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Abstract: Neurodegenerative diseases represent a major public health issue and require better
therapeutic management. The treatments developed mainly target neuronal activity. However, an
inflammatory component must be considered, and microglia may constitute an important therapeutic
target. Given the difficulty in developing molecules that can cross the blood-brain barrier, the use of
food-derived molecules may be an interesting therapeutic avenue. Docosahexaenoic acid (DHA),
an omega-3 polyunsaturated fatty acid (22:6 omega-3), has an inhibitory action on cell death and
oxidative stress induced in the microglia. It also acts on the inflammatory activity of microglia. These
data obtained in vitro or on animal models are corroborated by clinical trials showing a protective
effect of DHA. Whereas DHA crosses the blood-brain barrier, nutritional intake lacks specificity at
both the tissue and cellular level. Nanomedicine offers new tools which favor the delivery of DHA
at the cerebral level, especially in microglial cells. Because of the biological activities of DHA and
the associated nanotargeting techniques, DHA represents a therapeutic molecule of interest for the
treatment of neurodegenerative diseases.

Keywords: docosahexaenoic acid; microglia; neurodegenerative disease; inflammation; nanomedicine

1. Introduction

Neurodegenerative diseases represent a major public health issue in the world. Indeed,
due to the progressive aging of the population and the lack of curative treatments, the
number of people suffering from neurodegenerative diseases has increased considerably
in recent years and is expected to continue to grow steadily in the years to come. These
pathologies are chronic progressive diseases that affect the central nervous system, mainly
the neurons that are often the target of therapies. The causes of these pathologies are to be
found in genetics or risk factors such as the presence of chemical molecules in food, air,
water, houses, and everyday objects. These different risk factors can contribute to oxidative
stress, inflammation, and peroxisomal and mitochondrial dysfunctions, ultimately leading
to neuronal death [1]. Most therapies target neurons and their function. However, there
is an inflammatory component that must also be considered, and thus the involvement
of microglia, in these pathologies [2]. Microglial cells are the major resident immune
cells in the brain. Microglia activation is often classified into two opposite states: M1
and M2 [3]. The M1 state corresponds to a “classical activation” and is considered to be
proinflammatory with a high capacity to present antigens, and high production of nitric
oxide (NO) and reactive oxygen species (ROS) as well as pro-inflammatory cytokines. The
M2 state includes both “alternative activation” and “acquired deactivation” and expresses
the phenotypic markers arginase-1 (Argl), CD206, interleukin (IL)-10, transforming growth
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factor 3 (TGF-B), and IL-1. This M2 state is considered to be an anti-inflammatory state [4]
with the capacity to fine-tune inflammation, debris removal, promotion of angiogenesis,
and tissue remodeling and repair. This separation into two opposite states does not
reflect all the microglia phenotypes which will depend on the brain injury, its stage, and
its location [2,5]. Nevertheless, microglial cells can be neuroprotective or neurotoxic
depending on their activation status and the M1/M2 terminology remains useful to describe
these two properties, while keeping in mind that it does not allow all reactive states of
microglia to be described.

In physiological conditions, microglial cells work as sentinels. When they are activated
by injurious stimuli, they can turn into several phenotypes, the two main ones being M1
and M2.

M1 produces pro-inflammatory cytokines that allow neuroprotection by removing
pathological agents or recruiting additional cells. In this case, neuro-inflammation caused
by microglia is neuroprotective. In contrast, a prolonged neuro-inflammation induces
neurotoxicity and leads to neurodegeneration [6]. Briefly, M1 cells act as potent effectors
that drive the inflammatory response, can have detrimental effects on neural cells, and par-
ticipate in neuronal cell death if the switch to the M2 state does not occur in an appropriate
time frame [7].

Therefore, modulating the activation state of microglia and their tendency toward the
M2 state could be a promising therapeutic approach for central nervous system repair and
regeneration.

Given the lack of effective treatment and the difficulty of developing a molecule
capable of crossing the blood-brain barrier (BBB), the use of food-derived molecules has
been raised as a possible therapeutic option to target the current inflammatory state or to
improve the phagocytic activity of microglia. Among these molecules, docosahexaenoic
acid (DHA; C22:6 omega-3), an omega-3 polyunsaturated fatty acid, has many advantages.

In this review, we will focus on the potential cytoprotective effects of DHA on oxidative
stress, cell death affecting microglia, and on microglia-controlled inflammation. We will
also present some human clinical trials that show the benefits of using DHA to improve the
therapeutic management of patients with neurodegenerative diseases along with certain
limits to the use of DHA in capsules or from food. Finally, we will present different
approaches using nanoparticles that could allow for a better availability of DHA at the
cerebral level.

2. DHA Biochemistry

DHA belongs to the family of fatty acids (FA) which are divided into distinct families
according to the amount of carbon they contain and the presence or absence of unsatura-
tions in their hydrocarbon chain (Figure 1) (see review [8]). Thus, we find saturated fatty
acids (SFA) that have no double bond, the most common of which are palmitic acid (C16:0)
and stearic acid (C18:0). Then, the presence of a single double bond in the carbon chain
qualifies the fatty acid as monounsaturated (MUFA); this is the case for oleic acid (C18:1
omega-9). Finally, from two double bonds, we have polyunsaturated fatty acids (PUFA).
This last family is divided into two subfamilies: the omega-6 family and the omega-3 family,
which are distinguished by the position of the first double bond carried, respectively, by
the sixth (n-6 or w6) or third carbon (n-3 or w3) from the terminal methyl end. PUFAs 6
and 3 (C20 and C22) are derived from two indispensable precursors, respectively: linoleic
acid and o-linolenic acid (consisting of 18 carbon atoms and 3 double bonds).
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Figure 1. The different families of fatty acids and their main members. Fatty acids are classified according to the saturation
or unsaturation of the carbon chain. There are saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), and
polyunsaturated fatty acids (PUFA). Among the latter, we distinguish between omega-3 and omega-6. Docosahexaenoic
acid belongs to the omega-3 family.

DHA is a major component of PUFAs in all cell membranes. It is necessary for proper
development of the retina and the central nervous system (CNS) [9]. DHA deficiency
disrupts the composition membrane lipid and thus the functions of astrocytes at the CNS
level [10]. DHA is synthesized in the organism from essential precursors (x-linolenic acid
C18:3 w-3) provided by food [11]. The formation of DHA involves a succession of desatura-
tions and elongations, which take place mainly in the liver, muscles, or even adipose tissue
(Figure 2) [12]. DHA is synthesized from «-linolenic acid by two steps: conversion of C18:3
w-3 to C20:5 w-3 (eicosapentaenoic acid) then to C22:5 w-3 (docosapentaenoic acid) and
finally to C24:5 w-3 (tetracosapentaenoic acid) in the endoplasmic reticulum. The second
step consists of a single-ring peroxisomal (3-oxidation of C24:6 w-3 to C22:6 w-3 (DHA) [13].
This step of peroxisomal 3-oxidation requires the intervention of straight-chain acyl-CoA
oxidase (SCOX), D-bifunctional protein (DBP), 3-ketoacyl-CoA thiolase, and sterol carrier
protein (SCPx).
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Figure 2. Biochemical pathway of DHA biosynthesis. In the endoplasmic reticulum, x-linolenic acid
is converted to tetracosahexaenoic acid by the action of elongases and desaturases. Then, in the
peroxisome (yellow arrow: electron microscopy of C2C12 myoblasts; provided by Imen Ghzaiel, PhD
student), 3-oxidation occurs and leads to the synthesis of DHA.

3. Impact of DHA on Cell Death and Oxidative Stress Induced in Microglial:
In Vitro Studies

In the pathophysiology of neurodegenerative diseases, a process of cell death is de-
scribed that is most often accompanied by oxidative stress. This cell death process mainly
affects neurons, but other cells of the nervous system, such as oligodendrocytes or mi-
croglia, can also be affected. This raises the question of whether DHA can prevent microglia
cell death. Indeed, few studies have targeted the action of DHA on microglial cell death.
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Among the studies carried out, it was shown that DHA could protect microglial cells
from death induced by oxidized derivatives of cholesterol and oxysterols, identified in
the cerebrospinal fluid, plasma, and tissue of patients with different neurodegenerative
diseases (multiple sclerosis (MS), Alzheimer’s disease (AD), X-linked adrenoleukodys-
trophy). In this study, 7-ketocholesterol induces cell death characterized by an apoptotic
process associated with oxidative stress but also with autophagy in a microglial murine cell
line, the BV-2 line. This process is called oxiapoptophagy (OXIdative stress + APOPTOsis
+ autoPHAGY) [14]. DHA used at 12 uM is capable of inhibiting the oxiapoptophagy
process [15]. Another study has shown that at too high concentrations, DHA can, on
the contrary, induce cell death. In a BV-2 cell model, DHA used at 200 uM is capable of
inducing pyroptosis [16]. This pyroptosis process can be inhibited by 12-lipoxygenase
(12-LOX, Alox12e) inhibitors [17].

Concerning oxidative stress, a team showed that DHA was able to inhibit oxidative
stress and increase antioxidant defenses in microglial cells. The use of oligomeric amyloid-
B peptide (0Af) induces oxidative stress via the production of ROS in primary mouse
microglia and in immortalized mouse microglia: the BV-2 line. This oxidative stress can
be inhibited by the use of DHA (10 uM), which can also positively regulate antioxidant
pathways by involving the nuclear factor (erythroid-derived 2)-like 2/heme oxygenase-1
(Nrf2/HO-1) [18]. In another model where BV-2 cells were stimulated with lipopolysaccha-
ride (LPS), it was shown that DHA was indeed able to decrease oxidative stress production
and increase antioxidant responses via Nrf2/HO-1 [19]. In this model, the use of quercetin
coupled with DHA increases the beneficial effects of these two molecules and reduces the
concentrations of DHA (IC50 in the range of 60-80 pM used alone) necessary to observe
a positive effect. The most effective combination seems to be the following: quercetin
(2.5 uM) in combination with DHA (10 uM) [20].

Few data are available on the effect of DHA on cell death of microglia or oxidative
stress; the main investigations concern the relationship between microglia and inflamma-
tion, which will be developed in the following paragraph. The different results presented
are summarized in Table 1.

Table 1. In vitro data on the effect of DHA on cell death, oxidative stress, and inflammation.

Experimentation Type Target DHA Forms Concentration Effects References
or Dose
BV-2 cells treated with Cell death 12 UM Protection against cell [15]
7-ketocholesterol oxidative stress K death and oxidative stress
BV-2 cells Cell death 200 uM Induction of cell death [16]
(pyroptosis)
BV-2 cells treated with o
oligomeric amyloid-B 10 uM Reduce oxidative stress [18]
& i Y K (involving Nrf2/HO-1)
peptide Oxidative
stress 1.25-10 uM [19]
BV-2 cells treated with LPS 10 M DHA + Enhanc.e Nrf—Z/ HO-1
" signaling [20]
quercetin (2.5 uM)
Chemical form Red . P
BV-2 cells treated with educe expression
. 30 uM proteins implicated in [21]
interferon-y . .
inflammation
BV-2 cells and MG6 cells 100 uM DHA and  Inhibition of inflammation [22]
stimulated with LPS 100 uM EPA by involving SIRT1
BV-2 cells stimulated Inflammation Decrease cytokine
with LPS 30uM expression [17,23]
. . Reduce NO and TNF-«
Primary cultures of mice .
. : . 20 uM release, modulation of
microglial cells stimulated h . L [24]
with LPS to 80 uM phenotypic polarization

of microglia
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Table 1. Cont.

Experimentation Type Target DHA Forms Concentration Effects References
or Dose
Decrease
pro-inflammatory
Human CHME3 cytokine production,
microglial cells exposed to 01to1uM induction of a shift in [25]
Amyloid-p42 phenotype away from
pro-inflammatory
M1 activation
Rat glial primary cell Regulation of the
cultures, LPS/ IFN-y 100 uM pro-inflammatory [26]
stimulation Chemical form response
EOC20 microglia cells
treated by Reduction of the
Polyinosinic-Polycytidylic 50 uM production of cytokines [27]
acid or 10 pg/mL TNF-« and IL-6
Imiquimod Inflammation
Primary neuron/glia rat
primary cultures infected Increase of neurotoxin
with Japanese 25 0r 50 M cytokines production 28]
Encephalitis virus
BV-2 cells activated with Triglyceride 20 UM Reduce IL-6 and TNF-« [29]
LPS and IFN-y forms H production
N-
BV-2 cells treated with LPS docosahexfalenoyl 2 uM Decrease IL-6 apd CCL-20 [30]
dopamine production
(DHDA)
Primary cultures of rat Suppression of
microglia and BV-2 cells Synaptamide 1-100 nM LPS-induced TNF-« and [31,32]

treated with LPS

iNOS mRNA expression

4. Impact of DHA on Inflammation Induced by Microglia in Neurodegenerative

Diseases: In Vitro and Animal Studies

Immune activation of the central nervous system is present in neurodegenerative
pathologies and involves microglia, major players in neuroinflammation [33]. This in-
flammatory response, necessary to respond to aggression, can lead to the production of
neurotoxic factors when prolonged. It is also characteristic of many neurodegenerative
diseases, such as AD, Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), and
MS [3]. For several years, the anti-inflammatory capacity of DHA or derivatives forms of
DHA has been demonstrated.

In the first part, we present the results obtained in vitro (summarized in Table 1) and
in the second part, we present the data obtained in vivo with neurodegenerative models
(summarized in Table 2).

Table 2. In vivo data on the effect of DHA.

Experimentation Type Target DHA Forms Concentration Effects References
or Dose
Synaptamide, Decrease of TNF-o,
Injection of LPS endogenous IL-1B, IL-6, iNOS, and
intraperitoneally (i.p.) . metabolite derived . CCL2 mRNA involving
or in brain of Inflammation from 5mg/kg ip orphan adhesion [32]
C57Bl1/6] mice docosahexaenoic G-protein-coupled
acid receptor 110 (GPR110)
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Table 2. Cont.

