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Abstract

Metabolic changes in sulfatides and other sulfated glycans have been related to
various diseases, including Alzheimer's disease (AD). However, the importance
of polyunsaturated fatty acids (PUFA) in sulfated lysosomal substrate metabolism
and its related disorders is currently unknown. We investigated the effects of de-
ficiency or supplementation of PUFA on the metabolism of sulfatides and sulfated
glycosaminoglycans (SGAGs) in sulfatide-rich organs (brain and kidney) of mice. A
PUFA-deficient diet for over 5 weeks significantly reduced the sulfatide expression
by increasing the sulfatide degradative enzymes arylsulfatase A and galactosylcer-
amidase in brain and kidney. This sulfatide degradation was clearly associated with
the activation of autophagy and lysosomal hyperfunction, the former of which was
induced by suppression of the Erk/mTOR pathway. A PUFA-deficient diet also acti-
vated the degradation of SGAGs in the brain and kidney and that of amyloid precur-
sor proteins in the brain, indicating an involvement in general lysosomal function
and the early developmental process of AD. PUFA supplementation prevented all of
the above abnormalities. Taken together, a PUFA deficiency might lead to sulfatide
and sGAG degradation associated with autophagy activation and general lysosomal
hyperfunction and play a role in many types of disease development, suggesting a
possible benefit of prophylactic PUFA supplementation.
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1 | INTRODUCTION

Sulfatides, or 3-O-sulfogalactosylceramides, are sulfated
glycosphingolipids composed of fatty acids (FA), galactose,
sphingosine, and sulfate. Sulfatides are found at the extra-
cellular leaflet of the plasma membrane in most eukaryotic
cells and are highly expressed in the mammalian brain and
kidney.1 Sulfatides were first isolated from human brain
tissue by Thudichum in 1884.% Since then, the potential
roles of sulfatides in the nervous system, immune system,
glucose metabolism, osmotic regulation, spermatogenesis,
thrombosis/hemostasis, and bacterial and viral infections
have been reported by numerous studies.*® In the nervous
system, sulfatides are abundant in myelin and comprise 4%
of total myelin lipids.3 Earlier investigations described that
decreased in sulfatides in the cerebrospinal fluid could be a
useful biomarker for white matter lesions.” In Alzheimer's
disease (AD), a marked decrease in brain sulfatide level has
been proved to be associated with early phase of pathological
process of AD. The depletion of sulfatides and elevation of
ceramide, a premetabolite of sulfatides, occurred mainly in
the cerebral gray matter prior to other lipid abnormalities,
and these lipid changes contributed to neurodegeneration in
AD.%’ In Parkinson's disease (PD), it was also found that sul-
fatides were considerably diminished in the frontal cortex.'”
In the kidney, sulfatides also play important physiological
roles in acid-base homeostasis via urinary acidification and
ammonium handling as well as in the transport of sodium
chloride.'"!? Several studies have proposed that disturbances
in sulfatide metabolism might be associated with such kid-
ney diseases as renal cell carcinoma and polycystic kidney
disease.'>'*

Sulfated glycans, currently explored in medicine as gly-
cosaminoglycans (GAGs), are also known to contribute to
numerous pathophysiological processes. In the nervous sys-
tem, GAGs reportedly play many critical roles, including
regulation of the proliferation and differentiation of neural
progenitor cells, neuronal migration, neural regeneration
and plasticity, synaptogenesis, and axon pathfinding.ls’16
Therefore, disturbances in GAG homeostasis are associ-
ated with many brain diseases. GAGs also play a vital part
in kidney function homeostasis. GAGs are distributed over
nephrons and can bind and regulate a variety of proteins,
such as cytokines, growth factors, and enzymes, and their
abnormal expression influences fibrosis and inflammation."”
Alterations in GAG structure and/or content have been inves-
tigated in a large number of kidney pathologies, including
polycystic kidney disease, diabetic nephropathy, nephroblas-
toma (Wilms’ tumor), amyloidosis, minimal-change nephrop-
athy, Denys-Drash syndrome, and glomerulonephritides.18
GAGs are suggested to contribute to the normal function of
filtration barriers in kidney glomeruli and protection from tu-
bular injury and interstitial fibrosis."’

These sulfated substrates, sulfatides, and other sulfated
glycans are degraded in lysosomes. A breakdown in their
metabolic homeostasis is thought to influence the develop-
ment of many diseases. However, the key factors affecting the
intracellular metabolism of sulfated lysosomal substrates are
not fully understood.

