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Abstract: Lipid mediators from fatty acid oxidation have been shown to be associated with the severity
of Krabbe disease (KD), a disorder linked to mutations in the galactosylceramidase (GALC) gene. This
study aims to investigate the effects of n-3 polyunsaturated fatty acid (PUFA) supplementation on KD
traits and fatty acid metabolism using Twitcher (Tw) animals as a natural model for KD. Wild-type
(Wt), heterozygous (Ht), and affected Tw animals were treated orally with 36 mg n-3 PUFAs/kg
body weight/day from 10 to 35 days of life. The end product of PUFA peroxidation (8-isoprostane),
the lipid mediator involved in the resolution of inflammatory exudates (resolvin D1), and the total
amount of n-3 PUFAs were analyzed in the brains of mice. In Tw mice, supplementation with n-3
PUFAs delayed the manifestation of disease symptoms (p < 0.0001), and in the bran, decreased
8-isoprostane amounts (p < 0.0001), increased resolvin D1 levels (p < 0.005) and increased quantity of
total n-3 PUFAs (p < 0.05). Furthermore, total brain n-3 PUFA levels were associated with disease
severity (r = −0.562, p = 0.0001), resolvin D1 (r = 0.712, p < 0.0001), and 8-isoprostane brain levels
(r = −0.690, p < 0.0001). For the first time in a natural model of KD, brain levels of n-3 PUFAs are
shown to determine disease severity and to be involved in the peroxidation of brain PUFAs as well as
in the production of pro-resolving lipid mediators. It is also shown that dietary supplementation
with n-3 PUFAs leads to a slowing of the phenotypic presentation of the disease and restoration of
lipid mediator production.

Keywords: omega-3 PUFA; omega-3 enriched diet; fatty acid profile; brain; isoprostanes; resolvins;
Krabbe disease

1. Introduction

In cell membranes, the lipid profile is mainly understood as the composition of fatty
acids, e.g., polyunsaturated fatty acids (PUFAs), long- or short-chain PUFAs, omega-3 (n-3)
or omega-6 (n-6) PUFAs, has been studied in neurological diseases [1,2]. In neurological
disorders in particular, but not only [3,4], the relevance of n-3 PUFAs and n-6 PUFAs to the
pathological condition has been investigated, and the effects of dietary interventions aimed
at altering the ratio of n-6 PUFAs to n-3 PUFAs have been assessed [1,2,5].

The brain is enriched in lipids. Docosahexaenoic acid (DHA, 22:6n-3), one of the
most abundant PUFAs in the brain, together with arachidonic acid (AA, 20:4n-6) [6],
has been evaluated as a beneficial molecule for reducing cell death, for recovering from
damage and improving cognitive function [7–14], and for assuring the physiological brain
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development [15–17], although DHA effects are still debated and need to be explored in
depth [18,19]. In addition, eicosapentaenoic acid (EPA, 20:5n-3), an n-3 PUFA, is thought to
regulate brain function [14], improve memory and attention [12,13], and maintain brain
volume [13]. Thus, EPA’s relevance in maintaining healthy brain function is emphasized.
Moreover, n-3 PUFAs have been shown to reduce recurrent epilepsy seizures [20–22], even
if the blood increase, on a genetic basis, of PUFAs was found to be associated with an
increased risk of epilepsy [23]. EPA and DHA are the long-chain PUFA derivatives of
alpha-linolenic acid (ALA, 18:3n-3). Frequently, the more abundant PUFAs in the diet are
linoleic acid (LA, 18:2n-6) and ALA. LA and ALA are not synthesized in animals and are
regarded as essential fatty acids [4,24]. Overall, the ratio of n-3 to n-6 PUFAs is considered
a critical factor for the regulation of neurophysiological and cognitive functions [6].

In Krabbe disease (KD), because of mutations in the galactosylceramidase (GALC)
gene, deposition of the toxic lipid D-glucosyl-beta1-1′-sphingosine (GluSph) in the brain
occurs [25]. The Twitcher mouse (Tw) is an enzymatically authentic model of human
KD. It is deficient in GALC enzyme activity, shares many of the neuropathological and
biochemical features of human KD, is the most commonly used animal model to study
KD pathogenesis and is used for experimental therapies [25–27]. Heterozygous (Ht) mice
carry one copy of a mutation that causes KD-like disease. As in human KD, the disease
is rapidly progressive in the Tw mouse model, and interventional approaches have been
tested to prevent significant damage to myelinating cells [28,29]. In Tw mouse, neurological
symptoms appear between 15 and 20 days after birth and include tremors, progressive
paralysis of the hind limbs, and loss of coordination [30,31]. Interestingly, Ht mice have
been studied and compared to Tw animals [26] to better understand the increased risk of
developing a number of different diseases in Ht carriers. In the murine Tw model, brain
levels of oxygenated PUFA metabolites (i.e., isoprostanes, IsoPs) and pro-resolving lipid
mediators, in particular resolvin (Rv)D1 derived from DHA, have been found to be relevant
for the severity of the disease [32,33]. Interestingly, a lipidomic approach to studying the
nervous system was performed in homozygous Tw mice, and it was found that lipid classes
differed significantly from those of wild-type mice [34]. Moreover, a specific fatty acid
profile was found in Tw mice compared to wild–type (Wt) mice [35], and a mechanism has
been described in which psychosine toxicity in KD is associated with membrane lipid raft
disruption and membrane microsimulation [36].

In this study, we used the Tw mouse as a KD model to investigate whether dietary n-3
PUFAs can modulate brain n-3 PUFA content, brain PUFA oxidation, and KD severity. The
study was performed in Wt control mice, Ht carriers of the GALC mutation, as unaffected
mice, and affected Tw mice fed with or without dietary supplementation of n-3 PUFAs.

2. Results
2.1. Disease Severity Scoring

In the study, each animal was assigned a score between 0.0 and 4.0 according to the
phenotypic characteristics using the scoring criteria described in Materials and Methods
(Severity score of disease). A higher score meant a higher severity of the disease. In the Tw
mice, the disease severity scores assigned to each animal on days 8, 15, 21, 24, 30, and 34
were found to be significantly different. (ANOVA test, p < 0.0001, n = 210). In particular,
it was found that the time of onset of phenotypic disease was delayed in Tw mice under
n-3 PUFA treatment. On days 27 and 30, the severity of the disease was significantly
lower (p < 0.0001) in the n-3 PUFA supplemented Tw than in the unsupplemented (no n-3
PUFA supplementation) mice. Although supplemented (n-3 PUFA supplemented Tw) and
unsupplemented Tw mice showed no significant difference in disease severity on the day
before sacrifice (day 34), the time of delay in disease symptoms as a result of n-3 PUFA
supplementation was evident (Figure 1).
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Figure 1. Disease severity score was recorded from day 15 to day 34 in both Tw mice. Panel (A) Tw 
mice without n-3 PUFA supplementation; panel (B), Tw animals supplemented with n-3 PUFAs. 
Data are expressed as medians (points); bars are interquartile ranges. The differences between the 
groups were compared using the nonparametric Kruskal–Wallis test (p < 0.0001, 14 groups, n = 210) 
followed by the nonparametric Mann–Whitney test (significant p values are displayed in the figure). 
The displayed statistical comparisons are referred to as n-3 PUFA treated Tw 27 vs. Tw 27 and n-3 
PUFA treated Tw 30 vs. Tw 30. The number of animals was n = 15 for each group. Legend: Tw, 
twitcher; the associated number (15, 18, 21, 24, 27, 30, 34) indicates the day of score recording. In the 
name of the group, “treated” stands for “supplemented”. 