Experimentation Type Target DHA Forms COI:)C:B:‘::IOH Effects References
. Reduce expression of
. 143 pg in 150 uL of . )
C57B1/6) mice Fish hydrolysate  fich hydrolysate 1 Ytoknes (16, [34]
intraperitoneally supplemen supplement/day -, IL-1P,), /
.. . and IkB
injected with LPS
Chemical form 10 mg/day Reduce IL-6 expression [34]
1-palmitoyl,2-
C57Bl6/] mice injected docosahexaenoyl- 4.33 ug/g of Decrease IL-6 23]
with LPS (i.p.). PC mouse production
(PC-DHA)
No attenuation of the
O,
Piglets Herring oil 32.3(f)a/:twa/c‘i/g:0tal LPS induced [35]
y inflammation
C57Bl/6 male mice No change in the
with . . 1.4% of total expression of
intracerebroventricular Fish oil fatty acids pro-inflammatory [36]
LPS injections genes
Downregulation of
Triple-transgenic Neuroprotectin D1 50 nM Ap42-induced [37]
mouse model of AD (organic synthesis) expression of COX-2,
TNF-o and B-94
Male C57BL/6 mice
with o Decrease some
intracerebroventricular Fish oil l'fSaﬁ 022?:11 elements of the [38]
amyloid- infusion y inflammatory response
(AD model) Inflammation
Male albino Swiss mice,
administration of AlCl3
(20 mg/kg)
intragastrically (i.g.) . Downregulation of
then an intraperitoneal Chemical form 200 mg/kg TNEF-« expression (31
injection with D-gal
(120 mg/kg)
(AD model)
Whole-food diet
contained skinless
freeze-dried Atlantic o
TgCRNDS mice salmon and a 0-246% of I.)HA Increase TNF-x
(AD model) proprietary mixture (wt/wt) in a expression [40]
of powdered, whole-food diet
freeze-dried
vegetables and fruits
Male Tg2576 (APPswe)
transgenic mice Chemical form 20 m‘%éikghlmdy Microglial activation [41]
(AD model) &
Suppression of the
Male C57/BL6 mice fed Reeular diet increase of
for 5 weeks with a diet & . DHA + EPA, M1-associated genes
.. o supplemented with . [24]
containing 0.2% -3 PUFAs 15g/kg and increase of the

cuprizone (MS model)

expression of
M2-associated genes
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Table 2. Cont.

Experimentation Type Target DHA Forms Concentration Effects References
or Dose
Female C57BL/6] mice
immunization with TG-DHA obtained
>95% pure synthetic by enzymatic 250 mg/kg/day Improve clinical score [29]
MOGS35-55 peptide synthesis
(MS model) Development
pa?}flfl‘sgy 03 or 1% either
C57BL/6] female/EAE PhOSEhOIIP;d_DHA 048 or 1.6mg Reduce EAE onset and
model (MS model) 0.3% or 1% and DHA /g body severity [42]
triacylglycerol-DHA weight/day
respectively

4.1. In Vitro Results

Using the BV-2 microglial cell line, Lu et al. have shown that DHA (30 uM) reduced
expression of inducible nitric oxide synthase (iNOS), cyclooxygenase-2 (COX-2), and tumor
necrosis factor o (TNF-a) induced by interferon-y (INF-y), and antagonized IFN-y induced
NO production [21]. Inoue et al. investigated the implication of the sirtuin (SIRT) signaling
in the anti-inflammatory response mediated by microglia, with BV-2 cells and with the
MG line. They also found that DHA inhibited production of TNF-« and IL-6 induced
by stimulation in two cellular models (BV-2 cells and MG6 microglia), but had no effect
on IL-10 production induced by LPS. Results obtained with the MG6 microglia cells and
a treatment with DHA (100 uM) + eicopentaenoic acid (EPA, 100 uM) suggest that the
anti-inflammatory properties of DHA and/or EPA could be due to a SIRT1-mediated
NF-kB (nuclear factor-kappa B) p65 deacetylation, through a positive feedback regulation
of SIRT1 gene expression [22]. Others studies have shown that DHA (30 uM) decreased IL-
13 [17,23] and IL-6 [23] expression in BV-2 cells stimulated with LPS. In primary cultures
of mice microglial cells, treatment by DHA (20 pM to 80 uM) prior to LPS induction
significantly attenuated LPS-induced NO and TNF-« release in a dose dependent manner.
The inhibitory effect of DHA (20 uM) on TNF-a and NO release was also observed when
cells were treated with myelin + IFNy. In the same study, the authors observed that
DHA probably modulates phenotypic polarization of microglia, with upregulation of
M2-associated genes (including chemokine ligands (CCL), CCL2, CCL17, Arg1, and IL-5)
and downregulation of M1-associated genes (including IL-6, CCL5, TNF-«, and IL-1a) [24].
With the human CHME3 microglial cells treated by DHA (0.1 to 1 uM) and exposed to
amyloid-f342 (A342), Hjorth et al. have shown a decrease in the levels of TNF-x and cluster
of differentiation (CD) CD40 and CD86, as well as an increase in CD206 [25].

Furthermore, in rat glial primary cell cultures, DHA (100 uM) seems to have an active
role in the regulation of the pro-inflammatory response. Indeed, pre-incubation of rat glial
primary cell cultures with DHA before LPS/IFN-y stimulation led to a decrease in the DNA
binding activity of the activating protein-1 (AP1) and phosphorylation of c-Jun N-terminal
kinase (JNK) and c-Jun. This pre-incubation also led to an increase of the expression of
Nrf2 and HO-1. Using DHA before IFN-y stimulation counteracted the elevation of the
pro-inflammatory cytokines TNF-«, IL-1§3, IL-6, CCL2, and C-C chemokine receptor type 2
(CCR2) [26]. With macrophages, Cai et al. have demonstrated that 24 h of DHA (20 uM)
treatment increased the expression of arginase-1 and TGF-f3 and suppressed production
of CCL2, C-X-C motif chemokine ligand 10 (CXCL10), IL-1&, and TNF-« in primary
macrophage cultures [43]. Reduction of the production of cytokines TNF-« and IL-6 could
be induced through toll-like receptor-3 (TLR-3) and TLR-4 activation in EOC20 microglia
cells treated by polyinosinic-polycytidylic acid (synthetic double-stranded RNA consisting
of one strand of poly(inosinic acid) and one strand of poly(cytidyl acid) paired by wobble
pairing, structurally similar to the double-stranded RNA of certain viruses, triggering an
immune response) or 10 nug/mL of imiquimod (immune response modifier) [27].
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Other forms of DHA have been used to decrease LPS-induced inflammation in BV-2
cells. Triglycerides forms of DHA (20 uM), or endogenous derivatives, have the capability to
significantly reduce the production of IL-6 and TNF-« [29]. N-docosahexaenoyl dopamine
(DHDA, 2 uM) decreases production of IL-6 and CCL-20 (macrophage-inflammatory
protein-3x). Authors have also demonstrated that the level of prostaglandine E2 is reduced
by using DHDA [30]. Synaptamide, an endogenous metabolite of DHA, leads to similar
effects on inflammation. Using primary cultures of rat microglia and BV-2 cells, Park et al.
found that synaptamide suppressed LPS-induced TNF-a and iNOS mRNA expression in a
dose dependent manner. Furthermore, synaptamide decreased expression of IL-13, IL-6,
and CCL2. The authors suggest that the anti-inflammatory effects of synaptamide could
be due to its fixation on the GPR110 receptor, as the synaptamide effects were suppressed
by blocking synaptamide binding to it. This interaction could lead to an upregulation
of cyclic adenosine 3',5-monophosphate/protein kinase A (c(AMP/PKA) signaling by
inhibiting NF-kB p65 nuclear translocation [31,32]. Pro-inflammatory effects have also been
demonstrated with resolvins (RvD) that are metabolites of DHA. RvD2 could counteract the
mRNA pro-inflammatory upregulation induced by LPS (CD11b, ionized calcium binding
adaptor molecule 1 (Iba-1), TNF-o, NF-«B p65, iNOS, IL-1, IL-18, IL-6, the nuclear factor
of kappa light polypeptide gene enhancer in the B-cells inhibitor, alpha (IkBe), the the
inhibitor of the nuclear factor kappa-B kinase subunit 3 (IKKf3), and IL-13) and decrease
the ROS production [44].

In their recent study, Chang et al. showed that the neuroprotective and anti-
inflammatory properties of DHA could attenuate effects of Japanese encephalitis virus
(JEV). This virus, when it invades the central nervous system, causes a robust inflammatory
response that leads to neuronal cell death. When infected with the JEV, primary neuron/glia
rat primary cultures (i.e., neurons, astrocytes, and microglial cells), the authors measured
an increase of neurotoxin cytokines production (NO, TNF-«, IL-1 3, prostaglandine E2
(PGE2), and ROS) that is counteracted by a DHA treatment (25 or 50 uM, 12 h) [28].

Taken together, these studies demonstrate the ability of DHA or its derivatives to limit
the inflammatory effects, to be neuroprotective, and even to promote anti-viral effects in
different types of cell cultures and in different models of inflammation.

Some data obtained in vitro are also observed in in vivo models.

4.2. In Vivo Models
4.2.1. Neuroinflammation Mediated by LPS

A neuroinflammation model could be obtained by injection of LPS intraperitoneally
(i.p. injection) or directly in the brain of C57BL/6] mice; i.p. injection of LPS works to
increase the levels of TNF-«, IL-1f3, IL-6, iNOS, and CCL2 in the brain. Expression of these
mRNA and the number of Iba-1 positive cells significantly decrease when synaptamide is
administered (5 mg/kg). These effects are not observed when synaptamide is injected in G-
protein-coupled receptor 110 (GPR110) knock-out mice after LPS induction, suggesting that
anti-inflammatory effects in vivo depend on GPR110 [32]. In another study, fish hydrolysate
supplementation, containing low amounts of DHA (143 pug in 150 pL of fish hydrolysate
supplement/day), reduced expression of TLR4, cytokines (IL-6, TNF-«, IL-1$3,), CCL2, and
the inhibitor of the nuclear factor kB (IkB) in mice with LPS induction. DHA alone reduced
only IL-6 expression. Furthermore, the authors observed lower expressions of CD86, CD68S,
and CD11b M1-markers in DHA groups compared to LPS groups fed with fish hydrolysate,
but no effect on CD206, CD36, and Argl-M2 markers were observed in the hippocampus.
The authors suggest that the DHA effect is potentialized in fish oil by other low molecular
weight peptides [34]. As well as in in vitro experiment, RvD2 could inhibit microglia
activation in PD model LPS-treated animals (RvD2 per 25, 50, and 100 ng/kg, 27 days post
LPS-treatment). The activation of microglia is significantly lower after treating animals
with RvD2 (25, 50, and 100 ng/kg, 27 days post LPS-treatment) than in the vehicle group
(more ramified microglia and less CD11b content of the substantia nigra pars compacta in
the treated group). Furthermore, IL-18, IL-6, NO, TNF-«, and IL-1 production induced
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by LPS were significantly inhibited by RvD2 in a dose dependent manner (2,5 uM to
20 uM), in vivo (serum) and in vitro, probably through inhibition of the TLR4/NF-kB
pathway [44]. In their study, Fourrier et al. showed that 1-palmitoyl,2-docosahexaenoyl-PC
(PC-DHA, 4.33 ug/g of mouse) attenuates the effect of LPS in mice brains when injected
24 h prior to LPS induction. Particularly, IL-6 production induced by LPS significantly
decreased in the hippocampus. The in vitro results on BV-2 microglial cells suggest that
these effects could be mediated by GP130 receptors [23]. Some authors did not observe
significant effects of DHA dietary supplementation in vivo, even with a DHA increase
in the brain. In [35], even though supplementing piglets with herring oil (DHA: 32.30%
W /W total fatty acid), starting at postnatal day 2, led to a concentration increase of 27% at
14 postnatal days compared to piglets without supplementation, no attenuation of the LPS
induced inflammation was observed. In a different model of LPS-induced inflammation
(intracerebroventricular LPS injections in C57Bl/6 male mice), similar results were obtained.
Indeed, DHA (fish oil, 1.4% of total fatty acids) increased more than 90% in fat-1 mice
compared to their wildtype littermates, and a similar increase was observed in the brains
of fish oil-fed mice compared to wildtype animals fed with a safflower diet. Despite this
increase, no change in the expression of pro-inflammatory genes was found [36]. These
contradictory results could be explained by the different modalities of LPS injection, the
different animal models used, and the variations in analysis time.

4.2.2. Alzheimer Disease

As a model for Alzheimer disease, different transgenic kinds of mice have been stud-
ied to observe effects of DHA or its derivatives. In a triple-transgenic mouse model of
Alzheimer disease, neuroprotection D1 (NPD1) (50 nM) downregulates A342-induced
expression of COX-2, TNF-«, and B-94, a TNF-a-inducible pro-inflammatory element [37].
Increasing brain DHA level after intracerebroventricular amyloid-f3 infusion led to a de-
crease in Iba-1 microglial cells counted in fat-1 mice and lower degenerative neurons in
mice supplemented with fish oil containing 1.5% DHA (among other fatty acids). Authors
also observed significantly higher branching complexity (CA1, CA3, and dentate gyrus)
in fat-1 and wild type mice fed with fish oil than in wild type mice fed with safflower oil.
These results suggest that dietary supplement in fatty acids, including DHA decreased
microglial responses to amyloid-f infusion [38]. In another model of AD mice, induced
by co-administration of D-galactose and aluminium chloride, supplementation with DHA
(200 mg/kg) + EGb761 (Ginkgo biloba standardized extract) enhanced behavioral recovery
and protein phosphatase 2A expression, a major protein phosphatase of tau in the brain,
while it downregulated TNF-o expression (both in the hippocampus, CA3) [39]. Sharman
et al. tried a different combination of supplements instead of using DHA, ALA (o-lipoic
acid), epigallocatechin-3-gallate, or curcumin alone. Reductions in amyloid plaque load,
microglial activation, A340/A[342 levels, and memory deficits in male Tg2576 mice (a fa-
milial AD model) have been observed by using a combination of EGCG, DHA (50 mg/kg
body weight), and ALA [41].

Surprisingly, TeCRNDS8 mice (transgenic mice model for AD) supplemented with
0.246% of DHA (wt/wt) in a whole-food diet, exhibited higher TNF-« expression compared
with control groups, corresponding with observed behavioral impairment [40].

4.2.3. Multiple Sclerosis

Multiple sclerosis (MS) is an immune pathology leading to demyelination and dra-
matic alteration of central and peripheral nervous systems.

The cuprizone mouse presents a massive demyelination and is a validate model of MS.
When cuprizone mice were fed with DHA + EPA (15 g/kg for 5 weeks), myelin integrity was
improved, and behavioral deficits were reduced (better scores on the Morris water maze
test and with the rotarod test). The authors measured iNOS and CD16 expression, as well
as CD206, YM1/2, and Argl. They found that supplementation with n-3 PUFA suppressed
the increase of M1-associated genes but increased the expression of M2-related genes [24].



Int. J. Mol. Sci. 2021, 22, 10639

11 of 26

Experimental autoimmune encephalomyelitis (EAE) is another commonly used model
for MS. Mancera et al. have shown that feeding EAE mice with DHA (250 mg/kg/day,
15 days before EAE induction and 41 days after EAE induction) with the triglyceride form
of the omega-3 polyunsaturated fatty acid docosahexaenoic acid (TG-DHA) significantly
improved the clinical score in a dose and time dependent manner, along with weight
profile [29]. A recent study concluded that EAE onset and severity were reduced when
mice were fed with a DHA diet (phospholipid-DHA, 0.3% or 1%, and triacylglycerol-DHA,
0.3%), compared to mice fed with low «-linolenic acid [42].

