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Background: Krabbe disease is due to a deficiency of lysosomal enzyme galactosylceramidase, which leads to destruction of the
myelin sheath around nerves in the brain and spinal cord. In addition, Krabbe disease is associated with neuroinflammation in
which harmful amounts of lipids are produced. To assess the importance of the regulation of lipid metabolism in the pathogenesis
and intervention options in Krabbe disease, the aim of this study was to identify a set of specific biomarkers in a mouse model of
the disease and to analyze the correlation between each biomarker.
Methods: In this study, fatty acid mediators were investigated in twitcher mice, a natural model of Krabbe disease, and the geno-
type was determined. Mass spectrometry was used to quantify F₂-isoprostanes and immune techniques were used to investigate
F₂-isoprostanes, resolvin D1 (RvD1), peroxisome proliferator-activated receptor gamma, apelin, and the apelin receptor in the
brains of heterozygous and affected homozygous mice and in wild-type control mice.
Results: The results ofmolecular analysis showed that therewas a reduction in peroxisome proliferator-activated receptor gamma
in the brains of both heterozygous and affected homozygous mice (p < 0.001). In addition, in the brains of mice with Krabbe
disease RvD1 levels were decreased (p < 0.001), oxidation of arachidonic acid was increased (p < 0.001) and low levels of apelin
(p < 0.001) were associated with an increase in apelin receptor (p < 0.05). RvD1 and apelin levels were associated with disease
severity (r = –0.638, p < 0.001 and r = –0.725, p < 0.001, respectively).
Conclusion: Our results indicate that mutation of the galactosylceramidase gene is associated with altered homeostasis of fatty
acid oxidative metabolism. These homeostatic alterations reflect the disease phenotype. Our findings highlight a relevant aspect
of fatty acid metabolism in the Krabbe disease brain and support the view that fatty acid metabolism is an active player in the
pathogenesis of this still incurable disease.
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Introduction

Krabbe disease (KD) is an inherited neurological dis-
order that results from mutations in the galactosylcerami-
dase (GALC) gene encoding lysosomal enzyme galactosyl-
ceramidase (GALC). Functional deficiency of GALC pro-
tein leads to destruction of the myelin sheath around nerves,
both in the brain and spinal cord [1,2]. In addition, neuroin-
flammation and neuronal degeneration in the gray matter
occur [3,4].

The association between neuroinflammation and func-
tions of the central nervous system has been largely inves-
tigated in cognitive impairment [5,6]. In particular, neu-
roinflammation is observed in leukodystrophy diseases and
is linked to white matter pathology and disease severity
[3,7,8]. In addition, KD investigations were concerned

with neuroinflammatory genes [3] and it has been reiter-
ated that secondary neuroinflammation may occur together
with psychosine-induced demyelination in KD [9].

Inflammatory mediators are widely involved in patho-
physiology of different neuropsychiatric and neurodegener-
ative diseases and new therapeutic strategies are focused on
them [10]. As a specific group of lipid mediators involved
in inflammatory regulation, specialized pro-resolution me-
diators (SPMs) represent a class of cell signaling molecules
mediating molecular signaling to resolve inflammation and
to modulate tissue remodeling [11,12]. In particular, SPMs
biosynthesized from docosahexaenoic acid (DHA), com-
monly known as resolvins (Rvs), are reported as anti-
inflammatory and neuroprotective agents also capable of
protection against the cellular damage induced by oxida-
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tive stress [13–15]. Resolvin D1 (RvD1) is one of the most
relevant Rvs [14,16]. SPMs are also derived from arachi-
donic acid (ARA) [16], a polyunsaturated fatty acid playing
a relevant role for cell functions, including nervous system
cells. Conversely, specific eicosanoids derived from ARA
are recognized in contributing to the initiation of inflamma-
tion and chronic inflammation. Additional ARA metabo-
lites are the oxygenated ones, known as F2-isoprostanes
(F2-IsoPs) [17]. Assessment of bioactive eicosanoids has
been highlighted as a promising analytical opportunity to
study the eicosanoid function in inflammatory- and oxida-
tive stress-related diseases [18]. Previously, F2-IsoPs, as
well as, F2-dihomo-IsoPs (whose precursor fatty acid is the
adrenic acid) and F4-neuroprostanes (whose precursor fatty
acid is DHA) have been shown to be relevant to KD severity
[19].

Interestingly, peroxisome proliferator-activated recep-
tor gamma (PPARγ), as a nuclear receptor particularly in-
volved in the modulation of lipid oxidation and inflamma-
tory response, represents a link between the two pathologi-
cal processes (inflammation and lipid peroxidation) [20].