Lipid homeostasis is essential for good health, with lipid
metabolism dysregulation involved in the development of
many human diseases. Essential polyunsaturated fatty acids
(PUFA) from n-6 and n-3 FA are linoleic (18:2, n-6) and lin-
olenic (18:3, n-3) acid, 1respective1y.2°‘21 Mammals cannot
synthesize these PUFA, which, therefore, must be obtained
from food or supplements. PUFA are mainly esterified into
phospholipid cell membranes and are abundant in the brain.
The release of PUFA from cell membranes or their variety of
bioactive derivatives affect multiple brain processes, includ-
ing cell survival, neurogenesis, neurotransmission, synaptic
function, and neuroinflammation, thereby regulating mood
and cognition.”” The alteration of PUFA levels and their sig-
naling pathways has been described in various neurological
disorders, including AD and major dep1‘essi0n.23’24 Therefore,
an adequate supply of dietary PUFA is considered important
for neural health and brain disease prevention. Dietary PUFA
is also essential in the kidney for such biological functions as
mediating of renal prostaglandin production rearrangement,
decreasing the production of pro-inflammatory leukotrienes,
maintaining endothelial function, and controlling the escape
rate of albumin across capillaries.25 Diets containing PUFA
conferred renoprotection in rats with immune- and/or inflam-
matory-mediated renal disorders,26 and an n-3 FA metabolite
could reduce kidney fibrosis in a murine model.”’

Indeed, PUFA, sulfatides, and other sulfated glycans play
critical roles in the brain and kidney. Although several studies
have described the effects of PUFA on many types of brain
and kidney diseases, the impact of PUFA on the metabolism
of sulfated lysosomal substrates, such as sulfatides and other
sulfated glycans, remains unknown. We hypothesized that
changes in FA composition might affect the intracellular gen-
eration or degradation systems of these sulfated lysosomal
substrates and possibly lead to a variety of diseases. This
study investigated the effects of deficiency and supplemen-
tation of PUFA on the metabolism of sulfatides and sulfated
GAGs in the brain and kidney.

2 | METHODS

2.1 | Animals and treatments

All animal experiments were performed in accordance with
animal study protocols approved by the Shinshu University
School of Medicine (approval number: 270044). Seven- to
8-week-old male C57BL/6 strain mice were obtained from
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Charles River Laboratories Japan (Yokohama, Japan) and
maintained in a controlled environment (22-23°C; 12 hours
light/dark cycle) with 5% (w/w) crude fat-containing stand-
ard rodent chow (MF; Oriental Yeast, Tokyo, Japan) and
water ad libitum. After a 1-week acclimatization period,
the mice were randomly divided into control, PUFA (+),
and PUFA (—) groups. The 0-week control group (n = 3),
5-week control group (n = 4), and 8-week control group
(n = 4) were continuously fed the standard diet. The other
groups were switched to a 14% (w/w) hydrogenated coconut
oil (HCO)-containing PUFA-deficient diet (AIN-93G based;
Oriental Yeast) for 2, 5, and 8 weeks (n = 4 for each period)
to evaluate the time course of sulfatide expression. The FA
composition of the HCO-containing PUFA-deficient diet
was investigated in our past study to be as follows: C6:0,
0.2%; C8:0, 2.6%; C10:0, 6.4%; C12:0, 63.3%; C14:0, 15.7%;
C16:0, 5.3%; and C18:0, 6.5% in total FA.*® The detailed nu-
tritional composition of this diet is shown in Table S1. In
general, two types of PUFA-deficient diets have been used
in past studies: a 4%-5% (w/w) HCO-containing diet and a
fat-free diet. However, these diets may cause long-chain FA-
insufficient intake, which can exert considerable effects in
addition to those of a PUFA deficiency. To mitigate the in-
fluence of a long-chain FA deficiency on experiments, we
employed the 14% (w/w) HCO-containing diet that contained
long-chain FA at a standard level (4% in diet, w/w).28