4.3. Some Other Neuropathologies

Beneficial effects of DHA or derivatives have been observed in other models of
neuroinflammation. Even if these pathologies are not neurodegenerative diseases, they
are of interest because of their neuroinflammation component accompanied by microglial
activation and pro-inflammatory factor release.

For example, synaptamide could be used to treat chronic neuropathic pain. In vitro,
the addition of synaptamide to the SIM-A9 murine microglia cell line prevented LPS-
induced NO overproduction and ROS production. In vivo, rats with sciatic nerve chronic
constriction injury (CCI) treated with synaptamide showed lower concentrations of hip-
pocampal Iba-1, CD86, IL-6, and IL-1§3 than the CCI group without synaptamide treatment.
Furthermore, more doublecortin-positive neurons and proliferating cell nuclear-positive
cells have been counted in the dentate gyrus subgranular zone in the CCI synaptamide
treated rats compared to the CCI rats. Behavioral improvements were also observed in the
synaptamide-treated groups [45].

Others have shown anti-inflammatory effects of NPD-1 in old mice in a model of
postoperative delirium, with reduction of IL-6, TNF-«, glial fibrillary acidic protein (GFAP),
and Iba-1 compared with controls. IL-10 increase was also observed [46].

Taken together, all of these studies suggest strong benefits of DHA mediated by
microglial cells on neuroinflammation in neurodegenerative disorders. However, the
mechanisms of action of the anti-inflammatory in vivo are still not elucidated.

5. DHA, Clinical Trials, and Neurodegenerative Diseases

Various results of clinical trials have been published concerning the use of DHA in
neurodegenerative diseases (summarized in Table 3). A majority of clinical trials focus
on AD. In a first clinical trial on this pathology, a food supplementation composed of
xanthophyll carotenoids and omega 3 fatty acids was tested [47]. Two conditions were
tested: the first condition was lutein/meso-zeaxanthin/zeaxanthin at 10:10:2 mg/day and
the second condition was the formulation used in the first condition plus 1 g/day of fish
oil containing 430 mg DHA and 90 mg EPA. It turned out that the formulation contain-
ing DHA was the most effective in slowing down AD, showing that the consumption
of xanthophyll carotenoids combined with DHA (fish oil) has a better protective effect
than xanthophyll carotenoids used alone [47]. Disease progression is reduced with this
formulation with improvement in memory, sight, and mood. An OmegAD clinical trial
(NCT00211159), enrolling 204 participants, studied the effects of DHA-rich dietary sup-
plementation on cognitive impairment in patients with AD. Preliminary results showed
that DHA (capsule EPAX 1050TG; Pronova Biocare A /S, one capsule: 430 mg DHA and
150 mg EPA) supplementation for 6 months induces DNA hypomethylation in blood
cells [48].These results provide a new possible mechanism of action for these compounds:
they could modulate gene expression by hypomethylation. The authors postulate that it
could then be interesting to treat AD with hypomethylating agents [48]. Another work
from the OmegAD clinical trial (NCT00211159) studied the plasma levels of fatty acids
following DHA intake. It was shown that the higher the plasma levels of omega-3 fatty
acids, the better the cognitive functioning, regardless of gender [49]. However, body weight
is important and DHA doses should be adjusted to it [49]. Another part of the clinical
trial was to study immune function. Since it is difficult to work on microglia directly, the
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authors used peripheral blood mononuclear cells (PBMCs), which can infiltrate the brains
of Alzheimer’s patients like T lymphocytes and monocytes and participate in the develop-
ment of inflammation. PBMCs were recovered before and after supplementation with DHA
and EPA and then treated with the A340 peptide. DHA /EPA supplementation prevented
the reduction of specialized proresolving mediators (SPM, lipoxin A4, and RvD1 released
from PBMCs) [50]. Furthermore, inflammation resolution is disrupted in patients with
AD; DHA /EPA supplementation (EPAX1050TG; Pronova Biocare A /S, Lysaker, Norway)
could improve it [50]. As the authors point out, it remains to be determined whether the
same effects can be observed in microglia and whether the use of SPM or their precursors
could be effective in the treatment of AD [50]. Another component of the study was to
evaluate the effects of oral dietary omega-3 supplementation on inflammatory biomarkers
and oxidative stress. Patients were supplemented for 6 months with a DHA /EPA complex
(four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA); urine samples were
collected before and after supplementation [51]. In these samples, the levels of major
F2-isoprostane, 8-iso-prostaglandinF2« (biomarker oxidative stress), and 15-keto-dihydro-
prostaglandin F2« (biomarker of inflammation) were measured [51]. The results obtained
indicate that DHA /EPA supplementation does not have a well-defined effect on oxidative
stress as measured but may have a possible role in immunoregulation. Since AD affects
the brain, it was interesting to know if fatty acids are able to cross the blood-brain barrier.
Therefore, fatty acid profiling was performed in cerebrospinal fluid (CSF) to assess whether
supplementation was able to alter this profile [52]. Patients received 6 months of DHA
supplementation (four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA). After
6 months, changes in the fatty acid profile were observed, with a significant increase in
eicosapentaenoic acid (EPA), DHA, and total n-3 FA levels in CSF [52]. A correlation was
also made with the markers of AD and, the more DHA levels increased in the CSF, the
more changes there were in the biomarkers of the pathology (tau, phosphorylation of the
tau protein, IL-1 receptor). Their results also showed that supplementation failed to stop
disease progression and that DHA supplementation would likely need to be taken early
to see an effect on disease progression [52]. In AD, deposits of the A} protein are present
in the brain. Transthyretin (TTR) can bind to amyloid 3 and thus reduce its presence.
Patients received DHA /EPA supplementation (four capsules of EPAX 1050TG, i.e., 1.7 g of
DHA and 0.6 g of EPA) for 6 months; it was observed that this treatment could increase
plasma levels of TTR, which could influence A peptide deposits in the brain, results that
need to be confirmed by further experiments [53]. DHA /EPA supplementation was also
evaluated on gene expression in peripheral blood mononuclear cells [54]. Patients received
a DHA /EPA complex (four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA)
for 6 months and the expression of 8000 genes was studied. Modulations of the expression
of several genes (decrease (10) or increase (9)) were measured. The upregulated genes are
MS4A3 (role in signal transduction), NAIP (apoptosis inhibitory protein), DRGI (stress
and hormone responses, cell growth, differentiation), CD36 (cell adhesion, cell migration),
HSD17B11 (regulation of inflammation, modulation of intracellular glucocorticoid levels),
RAB27A (signal transduction), CASP4 (inflammatory caspase), SUPT4H1 (RNA synthesis),
and UBE2V1 (ubiquitination). The negatively regulated genes are RHOB (inflammation),
VCP (vesicle transport, fusion, and ubiquitin-dependent protein degradation), LOC3999491,
ZNF24 (transcription factor), SORLI (regulation of processing of amyloid precursor pro-
tein), MAN2A1 (inflammation regulation), PARP1 (differentiation, proliferation, tumor
transformation, DNA damage reparation), SSRP1 (action on transcription), ARIH1 (ubiqui-
tination process), and ANAPC5 (cell cycle progression). Many of these genes are involved
in inflammation regulation and neurodegeneration, and in ubiquitination processes [54].
The impact of DHA (four capsules of EPAX 1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA)
on inflammation was confirmed by another study performed in this clinical trial, which
showed that DHA decreased the release of PGF2« from LPS-stimulated PBMCs and that
it could be hypothesized that DHA could act via anti-inflammatory and neuroprotective
lipid mediators on the resolution phase of inflammation [55]. Using the same protocol
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(PBMCs treated with LPS following DHA /EPA supplementation, four capsules of EPAX
1050TG, i.e., 1.7 g of DHA and 0.6 g of EPA), the authors also showed that the increase in
plasma DHA concentration was correlated with a reduction in the release of IL-1f3, IL-6,
and the granulocyte colony-stimulating factor of PBMCs [56].

Table 3. Clinical trials involving DHA.

Experimentation Type DHA Forms Concentration Effects References
or Dose
1 g/day of fish oil
AD Patients Fish oil (30 mg DHA, 90 mg Slowing down AD [47]
EPA)
four capsules Induction of DNA hypomethylation
AD Patients CaplsOuSlgTEGPAX (One capsule: 430 mg in blood cell, can be used as [48]
DHA and 150 mg EPA) treatment in AD
93 o of omega-3 Positive correlation between plasma
AD patients ~E & levels of omega-3 fatty acids and [49]
fatty acid s .
cognitive functions
Peripheral blood Prevention of the reduction of
mononuclear cells Capsule EPAX specialized proresolving mediators [50]
treated with the 1050TG (lipoxin A4 and resolvin D1) released
AB40 peptide from PBMCs
four capsules N
Moderate AD patients Caplsolélngg’AX (One capsule: 430 mg No fliiir (lefrfelc t giz(rlsagvf Str(fsfib;lt [51]
DHA and 150 mg EPA ~ POeHaT ok unoregtiatio
Increase in eicosapentaenoic acid
(EPA), DHA, and total n-3 FA levels [52]
in cerebrospinal fluid
AD patients Increase plasma levels of
transthyretin which could influence [53]
four capsules A peptide deposits in the brain
Capsule EPAX .
. 1050TG (One capsule: 430 mg Regulation of genes involved in
Peripheral blood DHA and 150 mg EPA . . :
inflammation regulation,
mononuclear cells of - . [54]
. neurodegeneration, and in
AD patients Lo
ubiquitination processes
LPS-stimulated Anti-inflammatory effects, reduction
peripheral blood in the release of IL-1p3, IL-6, and [55,56]
mononuclear cells granulocyte colony-stimulating factor
Cognitive impairment: 625 mg DHA and No beneficial effect on cognition
no dementia and Capsules [57]
- 600 mg EPA and mood
AD patients
. 2 g of capsule
Mﬂ:DO r Z?iirate Algal origin containing 15% to No slowdown in cognitive decline [58]
patients 55% DHA
No effect on neuropsychiatric
four capsules symptoms, possible positive effects
Mild or moderate Capsule EPAX P on depressive symptoms in
AD patient 1050TG (One capsule: 430 mg non-ApoEw4 carriers and on 591
patients DHA and 150 mg EPA OMFAPOEME CarHers anc o
agitation symptoms in
ApoEw4 carriers
Patients with organic 40 mg/capsule of
brain damage or mild Aravita capsules arachidonic acid Significant improvements in memory [60]
cognitive impairment and DHA
Improvement in clinical symptoms
Spinocerebellar ataxia 38 Algal oil 600 mg/day and no degradation of [61,62]

neurophysiological parameters
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In an independent study of the OmegAD study, omega-3 fatty acid supplementation
(capsules containing a total of 625 mg of DHA and 600 mg of EPA) increased plasma
DHA and EPA concentrations in people with cognitive impairment no dementia, and AD.
However, no beneficial effect on cognition and mood was observed in these populations.
As emphasised by the authors, the sample used to conduct this study was quite small
(76 participants), and the duration of the study was short (4 months). One hypothesis
raised by the authors was to adapt the dose according to the pathology studied and the
level of progression of the pathology [57]. These same observations were made in a study
carried out by Paul S. Aisen’s group, where DHA supplementation did not slow cognitive
decline in patients with mild or moderate AD [58]. This study involved 402 patients and
lasted for 18 months. DHA supplementation was performed with an algal-derived DHA
(Martek Biosciences, Columbia, Maryland) in capsule form. Twice a day, patients took 1 g,
for a total daily dose of 2 g, knowing that these capsules contained approximately 45%
to 55% DHA by weight and did not contain eicosapentaenoic acid. The authors suggest
that DHA may have an effect if the patients do not have overt dementia [58]. A third
study shows that omega-3 supplementation (EPAX1050TG™ from Pro-nova Biocare A/S,
Lysaker, Norway, four capsules) in patients with mild to moderate AD did not induce
effects on neuropsychiatric symptoms, but had possible positive effects on depressive
symptoms in non-ApoEw4 carriers and on agitation symptoms in ApoEw4 carriers [59]. In
contrast to these three studies, a supplementation study using Aravita capsules (Suntory
Ltd., Osaka, Japan), containing 40 mg/ capsule of arachidonic acid (ARA) and DHA and
0.16 mg/capsule of astaxanthin (antioxidant of PUFA), showed significant improvements in
the memory of patients with organic brain damage or mild cognitive impairment [60]. The
authors hypothesize that these changes may be due to neural circuit remodeling (possible
upregulation of synaptogenesis and/or neurogenesis with ARA), as well as improvement
of membrane function and regional cerebral blood flow by DHA [60].

A few clinical trials have focused on spinocerebellar ataxias, which are very heteroge-
neous neurodegenerative diseases, clinically and genetically. The main characteristic of
these pathologies is cerebellar syndrome, associated with walking and balance disorders.
Spinocerebellar ataxia 38 (SCA38) is caused by a mutation in the elongation of the very long
chain fatty acid protein 5 (ELOVL5) gene and is associated with reduced serum DHA levels.
The team of Borroni et al. studied the effect of short-term (1640 weeks) and long-term
(2 years) DHA supplementation [61,62]. The DHA was derived from algal oil (Sofedus,
Milan, Italy) and administered as sachets dosed at 600 mg/day. Improvement in clinical
symptoms and no degradation of neurophysiological parameters were observed following
fish oil-derived DHA intake.

The published results of clinical studies (mainly on AD) underline the interest in
DHA, particularly through its ability to cross the blood-brain barrier and to influence
inflammation. It is not known to what extent DHA crosses this barrier and whether
microglia, the orchestral leader of inflammatory reactions in the brain, is affected by DHA.
Many authors also mention the need to adapt the dose according to the severity of the
disease or the weight of the patients. With DHA, the problem is not that it does not cross the
blood-brain barrier, but that the quantity of DHA that crosses the barrier is not sufficient
and does not only target the microglia. It is therefore important to look at the contribution
of nanotechnologies in the targeting of therapeutic molecules of interest, such as DHA, to
the microglia.

6. Brain Nanomedicine and Microglia

The DHA used in clinical studies comes from either oil, algae, or industry. In the
OmegAD study, the DHA came from Pronova Biocare. This company uses a process to
deodorize its EPAX triglyceride oils, inducing neither taste nor odor. They use enzymes to
form the triglycerides. Their product can be in the form of chewable capsules or a liquid
formula. In these different possibilities, DHA is not targeted to a cerebral distribution. DHA
is delivered systemically, and authors have observed changes at the plasma, cerebrospinal
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fluid, and cognitive levels [49,52]. It might be interesting to look at targeting DHA to
the brain by using nanotechnology-based drug delivery systems to counteract the low
penetration efficiency of drugs to the central nervous system due to the presence of the
BBB. Two possibilities exist to reach the brain: either a direct passage that will damage the
BBB, or an indirect passage via nanomedicines targeting the brain either orally or by nasal
delivery through a spray. The results presented in this section will focus on those obtained
on microglia, whether from primary culture, lineages, or animal models, in the context of
neurodegenerative diseases.