Apelin receptor (APJ), an endogenous ligand for the
G protein-coupled receptor, is widely distributed within
the central nervous system and apelin/APJ is involved in
inflammatory response modulation [21]. Neuroprotective
roles of apelin have been described in Alzheimer’s disease
[22], and the role of apelin/APJ axis in the pathogenesis
of Parkinson’s disease appears to be relevant [23]. Addi-
tionally, low serum apelin levels have been found to be as-
sociated with mild cognitive impairment in Type 2 diabetes
[24]. Interestingly, the association between apelin/APJ, ox-
idative stress and inflammation-related diseases has been
examined [25]. Moreover, the apelin/APJ system has been
reported [26] to be correlated with energy metabolism, in-
cluding glucose tolerance, insulin sensitivity [27], respira-
tory diseases [28], and appetite and drink behavior [29,30].

Here, as information relevant to the progression of
KD pathogenesis, we examined the inflammatory response
and lipid metabolism in the brain of KD mice (a well-
established animal model of the disease). A panel of spe-
cific biomarkers (i.e., RvD1, F₂-IsoPs, PPARγ, apelin, and
APJ) were examined (i.e., quantified and immunolocalized)
and found to be interrelated. All evaluations were per-
formed in both heterozygous mice (carriers of the GALC
gene mutation) and homozygous twitcher mice (according
to genotype determinations) and in wild-type control mice.

Materials and Methods

Animals
The animals, pairs of twitcher heterozygous mice, a

strain that contains a premature stop codon (W339×) in the
GALC gene that inhibits enzymatic activity, were housed in
plastic cages in our facility at the Department of Biomedical
and Biotechnological Sciences (University of Catania) and

were given standard granulated feed and tap water ad libi-
tum. The twitcher mouse is a naturally occurring model of
human KD. The biochemical and neuropathological find-
ings in twitcher closely resemble that observed in humans
with KD. Since it closely mimics the human disorder, the
twitcher mouse has become a valuable model not only to
understand the pathogenesis of Krabbe disease, but also to
develop strategies to correct the galactocerebrosidase defi-
ciency [31]. For our study, pairs of mice carrying the muta-
tion of the GALC gene were crossed repeatedly in order to
obtain a progeny of twitcher mice. The probability of gen-
erating diseased mice is 25% (among 4 puppies, 1 is a dis-
eased mouse) for each progeny for which animals affected
by Krabbe belong to different litters. The Institutional An-
imal Care and Use Committee approved all experimental
procedures involving animals in accordance with institu-
tional guidelines for animal care and use (Project no. 364;
authorization no. 61/2022-PR).

Genotyping
The genotypes were determined by high resolution

melting (HRM) analysis. The genomic DNA of 10–12
days old pups born from twitcher heterozygotes was ex-
tracted from clipped tails according to the method pro-
vided by the kit manufacturer (REDExtract-N-Amp™ Tis-
sue PCR Kit: Extraction Solution, cat. E7526, Tis-
sue Preparation Solution, cat. T3073, and Neutraliza-
tion Solution B, cat. N3910, Merk, Sigma Aldrich, Mi-
lan, Italy) [19]. Genomic DNA was amplified accord-
ing to the manufacturer’s protocol of Type-it HRM PCR
kit (Cat. No. 206544, Qiagen, Instrumentation Labora-
tory, Milan, Italy) using the following specific primers:
5′-ATCAGACTGAAATTGGTAGACAGC-3′ for forward
and 5′- GCCATCAGTCAGAGCAACATAAC-3′ for re-
verse. The analysis was performed on a Rotor-gene Q real-
time analyzer (Rotor-Gene Q 2plex with HRM, Corbett, Qi-
agen, Milan, Italy).

Collection of Animal Brain Samples
In the life cycle of Krabbe-affected mice, clinical

symptoms develop at the onset of the active myelination
period and, if untreated, affected mice die at 35 ± 2 days.
Therefore, for the brain and blood collection the sacrifice
was selected on the 35th day (postnatal day P35, terminal
course of the disease). Both males and females were used.
Mice were sacrificed with CO2 and then the brains were
removed and immediately stored at –80 °C until further ex-
periments. The following animals were used for the exper-
iments:

1th group: 15 twitcher mice (8 males and 7 females);
2nd group: 15 heterozygous mice (7 males and 8 fe-

males);
3rd group: 15 healthy mice (9 males and 6 females).
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Apelin Immunoassay
Whole brain tissue was homogenized (10% w/v) in

PBS (pH 7.4) and apelin quantification carried out by
sandwich quantitative enzyme-linked immunosorbent as-
say (Abbexa, Cambridge, UK, Catalog No: abx585113).
The intensity of the color developed by the enzyme re-
action was evaluated spectrophotometrically (wavelength;
450 nm). Determination of apelin amounts was performed
by comparing the optical density of each brain tissue sam-
ple to the standard curve (constructed using known apelin
amounts) ranging from 125.00 to 8000 pg/mL. In each
sample, apelin measurement was performed in duplicate.
Apelin levels were reported as pg/g brain tissue.