2.2. RvD1 in KD Brain 
RvD1 values detected in brain tissues in all the experimental groups (Wt, Ht, Tw, n-

3 PUFA Supplemented Wt, n-3 PUFA Supplemented Ht, n-3 PUFA Supplemented Tw) 
were compared by multiple comparison analysis test (ANOVA test) and were found 
significantly different (ANOVA test, p < 0.0001, n = 90). The evaluation of RvD1 levels in 
brain tissue shows a significant RvD1 reduction in Tw mice compared to Wt and Ht 
animals under basal conditions (i.e., without supplementation with n-3 PUFAs) (Figure 
2). Notably, the amount of RvD1 in the brain was shown to be decreased with the increase 
of phenotypical manifestations in KD mice.t 

In mice supplemented with n-3 PUFAs, Tw and Ht show an increase in RvD1 levels. 
Remarkably, RvD1 brain levels are significantly increased in Tw mice treated with n-3 
PUFA compared to Tw animals without n-3 PUFA supplementation, whereas RvD1 
amounts in Tw animals supplemented with n-3 PUFAs are not significantly different from 
those of Wt animals supplemented with n-3 PUFAs and non-supplemented Wt animals. 
The RvD1 levels in the brains of Ht and Tw animals supplemented with n-3 PUFAs also 
did not differ. Thus, supplementation with DHA and EPA achieves a relevant 
improvement in the production of the lipid mediator (RvD1), which is mainly involved in 
the resolution of the inflammatory process (Figure 2). 

Figure 1. Disease severity score was recorded from day 15 to day 34 in both Tw mice. Panel (A)
Tw mice without n-3 PUFA supplementation; panel (B), Tw animals supplemented with n-3 PUFAs.
Data are expressed as medians (points); bars are interquartile ranges. The differences between the
groups were compared using the nonparametric Kruskal–Wallis test (p < 0.0001, 14 groups, n = 210)
followed by the nonparametric Mann–Whitney test (significant p values are displayed in the figure).
The displayed statistical comparisons are referred to as n-3 PUFA treated Tw 27 vs. Tw 27 and n-3
PUFA treated Tw 30 vs. Tw 30. The number of animals was n = 15 for each group. Legend: Tw,
twitcher; the associated number (15, 18, 21, 24, 27, 30, 34) indicates the day of score recording. In the
name of the group, “treated” stands for “supplemented”.

2.2. RvD1 in KD Brain

RvD1 values detected in brain tissues in all the experimental groups (Wt, Ht, Tw, n-3
PUFA Supplemented Wt, n-3 PUFA Supplemented Ht, n-3 PUFA Supplemented Tw) were
compared by multiple comparison analysis test (ANOVA test) and were found significantly
different (ANOVA test, p < 0.0001, n = 90). The evaluation of RvD1 levels in brain tissue
shows a significant RvD1 reduction in Tw mice compared to Wt and Ht animals under
basal conditions (i.e., without supplementation with n-3 PUFAs) (Figure 2). Notably, the
amount of RvD1 in the brain was shown to be decreased with the increase of phenotypical
manifestations in KD mice.

In mice supplemented with n-3 PUFAs, Tw and Ht show an increase in RvD1 levels.
Remarkably, RvD1 brain levels are significantly increased in Tw mice treated with n-3 PUFA
compared to Tw animals without n-3 PUFA supplementation, whereas RvD1 amounts
in Tw animals supplemented with n-3 PUFAs are not significantly different from those
of Wt animals supplemented with n-3 PUFAs and non-supplemented Wt animals. The
RvD1 levels in the brains of Ht and Tw animals supplemented with n-3 PUFAs also did not
differ. Thus, supplementation with DHA and EPA achieves a relevant improvement in the
production of the lipid mediator (RvD1), which is mainly involved in the resolution of the
inflammatory process (Figure 2).

2.3. F2-IsoP in KD Brain

Eight-IsoP, a representative isomer of F2-IsoP compounds as described above, was
analyzed in the brain homogenate of all animals (Figure 3). The amounts of 8-IsoP measured
in each experimental group were compared and found to be statistically different (ANOVA
test, p < 0.0001, n = 90). Although significant differences are maintained between Wt,
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Ht, and Tw within each group (with and without supplementation), some significant
differences are highlighted due to the n-3 PUFA supplementation performed. As the most
important result, a significant decrease in brain 8-isoP levels was observed in the Tw-treated
group compared to the untreated Tw mice (difference between medians = 6.15, p < 0.0001).
In addition, brain 8-IsoP levels were also significantly lower in the PUFA-treated Ht animals
compared to non-supplemented Ht mice (difference between medians = 1.80, p = 0.04).
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the nonparametric Kruskal–Wallis test (p = 0.0001, six groups, n = 90), followed by the nonparametric 
Mann–Whitney test (significant p values are displayed in the figure). For each experimental group, 
the dots represent individual data, horizontal lines represent the medians, and the error bars 
represent the 95% interquartile range. A description of the statistical results is reported in the text. 
The number of animals was n = 15 for each group. Legend: Wt, wild-type; Hz, heterozygotes; Tw, 
twitcher. In the name of the group, “treated” stands for “supplemented”. 
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The 8-IsoP levels in Tw and Ht mice supplemented with n-3 PUFAs do not decrease 
with respect to the levels found in Wt animals (supplemented or not) but are significantly 
reduced compared to the corresponding non-supplemented Tw and Ht mice. Therefore, 
following n-3 PUFA supplementation, a partial and significant reduction in lipid damage 
occurs, even if the amounts observed in the Wt control mice are not restored 

Figure 2. Dot plots of RvD1 brain levels in n-3 PUFA supplemented or non-supplemented wild-type
(Wt), heterozygous (Ht), and twitcher (Tw) mice. Differences between groups were compared using
the nonparametric Kruskal–Wallis test (p = 0.0001, six groups, n = 90), followed by the nonparametric
Mann–Whitney test (significant p values are displayed in the figure). For each experimental group,
the dots represent individual data, horizontal lines represent the medians, and the error bars represent
the 95% interquartile range. A description of the statistical results is reported in the text. The number
of animals was n = 15 for each group. Legend: Wt, wild-type; Hz, heterozygotes; Tw, twitcher. In the
name of the group, “treated” stands for “supplemented”.

The 8-IsoP levels in Tw and Ht mice supplemented with n-3 PUFAs do not decrease
with respect to the levels found in Wt animals (supplemented or not) but are significantly
reduced compared to the corresponding non-supplemented Tw and Ht mice. Therefore,
following n-3 PUFA supplementation, a partial and significant reduction in lipid damage
occurs, even if the amounts observed in the Wt control mice are not restored.

2.4. n-3 and n-6 PUFA Contents in Brain Tissue

When evaluating the total amount of n-3 PUFAs in the brain tissue, statistical differ-
ences were found between the test groups (ANOVA test, p < 0.0001, n = 60). The applied
n-3 PUFA supplementation induced an increase in n-3 PUFA brain levels compared to the
corresponding non-supplementation state. Such an increase was more pronounced in Tw
and Ht than in Wt (Tw = Ht > Wt) (Figure 4).
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type; Hz, heterozygotes; Tw, twitcher. In the name of the group, “treated” stands for “supple-
mented”. 

2.4. n-3 and n-6 PUFA Contents in Brain Tissue 
When evaluating the total amount of n-3 PUFAs in the brain tissue, statistical differ-

ences were found between the test groups (ANOVA test, p < 0.0001, n = 60). The applied 
n-3 PUFA supplementation induced an increase in n-3 PUFA brain levels compared to the 
corresponding non-supplementation state. Such an increase was more pronounced in Tw 
and Ht than in Wt (Tw = Ht > Wt) (Figure 4). 

Figure 3. Dot plots of 8-IsoP brain levels in n-3 PUFA supplemented or non-supplemented wild-type
(Wt), heterozygous (Ht), and twitcher (Tw) mice. Differences between groups were compared using
the nonparametric Kruskal–Wallis test (p < 0.0001, six groups, n = 90), followed by the nonparametric
Mann–Whitney test (significant p values are displayed in the figure). As an additional and not
displayed significant comparison, n-3 PUFA Supplemented Tw were different from Wt (p < 0.0001).
For each experimental group, the dots represent individual data, horizontal lines represent the
medians, and the error bars represent the 95% interquartile range. A description of the statistical
results is reported in the text. The number of animals was n = 15 for each group. Legend: Wt, wild-
type; Hz, heterozygotes; Tw, twitcher. In the name of the group, “treated” stands for “supplemented”.