6.1. Nanoparticles

For this purpose, nanoparticles (size ranging from 1 to 100 nm) have been developed,
which are 3D encapsulation systems that allow the transport of a molecule, and which can
be functionalized by ligands, antibodies, or other molecules for targeting toward a target
organ. These nanoparticles can be made from natural or synthetic polymers, metals, or
from lipids.

6.1.1. Lipid-Based Nanoparticles

These lipid-based nanoparticles have the advantages of being non-toxic and having a
high loading capacity for hydrophilic or non-hydrophilic molecules of interest, as well as a
capacity to get through the BBB (Figure 3).
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Nanoparticles have been formed from DHA and its hydroxylated derivative (DHAH);
these are directly active without the need to load other molecules. These nanoparticles were
tested on primary cultures of microglia obtained from rats. The viability of the cells is not
affected by the use of these DHA /DHAH nanoparticles; however, an anti-inflammatory
action of these nanoparticles is noted when the microglial cells are stimulated by LPS,
with a decrease in the release of TNF«, IL-6, and IL-1p [63]. This work allowed us to
show in vitro that these DHA /DHAH nanoparticles were not toxic and could reduce the
release of proinflammatory cytokines by microglial cells [63]. This approach must still be
validated in vivo in animals before testing in humans. This same team had already used
lipid nanoparticles coated with chitosan, with the surface modified with a transactivator of
transcription (TAT) peptide and loaded with GDNF (glial cell-derived neurotrophic factor)
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(CS-NLC-TAT-GDNF) [64]. In a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
induced Parkinson’s mouse model, intranasal administration of CS-NLC-TAT-GDNF led
to modulation of microglial activation [64]. The use of lipid nanoparticles can induce
toxicity and induce activation of brain microglia (involvement of the P2X7/caspase-1/IL-1f3
pathway). It has been shown that by modifying these lipid nanoparticles with PEGylation,
this microglial activation could be reduced [65]. Nanoparticles can pass through the nasal
epithelium and reach the brain by two different routes: (a) the extracellular route, the most
common mechanism of delivery of therapeutics to the brain, via passive transport through
the nasal epithelium, and (b) the intracellular route, involving endocytosis in the branches
of the olfactory and trigeminal nerves followed by axonal transport in the brain [66].

Nanoparticles were synthesized from high-density lipoprotein (HDL) associated
with apolipoprotein E [67,68]. These nanoparticles are able to enter cerebral vessels and
accumulate around A aggregates. First, ApoE-associated nanoparticles were shown to
reduce A deposition, attenuate microgliosis, improve neurological changes, and reduce
memory deficits in an animal model of AD [67]. In a second step, x-Mangostin (x-M), a
polyphenolic agent capable of inhibiting the formation of A} oligomers and fibrils and
accelerating the cellular degradation of A3, was added to these nanoparticles [68]. These
a«-M-loaded nanoparticles are able to promote the uptake and degradation of A{31-42
by microglia more than unloaded nanoparticles [68]. This same system of reconstituted
and modified HDL was used with monosialotetrahexosylganglioside (GM1), possessing
high Af binding affinity [69]. This nanosystem promotes A} degradation by microglia
following intranasal administration. This structure was used to load a neuroprotective
peptide NAP, aNAP-GM1-rHDL, which was able to reduce A3 deposition more efficiently
than the nanostructure alone or «-NAP alone, in mouse models of AD after intranasal
administration [69].

Oridonin, a natural diterpenoid compound isolated from the Chinese herb Rabdosia
rubescens, was loaded into commercial lipid nanocarriers, Lipofundin® (MCT, 10% for
infusion, B. Braun AG, Melsungen, Germany), and then given orally or injected into mice
constituting an animal model of cerebral amyloidosis for AD, transgenic APP/PS1 mice.
Regardless of the mode of injection, oridonin-loaded nanoparticles were able to attenuate
microglia activation [66]. In an in vitro model of microglia (line N9) stimulated by LPS,
these nanoparticles are able to inhibit the inflammatory response by reducing the NO
concentration and decreasing mRNA expression of iNOS, IL-1§3, and IL-6 [70].

Nanoparticles with a lipid core (capric/caprylic triglycerides) were loaded with in-
domethacin (a non-steroidal, anti-inflammatory drug) and their impacts on neuroinflam-
mation were evaluated on organotypic rat hippocampal cultures after treatment with
A31-42 peptide, mimicking AD [71]. The use of these nanoparticles allows for the decrease
of the TNF-a and the increase of IL-6 induced by A1-42, but also the increase of the
release of interleukin-10 [68]. The activation of microglia is reduced by the use of these
nanoparticles [71].

The use of lipid nanoparticles seems to be a promising way to deliver molecules of
interest to the brain by targeting microglia, while controlling their possible toxicity via
surface modifications.

6.1.2. Metal Nanoparticles

Different types of metals can be used to create nanoparticles, such as titanium, gold,
or silver (Figure 3).

Regarding titanium nanoparticles, in vitro experiments on BV-2 microglia cells showed
that titanium dioxide nanotubes, which were functionalized with 3-aminopropyl tri-
ethoxysilane (APTES), allowing the addition of amine functions for drug molecule conjuga-
tion, do not induce toxicity or activation of these cells [72]. Titanium dioxide nanoparticles
are able to move in the brain by decreasing the transendothelial electrical resistance and
by disrupting the tight junctions between the endothelial cells of the brain capillaries [73].
Titanium dioxide (TiO;) nanoparticles are able, without being functionalized by other



Int. J. Mol. Sci. 2021, 22, 10639

17 of 26

molecules, to drive microglia toward the proinflammatory activation phenotype [74]. This
change of phenotype would be specific to microglia, as astrocytes do not change their
phenotype following the use of these nanoparticles [74].

Gold nanoparticles have also been developed. Some have been tested on primary
cultures of microglia. They consist of 18 atoms of gold and are stabilized with glutathione
ligands. The authors of this study showed that these Aul8 gold nanoclusters (NCs) have,
at low concentrations, anti-inflammatory signaling (reduction of (IL1-{3) levels, unchanged
levels of TNF-oc or Ym1/2) but, at higher concentrations, they can have pro-inflammatory
activity [75]. The authors suggested that the presence of glutathione could be the source
of this anti-inflammatory activity. Gold nanoparticles (AuNCs) were functionalized with
dihydrolipoic acid (DHLA-AuNCs), a neuroprotective antioxidant. The BV2 microglial line
was used to evaluate their effects on microglial polarization. These nanoparticles induced
a polarization toward the M2-like phenotype as well as a decrease of oxidative stress,
a reduction of NF-kB signaling, and an increase of cell survival (increase of autophagy,
inhibition, of apoptosis) [76]. Microglial changes also impacted neuronal cells by improving
neurogenesis and reducing astrogliosis [76]. Another team used the root extract of Paeonia
moutan, woody trees which are used in traditional Chinese medicine, to functionalize gold
nanoparticles. Still, on a BV2 cell model, it was shown that these nanoparticles were able to
decrease oxidative stress and inhibit the synthesis of pro-inflammatory cytokines following
stimulation by LPS [73]. The effect of these nanoparticles on oxidative stress and inflamma-
tion was found in a model of parkinsonian mice, associated with an improvement in motor
disorders [77]. An extract of Ephedra sinica Stapf was used to functionalize gold nanopar-
ticles. These nanoparticles were able to decrease the production of pro-inflammatory
mediators and cytokines (TNF-«, IL-1f3, and IL-6) following primary microglia and BV-2
microglial cells induction by LPS (decrease of IkB kinase-ot/ 3, NF-«B, Janus-activated
kinase/signal transducers and activators of transcription, mitogen-activated protein kinase,
and phospholipase D signaling pathways) [78]. Gold nanoparticles were synthesized with
quercetin and then used on BV2 cells stimulated with LPS. The release of pro-inflammatory
prostaglandin, prostaglandin E2, NO, upregulation of COX, inducible NO synthase mRNA,
and protein levels were strongly inhibited by gold/quercetin nanoparticles [79]. The effects
of these nanoparticles are superior to the use of quercetin alone. The use of these gold-
quercetin nanoparticles could thus decrease the activation of microglia. A gold cluster with
a positively charged tridecapeptide Sv (Au255v9) (peptide Sv: (H2N-CCYGGPKKKRKVG-
COOH)) was produced, and it was shown that these particles were able to attenuate the
cytotoxicity of stimulated microglia cells toward neuronal cells [80]. These nanoparticles
inhibited IL-6, TNF-«, and NO secretions by suppressing the activation of NF-«xB and p38
pathways. The action of these nanoparticles was also observed directly on neuronal cells,
indicating that these nanoparticles could target microglia and neurons and could be an
effective therapeutic approach [80].

Complex nanoparticles combining a metallic part and a polymer were produced in
the following way: diblock polymer Man-PCB-PB was synthesized and then assembled
to form nanoparticles to enclose the hydrophobic part fingolimod and zinc [81]. These
nanoparticles were named Man-PCB-PB/ZnO/fingolimod NPs or MCPZF NPs. They
were then linked to a signal transducer and activator of transcription 3 small interfering
RNA (siSTAT3) to give Man-PCB-PB/ZnO/fingolimod /siSTAT3 NPs or MCPZFS NPs [81].
These nanoparticles promote phagocytosis of A3 by microglia and decrease the release of
pro-inflammatory cytokines [81].

Magnetic iron oxide (maghemite, y-Fe203) nanoparticles (high surface-to-volume
ratio, diameter 21 + 3.5 nm, magnetic, biocompatible, relatively non-toxic, biodegradable)
were used to deliver the following peptide: fibrin y377-395 peptide [82]. The effect
of these nanoparticles is different depending on the age and the state of AD. Indeed,
in the early stages, the reduction of microglial cell activation following the action of
these nanoparticles increases the number of neurons with hyperphosphorylated tau in
transgenic mice [82]. Abnormal hyperphosphorylation of tau protein in sites that are
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not normally phosphorylated leads to the formation of neurofibrillary tangles (NFTs)
in neuronal cell bodies and sometimes in glial cells. Hyperphosphorylation and NFT
formation induce an inability for tau protein to bind to microtubules, resulting in alterations
in axonal trafficking leading to changes in neuronal function and viability. These processes
participate in synaptic dysfunction and neurodegeneration. On the other hand, in older
mice, the reduction of microglial cell activation reduces the severity of tau pathology [82].
The number of neurons with hyperphosphorylated tau and the number of neurons with
tangles are reduced in animals receiving the y377-395 fibrin peptide-nanoparticle conjugate
compared with control animals [82].

6.1.3. Polymer Nanoparticles and Mesoporous Silica Nanoparticles

Nanoparticles can be synthesized from synthetic or natural polymers. One team has
developed poly(carboxybetaine) (PCB)-based zwitterionic nanoparticles (MCPZFS NP).
These nanoparticles decrease microglia priming by lowering the levels of pro-inflammatory
mediators and contributing to brain-derived neurotrophic factor (BDNF) secretion [81].
They also enhance Af recruitment to microglia, contributing to improved Af3 phago-
cytosis [81]. Beyond the action on microglia, these nanoparticles can also play on Af3
loading, neuronal damage, memory deficits, and neuroinflammation in APPswe/PS1dE9
mice [81]. Poly(lactic-co-glycolic acid) (PLGA), polyethylene glycol (PEG), and lipid chains
as building blocks were used to synthesize 200 nm spherical polymeric nanoconstructs
(SPNs) and 1000 nm discoidal polymeric nanoconstructs (DPNs). SPNs are more rapidly
absorbed than DPNs and were used to encapsulate curcumin in the PLGA core. These
curcumin-loaded nanoparticles decrease the production of proinflammatory cytokines-IL-
1B, IL-6, and TNF-« in amyloid-p fiber-stimulated macrophages [83]. The o-M, previously
used in a lipid nanoparticle, was encapsulated in the core of poly(ethylene glycol)-poly(l-
lactide) (PEG-PLA) nanoparticles [NP(«-M)] [84]. This nanoformulation reduced Af
deposition in AD and attenuated neuroinflammatory responses by microglia (using the
BV-2 line) [84]. Apart from these effects on microglia, nanoencapsulation has improved the
biodistribution and clearance of these molecules [84]. PLGA nanoparticles were used to
deliver SurR9-C84A, a survivin mutant belonging to the inhibitors of the apoptosis protein
family [85]. For this study, neuron monocultures and co-cultures of neurons and THP-1
(monocytes/macrophages) were used. These cultures were treated with LPS or 3-amyloid
to mimic the pathological inflammatory conditions of AD. Following this stimulation
by LPS or -amyloid, a decrease in THP-1 secretions was observed by the use of these
nanoparticles [85]. This inhibition of secretions decreased the neuronal cell death induced
by them.

Amphiphilic sugar-based molecules (AM) derived from mucic acid were synthesized
to exhibit high affinity to scavenger receptors, allowing internalization of «-synuclein at
the microglia [86]. Internalization of monomeric x-synuclein and formation of intracellular
a-synuclein oligomers were decreased in microglial cells treated with these amphiphilic
molecules. Following this observation, the antioxidant poly(ferric acid) was added to the
core of these amphiphilic molecules by performing nanoprecipitation [86]. Microglial cells
treated with these nanoparticles and stimulated by «-synuclein saw a decrease in their
activation as well as in the neurotoxicity induced by «-synuclein aggregated at the level of
microglia [86]. In vivo, the activation of microglia is also decreased after injection of these
nanoparticles in the substantia nigra of mice stimulated by fibrillar x-synuclein. Targeting
the receptors responsible for a-synuclein entry into microglia and adding an antioxidant
may represent an interesting therapeutic approach via nanotechnology [86].

Polylactic acid (PLA)-coated mesoporous silica nanoparticles were loaded with resver-
atrol, which exhibits antioxidant activities among others. The PLA coating protects the
resveratrol and prevents its systematic release. In the presence of oxidative stress, PLA is
degraded and resveratrol can be released. Following this release, resveratrol was able to
effectively reduce the activation of microglia cells stimulated by phorbol-myristate-acetate
or lipopolysaccharide [87].
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6.1.4. Cell-Derived Nanoparticles

Extracellular vesicles are membrane-containing vesicles from the endocytic pathway
or plasma membrane, released into the extracellular space by virtually all cells. Three types
of extracellular vesicles exist: (a) exosomes, the smallest vesicles (30-150 nm), derived
from the inward budding of multivesicular bodjies; (ii) microvesicles, or ectosomes (50 nm-—
1 um), result from outward budding of the plasma membrane, released under physiological
conditions or in response to specific stimuli; and (c) apoptotic bodies (50 nm-5 pum), which
are produced by cells undergoing apoptosis.

Exosomes contain cellular proteins, lipids, nucleic acids, mRNAs, and microRNAs
(miRNAs) from host cells (Figure 3). Exosomes can be internalized by cells and functionally
modify the cells that internalize them. Exosomes can be derived from activated or non-
activated cells or loaded with therapeutic molecules to be used as cargo.