Indirect Immunofluorescence (IIF) Analysis
Brains of heterozygous and homozygous mice and

wild-type control were dissected out and tissue sections of
a thickness of 4 µm were prepared [32] and were treated
with 10% buffered formalin for 24 h at 4 °C. Subsequently,
brain sections were then washed in water for 1 h. After
fixation, the tissues were dehydrated in a series of ethanol
solutions (50%, 75%, 95%, and 100%) and cleared with xy-
lene. The specimens were treated with three infiltrations
of molten paraffin at 60 °C for 1 h and then solidified at
room temperature. The blocks thus obtained were sectioned
using a Leica RM2125 RTS microtome (Leica RM2125,
Leica Biosystem, Wetzlar, Germany); coronal sections (4
µm) were collected in glass slides and stained using the
hematoxylin-eosin method for routine histology. The paraf-
fin sections, three different blocks from each brain tissue of
the control and mutant mice, were deparaffinized with xy-
lene and then treated in a series of ethanol concentrations
(100%, 90%, 80%, and 70%) for 5 min and, finally, in wa-
ter to rehydrate the tissue. For antigen retrieval, the sec-
tions were washed and treated with heat-induced epitope re-
trieval 1 (HIER 1) buffer (10mM sodium citrate) at pH 6 for
20 min at 95 °C. Specimens were treated overnight at 4 °C
with rabbit polyclonal anti-8-iso-PGF2α antibody (ab2280,
Abcam, Cambridge, UK) diluted 1:100, with monoclonal
mouse anti-PPARγ (E-8) antibody FITC-conjugated (sc-
7273, Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
at a dilution of 1:50, with rabbit polyclonal anti-apelin an-
tibody (ab59469, Abcam, Cambridge, UK) diluted 1:200
and with rabbit monoclonal anti-APJ antibody (5H5L9, In-
vitrogen, Thermo Fisher Scientific, Waltham, MA, USA)
diluted 1:100. After three washes for 10 min with PBS,
the slides were treated with anti-8-iso-PGF2α, anti-apelin
and anti APJ antibodies incubated with an anti-rabbit an-
tibody raised in goat AlexaFluor® 488 conjugate (RRID:
AB_143165, Invitrogen, Thermo Fisher Scientific, Carls-
bad, CA, USA), diluted at 1:100 for 1 h at room tempera-
ture. Incubation in primary antibody was omitted in wild-
type control samples. The slides were washed with PBS
three times; then, nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI) solution (GTIN 00884999021624,

Vysis, Downers Grove, Italy). Slides were washed and
mounted with 1,4-diazabicyclo(2.2.2) octane (DABCO,
Product Number: 290734, Sigma-Aldrich, Milan, Italy)
and analyzed with Leica DMI 6000 Fluorescence Micro-
scope (Leica DMI 6000, LeicaMicrosystems,Wetzlar, Ger-
many), the objective used to acquire the images was 63X,
and the images were acquired by Leica AF6500 Integrated
System for Imaging and Analysis (Leica AF6500, Leica
Microsystems, Wetzlar, Germany). For standardization and
comparison of the different groups, only good quality sec-
tions at the same magnification were investigated; at least
20 sections of tissue from each group were evaluated. One
hundred cells in the cortex were selected using the nu-
cleus/cytoplasm ratio as the selection criterion. The same
operator evaluated three conditions: almost absent, limited
and intense signal. These criteria were previously used in
our lab for murine models of Rett syndrome [32] and for
additional different cell samples [33].

RvD1 Immunoassay
In whole mouse brain tissue (brain tissue samples ho-

mogenized 10% w/v in PBS, pH 7.4), RvD1 amounts were
measured by a double antibody sandwich technique and a
biotin-labeled antibody and horseradish peroxidase-avidin
conjugate were used (Catalog # MBS2601295, MyBio-
Source, San Diego, CA, USA). Spectrometric detection
of color intensity at 450 nm allowed the quantification of
RvD1 amounts by comparison to a standard curve (ranging
from 2000 pg/mL to 31.2 pg/mL). Data were reported as
pg/g brain tissue.

F2-IsoP Determination in Mouse Brain
Currently, F2-IsoPs are mainly generated by free