From the 1st day of the PUFA-deficient diet feeding pe-
riod, the PUFA (+4) group was orally treated with n-3/n-6-
balanced PUFA-containing oil (soybean oil [product number:
190-03776] plus linseed oil [product number: 125-01046]
mixed at 1:1, v/v) at 0.2 mL/mouse every other day (typically
at 7 pm) at a physiological level. In order to ensure the same
calorie intake in both test groups, the PUFA (—) group was
orally treated with PUFA-deficient oil (coconut oil [product
number: 036-20905]) by the same method. All oils were pur-
chased from Wako Pure Chemical Industries (Osaka, Japan).
The soybean and linseed oils were mixed at 1:1 and aliquoted.
The coconut oil was immediately aliquoted. The FA composi-
tions of these oils are shown in Table S2. All oil aliquots were
stored at —25°C and thawed at 37°C for 3 minutes before
administration. After the experimental period determined for
each group, the mice were anesthetized by isoflurane (Wako)
inhalation followed by immediate brain and kidney collection
and storage at —75°C until analysis.

2.2 | Quantitative and qualitative
analyses of sulfatides

After weighing each brain or kidney sample, specimens were
homogenized in four volumes of cold water. Sulfatides were
extracted from 50 pL of tissue homogenate obtained from
each mouse according to the hexane/isopropanol method.”’

7
Aliquots of 50 pL of standard human serum sample with an
established sulfatide concentration were used as the standard
for quantification of sulfatide concentration of test samples.
The samples were then converted to lysosulfatides (LS; sul-
fatides without fatty acids) by saponification with sodium
hydroxide.30 The LS samples were purified by Mono-tip C18
cartridges (GL Sciences, Tokyo, Japan) followed by the ad-
dition of N-acetyl LS possessing sphinganine (LS-d18:0) as
the calibrator. The samples were analyzed by matrix-assisted
laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) on a TOF/TOF 5800 system (AB Sciex,
Framingham, MA, USA) in negative ion reflector mode
with two-point external calibration using N-acetylated LS-
d18:0 ([IM-H]™ 584.310) and LS-(4E)-sphingenine (d18:1)
(IM-H]™ 540.284) peaks. We employed 9-aminoacridine
as the matrix for MALDI-TOF MS.*'*? Based on the dif-
ferences in sphingoid base structure, the following molecu-
lar species of LS were detected: LS-sphingadienine (d18:2),
LS-d18:1, LS-d18:0, LS-phytosphingosine (t18:0), LS-(4E)-
icosasphingenine (d20:1), LS-icosasphinganine (d20:0), and
LS-4D-hydroxyicosasphinganine (t20:0). The sum of these
seven LS species was calculated as the total sulfatide level in
a sample (pmol/g wet tissue weight).

2.3 | ¢PCR analysis

Total RNA was isolated from brain and kidney samples using
an RNeasy Mini kit (QIAGEN, Hilden, Germany) and re-
verse transcribed using a PrimeScript RT Reagent kit (Takara
Bio, Otsu, Japan). The gene expression of related mRNA was
measured by the quantitative real-time polymerase chain re-
action (QPCR) with SYBR Premix Ex Taq II (Takara Bio)
on a Step One Plus (Thermo Fisher Scientific, Rockford, IL,
USA). The gene-specific primers listed in Table 1 were de-
signed using Primer Express software (Applied Biosystems,
Waltham, MA, USA). Data analysis were carried out using
the AACt method, normalized to GAPDH gene levels, and
presented as fold changes with the value of the control mice
as 1.

2.4 | Immunoblot analysis

The preparation of whole-tissue lysates (brain and kidney)
and immunoblot analysis were conducted as described pre-
viously.*** The primary antibodies used for immunoblot
testing included anti-f-actin (1:1000), anti-cerebroside sul-
fotransferase (CST) (1:2000), anti-ceramide galactosyl-
transferase (CGT) (1:2000), anti-arylsulfatase A (ARSA)
(1:2000), anti-mammalian target of rapamycin (mTOR)
(1:1000), anti-phospho-mTOR (S2448) (1:1000), anti-AKT
(1:4000), and anti-amyloid precursor protein (APP) (1:5000)
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TABLE 1 Primer pairs used for gPCR

Gene

CST
CGT
ARSA

GALC

GAPDH

Gene bank accession
number

Primer sequence (5’ to 3")

NM_016922 F ATGGCCTTCACGACCTCAGA

R CGGTCTTGTGCGTCTTCATG
NM_011674 F TGGGTCCAGCCTATGGATGT

R GCAGCGTTGGTCTTGGAAAC
NM_009713 F ACCACCCCTAACCTGGATCAGT

R ATGGCGTGCACAGAGACACA
NM_008079 F

GAGTGAGAATCATAGCGAGCGATA

R AGTTCCTGGTCCAGCAGCAA

M32599 F TGCACCACCAACTGCTTAG

R GGATGCAGGGATGATGTTCTG

Abbreviations: F, forward sequence; R, reverse sequence.

