nlm.nih.gov/pubmed/27272334
http://doi.org/10.3945/an.114.007443
http://www.ncbi.nlm.nih.gov/pubmed/25593151
http://doi.org/10.1111/nure.12086
http://www.ncbi.nlm.nih.gov/pubmed/24447229
http://doi.org/10.3945/ajcn.116.139097


Nutrients 2022, 14, 3029 19 of 19

137. Gaine, P.C.; Balentine, D.A.; Erdman, J.W., Jr.; Dwyer, J.T.; Ellwood, K.C.; Hu, F.B.; Russell, R.M. Are dietary bioactives ready for
recommended intakes? Adv. Nutr. 2013, 4, 539–541. [CrossRef]

138. Brown, A.C. Liver toxicity related to herbs and dietary supplements: Online table of case reports. Part 2 of 5 series. Food Chem.
Toxicol. 2017, 107, 472–501. [CrossRef]

139. Marik, P.E.; Flemmer, M. Do dietary supplements have beneficial health effects in industrialized nations: What is the evidence?
J. Parenter. Enter. Nutr. 2012, 36, 159–168. [CrossRef]

140. Gagnier, J.J.; Boon, H.; Rochon, P.; Moher, D.; Barnes, J.; Bombardier, C.; CONSORT Group. Reporting randomized, controlled
trials of herbal interventions: An elaborated CONSORT statement. Ann. Intern. Med. 2006, 144, 364–367. [CrossRef]

141. Kuhman, D.J.; Joyner, K.J.; Bloomer, R.J. Cognitive performance and mood following ingestion of a theacrine-containing dietary
supplement, caffeine, or placebo by young men and women. Nutrients 2015, 7, 9618–9632. [CrossRef]

142. Chiba, T.; Sato, Y.; Suzuki, S.; Umegaki, K. Concomitant use of dietary supplements and medicines in patients due to miscommu-
nication with physicians in Japan. Nutrients 2015, 7, 2947–2960. [CrossRef]

143. Chiba, T.; Sato, Y.; Nakanishi, T.; Yokotani, K.; Suzuki, S.; Umegaki, K. Inappropriate usage of dietary supplements in patients by
miscommunication with physicians in Japan. Nutrients 2014, 6, 5392–5404. [CrossRef]

144. Taylor, C.L.; Yetley, E.A. Nutrient risk assessment as a tool for providing scientific assessments to regulators. J. Nutr. 2008, 138,
1987S–1991S. [CrossRef]

145. World Health Organization. WHO Traditional Medicine Strategy: 2014–2023; World Health Organization: Geneva, Switzerland, 2013.

http://doi.org/10.3945/an.113.004226
http://doi.org/10.1016/j.fct.2016.07.001
http://doi.org/10.1177/0148607111416485
http://doi.org/10.7326/0003-4819-144-5-200603070-00013
http://doi.org/10.3390/nu7115484
http://doi.org/10.3390/nu7042947
http://doi.org/10.3390/nu6125392
http://doi.org/10.1093/jn/138.10.1987S

	Introduction 
	Methodology 
	Search Strategy 
	Study Eligibility Criteria 
	Types of Studies 


	Literature Search Results 
	Neuroinflammaging from a Molecular Perspective 
	Microglia 
	Astrocytes 
	Toll-like Receptors (TLRs) 
	Mitogen-Activated Protein Kinases (MAPKs) 
	Sirtuins 
	Nuclear Factor (erythroid-derived)-like 2 (Nrf2) 
	Oxidative Stress 

	Neuronutraceuticals and Neuroinflammaging 
	Curcuma Longa 
	Anthocyanins 
	Flavanols 
	Resveratrol 
	Oleuropein and Hydroxytyrosol 
	Bacopa Monniera 
	Withania Somnifera 
	Ferulic Acid (FA) 
	Sulforaphane (SFN) 
	Polyunsaturated Fatty Acids (Eicosapentaenoic and Docosahexaenoic Acids) 
	Sallyl Cysteine 
	Gut Microbiota 
	Marine Natural Compounds 


	Translational Challenges 
	Conclusions 
	References