radical-initiated peroxidation of esterified ARA in mem-
brane. Thus, F2-IsoPs, initially formed in situ on phos-
pholipids (esterified F2-IsoPs), are released into the cir-
culation as unesterified F2-IsoPs (free F2-IsoPs) [34,35].
F2-IsoPs were previously reported to be relevant to cere-
bral disease [36]. Here, in whole mouse brain tissue, to-
tal (sum of esterified and free) F2-IsoPs were measured by
gas chromatography/negative ion chemical ionization tan-
dem mass (GC/NICI-MS/MS) (Trace GC and PolarisQ Ion
Trap, Thermo Finnigan, San Jose, CA, USA), as previously
performed [19]. Briefly, to an aliquot (1 mL) of brain ho-
mogenate aqueous KOH (1 mM, 500 µL) was added. After
incubation at 45 °C for 45 min, the solution was acidified
by adding HCl (1 mM, 500 µL). Each sample was spiked
with 500 pg tetradeuterated prostaglandin F2α (PGF2α-d4)
(Item No. 316010, Cayman Chemical, Ann Arbor, MI,
USA), as an internal standard, and ethyl acetate (10 mL)
was also added to extract total lipids. The total lipid ex-
tract was applied onto an NH2 cartridge (Sep-Pak® Vac
NH2, 500 mg, WAT054560, Waters, Milford, MA, USA)
and F2-IsoPs were eluted. Subsequently, two derivatiza-
tion processes were carried out. Firstly, the collected elu-
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ates were incubated at 40 °C for 45 min, in the presence of
pentafluorobenzyl bromide, 40 µL, 10% in acetonitrile, (N◦

CAT. 101052, Sigma-Aldrich, Milan, Italy); lastly, incuba-
tion at 45 °C for 1 h was performed in the presence of 50 µL
of N,O-bis (trimethylsilyl)trifluoroacetamide, 10% in ace-
tonitrile, (N◦ CAT.15222, Merck, Sigma-Aldrich, Milan,
Italy). Subsequently, GC/NICI-MS/MS F2-IsoP analyses
were carried out. In all determinations, the measured ion
was the product ion at m/z 299 produced from 15-F2t-IsoP,
one of the most represented isomers of F2-IsoPs (also re-
ferred to as 8-Isoprostane, or 8-epi PGF2α). To quantify
the amount of F2-IsoPs in each test sample, a curve-fitting
method was applied to generate the standard curve of the
reference standard 15-F2t-IsoP (Item No. 16350, Cayman
Chemical, Ann Arbor, MI, USA).

Statistical Analysis
To assess normality of data the D’Agostino-Pearson

normality test was applied. Multiple comparisons were car-
ried out by one-way analysis of variance (ANOVA)with the
Tukey post hoc test or the Kruskal-Wallis test followed by
the nonparametric Mann-Whitney test or Dunn’s multiple
comparisons test, as appropriate. The association between
variables were 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 8.0.0 statistical software package (Graph-
Pad Software, Boston, MA, USA) was used for the data
analysis.

Results

RvD1 in KD Brain
A significantly reduced concentration of RvD1 in

brain tissue of the twitcher mice was found compared to
wild type and heterozygous mice. In mice, brain lev-
els of RvD1 were significantly different when wild type,
heterozygous and twitcher mice were compared (Kruskal-
Wallis, df = 2, H = 18.84; p < 0.0001; n, 45). In particular,
brain amounts of RvD1 were shown to decrease according
to the mice phenotype where it was found to be in the fol-
lowing order: twitcher < heterozygous = wild type. As re-
ported in Fig. 1, RvD1 brain levels were significantly higher
in wild-type mice as compared to the twitcher ones (n = 15
in each group; U = 22; p < 0.0001 by the nonparametric
Mann-Whitney test) and were also significantly reduced in
twitcher mice as compared to heterozygous mice (n = 15
in each group; U = 33; p = 0.0006 by the nonparametric
Mann-Whitney test).

When a statistical comparisonwas carried out between
heterozygous and wild type mice, no significant difference
was found.

Fig. 1. Dot plots of resolvin D1 (RvD1) brain levels in wild-
type, heterozygous and twitcher mice. The differences between
the groups were compared using the nonparametric Kruskal-
Wallis test followed by the nonparametric Mann-Whitney test.
The horizontal lines represent themedians and the error bars repre-
sent 95% interquartile range. Description of the statistical results
is reported in the text. The number of animals was n = 15 for each
group. Legend: Wt, wild-type; Ht, heterozygotes; Tw, twitcher.

Apelin in KD Brain
As a relevant molecule in cognitive impairment and

inflammatory response, apelin was tested in brain samples
from wild type, heterozygous and twitcher mice and statis-
tical significance was interpreted (Kruskal-Wallis, df = 2,
H = 28.33; p < 0.0001; n, 45). Apelin was significantly
higher in the wild-type mice compared to twitcher mice (n
= 15 for each group; U = 10.5; p < 0.0001 by the nonpara-
metric Mann-Whitney test), and to heterozygous mice (n =
15 in each group; U = 31; p = 0.0004 by the nonparamet-
ric Mann-Whitney test). Furthermore, heterozygous and
twitcher mice showed significant differences for apelin in
brain (n = 15 in each group; U = 16; p < 0.0001 by the
nonparametric Mann-Whitney test) (Fig. 2).