(Abcam, Cambridge, UK); anti-galactosylceramidase
(GALC) (1:1000) (Proteintech, Chicago, IL, USA); anti-
p62 (1:1000), anti-Beclinl (1:1000), and anti-Atg5 (1:500)
(Medical & Biological Laboratories, Co., Ltd., Nagoya,
Japan); anti-microtubule associated protein 1 light chain 3B
(LC3B) (1:500) (Novus Biologicals, Centennial, CO, USA);
anti-P53 (1:500) (Santa Cruz Biotechnology, Dallas, TX,
USA); anti-extracellular regulated protein kinase-1/2 (Erk1/2)
(1:1000) (Upstate Cell Signaling Solution, Lake Placid, NY,
USA); anti-phospho-Erk1/2 (1:2000), anti-AMP-activated
protein kinase a (AMPKa) (1:1000), anti-phospho-AMPKa
(1:1000), and anti-phospho-AKT (1:1000) (Cell Signaling
Technology, Danvers, MA, USA); and anti-f-glucuronidase
(1:500)** that was kindly provided by Dr K. Sukegawa from
Gifu University School of Medicine, Gifu, Japan. After in-
cubation with the primary antibodies, the membranes were
subjected to horse radish peroxidase secondary antibodies
and then, treated with ECL Prime Western Blotting Detection
Reagent (GE Healthcare, Little Chalfont, UK). Band intensi-
ties were measured densitometrically using an ECL Imager
(Thermo Fisher Scientific), compared with that of p-actin,
and subsequently expressed as fold changes relative to those
of the control mice.

2.5 | Transmission electron microscopy

Tissues used for transmission electron microscopy were ob-
tained from the brain stem or renal cortex. The samples were
sliced into small cubes of approximately 1 mm® and then,
immediately fixed in 2.5% glutaraldehyde and postfixed
with 1.5% osmium tetroxide. Dehydration was performed in
a graduated ethanol series, followed next by embedding in
Epon resin. Ultrathin sections were doubly stained with ura-
nyl acetate and lead citrate and analyzed at 80 kV on a JEM
1400 electron microscope (JEOL, Tokyo, J apan).3 5,36

2.6 | Immunofluorescence staining analysis
Brain and kidney cryosections of 6 pm thickness were rinsed
three times with phosphate buffer solution (PBS) followed by
permeabilization with 0.3% Triton X-100 in PBS for 30 min-
utes at room temperature. After blocking with 4% bovine
serum albumin (BSA) for 60 minutes, the slides were im-
munostained overnight at 4°C with antibodies against lyso-
some associated membrane protein type 1 (LAMP-1) (1:100
dilution; mouse monoclonal) (American Research Products),
LC3B (1:100 dilution; rabbit monoclonal), and f-amyloid
(1-42 Preferred) (1:1000 dilution; rabbit monoclonal) that
were diluted in 1% BSA in 0.1% Triton X-100/PBS. After
rinsing three times with PBS, the samples were incubated at
room temperature for 1 hour with FITC- and Cy3-conjugated
secondary antibodies (Jackson ImmunoResearch, West
Grove, PA, USA). Subsequent to washing with PBS, the
samples were stained with 4’, 6-diamidino-2-phenylindole to
visualize the nuclei and then, mounted using a fluorescence
mounting medium (Agilent, Santa Clara, CA, USA). Slides
were observed on a Zeiss LSM880 confocal imaging system
(Fluoview; Olympus, Tokyo, Japan).