In brain tissue, total n-6 PUFA levels were measured. No difference was detected
when Wt, Ht, and Tw animals were compared, and no effect of n-3 PUFA treatment was
found. In the brain, total n-6 PUFA levels ranged from 2.88 to 2.95 (median values, mg/g
brain tissue) in the non-supplemented groups and from 2.93 to 3.31 (median values, mg/g
brain tissue) in the n-3 PUFA treated animals. In addition, no significant difference was
observed for the n-3/n-6 PUFA ratio both before and after n-3 PUFA supplementation, with
the value of the ratio (medians) ranging from 1.13 to 1.8 in the non-supplemented animals
and from 1.22 to 1.48 in the treated mice.

2.5. Correlation of Disease Severity, RvD1, and 8-IsoP to n-3 PUFAs

In all animals studied, the total amount of n-3 PUFAs in the brain correlated signifi-
cantly with the estimated disease severity, RvD1, and 8-isoP levels in the brain. Figure 5
shows the data for all animals with and without n-3 PUFA supplementation.

Remarkably, the level of n-3 PUFA in brain tissue was found to be significantly
correlated with brain levels of 8-IsoP, disease severity, and RvD1 brain levels both before
and after n-3 PUFA supplementation (Table 1).
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Table 1. Data for Spearman correlation between n-3 PUFA content in the brain and disease severity,
RvD1 or 8-IsoP, before and after n-3 PUFA supplantation.

Spearman Correlation Before n-3 PUFA Supplementation After n-3 PUFAs Supplementation

n-3 PUFAs vs. disease severity

Spearman coefficient r = –0.63 95% C.I.:
−0.8414 to −0.2424,
n pairs = 20
p = 0.003

Spearman coefficient r = –0.66 95% C.I.:
−0.8557 to −0.2896
n pairs = 20
p = 0.002

n-3 PUFAs vs. RvD1

Spearman coefficient r = 0.70, 95% C.I.:
0.3486 to 0.8723
n pairs = 20
p < 0.001

Spearman coefficient r = 0.70, 95% C.I.:
0.3486 to 0.8723
n pairs = 20
p < 0.001

n-3 PUFAs vs. 8-IsoP

Spearman coefficient r = –0.68, 95% C.I.:
−0.8671 to −0.3296
n pairs = 20
p < 0.001

Spearman coefficient r = –0.84, 95% C.I.:
−0.9363 to −0.6223
n pairs = 20
p < 0.001

The Spearman coefficient (r), the lower and upper limits of the 95% confidence intervals (C.I.), the number of data
pairs (n pairs), and the p-values are shown.
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Figure 4. Dot plots of brain amounts of n-3 PUFAs in wild-type (Wt), heterozygous (Ht), and twitcher
(Tw) mice supplemented and non-supplemented with n-3 PUFAs. Differences between groups were
compared using the nonparametric Kruskal–Wallis test (p < 0.0001, six groups, n = 60), followed by
the nonparametric Mann–Whitney test (significant p values are shown). Additional and not shown
significant comparisons: Wt differed from n-3 PUFA supplemented Wt (p = 0.0011); n-3 Supplemented
Ht vs. Wt (p = 0.0185). For each experimental group, the dots represent individual data, horizontal
lines represent the medians, and the error bars represent the 95% interquartile range. A description
of the statistical results is reported in the text. The number of animals was n = 10 for each group.
Legend: Wt, wild-type; Hz, heterozygotes; Tw, twitcher. In the name of the group, “treated” stands
for “supplemented”.
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Figure 5. Relationship between disease severity, RvD1, and 8-IsoP, and the total amount of n-3 PUFAs
in brain tissue. (A) Scatter plot for n-3 PUFA content in brain tissue and disease severity. Several
animals had the same severity. Scores were assigned as described in Methods. (B) Scatter plot for
brain RvD1 content and total n-3 PUFAs. (C) Scatter plot for 8-IsoP and total n-3 PUFAs. Both
supplemented and non-supplemented n-3 PUFA cases were included. The relationship between each
pair of variables was tested using the Spearman correlation test. The Spearman coefficient (r), the
lower and upper limits of the 95% confidence intervals (C.I.), the number of data pairs (n pairs), and
the p-values are shown.

3. Discussion

Oxidative stress and inflammation are known to contribute to the onset and progres-
sion of chronic degenerative diseases. PUFAs, which modulate both antioxidant signaling
pathways and inflammatory processes, are widely implicated in the pathophysiology of
chronic diseases. In addition, n-3 PUFAs, particularly EPA and DHA, have been associated
with a lower incidence of chronic inflammatory diseases [4,37,38]. Here, these issues were
investigated in KD, where free radical-triggered fatty acid oxidation and impairment of
resolution of inflammation are considered relevant factors in KD brain pathology [33].

Supplementation with DHA and EPA slows the phenotypic manifestation of the
disease and largely normalizes the biochemical processes involved in the enzymatic and free
radical-triggered oxidation of PUFAs. In fact, 8-IsoP levels, although significantly reduced
compared to the non-supplemented Tw, in supplemented Tw do not reach the levels found
in the Wt control animals, whereas the RvD1 values in the supplemented Tw normalize to
the values measured in the Wt control mice, both supplemented and non-supplemented
animals. Considering this result, Tw mice probably benefit from supplementation with n-3
PUFAs because these stimulate the resolution of inflammation. Furthermore, it is necessary
to consider that 8-IsoP derives from the oxidation of arachidonic acid, while RvD1 derives
from the enzymatic metabolism of DHA. Therefore, multiple aspects of lipid oxidative
metabolism are presumably implicated in the symptoms of KD and might be differently
modulated by n-3 PUFA supplementation.

Increases in pro-resolving mediators and beneficial changes in circulating pro-resolving
mediators were found as results of a clinical trial after marine n-3 fatty acid supplementa-
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tion [39]. Moreover, nutritional supplementation with n-3 PUFAs and antioxidants was
also associated with good maintenance of cognitive status in patients with mild cognitive
impairment [40,41]. The relevance of n-3 PUFA supplementation in the management of
chronic inflammatory pathologies was documented in several different clinical conditions,
even in conditions where the intake of fatty acids must be limited, such as, for example,
in hepatic steatosis [42]. This reinforces the concept that the supplementation with n-3
PUFAs is to be considered as a supply of fatty acids able to support the resolution of in-
flammation, determining a resolvin up-regulation. Thus, also in the investigated Tw model,
where a specific fatty acid profile was detected in the brain and serum of Tw mice [35],
the n-3 PUFA supplementation is here demonstrated to be useful in modulating the sever-
ity of the disease, the oxidative lipid damage and the production of a mediator for the
resolution of inflammation. It is suggested that therapeutic approaches that promote the
resolution of inflammation rather than block inflammation (anti-inflammatories) may be
warranted [43,44], and in this sense, there are numerous efforts to target production or
receptors of the specialized pro-resolving mediators, among which RvD1 is included. RvD1
has also already been shown to resolve neuroinflammation after brain damage, and in
hemicerebellectomy, a reduced ability to produce RvD1 has been reported [45]. Moreover,
RvD1 treatment was found to ameliorate neuroinflammation and improve neurological
function neuroinflammation in different conditions [46,47]. The relevance of specialized
pro-resolving mediators from fatty acid oxidation in neurological and psychiatric disor-
ders has been deeply investigated, beneficial effects have been reported, and therapeutic
strategies have been suggested [48]. In KD, neuroinflammation is observed as in most
leukodystrophies and coincides with white matter pathology [49]. Thus, it is not surprising
that there is an interest in the role of dietary PUFAs in ameliorating such diseases through
the production of useful lipid mediators. Pharmacological combined protocols, including
n-3 PUFAs and pro-resolving mediators, could be able to interact at multiple levels in
the cross-talk of the pathophysiological mechanisms. The ability of lipids to cross the
blood-brain barrier, as well as the availability of a suitable vehicle to deliver drugs to treat
neurological disorders [50], can support the increase in total n-3 PUFA levels shown in the
brain tissue of the experimental model investigated. The ability of n-3 PUFAs to cross the
blood-brain barrier has been investigated, and it was shown that in aging, the modification
of the metabolism of peripheral plasma n-3 PUFAs modifies the amount of n-3 PUFAs
available for uptake by the brain [51].