Correlation of RvD1 and Apelin to F2-IsoP Brain
Levels

Brain levels of F2-IsoPs were measured (median val-
ues, ng/g: 5.8, 7.1, and 23.8 in wild type, heterozygous and
twitcher mice, respectively) and found to be inversely cor-
related to RvD1 levels (r = –0.635; 95% C.I.: –0.786 to
–0.412; n = 45; p < 0.001). Brain levels of F2-IsoPs were
also correlated to apelin brain amounts (r = –0.579; 95%
C.I.: –0.749 to –0.335; n = 45; p< 0.001). These results in-
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Fig. 2. Dot plots of apelin levels in brains of wild-type, het-
erozygous and twitcher mice. The differences between the
groups were compared using the nonparametric Kruskal-Wallis
test followed by the nonparametric Mann-Whitney test. The hor-
izontal lines represent the medians and the error bars represent
95% interquartile range. Description of the statistical results is re-
ported in the text. The number of animals was n = 15 for each
group. Legend: Wt, wild-type; Ht, heterozygotes; Tw, twitcher.

dicated that increased oxidative lipid damage was concomi-
tant both with reduction of neuroprotective role of apelin
and resolution of inflammation by RvD1.

Correlation of RvD1 and Apelin to KD Severity Score

For each animal, the disease severity was quantified,
according to the scoring criteria [19]. In particular, in
twitcher mice the assigned phenotype score ranged from 1
(when main phenotypic features were: slight tremor, nor-
mal feeding, almost normal gait) to 3 (when main phe-
notypic features were: uncoordinated movements, severe
tremor, paresis of the hind limbs, weight loss). Both wild
type and heterozygous mice were healthy with a regular
weight increase. Thus, each control and heterozygous mice
were scored 0 (normal feeding, normal gait, and no signs of
disease were present).

Brain levels of both RvD1 and apelin were signifi-
cantly correlated to the phenotypic score. Brain levels of
RvD1 were negatively correlated to the disease severity
score (r = –0.638; 95% C.I.: –0.787 to –0.416; n = 45; p
< 0.001), as well as apelin was (r = –0.725; 95% C.I.: –
0.843 to –0.542; n = 45; p < 0.001) (Fig. 3). Significant
positive relationships were observed between brain levels
of RvD1 and apelin (r = 0.578; 95% C.I.: 0.335 to 0.749; n
= 45; p < 0.001).

Thus, RvD1 and apelin are shown to be intimately as-
sociated in the molecular pathway of brain regeneration and
to be intimately involved in KD disease progression.

F2-IsoPs, PPARγ, Apelin, and APJ
Immunolocalization in KD Brain

Immunocytochemistry examination of cortex brain
cells showed that the signal of F2-IsoPs inside the cyto-
plasm was intense in about 9% (9.3± 1.5) of the cells from
wild-type control mice (Fig. 4A), in about 65% (65 ± 4.6)
of the cells examined in brain section of homozygous mice
(Fig. 4C), and in 30% (30 ± 2) of the cells in heterozygous
mice (Fig. 4B). Intense fluorescent signal for F2-IsoPs was
significantly different when wild type, heterozygous and
twitcher mice were compared (Kruskal-Wallis, df = 2, H
= 7.2; p = 0.0036; n, 9). Thus, 2/3 of the cells observed
showed an intense fluorescent signal in homozygous mice,
while in wild-type control animals, only a few cells high-
lighted a positive signal for F2-IsoPs (number of compar-
isons each family = 3; Z = 2.683; p = 0.0219, by Dunn’s
multiple comparisons) (Table 1). After incubation with
PPARγ antibody, the cytoplasmic localization of the label
was highly detectable in controls (about 64%, Fig. 4D),
while it was almost absent in both heterozygous and ho-
mozygous mutant mice (Fig. 4E,F, respectively), in which
half of the analyzed cells in the examined sections showed
a limited extent of fluorescence. The extent of the absence
of fluorescent signal for PPARγ was significantly different
when wild type, heterozygous and twitcher mice were com-
pared (Kruskal-Wallis, df = 2, H = 6.489; p = 0.010; n, 9)
and the wild-type control group was significant different as
compared to twitcher mice (number of comparisons each
family = 3; Z= 2.534; p = 0.0338, by Dunn’s multiple com-
parisons) (Table 1).

The immunofluorescent signal of apelin was intense in
the brain of wild-type mice (Fig. 5), thus confirming quan-
titative determination displayed in Fig. 2. As a whole, our
data on apelin supports a derangement of neuroprotection
mechanisms, which are known to act in avoiding neuronal
damage and impairment of neurologic function.