The most commonly used cells for the use of exosomes as therapeutic cargo are mes-
enchymal stromal cells (MSCs). Exosomes derived from MSCs or MSCs preconditioned
by hypoxia (increased miR-21 expression) were systemically administered to APP/PS1
transgenic mice mimicking AD [88]. In both cases, the use of MSC-derived exosomes
or hypoxia-preconditioned MSCs had positive effects. Administration of exosomes from
hypoxia-preconditioned MSCs improved memory and learning abilities; decreased plaque
deposition and Af levels; increased expression of growth-associated protein 43, synapsin-1,
and IL-10; and decreased levels of GFAP, Iba-1, TNF-«, IL-1$3, and activation of STAT3
and NF-«B [85]. The use of these exosomes would correct synaptic dysfunction as well
as inflammatory responses, which would lead to improvement of cognitive decline ob-
served in AD via miR-21 signaling [88]. Human umbilical cord mesenchymal stem cells
(hucMSC-exosomes) were injected into mouse models of AD and were found to improve
cognitive decline and decrease A3 deposition [89]. These hucMSC-exosomes also mod-
ulated microglial activation with a decrease in the number of activated microglia and a
shift toward an M2 anti-inflammatory profile (increase in IL-10 and TGF-f cytokines) with
an increase in Ap-degrading enzymes [89]. Brain perfusion of neuroblastoma-derived
exosomes may mediate A clearance in an AD mouse model. Indeed, A} peptides can
be taken up and transported by exosomes for presentation to microglia, resulting in their
degradation [90,91].

Exosomes can also be loaded with a therapeutic molecule. The exosomes can be
passively incubated with the therapeutic molecule, followed by purification. Curcumin
was incubated at 22 °C for 5 min with exosomes, and the mixture was then effectively
administered to the brain by intranasal route [92,93]. This decreased inflammation via
microglia targeting [92,93]. Other exosome loading strategies exist, such as electroporation,
incubation at room temperature, permeabilization with saponin, freeze/thaw cycles, son-
ication, and extrusion, and have been tested in neurodegenerative diseases but without
microglia targeting or in other pathologies like cancer.

Exosomes are able to modulate the inflammatory response and phagocytosis activity
of microglia and can be considered as a very interesting possibility in therapy.

6.1.5. Antioxidant Nanoparticles

Nanoparticles could also be synthesized directly from an antioxidant like quercetin.
Authors have obtained quercetin nanoparticles with a very heterogeneous size ranging
from 520 to 750 nm. In a model of AD, these quercetin nanoparticles were able to reduce
neuronal damage, decrease the formation of amyloid plaques and neurofibrillary tangles,
and modulate the activity of microglia [94].

In the context of PD, a nanoparticle (NP) formulation containing two polyphenol
antioxidants, tannic acid (TA) and a ferulic acid diacid molecule, was proposed. These
antioxidant nanoparticles inhibited x-synuclein fibrillation and lowered intracellular o-
synuclein oligomerization in the BV-2 microglial line subjected to a high concentration of
extracellular «-synuclein, thereby ameliorating microglial oxidative stress [95]. Microglial
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activation is also reduced with a modulation of the production of the pro-inflammatory
cytokines TNF-« and IL-6 [95].

6.2. Dendrosomal Nanoparticles

An Iranian team used the dendrosome, a neutral, amphipathic, and biodegradable
nanomaterial, to transport a molecule of interest such as curcumin. In a cuprizone-induced
model of MS, these curcumin-loaded dendrosomes suppressed the accumulation of mi-
croglia and astrocytes, highlighting their possible use in therapy [96].

6.3. Dendrimers and Other Dendritic Polymers

Dendritic polymers belong to the synthetic polymers with linear, cross-linked, and
branched polymers. Among these are the dendrimers which are obtained after generational
synthesis (Figure 3), resulting in the formation of theoretically monodisperse structures
with a narrow molecular weight distribution. In contrast to dendrimers, hyperbranched
polymers are polydisperse, with a broad molecular weight distribution. The third members
are dendrigrafts and have a configuration that shares commonalities between dendrimers
and hyperbranched polymers (Figure 3).

Dendrimers, which are synthetic molecules with a tree-like structure, can be con-
structed by different methods: the hyperbranched structure can be built from the core,
layer by layer, or by attaching dendrons to a central core [97,98]. Among the best-known
dendrimers are poly(amidoamine) (PAMAM), poly(propylene imine) (PPI), phosphorus,
and dimethylolpropionic acid-based dendrimers. One team has developed a dendrimer
that targets the mitochondria (using triphenyl-phosphonium (TPP)) and delivers the antiox-
idant N-acetylcysteine (NAC):mitochondrial targeting hydroxyl PAMAM dendrimer-drug
construct (TPP-D-NAC) [99]. The authors had already shown in previous studies that
this PAMAM polymer was able to cross the BBB by selectively targeting activated mi-
croglia/macrophages and was able to deliver NAC to these cells (dendrimer D-NAC) [100].
These TPP-D-NAC dendrimers show preferential targeting to mitochondria (but not only)
of activated microglial/macrophage cells. They showed superior efficacy in terms of
oxidative stress inhibition to dendrimers developed from NAC but without organelle
targeting (D-NAC) and to NAC used alone [99]. Concerning the dendrimers, the func-
tionalization of the surface is an important factor to take into account, as it can play on
the toxicity of the molecule [101]. Peroxisome proliferator-activated receptor (PPAR) &
and PPARy agonists can switch microglia from an M1-like to an M2-like phenotype. Be-
cause hydroxyl-terminated polyamidoamine dendrimers cross the altered BBB at the site
of neuroinflammation and accumulate in activated microglia, they are conjugated with
a PPAR« /vy dual agonist [102,103]. The dual agonist dendrimer-PPAR«/y conjugate (D-
tesaglitazar) induced the following: (a) an “M1 to M2” phenotype change, (b) a decrease
in reactive oxygen species secretion, (c) an increase in the expression of phagocytosis and
enzymatic degradation genes of pathogenic proteins, and (d) an increase in phagocytosis
of 3-amyloid [104].

Dendrigrafts have also been used to deliver treatment to the brain. Caspase-3 is
involved in cell death and inhibiting it could help prevent the progression of neurodegener-
ative diseases and, in this study, PD. For this purpose, RNA interference was used as well
as a vector constituted by dendrigraft poly-L-lysines, on which a peptide glycoprotein of
the rabies virus with 29 amino acids was bound, allowing it to cross the BBB by transcytosis
mediated by a specific receptor [105]. Plasmid DNA encoding the short hairpin RNA of
caspase-3 was complexed with this vector to give nanoparticles. Injection by weekly intra-
venous administration of the nanoparticles reduced the levels of activated caspase-3, which
decreased dopaminergic neuronal loss in the brains of rats with PD [105]. In addition, the
rat model was obtained by treating them with rotenone, which increases TNF-oc and NO
levels in the brain. The use of these nanoparticles reduced the levels of TNF-o and NO in
the brain [105]. These nanoparticles would thus have an anti-inflammatory effect on the
microglia according to this study [105].
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6.4. Quantum Dots

Quantum dots are fluorophores constituted by clusters of atoms at the nanometric
scale containing a few hundred to a few thousand atoms of a semiconductor material
wrapped by an additional semiconductor layer to improve the optical properties of the
material (Figure 3). Quantum dots have been successfully used in immunocyto- and
histochemistry, in flow cytometry, and in confocal microscopy [106,107].

Amino(polyethylene glycol)-2000 molybdenum disulfide quantum dots conjugated to
(3-carboxypropyl)triphenyl-phosphonium bromide (TPP-MoS2 QDs) have been fabricated
and tested in mouse models of AD [108]. These TPP-Mo0S2 QDs have the ability to cross
the BBB and target mitochondria with TPP. These TPP-MoS2 QDs are able to induce a
change in the phenotype of the microglia from pro-inflammatory M1 to anti-inflammatory
M2 [108]. This contributes to the removal of A3 aggregates [108].

7. Conclusions

DHA has shown cytoprotective effects on microglial cells but also on microglia ac-
tivation in vitro and in vivo in animal models. In clinical studies, positive effects on the
development of neurodegenerative diseases have been observed, but some conclusions are
divergent and require further investigation, since DHA has a systemic and not a targeted
release at the brain level. This may lead to the use of nanoparticles that could allow a
release at the brain level of DHA and improve its effectiveness at the level of the mi-
croglia, thus leading to better management of neurodegenerative diseases associated with
neuroinflammation.

Author Contributions: Conceptualization, A.V.; Supervision, A.V.; writing and editing, K.C., G.L.,
and A.V.; proofreading, I.G. 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.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported by the University of Bourgogne (Dijon, France).

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

References

1.

Calcia, M.A ; Bonsall, D.R.; Bloomfield, P.S.; Selvaraj, S.; Barichello, T.; Howes, O.D. Stress and Neuroinflammation: A Systematic
Review of the Effects of Stress on Microglia and the Implications for Mental Illness. Psychopharmacology 2016, 233, 1637-1650.
[CrossRef]

Kwon, H.S.; Koh, S.-H. Neuroinflammation in Neurodegenerative Disorders: The Roles of Microglia and Astrocytes. Transl.
Neurodegener. 2020, 9, 42. [CrossRef]

Glass, C.K.; Saijo, K.; Winner, B.; Marchetto, M.C.; Gage, FH. Mechanisms Underlying Inflammation in Neurodegeneration. Cell
2010, 140, 918-934. [CrossRef]

Tang, Y.; Le, W. Differential Roles of M1 and M2 Microglia in Neurodegenerative Diseases. Mol. Neurobiol. 2016, 53, 1181-1194.
[CrossRef]

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]
Hickman, S.; Izzy, S.; Sen, P.; Morsett, L.; Khoury, J.E. Microglia in Neurodegeneration. Nat. Neurosci. 2018, 21, 1359-1369.
[CrossRef] [PubMed]

Franco, R.; Lillo, A.; Rivas-Santisteban, R.; Reyes-Resina, I.; Navarro, G. Microglial Adenosine Receptors: From Preconditioning
to Modulating the M1/M2 Balance in Activated Cells. Cells 2021, 10, 1124. [CrossRef] [PubMed]

Layé, S.; Nadjar, A.; Joffre, C.; Bazinet, R.P. Anti-Inflammatory Effects of Omega-3 Fatty Acids in the Brain: Physiological
Mechanisms and Relevance to Pharmacology. Pharmacol. Rev. 2018, 70, 12-38. [CrossRef] [PubMed]

Guesnet, P; Alessandri, ].-M. Docosahexaenoic Acid (DHA) and the Developing Central Nervous System (CNS)—Implications
for Dietary Recommendations. Biochimie 2011, 93, 7-12. [CrossRef]


http://doi.org/10.1007/s00213-016-4218-9
http://doi.org/10.1186/s40035-020-00221-2
http://doi.org/10.1016/j.cell.2010.02.016
http://doi.org/10.1007/s12035-014-9070-5
http://doi.org/10.3389/fncel.2018.00488
http://doi.org/10.1038/s41593-018-0242-x
http://www.ncbi.nlm.nih.gov/pubmed/30258234
http://doi.org/10.3390/cells10051124
http://www.ncbi.nlm.nih.gov/pubmed/34066933
http://doi.org/10.1124/pr.117.014092
http://www.ncbi.nlm.nih.gov/pubmed/29217656
http://doi.org/10.1016/j.biochi.2010.05.005

Int. J. Mol. Sci. 2021, 22, 10639 22 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Champeil-Potokar, G.; Denis, I.; Goustard-Langelier, B.; Alessandri, ].-M.; Guesnet, P.; Lavialle, M. Astrocytes in Culture Require
Docosahexaenoic Acid to Restore the N-3/n-6 Polyunsaturated Fatty Acid Balance in Their Membrane Phospholipids. J. Neurosci.
Res. 2004, 75, 96-106. [CrossRef] [PubMed]

Alessandri, J.-M.; Guesnet, P.; Vancassel, S.; Astorg, P.; Denis, I.; Langelier, B.; Aid, S.; Poumes-Ballihaut, C.; Champeil-Potokar, G.;
Lavialle, M. Polyunsaturated Fatty Acids in the Central Nervous System: Evolution of Concepts and Nutritional Implications
throughout Life. Reprod. Nutr. Dev. 2004, 44, 509-538. [CrossRef]

Alessandri, J.-M.; Extier, A.; Astorg, P.; Lavialle, M.; Simon, N.; Guesnet, P. Métabolisme des acides gras oméga-3: Différences
entre hommes et femmes. Nutr. Clin. Métabolisme 2009, 23, 55-66. [CrossRef]

Ferdinandusse, S.; Denis, S.; Mooijer, P.A.; Zhang, Z.; Reddy, ] K.; Spector, A.A.; Wanders, R.J. Identification of the Peroxisomal
Beta-Oxidation Enzymes Involved in the Biosynthesis of Docosahexaenoic Acid. J. Lipid Res. 2001, 42, 1987-1995. [CrossRef]
Nury, T.; Zarrouk, A.; Yammine, A.; Mackrill, J.J.; Vejux, A.; Lizard, G. Oxiapoptophagy: A Type of Cell Death Induced by Some
Oxysterols. Br. J. Pharmacol. 2021, 178, 3115-3123. [CrossRef] [PubMed]

Debbabi, M.; Zarrouk, A.; Bezine, M.; Meddeb, W.; Nury, T.; Badreddine, A.; Karym, E.M.; Sghaier, R.; Bretillon, L.; Guyot, S.;
et al. Comparison of the Effects of Major Fatty Acids Present in the Mediterranean Diet (Oleic Acid, Docosahexaenoic Acid) and
in Hydrogenated Oils (Elaidic Acid) on 7-Ketocholesterol-Induced Oxiapoptophagy in Microglial BV-2 Cells. Chem. Phys. Lipids
2017, 207, 151-170. [CrossRef] [PubMed]

Herr, D.R;; Yam, T.Y.A,; Tan, W.S.D.; Koh, S.S.; Wong, W.S.E; Ong, W.-Y.; Chayaburakul, K. Ultrastructural Characteristics of
DHA-Induced Pyroptosis. Neuromol. Med. 2020, 22, 293-303. [CrossRef]

Srikanth, M.; Chandrasaharan, K.; Zhao, X.; Chayaburakul, K.; Ong, W.-Y.; Herr, D.R. Metabolism of Docosahexaenoic Acid
(DHA) Induces Pyroptosis in BV-2 Microglial Cells. Neuromol. Med. 2018, 20, 504-514. [CrossRef]

Geng, X.; Yang, B.; Li, R.; Teng, T.; Ladu, M.].; Sun, G.Y.; Greenlief, C.M.; Lee, ]J.C. Effects of Docosahexaenoic Acid and Its
Peroxidation Product on Amyloid-f3 Peptide-Stimulated Microglia. Mol. Neurobiol. 2020, 57, 1085-1098. [CrossRef] [PubMed]
Yang, B.; Li, R.; Michael Greenlief, C.; Fritsche, K.L.; Gu, Z.; Cui, J.; Lee, ].C.; Beversdorf, D.Q.; Sun, G.Y. Unveiling Anti-Oxidative
and Anti-Inflammatory Effects of Docosahexaenoic Acid and Its Lipid Peroxidation Product on Lipopolysaccharide-Stimulated
BV-2 Microglial Cells. J. Neuroinflamm. 2018, 15, 202. [CrossRef]