To underline the possibility of using supplementation with n-3 PUFAs in neurological
diseases, appear to be relevant the studies concerning the effects of n-3 PUFA supple-
mentation in a further genetic neurological disease. In an early stage of Rett syndrome
(OMIM#312750), oral supplementation with fish oil (containing DHA and EPA) of pa-
tients led to a significant reduction in clinical severity along with a significant decrease in
oxidative damage of fatty acids and the reduction of fatty acid anomalies present in the
erythrocyte membranes of subjects affected by Rett syndrome [1,2].

4. Materials and Methods
4.1. Animals

As previously described, the Tw mouse is a current model of human KD. Pairs of
mice carrying the GALC mutation (W339X) were crossed repeatedly to obtain a progeny of
TW mice. The diseased mice were generated according to the probability of 25% (i.e., 1 in
4 pups) for each offspring; therefore, the affected Tw animals here investigated belonged
to different litters. The animals were housed in plastic cages in our facility at the Depart-
ment of Biomedical and Biotechnological Sciences (University of Catania), following the
provisions of community and national legislation, and were fed a standard granulated feed
supplemented with n-3 PUFAs, as described below, and tap water ad libitum.

The mice were sacrificed on the 35th day of life, close to the death time of the affected
Tw animals.
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The Institutional Animal Care and Use Committee approved all experimental proce-
dures involving animals in accordance with institutional guidelines for animal care and
use (Project no. 364; authorization no. 61/2022-PR).

4.2. Severity Score of Disease

In Krabbe-affected mice (Tw mice), clinical symptoms develop at the onset of the active
myelination period, and if untreated, the lifespan is approximately 35 days.

Starting from the 15th day of the life of the animals, the body weight was monitored
every 3–4 days, and the evaluation of coordination tests, closure of the hind limbs, gait, and
onset and severity of tremor was carried out [32]. As previously described [32], the severity
of the disease was calculated and assigned for each parameter assessed (coordination tests,
hindlimb closure, gait, and tremor) using a scoring system consisting of a scale from 0 to
4. In this scoring system, a score of 0 was assigned for the absence of the KD phenotype,
while a score of 4 was assigned for a severe expression of the disease signs assessed. All
the individual scores were combined to attribute a single final score to each animal. The
described evaluation procedure was able to detect both differences in disease severity
between strains and differences over time within the same strain.

4.3. Diet

To study the effects of a diet supplemented with n-3 PUFAs, mice fed a standard diet
and, starting from the 10th day, aliquots of a para-pharmaceutical Omega 3 fish oil, 90%
minimum content of n-3 PUFAs (Fagron Omega 3 Forte 60prl, Italian Ministry Registration
Code: 923513838, Fagron Italia Srl, Quarto Inferiore, Bologna, Italy), containing the ethyl
esters of DHA (240 mg/g) and EPA (510 mg/g) were administered orally to Ht and Tw
animals to treat with 36 mg of n-3 PUFAs/kg body weight/day, an amount known to have
beneficial effects [52–54]. A group of Wt mice was equally supplemented with n-3 PUFAs
(36 mg/kg body weight/day).

Furthermore, additional Wt, Ht, and Tw animals were on a standard diet as con-
trol groups.

In detail, animals were grouped as follows:
1th group: healthy mice on standard diet (n = 15) (Wt in Figures 2–4);
2nd group: unaffected heterozygous mice on standard diet (n = 15) (Ht in Figures 2–4);
3rd group: affected twitcher mice on standard diet (n = 15) (Tw in Figures 1–4);
4th group: healthy mice, on standard diet and n-3 PUFA supplementation (n = 15) (n-3

PUFA Supplemented Wt in Figures 2–4);
5th group: unaffected heterozygous mice, on standard diet and n-3 PUFA supplemen-

tation (n = 15) (n-3 PUFA Supplemented Ht in Figures 2–4);
6th group: affected twitcher mice, on a standard diet and −3 PUFA supplementation

(n = 15) (n-3 PUFA Supplemented Tw in Figures 1–4).

4.4. Collection of Animal Brain Samples

At the time of the sacrifice, on the 35th day (postnatal day, terminal course of the dis-
ease), mice were sacrificed with CO2, and then, the brains were removed and immediately
stored at −80 ◦C until further experiments. At the time of analysis, the whole brain was
homogenized in phosphate-buffered saline (PBS), pH 7.4 (10% w/v).

4.5. Fatty Acid Assessment in Brain Tissue

Fatty acids were determined in whole brain tissue, previously homogenized in
phosphate-buffered saline (PBS), pH 7.4 (10 % w/v). As previously reported for ery-
throcytes or spermatozoa [2,55], phospholipids were first extracted and then converted
into fatty acid methyl esters (FAMEs) by an alkali-catalyzed transesterification reaction in a
methanol solution of 0.5 M KOH [56–58]. The FAMEs obtained were then analyzed by a gas
chromatograph (Agilent 7890B, Agilent Technologies, Milan, Italy) using a capillary column
(60 m × 0.25 mm × 0.20 µm, Rtx-2330, Restek, Milan, Italy) and a flame ionization detec-
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tor. Details of gas chromatography conditions: injector temperature, 250 ◦C; temperature
started from 50 ◦C, held for 1 min, followed by an increase of 25 ◦C/min up to 175 ◦C, held
for 3 min, followed by a second increase of 4 ◦C/min up to 230 ◦C, and held for 30 min.;
constant pressure mode (25.9 psi); hydrogen as carrier gas (flow, 1.89 mL/min); injector
temperature 250 ◦C, volume injection 1 µL, splitess mode. The identification of methyl
esters was performed by comparing them with authentic molecules. All the determinations
were performed at the Lipidomics Laboratory, Lipinutragen Srl, CNR Area della Ricerca di
Bologna, Italy.

4.6. Resolvin (Rv) D1 Immunoassay

In brain tissue (10% w/v, whole brain homogenate in PBS, pH 7.4), RvD1 levels were
immunodetected (Cat No. MBS2600566, MyBio-Source, San Diego, CA, USA). Briefly, a
sandwich technique, defined as double because more than two possible antigen epitopes
can be identified by both the pre-coated capture antibody and the detection antibody
simultaneously, was applied. A biotin-labeled antibody and a horseradish peroxidase-
avidin conjugate were used. Sample optical density for absorbance measurement was
evaluated at 450 nm. A reference curve (authentic RvD1 amounts between 2000 pg/mL
and 31.2 pg/mL) was applied for sample RvD1 level determination, and the results were
expressed as pg/g brain tissue.

4.7. F2-Isoprostane (F2-IsoP) Determination in Mouse Brain

F2-IsoPs are shown as reliable biomarkers of PUFA oxidation, mainly by non-enzymatic
mechanisms, also in neurological diseases [59–61].

F2-IsoPs, commonly detected as 8-isoprostane (8-IsoP) is one F2-IsoP abundantly
produced in vivo by the oxidation of arachidonic acid [62,63], were previously reported to
be relevant to KD [32]. Here, 8-isoprostane was measured in whole mouse brain tissue in
its total amount (including 8-isoprostane released in free form and 8-isoprostane esterified
in lipids). Thus, sample hydrolysis was performed by adding 1 mM KOH solution (500 µL)
to an aliquot (1 mL) of brain homogenate and incubating at 45 ◦C for 45 min. Subsequently,
each sample was acidified, adding HCl (1 mM, 500 µL). The subsequent solid phase
extraction was carried out by applying onto a C18 cartridge (500 mg Sorbent per Cartridge,
55–105 µm Particle Size, 6cc, Waters, Milford, MA, USA) that was preconditioned with
methanol (5 mL) and water (5 mL). After the deposition of the sample, the cartridge was
washed with 10 mL water (pH 3); finally, 8-IsoP was eluted with methanol (5 mL). Eight
isoprostanes were immunologically detected by a competitive immunoassay (Item No.
516351, Cayman Chemical, Ann Arbor, MI, U.S.A.). A reference curve was applied to
determine 8-IsoP levels in each sample, and the results were expressed as ng/g brain tissue.