As further data on apelin/APJ receptor, immunofluo-
rescent detection of APJ was carried out (Fig. 6). In ho-
mozygous twitcher mice, a major presence of the apelin re-
ceptor was evidenced. Such data confirms, together with
immunodetection of apelin (Fig. 5), the derangement of the
apelin/APJ system as a relevant feature in KD pathophysio-
logical pathway. In particular, in the brain of homozygous
twitcher mice the immunofluorescent signal of APJ is in-
creased, whereas the apelin signal is reduced. Both in APJ
and apelin immunofluorescent detection, the percentage of
cells with increased (APJ detection) or decreased (apelin
detection) fluorescent signal was significantly different in
homozygous twitcher mice as compared to wild-type con-
trol mice (p < 0.05). In all experiments for immune detec-
tion, the analysis of the cortex cells in the examined sec-
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Fig. 3. Relationship between resolvin D1 (RvD1) and apelin levels in brain tissue and disease severity. (A) Scatter diagram for brain
tissue RvD1 levels and disease severity. (B) Scatter diagram for brain apelin levels and disease severity. The relationship between the
variables was tested using the Spearman correlation test. The Spearman coefficient, the lower and upper limits of the 95% confidence
intervals, the number of data pairs and the p-values are shown. The phenotype score ranges from 0.0 to 3.0. In the study, each animal
was assigned a value of 0.0, 1.0, 1.5, 2.5 or 3.0 depending on the phenotypic traits. A higher score meant a higher severity of the disease.
Several animals had the same severity. • and ▲ stand for RvD1 (A) and apelin (B) data.

tions was performed according to the standardization and
comparison procedures described in Material and Method.

Discussion

We demonstrated here that nonresolving inflamma-
tion, increased fatty acid oxidation, and impaired lipid
metabolism were associated with severity of KD. Our re-
sults highlight a relevant aspect of fatty acid metabolism in

brain neuropathophysiology and support the view that fatty
acid metabolism is an active player in the pathogenesis of
KD. Modulation of inflammation and lipid metabolism in
the brain could improve quality of life in KD.

There is increasing evidence that inflammation is a
common biological mechanism in neurodegenerative dis-
eases in which homeostasis is destabilized [37].

Certainly, neuroinflammation could represent the trig-
gering factor of neuropathology, although it is secondary to
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Fig. 4. Indirect immunofluorescence microscopy for F2-isoprostanes (F2-IsoPs) (A–C) and peroxisome proliferator-activated
receptor gamma (PPARγ) (D–F) in wild-type control mice, heterozygous mice and homozygous twitcher mice. Representative
brain sections from wild-type control, heterozygous and homozygous mice incubated with polyclonal anti-F2-IsoPs (A–C, respectively)
and anti-PPARγ antibodies (D–F, respectively). The nuclei were identified by counterstaining with the nuclear marker 4’,6-diamidino-
2-phenylindole (DAPI). The immunolocalization of F2-IsoPs showed in the cytoplasm a faint fluorescent stain in control (A); the signal
was more evident in heterozygous (B) mice. A high intensity signal was evident in the brain from the homozygous twitcher mice (C). The
label after incubation with anti PPARγ antibody appeared intense in the control brain (D) and completely absent in brains from mutant
mice (i.e., heterozygous mice, (E) and homozygous twitcher mice, (F)). The name of each animal group is given on the left side of each
picture box. Scale Bar: 30 µm.

Fig. 5. UV micrographs of mouse brain from wild-type control mice (A), heterozygous mice (B) and homozygous twitcher mice
(C) treated with an anti-apelin antibody. Representative brain sections from wild-type control, heterozygous and homozygous mice
incubated with polyclonal anti-apelin antibody. The nuclei were identified by counterstaining with the nuclear marker DAPI. Increased
apelin immunofluorescence signal was detected in the brain of wild-type mice (A). The name of each animal group is given on the left
side of each picture box. Scale Bar: 30 µm.

genetic-environmental cause (i.e., Alzheimer and Parkin-
son diseases). In addition, neuroinflammation could repre-
sent the mechanism responsible for the progression of the
disease, even though the latter was primarily triggered by
genetic causes. With reference to KD, the transcriptional
expression of Interleukin 1 beta, but not the related fam-

ily member Interleukin 18, was shown to be upregulated in
the brain stem and spinal cord of twitcher mice. Intrigu-
ingly, the maximal transcription of Interleukin 1 beta oc-
curs in the pre-symptomatic and early symptomatic stage
and not at the final stage of the disease. Thus, in KD pro-
inflammatory signal is intimately related to the pathogene-
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Table 1. Percentage of cells in the examined sections showing F2-isoprostanes (F2-IsoP) and peroxisome proliferator-activated
receptor gamma (PPARγ) cytoplasmic signal in cortex brain of wild-type control and mutant mice.