Sun, G.Y; Li, R;; Yang, B.; Fritsche, K.L.; Beversdorf, D.Q.; Lubahn, D.B.; Geng, X.; Lee, ].C.; Greenlief, C.M. Quercetin Potentiates
Docosahexaenoic Acid to Suppress Lipopolysaccharide-Induced Oxidative/Inflammatory Responses, Alter Lipid Peroxidation
Products, and Enhance the Adaptive Stress Pathways in BV-2 Microglial Cells. Int. . Mol. Sci. 2019, 20, 932. [CrossRef]

Lu, D.-Y,; Tsao, Y.-Y.; Leung, Y.-M.; Su, K.-P. Docosahexaenoic Acid Suppresses Neuroinflammatory Responses and Induces Heme
Oxygenase-1 Expression in BV-2 Microglia: Implications of Antidepressant Effects for w-3 Fatty Acids. Neuropsychopharmacol. Off.
Publ. Am. Coll. Neuropsychopharmacol. 2010, 35, 2238-2248. [CrossRef]

Inoue, T.; Tanaka, M.; Masuda, S.; Ohue-Kitano, R.; Yamakage, H.; Muranaka, K.; Wada, H.; Kusakabe, T.; Shimatsu, A.; Hasegawa,
K.; et al. Omega-3 Polyunsaturated Fatty Acids Suppress the Inflammatory Responses of Lipopolysaccharide-Stimulated Mouse
Microglia by Activating SIRT1 Pathways. Biochim. Biophys. Acta Mol. Cell Biol. Lipids 2017, 1862, 552-560. [CrossRef]

Fourrier, C.; Remus-Borel, J.; Greenhalgh, A.D.; Guichardant, M.; Bernoud-Hubac, N.; Lagarde, M.; Joffre, C.; Layé, S. Docosahex-
aenoic Acid-Containing Choline Phospholipid Modulates LPS-Induced Neuroinflammation in Vivo and in Microglia in Vitro.
J. Neuroinflamm. 2017, 14, 170. [CrossRef]

Chen, S.; Zhang, H.; Pu, H.; Wang, G.; Li, W.; Leak, R.K,; Chen, J.; Liou, A.K.; Hu, X. N-3 PUFA Supplementation Benefits
Microglial Responses to Myelin Pathology. Sci. Rep. 2014, 4, 7458. [CrossRef] [PubMed]

Hjorth, E.; Zhu, M.; Toro, V.C.; Vedin, I; Palmblad, J.; Cederholm, T.; Freund-Levi, Y.; Faxen-Irving, G.; Wahlund, L.-O.; Basun,
H.; et al. Omega-3 Fatty Acids Enhance Phagocytosis of Alzheimer’s Disease-Related Amyloid-f3 42 by Human Microglia and
Decrease Inflammatory Markers. ]. Alzheimers Dis. 2013, 35, 697-713. [CrossRef] [PubMed]

Chang, C.-Y,; Kuan, Y.-H.; Li, J.-R.; Chen, W.-Y,; Ou, Y.-C,; Pan, H.-C,; Liao, S.-L.; Raung, S.-L.; Chang, C.-].; Chen, C.-J.
Docosahexaenoic Acid Reduces Cellular Inflammatory Response Following Permanent Focal Cerebral Ischemia in Rats. J. Nutr.
Biochem. 2013, 24, 2127-2137. [CrossRef] [PubMed]

Pettit, L.K.; Varsanyi, C.; Tadros, ].; Vassiliou, E. Modulating the Inflammatory Properties of Activated Microglia with Docosahex-
aenoic Acid and Aspirin. Lipids Health Dis. 2013, 12, 16. [CrossRef] [PubMed]

Chang, C.-Y.,; Wu, C.-C; Wang, ].-D.; Li, ].-R,; Wang, Y.-Y,; Lin, S.-Y.; Chen, W.-Y,; Liao, S.-L.; Chen, C.-]. DHA Attenuated Japanese
Encephalitis Virus Infection-Induced Neuroinflammation and Neuronal Cell Death in Cultured Rat Neuron/Glia. Brain. Behav.
Immun. 2021, 93, 194-205. [CrossRef] [PubMed]

Mancera, P.; Wappenhans, B.; Cordobilla, B.; Virgili, N.; Pugliese, M.; Rueda, E,; Espinosa-Parrilla, J.F.; Domingo, J.C. Natural
Docosahexaenoic Acid in the Triglyceride Form Attenuates In Vitro Microglial Activation and Ameliorates Autoimmune
Encephalomyelitis in Mice. Nutrients 2017, 9, 681. [CrossRef] [PubMed]

Wang, Y.; Plastina, P.; Vincken, J.-P; Jansen, R.; Balvers, M.; Ten Klooster, J.P.; Gruppen, H.; Witkamp, R.; Meijerink, J. N-
Docosahexaenoyl Dopamine, an Endocannabinoid-like Conjugate of Dopamine and the n-3 Fatty Acid Docosahexaenoic Acid,
Attenuates Lipopolysaccharide-Induced Activation of Microglia and Macrophages via COX-2. ACS Chem. Neurosci. 2017, 8,
548-557. [CrossRef]

Park, T.; Chen, H.; Kevala, K; Lee, J.-W.; Kim, H.-Y. N-Docosahexaenoylethanolamine Ameliorates LPS-Induced Neuroinflamma-
tion via CAMP /PKA-Dependent Signaling. |. Neuroinflamm. 2016, 13, 284. [CrossRef]


http://doi.org/10.1002/jnr.10817
http://www.ncbi.nlm.nih.gov/pubmed/14689452
http://doi.org/10.1051/rnd:2004063
http://doi.org/10.1016/j.nupar.2009.03.003
http://doi.org/10.1016/S0022-2275(20)31527-3
http://doi.org/10.1111/bph.15173
http://www.ncbi.nlm.nih.gov/pubmed/32579703
http://doi.org/10.1016/j.chemphyslip.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28408132
http://doi.org/10.1007/s12017-019-08586-y
http://doi.org/10.1007/s12017-018-8511-0
http://doi.org/10.1007/s12035-019-01805-4
http://www.ncbi.nlm.nih.gov/pubmed/31677009
http://doi.org/10.1186/s12974-018-1232-3
http://doi.org/10.3390/ijms20040932
http://doi.org/10.1038/npp.2010.98
http://doi.org/10.1016/j.bbalip.2017.02.010
http://doi.org/10.1186/s12974-017-0939-x
http://doi.org/10.1038/srep07458
http://www.ncbi.nlm.nih.gov/pubmed/25500548
http://doi.org/10.3233/JAD-130131
http://www.ncbi.nlm.nih.gov/pubmed/23481688
http://doi.org/10.1016/j.jnutbio.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24139673
http://doi.org/10.1186/1476-511X-12-16
http://www.ncbi.nlm.nih.gov/pubmed/23398903
http://doi.org/10.1016/j.bbi.2021.01.012
http://www.ncbi.nlm.nih.gov/pubmed/33486004
http://doi.org/10.3390/nu9070681
http://www.ncbi.nlm.nih.gov/pubmed/28665331
http://doi.org/10.1021/acschemneuro.6b00298
http://doi.org/10.1186/s12974-016-0751-z

Int. J. Mol. Sci. 2021, 22, 10639 23 of 26

32. Park, T,; Chen, H.; Kim, H.-Y. GPR110 (ADGRF1) Mediates Anti-Inflammatory Effects of N-Docosahexaenoylethanolamine.
J. Neuroinflamm. 2019, 16, 225. [CrossRef] [PubMed]

33. Perry, VH,; Teeling, ]. Microglia and Macrophages of the Central Nervous System: The Contribution of Microglia Priming and
Systemic Inflammation to Chronic Neurodegeneration. Semin. Immunopathol. 2013, 35, 601-612. [CrossRef] [PubMed]

34. Chataigner, M.; Martin, M.; Lucas, C.; Pallet, V.; Layé, S.; Mehaignerie, A.; Bouvret, E.; Dinel, A.-L.; Joffre, C. Fish Hydrolysate Sup-
plementation Containing N-3 Long Chain Polyunsaturated Fatty Acids and Peptides Prevents LPS-Induced Neuroinflammation.
Nutrients 2021, 13, 824. [CrossRef]

35. Caputo, M.P; Radlowski, E.C.; Lawson, M.; Antonson, A.; Watson, ].E.; Matt, S.M.; Leyshon, B.J.; Das, A.; Johnson, R.W. Herring
Roe Oil Supplementation Alters Microglial Cell Gene Expression and Reduces Peripheral Inflammation After Inmune Activation
in a Neonatal Piglet Model. Brain. Behav. Immun. 2019, 81, 455-469. [CrossRef] [PubMed]

36. Trépanier, M.-O.; Hopperton, K.E.; Giuliano, V.; Masoodi, M.; Bazinet, R.P. Increased Brain Docosahexaenoic Acid Has No Effect
on the Resolution of Neuroinflammation Following Intracerebroventricular Lipopolysaccharide Injection. Neurochem. Int. 2018,
118, 115-126. [CrossRef]

37.  Zhao, Y,; Calon, F; Julien, C.; Winkler, ].W.; Petasis, N.A.; Lukiw, W.J.; Bazan, N.G. Docosahexaenoic Acid-Derived Neuroprotectin
D1 Induces Neuronal Survival via Secretase- and PPARy-Mediated Mechanisms in Alzheimer’s Disease Models. PLoS ONE 2011,
6, €15816. [CrossRef]

38. Hopperton, K.E.; Trépanier, M.-O.; Giuliano, V.; Bazinet, R.P. Brain Omega-3 Polyunsaturated Fatty Acids Modulate Microglia
Cell Number and Morphology in Response to Intracerebroventricular Amyloid-f 1-40 in Mice. J. Neuroinflamm. 2016, 13, 257.
[CrossRef]

39. Abdelmeguid, N.E.; Khalil, M.LM.; Elhabet, R.; Sultan, A.S.; Salam, S.A. Combination of Docosahexaenoic Acid and Ginko Biloba
Extract Improves Cognitive Function and Hippocampal Tissue Damages in a Mouse Model of Alzheimer’s Disease. . Chem.
Neuroanat. 2021, 116, 101995. [CrossRef]

40. Parrott, M.D.; Winocur, G.; Bazinet, R.P.;; Ma, D.W.L.; Greenwood, C.E. Whole-Food Diet Worsened Cognitive Dysfunction in an
Alzheimer’s Disease Mouse Model. Neurobiol. Aging 2015, 36, 90-99. [CrossRef]

41. Sharman, M.J.; Gyengesi, E.; Liang, H.; Chatterjee, P.; Karl, T,; Li, Q.-X.; Wenk, M.R.; Halliwell, B.; Martins, R.N.; Miinch, G.
Assessment of Diets Containing Curcumin, Epigallocatechin-3-Gallate, Docosahexaenoic Acid and a-Lipoic Acid on Amyloid
Load and Inflammation in a Male Transgenic Mouse Model of Alzheimer’s Disease: Are Combinations More Effective? Neurobiol.
Dis. 2019, 124, 505-519. [CrossRef]

42. Adkins, Y,; Soulika, A.M.; Mackey, B.; Kelley, D.S. Docosahexaenoic Acid (22:6n-3) Ameliorated the Onset and Severity of
Experimental Autoimmune Encephalomyelitis in Mice. Lipids 2019, 54, 13-23. [CrossRef]

43. Cai, W, Liu, S.; Hu, M,; Sun, X.; Qiu, W.; Zheng, S.; Hu, X.; Lu, Z. Post-Stroke DHA Treatment Protects Against Acute Ischemic
Brain Injury by Skewing Macrophage Polarity Toward the M2 Phenotype. Transl. Stroke Res. 2018, 9, 669—-680. [CrossRef]

44. Tian, Y;; Zhang, Y,; Zhang, R.; Qiao, S.; Fan, J. Resolvin D2 Recovers Neural Injury by Suppressing Inflammatory Medjiators
Expression in Lipopolysaccharide-Induced Parkinson’s Disease Rat Model. Biochem. Biophys. Res. Commun. 2015, 460, 799-805.
[CrossRef]

45. Tyrtyshnaia, A.A.; Egorova, E.L.; Starinets, A.A.; Ponomarenko, A.I; Ermolenko, E.V.; Manzhulo, I.V. N-Docosahexaenoylethanolamine
Attenuates Neuroinflammation and Improves Hippocampal Neurogenesis in Rats with Sciatic Nerve Chronic Constriction Injury.
Mar. Drugs 2020, 18, 516. [CrossRef]

46. Zhou, Y.; Wang, J.; Li, X,; Li, K,; Chen, L.; Zhang, Z.; Peng, M. Neuroprotectin D1 Protects Against Postoperative Delirium-Like
Behavior in Aged Mice. Front. Aging Neurosci. 2020, 12, 582674. [CrossRef]

47. 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. J. Alzheimers Dis. JAD 2018, 64, 367-378. [CrossRef]

48. Karimi, M.; Vedin, L; Freund Levi, Y.; Basun, H.; Faxén Irving, G.; Eriksdotter, M.; Wahlund, L.-O.; Schultzberg, M.; Hjorth, E.;
Cederholm, T.; et al. DHA-Rich n-3 Fatty Acid Supplementation Decreases DNA Methylation in Blood Leukocytes: The OmegAD
Study. Am. |. Clin. Nutr. 2017, 106, 1157-1165. [CrossRef] [PubMed]

49. Eriksdotter, M.; Vedin, I.; Falahati, F.; Freund-Levi, Y.; Hjorth, E.; Faxen-Irving, G.; Wahlund, L.-O.; Schultzberg, M.; Basun, H.;
Cederholm, T; et al. Plasma Fatty Acid Profiles in Relation to Cognition and Gender in Alzheimer’s Disease Patients During Oral
Omega-3 Fatty Acid Supplementation: The OmegAD Study. |. Alzheimers Dis. JAD 2015, 48, 805-812. [CrossRef] [PubMed]

50. Wang, X.; Hjorth, E.; Vedin, I; Eriksdotter, M.; Freund-Levi, Y.; Wahlund, L.-O.; Cederholm, T.; Palmblad, J.; Schultzberg, M.
Effects of N-3 FA Supplementation on the Release of Proresolving Lipid Mediators by Blood Mononuclear Cells: The OmegAD
Study. J. Lipid Res. 2015, 56, 674-681. [CrossRef] [PubMed]