4.8. Statistical Analysis

The D’Agostino-Pearson normality test was applied to assess the normality of data.
Multiple comparisons were carried out by one-way analysis of variance (ANOVA), with
the Kruskal–Wallis test followed by the nonparametric Mann–Whitney test, on account
of non-normal data distribution. The association between variables was tested using the
Spearman rank correlation at 95% confidence intervals (95% C.I.). A two-tailed p ≤ 0.05
was considered to indicate statistical significance. The Graph-Pad Prism 8.4.2 statistical
software package was used for the data analysis.

5. Conclusions

The total amount of n-3 PUFAs in the brain tissue of the KD mouse model is related to
disease severity, PUFA peroxidation, and the production of pro-resolving lipid mediators
(Figure 6). Dietary supplementation with n-3 PUFA slows the phenotypic manifestation of
the disease and rebalances fatty acid oxidative processes by decreasing free radical-induced
oxidation and increasing enzymatic oxidation, leading to the production of bioactive lipid
mediators that play an important role in regulating inflammatory processes.



Int. J. Mol. Sci. 2024, 25, 7149 11 of 14

Int. J. Mol. Sci. 2024, 25, 7149 11 of 14 
 

 

each sample was acidified, adding HCl (1 mM, 500 µL). The subsequent solid phase ex-
traction was carried out by applying onto a C18 cartridge (500 mg Sorbent per Cartridge, 
55–105 µm Particle Size, 6cc, Waters, Milford, MA, USA) that was preconditioned with 
methanol (5 mL) and water (5 mL). After the deposition of the sample, the cartridge was 
washed with 10 mL water (pH 3); finally, 8-IsoP was eluted with methanol (5 mL). Eight 
isoprostanes were immunologically detected by a competitive immunoassay (Item No. 
516351, Cayman Chemical, Ann Arbor, MI, U.S.A.). A reference curve was applied to de-
termine 8-IsoP levels in each sample, and the results were expressed as ng/g brain tissue. 

4.8. Statistical Analysis 
The D�Agostino-Pearson normality test was applied to assess the normality of data. 

Multiple comparisons were carried out by one-way analysis of variance (ANOVA), with 
the Kruskal–Wallis test followed by the nonparametric Mann–Whitney test, on account of 
non-normal data distribution. The association between variables was tested using the 
Spearman rank correlation at 95% confidence intervals (95% C.I.). A two-tailed p ≤ 0.05 
was considered to indicate statistical significance. The Graph-Pad Prism 8.4.2 statistical 
software package was used for the data analysis. 

5. Conclusions 
The total amount of n-3 PUFAs in the brain tissue of the KD mouse model is related 

to disease severity, PUFA peroxidation, and the production of pro-resolving lipid media-
tors (Figure 6). Dietary supplementation with n-3 PUFA slows the phenotypic manifesta-
tion of the disease and rebalances fatty acid oxidative processes by decreasing free radical-
induced oxidation and increasing enzymatic oxidation, leading to the production of bio-
active lipid mediators that play an important role in regulating inflammatory processes. 

 
Figure 6. In a murine model of KD, total n-3 PUFAs in the brain are related to oxidative fatty acid 
metabolism in the brain and to the disease severity. Brain amounts of n-3 PUFAs are negatively 
related to both the disease severity score and 8-IsoP levels, whereas they are positively related to 
RvD1 brain levels. In symptomatic twitcher mice, dietary supplementation with DHA and EPA 
(both n-3 PUFAs) delays disease phenotypical manifestation, decreases lipid peroxidation in the 
brain, and increases the production of RvD1, which is a specialized mediator for inflammatory res-
olution. Legend: 8-IsoP, 8-isoprostane; AA, arachidonic acid; DHA, docosahexaenoic acid; RvD1 re-
solvin D1; n-3 PUFA, omega-3 polyunsaturated fatty acids; KD, Krabbe disease. Created with Bio-
Render.com and PowerPoint 2013 (Microsoft Office Professional Plus 2013, Redmond, WA, USA). 

Figure 6. In a murine model of KD, total n-3 PUFAs in the brain are related to oxidative fatty acid
metabolism in the brain and to the disease severity. Brain amounts of n-3 PUFAs are negatively
related to both the disease severity score and 8-IsoP levels, whereas they are positively related to
RvD1 brain levels. In symptomatic twitcher mice, dietary supplementation with DHA and EPA (both
n-3 PUFAs) delays disease phenotypical manifestation, decreases lipid peroxidation in the brain,
and increases the production of RvD1, which is a specialized mediator for inflammatory resolution.
Legend: 8-IsoP, 8-isoprostane; AA, arachidonic acid; DHA, docosahexaenoic acid; RvD1 resolvin D1;
n-3 PUFA, omega-3 polyunsaturated fatty acids; KD, Krabbe disease. Created with BioRender.com
and PowerPoint 2013 (Microsoft Office Professional Plus 2013, Redmond, WA, USA).

Author Contributions: Conceptualization, C.S. and V.C.; Data curation, C.S., G.C. and V.C.; Funding
acquisition, V.C. Sample collection, G.P., A.C.E.G. and V.C.; Methodology, C.S., G.P., A.C.E.G., G.C.,
E.M. and V.C.; Laboratory investigation, C.S., G.P., A.C.E.G., G.C., E.M. and V.C; Supervision, C.S.
and V.C.; Writing—original draft, C.S and V.C.; Writing—review and editing, C.S., G.P., A.C.E.G.,
G.C., E.M. and V.C. All authors have read and agreed to the published version of the manuscript.

Funding: This study was partially funded by the Italian Association for Leucodistrophy of Krabbe
“Progetto Grazia” (grant number 20821141006/55048726).

Institutional Review Board Statement: The animal study protocol was approved by the Institutional
Animal Care and Use Committee (Project no. 364; authorization no. 61/2022-PR).

Data Availability Statement: All authors had full access to all the data in the study and took
responsibility for the integrity of the data and the accuracy of the data analysis. All data used to
support the findings of this study are included within the article, and all data are available.

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

References
1. De Felice, C.; Signorini, C.; Durand, T.; Ciccoli, L.; Leoncini, S.; D’Esposito, M.; Filosa, S.; Oger, C.; Guy, A.; Bultel-Poncé, V.;

et al. Partial rescue of Rett syndrome by ω-3 polyunsaturated fatty acids (PUFAs) oil. Genes Nutr. 2012, 7, 447–458. [CrossRef]
[PubMed]

2. Signorini, C.; De Felice, C.; Leoncini, S.; Durand, T.; Galano, J.M.; Cortelazzo, A.; Zollo, G.; Guerranti, R.; Gonnelli, S.; Caffarelli,
C.; et al. Altered erythrocyte membrane fatty acid profile in typical Rett syndrome: Effects of omega-3 polyunsaturated fatty acid
supplementation. Prostaglandins Leukot. Essent. Fatty Acids 2014, 91, 183–193. [CrossRef]

3. Mattioli, S.; Moretti, E.; Castellini, C.; Signorini, C.; Corsaro, R.; Angelucci, E.; Collodel, G. Can Dietary n-3 Polyunsaturated Fatty
Acids Affect Apelin and Resolvin in Testis and Sperm of Male Rabbits? Molecules 2023, 28, 6188. [CrossRef]

4. Djuricic, I.; Calder, P.C. Beneficial Outcomes of Omega-6 and Omega-3 Polyunsaturated Fatty Acids on Human Health: An
Update for 2021. Nutrients 2021, 13, 2421. [CrossRef]

https://doi.org/10.1007/s12263-012-0285-7
https://www.ncbi.nlm.nih.gov/pubmed/22399313
https://doi.org/10.1016/j.plefa.2014.08.002
https://doi.org/10.3390/molecules28176188
https://doi.org/10.3390/nu13072421