Fluorescent signal in im-
munolocalization

Wild-type Heterozygous Homozygous

F2-IsoP
positive
cells (%)

PPARγ
positive
cells (%)

F2-IsoP
positive
cells (%)

PPARγ
positive
cells (%)

F2-IsoPs
positive
cells (%)

PPARγ
positive
cells (%)

Almost absent signal 13.6 ± 2.5 7.7 ± 1.5 11.3 ± 2.1 21.6 ± 3.1 13.66 ± 3.2 30 ± 4.3*
Limited fluorescent signal 66.3 ± 3.1 24 ± 2.6 44 ± 4 61 ± 7.5 10.66 ± 2.1 57 ± 3
Intense fluorescent signal 9.3 ± 1.5 64 ± 4.6 30 ± 2 1.48 ± 1.5 65 ± 4.6** 1.12 ± 1
Data are expressed as mean values ± SD and are referred to the three most representative assays. The differences in fluo-
rescent signal levels between the investigated groups were compared using Kruskal-Wallis test followed by Dunn’s multiple
comparisons test. Legend: ** p = 0.02, F2-IsoP, positive cells with intense fluorescent signal, homozygous mice as compared
to wild-type control mice; * p < 0.05, PPARγ, cells with almost absent fluorescent signal homozygous mice as compared to
wild-type animals. Detailed statistical data are shown in Results. Number of sample, n = 9, for each detected parmeter.

Fig. 6. UV micrographs of mouse brain from wild-type control mice (A), heterozygous mice (B) and homozygous twitcher mice
(C) treated with an anti-apelin receptor (APJ) antibody. Representative brain sections from wild-type control, heterozygous and
homozygous mice incubated with polyclonal anti-APJ antibody. The nuclei were identified by counterstaining with the nuclear marker
DAPI. A pronounced presence of the apelin receptor was detected in homozygous twitcher mice (C). The name of each animal group is
given on the left side of each picture box. Scale Bar: 30 µm.

sis of the disease [38]. As a relevant matter, the balance be-
tween pro-inflammatory and anti-inflammatory mediators
is involved in defining the outcome after injury. Since in
the inflammatory process the fine regulation of the resolu-
tion phase determines cell regeneration and wound healing,
or progression of the inflammatory response, the alteration
of the inflammation resolution step can lead to progressive
organ dysfunction. With reference to neuropathic condi-
tions, altered sympathetic and/or vagal tone are associated
with a higher risk of chronic inflammatory disorders [39].
Thus, molecules and mechanisms enrolled in regulation of
inflammatory response represent potential targets in thera-
peutic strategy development [40]. Interestingly, lipid medi-
ator class switching occurs during regulation of inflamma-
tion [13,41].

Among SPMs accelerating resolution of acute inflam-
mation, the D-series resolvins (including RvD1) are de-
rived, as well as the neuroprotectins and the maresins, from
DHA [42,43]. DHA, which performs several function in
the central nervous system (mainly, cell survival, neuronal
morphology, synaptic function, ion channel modulation,
plasma membrane integrity and activity against disease)

[44], was previously found to be under oxidative stress and
non-enzymatic oxidation in twitcher mice [19]. Notably, in
patients affected by Alzheimer’s disease a reduced release
of pro-inflammatory cytokines was detected after supple-
mentation with a DHA-rich diet and high levels of brain
DHA are linked to reduced expression of pro-inflammatory
cytokines in several rodent models of acute or chronic neu-
roinflammation [45]. In addition, in the central nervous
system, pathological conditions (also including neurode-
generative diseases) evidence connecting brain DHA and
ω-3 PUFA levels were found [44]. Thus, modulation and
regulation of DHA levels and metabolism could represent
new therapeutic approaches in themanagement of brain dis-
eases. Furthermore, RvD1 itself has been shown to be re-
sponsible for neurofunctional recovery and neuroprotection
once administered in vivo [46]. Moreover, in an animal
model of a diet rich in corn oil the impairment of mem-
ory function and hippocampal damage were induced by the
decrease of RvD1 and prevented by the administration of
RvD1 [47].

When making specific reference to neurodegenerative
disorders, in Alzheimer’s disease RvD1 was shown to stim-
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Fig. 7. Nonresolving inflammation and impaired lipid metabolism in the brain are connected and related to Krabbe disease
severity. Reduced brain amounts of peroxisome proliferator-activated receptor gamma (PPARγ) represent the first step of the deranged
lipid metabolism, also evident in asymptomatic heterozygous animals. In symptomatic twitcher mice, the impaired lipid metabolism
causes alteration to production of apelin¶ and induces increased F2-isoprostanes (F2-IsoP) levels· and reduced amounts of resolvin D1
(RvD1)¸. Drawing software, PowerPoint 2013 (Microsoft Office Professional Plus 2013, Redmond, WA, USA).

ulate phagocytosis of amyloid-β by rebalancing inflamma-
tion and the reduced intake of DHA was suggested to con-
tribute to the pathology [48]. In addition, RvD1 adminis-
tration was shown to prevent neuroinflammation, neuronal
dysfunction, and motor deficits in a rat model of Parkin-
son’s disease [49].