51. Freund-Levi, Y,; Vedin, I; Hjorth, E.; Basun, H.; Faxén Irving, G.; Schultzberg, M.; Eriksdotter, M.; Palmblad, J.; Vessby, B.;
Wahlund, L.-O.; et al. Effects of Supplementation with Omega-3 Fatty Acids on Oxidative Stress and Inflammation in Patients
with Alzheimer’s Disease: The OmegAD Study. . Alzheimers Dis. JAD 2014, 42, 823-831. [CrossRef]

52.  Freund Levi, Y; Vedin, I.; Cederholm, T.; Basun, H.; Faxén Irving, G.; Eriksdotter, M.; Hjorth, E.; Schultzberg, M.; Vessby, B.;
Wahlund, L.-O.; et al. Transfer of Omega-3 Fatty Acids across the Blood-Brain Barrier after Dietary Supplementation with a
Docosahexaenoic Acid-Rich Omega-3 Fatty Acid Preparation in Patients with Alzheimer’s Disease: The OmegAD Study. |. Intern.
Med. 2014, 275, 428-436. [CrossRef]


http://doi.org/10.1186/s12974-019-1621-2
http://www.ncbi.nlm.nih.gov/pubmed/31730008
http://doi.org/10.1007/s00281-013-0382-8
http://www.ncbi.nlm.nih.gov/pubmed/23732506
http://doi.org/10.3390/nu13030824
http://doi.org/10.1016/j.bbi.2019.06.046
http://www.ncbi.nlm.nih.gov/pubmed/31271868
http://doi.org/10.1016/j.neuint.2018.05.010
http://doi.org/10.1371/journal.pone.0015816
http://doi.org/10.1186/s12974-016-0721-5
http://doi.org/10.1016/j.jchemneu.2021.101995
http://doi.org/10.1016/j.neurobiolaging.2014.08.013
http://doi.org/10.1016/j.nbd.2018.11.026
http://doi.org/10.1002/lipd.12130
http://doi.org/10.1007/s12975-018-0662-7
http://doi.org/10.1016/j.bbrc.2015.03.109
http://doi.org/10.3390/md18100516
http://doi.org/10.3389/fnagi.2020.582674
http://doi.org/10.3233/JAD-180160
http://doi.org/10.3945/ajcn.117.155648
http://www.ncbi.nlm.nih.gov/pubmed/28855224
http://doi.org/10.3233/JAD-150102
http://www.ncbi.nlm.nih.gov/pubmed/26402079
http://doi.org/10.1194/jlr.P055418
http://www.ncbi.nlm.nih.gov/pubmed/25616438
http://doi.org/10.3233/JAD-132042
http://doi.org/10.1111/joim.12166

Int. J. Mol. Sci. 2021, 22, 10639 24 of 26

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Faxén-Irving, G.; Freund-Levi, Y.; Eriksdotter-Jonhagen, M.; Basun, H.; Hjorth, E.; Palmblad, J.; Vedin, I.; Cederholm, T.; Wahlund,
L.-O. Effects on Transthyretin in Plasma and Cerebrospinal Fluid by DHA-Rich n-3 Fatty Acid Supplementation in Patients with
Alzheimer’s Disease: The OmegAD Study. J. Alzheimers Dis. JAD 2013, 36, 1-6. [CrossRef] [PubMed]

Vedin, I.; Cederholm, T.; Freund-Levi, Y.; Basun, H.; Garlind, A.; Irving, G.F; Eriksdotter-Jonhagen, M.; Wahlund, L.-O.; Dahlman,
I.; Palmblad, J. Effects of DHA-Rich n-3 Fatty Acid Supplementation on Gene Expression in Blood Mononuclear Leukocytes: The
OmegAD Study. PLoS ONE 2012, 7, e35425. [CrossRef]

Vedin, I.; Cederholm, T.; Freund-Levi, Y.; Basun, H.; Hjorth, E.; Irving, G.F.; Eriksdotter-Jonhagen, M.; Schultzberg, M.; Wahlund,
L.-O.; Palmblad, J. Reduced Prostaglandin F2 Alpha Release from Blood Mononuclear Leukocytes after Oral Supplementation of
Omega3 Fatty Acids: The OmegAD Study. J. Lipid Res. 2010, 51, 1179-1185. [CrossRef] [PubMed]

Vedin, I.; Cederholm, T.; Freund Levi, Y.; Basun, H.; Garlind, A.; Faxén Irving, G.; Jonhagen, M.E.; Vessby, B.; Wahlund, L.-O.;
Palmblad, . Effects of Docosahexaenoic Acid-Rich n-3 Fatty Acid Supplementation on Cytokine Release from Blood Mononuclear
Leukocytes: The OmegAD Study. Am. . Clin. Nutr. 2008, 87, 1616-1622. [CrossRef] [PubMed]

Phillips, M.A.; Childs, C.E.; Calder, P.C.; Rogers, P.J. No Effect of Omega-3 Fatty Acid Supplementation on Cognition and Mood
in Individuals with Cognitive Impairment and Probable Alzheimer’s Disease: A Randomised Controlled Trial. Int. ]. Mol. Sci.
2015, 16, 24600-24613. [CrossRef] [PubMed]

Quinn, ].E; Raman, R.; Thomas, R.G.; Yurko-Mauro, K.; Nelson, E.B.; Van Dyck, C.; Galvin, J.E.; Emond, J.; Jack, C.R.; Weiner, M.;
et al. Docosahexaenoic Acid Supplementation and Cognitive Decline in Alzheimer Disease: A Randomized Trial. JAMA 2010,
304,1903-1911. [CrossRef]

Freund-Levi, Y.; Basun, H.; Cederholm, T.; Faxén-Irving, G.; Garlind, A.; Grut, M.; Vedin, I.; Palmblad, J.; Wahlund, L.-O.;
Eriksdotter-Jonhagen, M. Omega-3 Supplementation in Mild to Moderate Alzheimer’s Disease: Effects on Neuropsychiatric
Symptoms. Int. ]. Geriatr. Psychiatry 2008, 23, 161-169. [CrossRef]

Kotani, S.; Sakaguchi, E.; Warashina, S.; Matsukawa, N.; Ishikura, Y.; Kiso, Y.; Sakakibara, M.; Yoshimoto, T.; Guo, J.; Yamashima,
T. Dietary Supplementation of Arachidonic and Docosahexaenoic Acids Improves Cognitive Dysfunction. Neurosci. Res. 2006, 56,
159-164. [CrossRef]

Manes, M.; Alberici, A.; Di Gregorio, E.; Boccone, L.; Premi, E.; Mitro, N.; Pasolini, M.P.; Pani, C.; Paghera, B.; Perani, D.; et al.
Docosahexaenoic Acid Is a Beneficial Replacement Treatment for Spinocerebellar Ataxia 38. Ann. Neurol. 2017, 82, 615-621.
[CrossRef]

Manes, M.; Alberici, A.; Di Gregorio, E.; Boccone, L.; Premi, E.; Mitro, N.; Pasolini, M.P.; Pani, C.; Paghera, B.; Orsi, L.; et al.
Long-Term Efficacy of Docosahexaenoic Acid (DHA) for Spinocerebellar Ataxia 38 (SCA38) Treatment: An Open Label Extension
Study. Parkinsonism Relat. Disord. 2019, 63, 191-194. [CrossRef]

Hernando, S.; Herran, E.; Hernandez, R M.; Igartua, M. Nanostructured Lipid Carriers Made of ()-3 Polyunsaturated Fatty Acids:
In Vitro Evaluation of Emerging Nanocarriers to Treat Neurodegenerative Diseases. Pharmaceutics 2020, 12, 928. [CrossRef]
Hernando, S.; Herran, E.; Figueiro-Silva, J.; Pedraz, J.L.; Igartua, M.; Carro, E.; Hernandez, R.M. Intranasal Administration of
TAT-Conjugated Lipid Nanocarriers Loading GDNF for Parkinson’s Disease. Mol. Neurobiol. 2018, 55, 145-155. [CrossRef]
Huang, J.; Lu, Y,; Wang, H.; Liu, J.; Liao, M.; Hong, L.; Tao, R.; Ahmed, M.M.; Liu, P, Liu, S.; et al. The Effect of Lipid Nanoparticle
PEGylation on Neuroinflammatory Response in Mouse Brain. Biomaterials 2013, 34, 7960-7970. [CrossRef]

[llum, L. Nasal Drug Delivery—Possibilities, Problems and Solutions. J. Control. Release 2003, 87, 187-198. [CrossRef]

Song, Q.; Huang, M.; Yao, L.; Wang, X.; Gu, X.; Chen, J.; Chen, J.; Huang, J.; Hu, Q.; Kang, T,; et al. Lipoprotein-Based
Nanoparticles Rescue the Memory Loss of Mice with Alzheimer’s Disease by Accelerating the Clearance of Amyloid-Beta. ACS
Nano 2014, 8, 2345-2359. [CrossRef] [PubMed]

Song, Q.; Song, H.; Xu, ].; Huang, J.; Hu, M.; Gu, X,; Chen, J.; Zheng, G.; Chen, H.; Gao, X. Biomimetic ApoE-Reconstituted High
Density Lipoprotein Nanocarrier for Blood-Brain Barrier Penetration and Amyloid Beta-Targeting Drug Delivery. Mol. Pharm.
2016, 13, 3976-3987. [CrossRef] [PubMed]

Huang, M.; Hu, M.; Song, Q.; Song, H.; Huang, J.; Gu, X.,; Wang, X.; Chen, J.; Kang, T.; Feng, X.; et al. GM1-Modified Lipoprotein-
like Nanoparticle: Multifunctional Nanoplatform for the Combination Therapy of Alzheimer’s Disease. ACS Nano 2015, 9,
10801-10816. [CrossRef] [PubMed]

Zhang, Z.-Y.; Daniels, R.; Schluesener, H.J. Oridonin Ameliorates Neuropathological Changes and Behavioural Deficits in a
Mouse Model of Cerebral Amyloidosis. . Cell. Mol. Med. 2013, 17, 1566—1576. [CrossRef]

Bernardi, A.; Frozza, R.L.; Meneghetti, A.; Hoppe, ].B.; Battastini, A.M.O.; Pohlmann, A.R.; Guterres, S.S.; Salbego, C.G.
Indomethacin-Loaded Lipid-Core Nanocapsules Reduce the Damage Triggered by A1-42 in Alzheimer’s Disease Models. Int. |.
Nanomed. 2012, 7,4927-4942. [CrossRef]

Sruthi, S.; Loiseau, A.; Boudon, J.; Sallem, F.; Maurizi, L.; Mohanan, P.V.; Lizard, G.; Millot, N. In Vitro Interaction and
Biocompatibility of Titanate Nanotubes with Microglial Cells. Toxicol. Appl. Pharmacol. 2018, 353, 74-86. [CrossRef]

Sela, H.; Cohen, H.; Elia, P; Zach, R.; Karpas, Z.; Zeiri, Y. Spontaneous Penetration of Gold Nanoparticles through the Blood
Brain Barrier (BBB). . Nanobiotechnol. 2015, 13, 71. [CrossRef]

De Astis, S.; Corradini, I.; Morini, R.; Rodighiero, S.; Tomasoni, R.; Lenardi, C.; Verderio, C.; Milani, P.; Matteoli, M. Nanostructured
TiO2 Surfaces Promote Polarized Activation of Microglia, but Not Astrocytes, toward a Proinflammatory Profile. Nanoscale 2013,
5,10963-10974. [CrossRef]


http://doi.org/10.3233/JAD-121828
http://www.ncbi.nlm.nih.gov/pubmed/23563245
http://doi.org/10.1371/journal.pone.0035425
http://doi.org/10.1194/jlr.M002667
http://www.ncbi.nlm.nih.gov/pubmed/19965584
http://doi.org/10.1093/ajcn/87.6.1616
http://www.ncbi.nlm.nih.gov/pubmed/18541548
http://doi.org/10.3390/ijms161024600
http://www.ncbi.nlm.nih.gov/pubmed/26501267
http://doi.org/10.1001/jama.2010.1510
http://doi.org/10.1002/gps.1857
http://doi.org/10.1016/j.neures.2006.06.010
http://doi.org/10.1002/ana.25059
http://doi.org/10.1016/j.parkreldis.2019.02.040
http://doi.org/10.3390/pharmaceutics12100928
http://doi.org/10.1007/s12035-017-0728-7
http://doi.org/10.1016/j.biomaterials.2013.07.009
http://doi.org/10.1016/S0168-3659(02)00363-2
http://doi.org/10.1021/nn4058215
http://www.ncbi.nlm.nih.gov/pubmed/24527692
http://doi.org/10.1021/acs.molpharmaceut.6b00781
http://www.ncbi.nlm.nih.gov/pubmed/27700119
http://doi.org/10.1021/acsnano.5b03124
http://www.ncbi.nlm.nih.gov/pubmed/26440073
http://doi.org/10.1111/jcmm.12124
http://doi.org/10.2147/IJN.S35333
http://doi.org/10.1016/j.taap.2018.06.013
http://doi.org/10.1186/s12951-015-0133-1
http://doi.org/10.1039/c3nr03534d

Int. J. Mol. Sci. 2021, 22, 10639 25 of 26

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Sobska, J.; Waszkielewicz, M.; Podlesny-Drabiniok, A.; Olesiak-Banska, J.; Krezel, W.; Matczyszyn, K. Gold Nanoclusters Display
Low Immunogenic Effect in Microglia Cells. Nanomaterials 2021, 11, 1066. [CrossRef]

Xiao, L.; Wei, E; Zhou, Y.; Anderson, G.J.; Frazer, D.M.; Lim, Y.C,; Liu, T.; Xiao, Y. Dihydrolipoic Acid-Gold Nanoclusters Regulate
Microglial Polarization and Have the Potential To Alter Neurogenesis. Nano Lett. 2020, 20, 478-495. [CrossRef] [PubMed]

Xue, J.; Liu, T,; Liu, Y,; Jiang, Y.; Seshadri, V.D.D.; Mohan, S.K.; Ling, L. Neuroprotective Effect of Biosynthesised Gold Nanopar-
ticles Synthesised from Root Extract of Paeonia Moutan against Parkinson Disease — In Vitro & In Vivo Model. J. Photochem.
Photobiol. B 2019, 200, 111635. [CrossRef] [PubMed]

Park, S.Y,; Yi, EH.; Kim, Y,; Park, G. Anti-Neuroinflammatory Effects of Ephedra Sinica Stapf Extract-Capped Gold Nanoparticles
in Microglia. Int. J. Nanomed. 2019, 14, 2861-2877. [CrossRef] [PubMed]

Ozdal, Z.D.; Sahmetlioglu, E.; Narin, I.; Cumaoglu, A. Synthesis of Gold and Silver Nanoparticles Using Flavonoid Quercetin and
Their Effects on Lipopolysaccharide Induced Inflammatory Response in Microglial Cells. 3 Biotech 2019, 9, 212. [CrossRef]
Yuan, Q.; Yao, Y.; Zhang, X.; Yuan, ].; Sun, B.; Gao, X. The Gold Nanocluster Protects Neurons Directly or via Inhibiting Cytotoxic
Secretions of Microglia Cell. J. Nanosci. Nanotechnol. 2019, 19, 1986-1995. [CrossRef]