Int. J. Mol. Sci. 2024, 25, 7149 12 of 14

5. Chang, J.P.; Su, K.P.; Mondelli, V.; Pariante, C.M. Omega-3 Polyunsaturated Fatty Acids in Youths with Attention Deficit Hyperac-
tivity Disorder: A Systematic Review and Meta-Analysis of Clinical Trials and Biological Studies. Neuropsychopharmacology 2018,
43, 534–545. [CrossRef] [PubMed]

6. Alashmali, S.M.; Hopperton, K.E.; Bazinet, R.P. Lowering dietary n-6 polyunsaturated fatty acids: Interaction with brain
arachidonic and docosahexaenoic acids. Curr. Opin. Lipidol. 2016, 27, 54–66. [CrossRef] [PubMed]

7. Lv, H.; Jia, S.; Sun, Y.; Pang, M.; Lv, E.; Li, X.; Meng, Q.; Wang, Y. Docosahexaenoic acid promotes M2 microglia phenotype via
activating PPARγ-mediated ERK/AKT pathway against cerebral ischemia-reperfusion injury. Brain Res. Bull. 2023, 199, 110660.
[CrossRef]

8. Muscat, S.M.; Butler, M.J.; Bettes, M.N.; DeMarsh, J.W.; Scaria, E.A.; Deems, N.P.; Barrientos, R.M. Post-operative cognitive
dysfunction is exacerbated by high-fat diet via TLR4 and prevented by dietary DHA supplementation. Brain Behav. Immun. 2024,
116, 385–401. [CrossRef]

9. Innis, S.M. Dietary (n-3) fatty acids and brain development. J. Nutr. 2007, 137, 855–859. [CrossRef]
10. Becker, M.; Fehr, K.; Goguen, S.; Miliku, K.; Field, C.; Robertson, B.; Yonemitsu, C.; Bode, L.; Simons, E.; Marshall, J.; et al.

Multimodal machine learning for modeling infant head circumference, mothers’ milk composition, and their shared environment.
Sci. Rep. 2024, 14, 2977. [CrossRef]

11. Thau-Zuchman, O.; Ingram, R.; Harvey, G.G.; Cooke, T.; Palmas, F.; Pallier, P.N.; Brook, J.; Priestley, J.V.; Dalli, J.; Tremoleda, J.L.;
et al. A Single Injection of Docosahexaenoic Acid Induces a Pro-Resolving Lipid Mediator Profile in the Injured Tissue and a
Long-Lasting Reduction in Neurological Deficit after Traumatic Brain Injury in Mice. J. Neurotrauma 2020, 37, 66–79. [CrossRef]

12. Chang, J.; Liu, M.; Liu, C.; Zhou, S.; Jiao, Y.; Sun, H.; Ji, Y. Effects of vitamins and polyunsaturated fatty acids on cognitive
function in older adults with mild cognitive impairment: A meta-analysis of randomized controlled trials. Eur. J. Nutr. 2024, 63,
1003–1022. [CrossRef]

13. Loong, S.; Barnes, S.; Gatto, N.M.; Chowdhury, S.; Lee, G.J. Omega-3 Fatty Acids, Cognition, and Brain Volume in Older Adults.
Brain Sci. 2023, 13, 1278. [CrossRef] [PubMed]

14. Xia, J.; Yang, L.; Huang, C.; Deng, S.; Yang, Z.; Zhang, Y.; Zhang, C.; Song, C. Omega-3 Polyunsaturated Fatty Acid Eicosapen-
taenoic Acid or Docosahexaenoic Acid Improved Ageing-Associated Cognitive Decline by Regulating Glial Polarization. Mar.
Drugs 2023, 21, 398. [CrossRef]

15. Moltu, S.J.; Nordvik, T.; Rossholt, M.E.; Wendel, K.; Chawla, M.; Server, A.; Gunnarsdottir, G.; Pripp, A.H.; Domellöf, M.; Bratlie,
M.; et al. Arachidonic and docosahexaenoic acid supplementation and brain maturation in preterm infants; a double blind RCT.
Clin. Nutr. 2024, 43, 176–186. [CrossRef] [PubMed]

16. Gsoellpointner, M.; Thanhaeuser, M.; Eibensteiner, F.; Ristl, R.; Jilma, B.; Fuiko, R.; Brandstetter, S.; Berger, A.; Haiden, N.
Polyunsaturated Fatty Acid Intake during Complementary Feeding and Neurodevelopmental Outcome in Very Low Birth Weight
Infants. Nutrients 2023, 15, 3141. [CrossRef]

17. Khalid, W.; Gill, P.; Arshad, M.S.; Ali, A.; Ranjha, M.M.A.N.; Mukhtar, S.; Afzal, F.; Maqbool, Z. Functional behavior of DHA and
EPA in the formation of babies brain at different stages of age, and protect from different brain-related diseases. Int. J. Food Prop.
2022, 25, 1021–1044. [CrossRef]

18. Gould, J.F.; Roberts, R.M.; Anderson, P.J.; Makrides, M.; Sullivan, T.R.; Gibson, R.A.; McPhee, A.J.; Doyle, L.W.; Bednarz, J.M.;
Best, K.P.; et al. High-Dose Docosahexaenoic Acid in Newborns Born at Less Than 29 Weeks’ Gestation and Behavior at Age
5 Years: Follow-Up of a Randomized Clinical Trial. JAMA Pediatr. 2024, 178, 45–54. [CrossRef] [PubMed]

19. Lauritzen, L.; Brambilla, P.; Mazzocchi, A.; Harsløf, L.B.; Ciappolino, V.; Agostoni, C. DHA Effects in Brain Development and
Function. Nutrients. 2016, 8, 6. [CrossRef]

20. Elsadek, A.E.; Maksoud, Y.H.A.; Suliman, H.A.; Al-Shokary, A.H.; Ibrahim, A.O.; Kamal, N.M.; Fathallah, M.G.E.D.; Elshorbagy,
H.H.; Abdelghani, W.E. Omega-3 supplementation in children with ADHD and intractable epilepsy. J. Clin. Neurosci. 2021, 94,
237–243. [CrossRef]

21. Wang, X.; Xiao, A.; Yang, Y.; Zhao, Y.; Wang, C.C.; Wang, Y.; Han, J.; Wang, Z.; Wen, M. DHA and EPA Prevent Seizure and
Depression-Like Behavior by Inhibiting Ferroptosis and Neuroinflammation via Different Mode-of-Actions in a Pentylenetetrazole-
Induced Kindling Model in Mice. Mol. Nutr. Food Res. 2022, 66, e2200275. [CrossRef] [PubMed]

22. Zhao, Y.C.; Wang, C.C.; Li, X.Y.; Wang, D.D.; Wang, Y.M.; Xue, C.H.; Wen, M.; Zhang, T.T. Supplementation of n-3 PUFAs in
Adulthood Attenuated Susceptibility to Pentylenetetrazol Induced Epilepsy in Mice Fed with n-3 PUFAs Deficient Diet in Early
Life. Mar. Drugs 2023, 21, 354. [CrossRef]

23. Liang, Z.; Lou, Y.; Li, Z.; Liu, S. Causal relationship between human blood omega-3 fatty acids and the risk of epilepsy: A
two-sample Mendelian randomization study. Front. Neurol. 2023, 14, 1130439. [CrossRef] [PubMed]

24. Brosolo, G.; Da Porto, A. Fatty Acids in Arterial Hypertension: Is There Any Good News? Int. J. Mol. Sci. 2023, 24, 9520.
[CrossRef] [PubMed]

25. Maghazachi, A.A. Globoid Cell Leukodystrophy (Krabbe Disease): An Update. Immunotargets Ther. 2023, 12, 105–111. [CrossRef]
[PubMed]