In our study, a novelty is represented by the detection
of a specific specialized pro-resolving lipid mediator that
is known to be involved in regulation of the resolution of
inflammation [12]. Here is shown that an impaired forma-
tion of RvD1 appears to be intimately and proportionally
(as referred to the condition of heterozygosis or homozygo-
sis, in the comparison of twitcher vs heterozygous mice) in-
volved in the pathological mechanisms of KD as the levels
of RvD1 are significantly low in twitcher mice in which the
typical symptoms of the disease are present. Our data on
RvD1 and reduced resolution of inflammation are consis-
tent with the concurrent finding of PPARγ reduction in KD,
as it was previously hypothesized that reduced PPARγ ac-
tivation may contribute to chronic brain inflammation [50].

Thus, a relevant role for neuroinflammation in KD is con-
firmed [51] and an inflammatory unbalance is suggested.
In particular, a role for RvD1 in detecting defective control
of the inflammatory process is proposed. Accordingly, ap-
proaches to the resolution or modulation of inflammation
represent emerging insights into the homeostatic network
in which the inflammatory response is involved [52].

Apelin is widely expressed in the central nervous sys-
tem and has been investigated in psychosis and neuropa-
thy. In particular, for apelin a regulatory effect on memory
and epilepsy, a protective role against memory impairment,
and the presence in the hippocampus, amygdala, and cere-
bral cortex, areas known to be closely related to learning
and memory, have been reviewed [53]. Here, low levels
of apelin are identified in association with the clinical man-
ifestation of neurological symptoms to trace the deficien-
cies in neurological functions. Interestingly, since endoge-
nous apelin is required for the suppression of inflammation-
induced vascular hyperpermeability [54], in our study the
concomitant reduction of apelin and RvD1 confirm a lack

https://www.biolifesas.org/


922

in mediation of inflammatory suppression. In addition, the
increased presence of the receptor in the brain of twitcher
mice could represent a sign of a compensatory mechanism
to the reduced presence of apelin. The up-regulation of
APJ may help to adjust the effects of the reduced lev-
els of apelin in the attempt to increase responsiveness to
available apelin. Reduced apelin expression in the brain
may contribute to explaining the significant weight loss of
twitcher mice. Apelin has been shown to act on glucose
and lipid metabolism but also to modulate insulin secretion
[55]. Thus, in KD the relevance of the apelin/APJ system
should be pointed out.

Regarding fatty acid metabolism, F2-IsoPs, whose
levels have been shown to be elevated in brain tissue ho-
mogenate of twitcher mice [19], are immunolocalized in
brain tissue. By such detections, F2-IsoPs were found to
be progressively increased from heterozygous to homozy-
gous condition. Thus, oxidation of arachidonic acid in the
brain is also shown to occur in the heterozygous condition,
when the symptoms are not present. Thus, lipid peroxida-
tion appears to be a relevant event to the disease. Alteration
in lipid metabolism/oxidation is also confirmed by the re-
sults referred to PPARγ, whose presence in brain tissue is
reduced in heterozygous mice and even more in homozy-
gous animals. Therefore, in the brain when the reduction of
PPARγ occurs the oxidation of arachidonic acid increases.
Since PPARγ is known to be a transcription factor involved
in gene regulation of oxidative stress, lipid homeostasis and
inflammation in neuropathic condition [56], the detected
limited presence in brain from both heterozygous and ho-
mozygous mice appears to be linked to an increased sus-
ceptibility to lipid peroxidation and inflammation, here in-
vestigated by F2-IsoP and RvD1. Our results on immunolo-
calization of PPARγ is in line with previous papers where
PPARγ was detected in the cytoplasm of neurons in rat and
mouse brains [57,58].

Concerning KD prevalence, males are affected as of-
ten as females [59]. In our study, bothmale and femalemice
were included accordingly. In addition, our results and our
experimental experience, more than ten years, on the model
[60] have not shown any difference between male and fe-
male mice.

Conclusion

In the present study, fatty acid oxidative metabolism
was investigated in brain twitcher mice, a natural model of
KD. A panel of specific/interrelated mediators was evalu-
ated taking into account that arachidonic acid (fatty acid
precursor of isoprostanoids), the apelin/APJ system, in-
flammation, and PPARγ were reported to be widely dis-
tributed in different brain regions [50,52,61,62].

Free radical-initiated fatty acid oxidation and failure
of resolution of inflammation are suggested to be relevant
factors in KD brain pathology: (i) lipid metabolism is de-

ranged and oxidation of fatty acid increases; (ii) the amount
of lipid mediators is related to the phenotypic manifesta-
tions of neurological impairment; (iii) lipid mediator levels
are related to the severity of disease (Fig. 7). Our findings
establish a new facet of the neurobiology of lipid oxidation
by providing experimental support to the notion that lipid
metabolism is an active player in the pathogenesis of KD.
Modulation of fatty acid metabolism and lipid mediators in
the brain might be proposed as a means to improve quality
of life in KD.
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