Liu, R; Yang, J.; Liu, L.; Lu, Z.; Shi, Z; Ji, W.; Shen, J.; Zhang, X. An “Amyloid- Cleaner” for the Treatment of Alzheimer’s
Disease by Normalizing Microglial Dysfunction. Adv. Sci. Weinh. Baden-Wurtt. Ger. 2020, 7, 1901555. [CrossRef]

Glat, M.; Skaat, H.; Menkes-Caspi, N.; Margel, S.; Stern, E.A. Age-Dependent Effects of Microglial Inhibition in Vivo on
Alzheimer’s Disease Neuropathology Using Bioactive-Conjugated Iron Oxide Nanoparticles. J. Nanobiotechnol. 2013, 11, 32.
[CrossRef]

Ameruoso, A.; Palomba, R; Palange, A.L.; Cervadoro, A.; Lee, A.; Di Mascolo, D.; Decuzzi, P. Ameliorating Amyloid-f Fibrils
Triggered Inflammation via Curcumin-Loaded Polymeric Nanoconstructs. Front. Immunol. 2017, 8, 1411. [CrossRef]

Yao, L.; Gu, X,; Song, Q.; Wang, X.; Huang, M.; Hu, M.; Hou, L.; Kang, T.; Chen, J.; Chen, H.; et al. Nanoformulated Alpha-
Mangostin Ameliorates Alzheimer’s Disease Neuropathology by Elevating LDLR Expression and Accelerating Amyloid-Beta
Clearance. ]. Control. Release Off. ]. Control. Release Soc. 2016, 226, 1-14. [CrossRef] [PubMed]

Sriramoju, B.; Kanwar, R K.; Kanwar, ].R. Nanoformulated Mutant SurR9-C84A: A Possible Key for Alzheimer’s and Its Associated
Inflammation. Pharm. Res. 2015, 32, 2787-2797. [CrossRef] [PubMed]

Bennett, N.K.; Chmielowski, R.; Abdelhamid, D.S.; Faig, ].].; Francis, N.; Baum, J.; Pang, Z.P.; Uhrich, K.E.; Moghe, P.V. Polymer
Brain-Nanotherapeutics for Multipronged Inhibition of Microglial x-Synuclein Aggregation, Activation, and Neurotoxicity.
Biomaterials 2016, 111, 179-189. [CrossRef] [PubMed]

Shen, Y.; Cao, B.; Snyder, N.R.; Woeppel, K.M.; Eles, ].R.; Cui, X.T. ROS Responsive Resveratrol Delivery from LDLR Peptide
Conjugated PLA-Coated Mesoporous Silica Nanoparticles across the Blood-Brain Barrier. |. Nanobiotechnol. 2018, 16, 13. [CrossRef]
[PubMed]

Cui, G.-H.; Wu, J.; Mou, E-E; Xie, W.-H.; Wang, E-B.; Wang, Q.-L.; Fang, J.; Xu, Y.-W.; Dong, Y.-R.; Liu, J.-R.; et al. Exosomes
Derived from Hypoxia-Preconditioned Mesenchymal Stromal Cells Ameliorate Cognitive Decline by Rescuing Synaptic Dysfunc-
tion and Regulating Inflammatory Responses in APP/PS1 Mice. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2018, 32, 654—668.
[CrossRef]

Ding, M.; Shen, Y.; Wang, P; Xie, Z.; Xu, S.; Zhu, Z.; Wang, Y.; Lyu, Y.; Wang, D.; Xu, L.; et al. Exosomes Isolated From Human
Umbilical Cord Mesenchymal Stem Cells Alleviate Neuroinflammation and Reduce Amyloid-Beta Deposition by Modulating
Microglial Activation in Alzheimer’s Disease. Neurochem. Res. 2018, 43, 2165-2177. [CrossRef] [PubMed]

Yuyama, K.; Sun, H.; Sakai, S.; Mitsutake, S.; Okada, M.; Tahara, H.; Furukawa, J.; Fujitani, N.; Shinohara, Y.; Igarashi, Y.
Decreased Amyloid-{3 Pathologies by Intracerebral Loading of Glycosphingolipid-Enriched Exosomes in Alzheimer Model Mice.
J. Biol. Chem. 2014, 289, 24488-24498. [CrossRef]

Yuyama, K.; Sun, H.; Usuki, S.; Sakai, S.; Hanamatsu, H.; Mioka, T.; Kimura, N.; Okada, M.; Tahara, H.; Furukawa, J.; et al. A
Potential Function for Neuronal Exosomes: Sequestering Intracerebral Amyloid-3 Peptide. FEBS Lett. 2015, 589, 84-88. [CrossRef]
Zhuang, X.; Xiang, X.; Grizzle, W.; Sun, D.; Zhang, S.; Axtell, R.C.; Ju, S.; Mu, J.; Zhang, L.; Steinman, L.; et al. Treatment of Brain
Inflammatory Diseases by Delivering Exosome Encapsulated Anti-Inflammatory Drugs From the Nasal Region to the Brain. Mol.
Ther. 2011, 19, 1769-1779. [CrossRef]

Sun, D.; Zhuang, X,; Xiang, X.; Liu, Y,; Zhang, S.; Liu, C.; Barnes, S.; Grizzle, W.; Miller, D.; Zhang, H.-G. A Novel Nanoparticle
Drug Delivery System: The Anti-Inflammatory Activity of Curcumin Is Enhanced When Encapsulated in Exosomes. Mol. Ther.
2010, 18, 1606-1614. [CrossRef]

Rifaai, R.A.; Mokhemer, S.A.; Saber, E.A_; El-Aleem, S.A.A.; El-Tahawy, N.F.G. Neuroprotective Effect of Quercetin Nanoparticles:
A Possible Prophylactic and Therapeutic Role in Alzheimer’s Disease. J. Chem. Neuroanat. 2020, 107, 101795. [CrossRef] [PubMed]
Zhao, N.; Yang, X.; Calvelli, HR.; Cao, Y.; Francis, N.L.; Chmielowski, R.A.; Joseph, L.B.; Pang, Z.P.; Uhrich, K.E.; Baum, | ; et al.
Antioxidant Nanoparticles for Concerted Inhibition of x-Synuclein Fibrillization, and Attenuation of Microglial Intracellular
Aggregation and Activation. Front. Bioeng. Biotechnol. 2020, 8, 112. [CrossRef] [PubMed]

Motavaf, M.; Sadeghizadeh, M.; Babashah, S.; Zare, L.; Javan, M. Protective Effects of a Nano-Formulation of Curcumin against
Cuprizone-Induced Demyelination in the Mouse Corpus Callosum. Iran. ]. Pharm. Res. IJPR 2020, 19, 310-320. [CrossRef]
[PubMed]

Tomalia, D.A.; Baker, H.; Dewald, J.; Hall, M.; Kallos, G.; Martin, S.; Roeck, ].; Ryder, J.; Smith, P. A New Class of Polymers:
Starburst-Dendritic Macromolecules. Polym. J. 1985, 17, 117-132. [CrossRef]


http://doi.org/10.3390/nano11051066
http://doi.org/10.1021/acs.nanolett.9b04216
http://www.ncbi.nlm.nih.gov/pubmed/31789044
http://doi.org/10.1016/j.jphotobiol.2019.111635
http://www.ncbi.nlm.nih.gov/pubmed/31671372
http://doi.org/10.2147/IJN.S195218
http://www.ncbi.nlm.nih.gov/pubmed/31118612
http://doi.org/10.1007/s13205-019-1739-z
http://doi.org/10.1166/jnn.2019.15762
http://doi.org/10.1002/advs.201901555
http://doi.org/10.1186/1477-3155-11-32
http://doi.org/10.3389/fimmu.2017.01411
http://doi.org/10.1016/j.jconrel.2016.01.055
http://www.ncbi.nlm.nih.gov/pubmed/26836197
http://doi.org/10.1007/s11095-015-1664-8
http://www.ncbi.nlm.nih.gov/pubmed/25773719
http://doi.org/10.1016/j.biomaterials.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27736702
http://doi.org/10.1186/s12951-018-0340-7
http://www.ncbi.nlm.nih.gov/pubmed/29433522
http://doi.org/10.1096/fj.201700600R
http://doi.org/10.1007/s11064-018-2641-5
http://www.ncbi.nlm.nih.gov/pubmed/30259257
http://doi.org/10.1074/jbc.M114.577213
http://doi.org/10.1016/j.febslet.2014.11.027
http://doi.org/10.1038/mt.2011.164
http://doi.org/10.1038/mt.2010.105
http://doi.org/10.1016/j.jchemneu.2020.101795
http://www.ncbi.nlm.nih.gov/pubmed/32464160
http://doi.org/10.3389/fbioe.2020.00112
http://www.ncbi.nlm.nih.gov/pubmed/32154238
http://doi.org/10.22037/ijpr.2020.112952.14033
http://www.ncbi.nlm.nih.gov/pubmed/33680032
http://doi.org/10.1295/polymj.17.117

Int. J. Mol. Sci. 2021, 22, 10639 26 of 26

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Grayson, S.M.; Fréchet, ].M. Convergent Dendrons and Dendrimers: From Synthesis to Applications. Chem. Rev. 2001, 101,
3819-3868. [CrossRef]

Sharma, A.; Liaw, K; Sharma, R.; Zhang, Z.; Kannan, S.; Kannan, R.M. Targeting Mitochondrial Dysfunction and Oxidative Stress
in Activated Microglia Using Dendrimer-Based Therapeutics. Theranostics 2018, 8, 5529-5547. [CrossRef] [PubMed]

Dai, H.; Navath, R.S.; Balakrishnan, B.; Guru, B.R.; Mishra, M.K.; Romero, R.; Kannan, R.M.; Kannan, S. Intrinsic Targeting of
Inflammatory Cells in the Brain by Polyamidoamine Dendrimers upon Subarachnoid Administration. Nanomedicine 2010, 5,
1317-1329. [CrossRef]

Bertero, A.; Boni, A.; Gemmi, M.; Gagliardi, M.; Bifone, A.; Bardi, G. Surface Functionalisation Regulates Polyamidoamine
Dendrimer Toxicity on Blood-Brain Barrier Cells and the Modulation of Key Inflammatory Receptors on Microglia. Nanotoxicology
2014, 8, 158-168. [CrossRef]

Kannan, S.; Dai, H.; Navath, R.S.; Balakrishnan, B.; Jyoti, A.; Janisse, J.; Romero, R.; Kannan, R.M. Dendrimer-Based Postnatal
Therapy for Neuroinflammation and Cerebral Palsy in a Rabbit Model. Sci. Transl. Med. 2012, 4, 130ra46. [CrossRef]

Zhang, F.; Mastorakos, P.; Mishra, M.K.; Mangraviti, A.; Hwang, L.; Zhou, J.; Hanes, J.; Brem, H.; Olivi, A.; Tyler, B.; et al. Uniform
Brain Tumor Distribution and Tumor Associated Macrophage Targeting of Systemically Administered Dendrimers. Biomaterials
2015, 52, 507-516. [CrossRef]

DeRidder, L.; Sharma, A.; Liaw, K.; Sharma, R.; John, J.; Kannan, S.; Kannan, R.M. Dendrimer-Tesaglitazar Conjugate Induces a
Phenotype Shift of Microglia and Enhances 3-Amyloid Phagocytosis. Nanoscale 2021, 13, 939-952. [CrossRef]

Liu, Y,; Guo, Y;; An, S.; Kuang, Y.; He, X.;; Ma, H,; Li, J.; Lu, J.; Lv, J.; Zhang, N.; et al. Targeting Caspase-3 as Dual Therapeutic
Benefits by RNAi Facilitating Brain-Targeted Nanoparticles in a Rat Model of Parkinson’s Disease. PLoS ONE 2013, 8, €62905.
[CrossRef]

Kahn, E.; Vejux, A.; Ménétrier, F.; Maiza, C.; Hammann, A.; Sequeira-Le Grand, A.; Frouin, F; Tourneur, Y.; Brau, F; Riedinger,
J.-M.; et al. Analysis of CD36 Expression on Human Monocytic Cells and Atherosclerotic Tissue Sections with Quantum Dots:
Investigation by Flow Cytometry and Spectral Imaging Microscopy. Anal. Quant. Cytol. Histol. 2006, 28, 14-26. [PubMed]
Kahn, E.; Lizard, G.; Monier, S.; Bessede, G.; Frouin, F.; Gambert, P.; Todd-Pokropek, A. Flow Cytometry and Factor Analysis
Evaluation of Confocal Image Sequences of Morphologic and Functional Changes Occurring at the Mitochondrial Level during
7-Ketocholesterol-Induced Cell Death. Anal. Quant. Cytol. Histol. 2002, 24, 355-362. [PubMed]

Ren, C.; Li, D.; Zhou, Q.; Hu, X. Mitochondria-Targeted TPP-MoS2 with Dual Enzyme Activity Provides Efficient Neuroprotection
through M1/M2 Microglial Polarization in an Alzheimer’s Disease Model. Biomaterials 2020, 232, 119752. [CrossRef] [PubMed]


http://doi.org/10.1021/cr990116h
http://doi.org/10.7150/thno.29039
http://www.ncbi.nlm.nih.gov/pubmed/30555562
http://doi.org/10.2217/nnm.10.89
http://doi.org/10.3109/17435390.2013.765054
http://doi.org/10.1126/scitranslmed.3003162
http://doi.org/10.1016/j.biomaterials.2015.02.053
http://doi.org/10.1039/D0NR05958G
http://doi.org/10.1371/journal.pone.0062905
http://www.ncbi.nlm.nih.gov/pubmed/16566276
http://www.ncbi.nlm.nih.gov/pubmed/12508695
http://doi.org/10.1016/j.biomaterials.2019.119752
http://www.ncbi.nlm.nih.gov/pubmed/31923845

	Introduction 
	DHA Biochemistry 
	Impact of DHA on Cell Death and Oxidative Stress Induced in Microglial: In Vitro Studies 
	Impact of DHA on Inflammation Induced by Microglia in Neurodegenerative Diseases: In Vitro and Animal Studies 
	In Vitro Results 
	In Vivo Models 
	Neuroinflammation Mediated by LPS 
	Alzheimer Disease 
	Multiple Sclerosis 

	Some Other Neuropathologies 

	DHA, Clinical Trials, and Neurodegenerative Diseases 
	Brain Nanomedicine and Microglia 
	Nanoparticles 
	Lipid-Based Nanoparticles 
	Metal Nanoparticles 
	Polymer Nanoparticles and Mesoporous Silica Nanoparticles 
	Cell-Derived Nanoparticles 
	Antioxidant Nanoparticles 

	Dendrosomal Nanoparticles 
	Dendrimers and Other Dendritic Polymers 
	Quantum Dots 

	Conclusions 
	References