26. Rebiai, R.; Rue, E.; Zaldua, S.; Nguyen, D.; Scesa, G.; Jastrzebski, M.; Foster, R.; Wang, B.; Jiang, X.; Tai, L.; et al. CRISPR-
Cas9 Knock-In of T513M and G41S Mutations in the Murine β-Galactosyl-Ceramidase Gene Re-capitulates Early-Onset and
Adult-Onset Forms of Krabbe Disease. Front. Mol. Neurosci. 2022, 15, 896314. [CrossRef] [PubMed]

https://doi.org/10.1038/npp.2017.160
https://www.ncbi.nlm.nih.gov/pubmed/28741625
https://doi.org/10.1097/MOL.0000000000000255
https://www.ncbi.nlm.nih.gov/pubmed/26709472
https://doi.org/10.1016/j.brainresbull.2023.110660
https://doi.org/10.1016/j.bbi.2023.12.028
https://doi.org/10.1093/jn/137.4.855
https://doi.org/10.1038/s41598-024-52323-w
https://doi.org/10.1089/neu.2019.6420
https://doi.org/10.1007/s00394-024-03324-y
https://doi.org/10.3390/brainsci13091278
https://www.ncbi.nlm.nih.gov/pubmed/37759879
https://doi.org/10.3390/md21070398
https://doi.org/10.1016/j.clnu.2023.11.037
https://www.ncbi.nlm.nih.gov/pubmed/38061271
https://doi.org/10.3390/nu15143141
https://doi.org/10.1080/10942912.2022.2070642
https://doi.org/10.1001/jamapediatrics.2023.4924
https://www.ncbi.nlm.nih.gov/pubmed/37983037
https://doi.org/10.3390/nu8010006
https://doi.org/10.1016/j.jocn.2021.10.021
https://doi.org/10.1002/mnfr.202200275
https://www.ncbi.nlm.nih.gov/pubmed/36099650
https://doi.org/10.3390/md21060354
https://doi.org/10.3389/fneur.2023.1130439
https://www.ncbi.nlm.nih.gov/pubmed/36970527
https://doi.org/10.3390/ijms24119520
https://www.ncbi.nlm.nih.gov/pubmed/37298468
https://doi.org/10.2147/ITT.S424622
https://www.ncbi.nlm.nih.gov/pubmed/37928748
https://doi.org/10.3389/fnmol.2022.896314
https://www.ncbi.nlm.nih.gov/pubmed/35620447


Int. J. Mol. Sci. 2024, 25, 7149 13 of 14

27. De Gasperi, R.; Friedrich, V.L.; Perez, G.M.; Senturk, E.; Wen, P.H.; Kelley, K.; Elder, G.A.; Gama Sosa, M.A. Transgenic rescue of
Krabbe disease in the twitcher mouse. Gene Ther. 2004, 11, 1188–1194. [CrossRef] [PubMed]

28. Wenger, D.A.; Luzi, P. Krabbe Disease: Globoid Cell Leukodystrophy. In Rosenberg’s Molecular and Genetic Basis of Neurological and
Psychiatric Disease, 5th ed.; Rosenberg, R.N., Pascual, J.M., Eds.; Academic Press: Cambridge, MA, USA, 2015; Academic Press is
an imprint of Elsevier, Amsterdam, Boston, Heidelberg, London, New York, Oxford, Paris, San Diego, San Francisco, Singapore,
Sidney, Tokyo; pp. 337–346.

29. Béchet, S.; O’Sullivan, S.A.; Yssel, J.; Fagan, S.G.; Dev, K.K. Fingolimod Rescues Demyelination in a Mouse Model of Krabbe’s
Disease. J. Neurosci. 2020, 40, 3104–3118. [CrossRef] [PubMed]

30. Lin, D.; Donsante, A.; Macauley, S.; Levy, B.; Vogler, C.; Sands, M.S. Central nervous system-directed AAV2/5-mediated gene
therapy synergizes with bone marrow transplantation in the murine model of globoid-cell leukodystrophy. Mol. Ther. 2007, 15,
44–52. [CrossRef]

31. Ripoll, C.B.; Flaat, M.; Klopf-Eiermann, J.; Fisher-Perkins, J.M.; Trygg, C.B.; Scruggs, B.A.; McCants, M.L.; Leonard, H.P.; Lin, A.F.;
Zhang, S.; et al. Mesenchymal lineage stem cells have pronounced anti-inflammatory effects in the twitcher mouse model of
Krabbe’s disease. Stem Cells 2011, 29, 67–77. [CrossRef]

32. Signorini, C.; Cardile, V.; Pannuzzo, G.; Graziano, A.C.E.; Durand, T.; Galano, J.M.; Oger, C.; Leoncini, S.; Cortelazzo, A.; Lee,
J.C.; et al. Increased isoprostanoid levels in brain from murine model of Krabbe disease-Relevance of isoprostanes, dihomo-
isoprostanes and neuroprostanes to disease severity. Free Radic. Biol. Med. 2019, 139, 46–54. [CrossRef] [PubMed]

33. Signorini, C.; Collodel, G.; Pannuzzo, G.; Graziano, A.C.E.; Moretti, E.; Noto, E.; Belmonte, G.; Cardile, V. Decreased Resolvin D1
and Increased Fatty Acid Oxidation Contribute to Severity Score of Krabbe Disease in Twitcher Mice. J. Biol. Regul. Homeost.
Agents 2024, 38, 913–924.

34. Alabed, H.B.R.; Del Grosso, A.; Bellani, V.; Urbanelli, L.; Carpi, S.; De Sarlo, M.; Bertocci, L.; Colagiorgio, L.; Buratta, S.; Scaccini,
L.; et al. Untargeted Lipidomic Approach for Studying Different Nervous System Tissues of the Murine Model of Krabbe Disease.
Biomolecules 2023, 13, 1562. [CrossRef] [PubMed]

35. Zanfini, A.; Dreassi, E.; Berardi, A.; Piomboni, P.; Costantino-Ceccarini, E.; Luddi, A. GC-EI-MS analysis of fatty acid composition
in brain and serum of twitcher mouse. Lipids 2014, 49, 1115–1125. [CrossRef] [PubMed]

36. D’Auria, L.; Reiter, C.; Ward, E.; Moyano, A.L.; Marshall, M.S.; Nguyen, D.; Scesa, G.; Hauck, Z.; van Breemen, R.; Givogri, M.I.;
et al. Psychosine enhances the shedding of membrane microvesicles: Implications in demyelination in Krabbe’s disease. PLoS
ONE 2017, 12, e0178103. [CrossRef] [PubMed]

37. Yates, C.M.; Calder, P.C.; Ed Rainger, G. Pharmacology and therapeutics of omega-3 polyunsaturated fatty acids in chronic
inflammatory disease. Pharmacol. Ther. 2014, 141, 272–282. [CrossRef] [PubMed]

38. Parolini, C. The Role of Marine n-3 Polyunsaturated Fatty Acids in Inflammatory-Based Disease: The Case of Rheumatoid
Arthritis. Mar. Drugs 2023, 22, 17. [CrossRef]

39. Oakes, E.G.; Vlasakov, I.; Kotler, G.; Bubes, V.; Mora, S.; Tatituri, R.; Cook, N.R.; Manson, J.E.; Costenbader, K.H. Joint effects of
one year of marine omega-3 fatty acid supplementation and participant dietary fish intake upon circulating lipid mediators of
inflammation resolution in a randomized controlled trial. Nutrition 2024, 123, 112413. [CrossRef] [PubMed]

40. Fiala, M.; Restrepo, L.; Pellegrini, M. Immunotherapy of Mild Cognitive Impairment by ω-3 Supplementation: Why Are
Amyloid-β Antibodies and ω-3 Not Working in Clinical Trials? J. Alzheimers Dis. 2018, 62, 1013–1022. [CrossRef]

41. Fiala, M.; Terrando, N.; Dalli, J. Specialized Pro-Resolving Mediators from Omega-3 Fatty Acids Improve Amyloid-β Phagocytosis
and Regulate Inflammation in Patients with Minor Cognitive Impairment. J. Alzheimers Dis. 2015, 48, 293–301. [CrossRef]

42. Echeverría, F.; Valenzuela, R.; Espinosa, A.; Bustamante, A.; Álvarez, D.; Gonzalez-Mañan, D.; Ortiz, M.; Soto-Alarcon, S.A.;
Videla, L.A. Reduction of high-fat diet-induced liver proinflammatory state by eicosapentaenoic acid plus hydroxytyrosol
supplementation: Involvement of resolvins RvE1/2 and RvD1/2. J. Nutr. Biochem. 2019, 63, 35–43. [CrossRef] [PubMed]

43. Fullerton, J.N.; Gilroy, D.W. Resolution of inflammation: A new therapeutic frontier. Nat. Rev. Drug Discov. 2016, 15, 551–567.
[CrossRef] [PubMed]

44. Schmid, T.; Brüne, B. Prostanoids and Resolution of Inflammation-Beyond the Lipid-Mediator Class Switch. Front. Immunol. 2021,
12, 714042. [CrossRef] [PubMed]

45. Bisicchia, E.; Sasso, V.; Catanzaro, G.; Leuti, A.; Besharat, Z.M.; Chiacchiarini, M.; Molinari, M.; Ferretti, E.; Viscomi, M.T.;
Chiurchiù, V. Resolvin D1 Halts Remote Neuroinflammation and Improves Functional Recovery after Focal Brain Damage Via
ALX/FPR2 Receptor-Regulated MicroRNAs. Mol. Neurobiol. 2018, 55, 6894–6905. [CrossRef]

46. Li, L.; Cheng, S.Q.; Sun, Y.Q.; Yu, J.B.; Huang, X.X.; Dong, Y.F.; Ji, J.; Zhang, X.Y.; Hu, G.; Sun, X.L. Resolvin D1 reprograms
energy metabolism to promote microglia to phagocytize neutrophils after ischemic stroke. Cell Rep. 2023, 42, 112617. [CrossRef]
[PubMed]

47. Wei, C.; Guo, S.; Liu, W.; Jin, F.; Wei, B.; Fan, H.; Su, H.; Liu, J.; Zhang, N.; Fang, D.; et al. Resolvin D1 ameliorates Inflammation-
Mediated Blood-Brain Barrier Disruption After Subarachnoid Hemorrhage in rats by Modulating A20 and NLRP3 Inflammasome.
Front. Pharmacol. 2021, 11, 610734. [CrossRef] [PubMed]

48. Giacobbe, J.; Benoiton, B.; Zunszain, P.; Pariante, C.M.; Borsini, A. The Anti-Inflammatory Role of Omega-3 Polyunsaturated
Fatty Acids Metabolites in Pre-Clinical Models of Psychiatric, Neurodegenerative, and Neurological Disorders. Front. Psychiatry
2020, 11, 122. [CrossRef]

49. Potter, G.B.; Petryniak, M.A. Neuroimmune mechanisms in Krabbe’s disease. J. Neurosci. Res. 2016, 94, 1341–1348. [CrossRef]

https://doi.org/10.1038/sj.gt.3302282
https://www.ncbi.nlm.nih.gov/pubmed/15164096
https://doi.org/10.1523/JNEUROSCI.2346-19.2020
https://www.ncbi.nlm.nih.gov/pubmed/32127495
https://doi.org/10.1038/sj.mt.6300026
https://doi.org/10.1002/stem.555
https://doi.org/10.1016/j.freeradbiomed.2019.05.014
https://www.ncbi.nlm.nih.gov/pubmed/31100476
https://doi.org/10.3390/biom13101562
https://www.ncbi.nlm.nih.gov/pubmed/37892244
https://doi.org/10.1007/s11745-014-3945-0
https://www.ncbi.nlm.nih.gov/pubmed/25208498
https://doi.org/10.1371/journal.pone.0178103
https://www.ncbi.nlm.nih.gov/pubmed/28531236
https://doi.org/10.1016/j.pharmthera.2013.10.010
https://www.ncbi.nlm.nih.gov/pubmed/24201219
https://doi.org/10.3390/md22010017
https://doi.org/10.1016/j.nut.2024.112413
https://www.ncbi.nlm.nih.gov/pubmed/38518540
https://doi.org/10.3233/JAD-170579
https://doi.org/10.3233/JAD-150367
https://doi.org/10.1016/j.jnutbio.2018.09.012
https://www.ncbi.nlm.nih.gov/pubmed/30321750
https://doi.org/10.1038/nrd.2016.39
https://www.ncbi.nlm.nih.gov/pubmed/27020098
https://doi.org/10.3389/fimmu.2021.714042
https://www.ncbi.nlm.nih.gov/pubmed/34322137
https://doi.org/10.1007/s12035-018-0889-z
https://doi.org/10.1016/j.celrep.2023.112617
https://www.ncbi.nlm.nih.gov/pubmed/37285269
https://doi.org/10.3389/fphar.2020.610734
https://www.ncbi.nlm.nih.gov/pubmed/33732145
https://doi.org/10.3389/fpsyt.2020.00122
https://doi.org/10.1002/jnr.23804


Int. J. Mol. Sci. 2024, 25, 7149 14 of 14

50. Alhattab, M.; Moorthy, L.S.; Patel, D.; Franco, C.M.M.; Puri, M. Oleaginous Microbial Lipids’ Potential in the Prevention and
Treatment of Neurological Disorders. Mar. Drugs 2024, 22, 80. [CrossRef]

51. Pifferi, F.; Laurent, B.; Plourde, M. Lipid Transport and Metabolism at the Blood-Brain Interface: Implications in Health and
Disease. Front. Physiol. 2021, 12, 645646. [CrossRef]

52. Kidd, P.M. Omega-3 DHA and EPA for cognition, behavior, and mood: Clinical findings and structural-functional synergies with
cell membrane phospholipids. Altern. Med. Rev. 2007, 12, 207–227. [PubMed]

53. Ochi, E.; Tsuchiya, Y. Eicosapentaenoic Acid (EPA) and Docosahexaenoic Acid (DHA) in Muscle Damage and Function. Nutrients
2018, 10, 552. [CrossRef] [PubMed]

54. Madore, C.; Leyrolle, Q.; Morel, L.; Rossitto, M.; Greenhalgh, A.D.; Delpech, J.C.; Martinat, M.; Bosch-Bouju, C.; Bourel, J.; Rani,
B.; et al. Essential omega-3 fatty acids tune microglial phagocytosis of synaptic elements in the mouse developing brain. Nat.
Commun. 2020, 11, 6133. [CrossRef] [PubMed]

55. Collodel, G.; Moretti, E.; Noto, D.; Iacoponi, F.; Signorini, C. Fatty Acid Profile and Metabolism Are Related to Human Sperm
Parameters and Are Relevant in Idiopathic Infertility and Varicocele. Mediat. Inflamm. 2020, 2020, 3640450. [CrossRef] [PubMed]

56. Ghezzo, A.; Visconti, P.; Abruzzo, P.M.; Bolotta, A.; Ferreri, C.; Gobbi, G.; Malisardi, G.; Manfredini, S.; Marini, M.; Nanetti, L.;
et al. Oxidative Stress and Erythrocyte Membrane Alterations in Children with Autism: Correlation with Clinical Features. PLoS
ONE 2013, 8, e66418. [CrossRef] [PubMed]

57. Eze, V.C.; Harvey, A.P.; Phan, A.N. Determination of the kinetics of biodiesel saponification in alcoholic hydroxide solutions. Fuel
2015, 140, 724–730. [CrossRef]

58. Stanzani, A.; Sansone, A.; Brenna, C.; Baldassarro, V.A.; Alastra, G.; Lorenzini, L.; Chatgilialoglu, C.; Laface, I.; Ferreri, C.; Neri,
L.M.; et al. Erythrocyte Plasma Membrane Lipid Composition Mirrors That of Neurons and Glial Cells in Murine Experimental
In Vitro and In Vivo Inflammation. Cells 2023, 12, 561. [CrossRef] [PubMed]

59. Montuschi, P.; Barnes, P.J.; Roberts, L.J., 2nd. Isoprostanes: Markers and mediators of oxidative stress. FASEB J. 2004, 18,
1791–1800. [CrossRef] [PubMed]
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