2.7 | Immunohistochemical analysis

Fresh tissue slices of mouse brain and kidney were embed-
ded in Tissue-Tek OCT compound (Sakura Finetek, Tokyo,
Japan) and frozen at —80°C. The samples were sectioned
at 6 um of thickness, air-dried, and fixed with 10% neutral
buffered formalin (pH 7.4) for 5 minutes. After rinsing with
running water, the tissue slides were treated using a 0.3%
hydrogen peroxide solution for 10 minutes to block endog-
enous peroxidase activity. After being rinsed in 50 mM
Tris-buffered saline (TBS) (pH 7.6) three times, the slides
were immunostained using a Histofine Mousestain Kit
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(Nichirei Biosciences, Tokyo, Japan). A primary antibody
against chondroitin sulfate-A (CS-A) (clone 2H6; mouse
IgM) (Seikagaku Co., Tokyo, Japan) was applied for 1 hour
at room temperature as earlier described,” and peroxidase
activity was developed using a 3, 3’-diaminobenzidine/hy-
drogen peroxide solution for 15 minutes. A negative control
experiment was conducted by omitting the primary antibody
from the staining procedure. Slides were observed on a Zeiss
AxioObserverZ1 imaging system (Fluoview; Olympus,
Tokyo, Japan).

2.8 | GAG extraction and quantification
Sulfated GAGs in the brain and kidney were extracted,
and their contents were quantified according to the instruc-
tions of the Blyscan Sulfated Glycosaminoglycan Assay
(Biocolor Ltd., County Antrim, BT38 8 YF, UK). First, the
papain extraction reagent was prepared: 5 mg of papain
(Sigma-Aldrich, St. Louis, MO, USA) was added to 50 mL
of a 0.2 M sodium phosphate buffer (pH 6.4) containing
400 mg sodium acetate, 200 mg EDTA disodium salt, and
40 mg cysteine HC1. Samples of 20 mg of brain or kidney
tissue received 1 mL of papain extraction reagent and were
digested at 65°C for 3 hours. Samples were centrifuged at
10 000 g for 10 minutes, and supernatants were used for
the measurement of total sulfated GAGs. Part of the super-
natant was also used for the differentiation of N-sulfated
and O-sulfated GAGs by the nitrous acid cleavage method.
The extracted GAG samples were mixed with the same
volume of a sodium nitrite reagent and 33% acetic acid so-
lution. The reaction was allowed to proceed for 60 minutes
at room temperature with occasional mixing. After the re-
action, an equal volume of ammonium sulfamate reagent
was added and mixed over a period of 10 minutes. At this
time, the sample was an O-sulfated glycosaminoglycan ex-
tract for measurement. Total sulfated GAG and O-sulfated
GAG levels were measured using the Blyscan protocol.
O-sulfated GAG levels were subtracted from total sulfated
GAG levels to determine the levels of N-sulfated GAGs.
Hyaluronan (HA) is a non-sulfated GAG and cannot be de-
tected by this assay.

2.9 | Statistical analysis

All data examined are presented as the mean =+ standard de-
viation. Statistical analysis of the differences between groups
was performed by ANOVA followed by Tukey's post hoc
test. Differences in time-course changes were evaluated
using the unpaired Student's 7 test by SPSS software v26J
(IBM, New York, NY, USA). A P value of <.05 was consid-
ered statistically significant.

FASEB con—
3 | RESULTS

3.1 | A PUFA-deficient diet significantly
decreased the expression level of brain
sulfatides by increasing sulfatide degradative
enzyme proteins without mRNA change

During the experimental period, there were no remarkable
differences in food intake among the groups, with all mice
surviving and exhibiting no neurological abnormalities.
There were no significant changes in body or organ weight
between the PUFA (4) and PUFA (—) groups at any time
point (Table 2).

To investigate whether a PUFA deficiency affected me-
tabolism among sulfated lysosomal substrates, we first
examined the time-course changes in the content of repre-
sentative sulfated substrates, sulfatides, in the brain of mice.
Whereas the brain sulfatide content in the PUFA (+) group
was maintained, that in the PUFA (—) group was significantly
decreased at 5 and 8 weeks (Figure 1A). These findings indi-
cated that a PUFA-deficient diet reduced brain sulfatide con-
tent, which was prevented by PUFA supplementation.

Since brain sulfatide levels were stable from 5 weeks,
we used the 5-week group of mice for the ensuing analyses.
To investigate the mechanism underlying the decrease in
brain sulfatide content in the PUFA (—) group, the protein
and gene expression levels of sulfatide metabolic enzymes
were examined next. The PUFA-deficient diet caused sig-
nificant increases in ARSA and GALC, both major sulfatide
degradative lysosomal enzymes, among protein expression
levels, which was prevented by PUFA supplementation.
Interestingly, the gene expression levels of ARSA and GALC
did not differ among the groups (Figure 1B). The protein and
gene expression levels of the sulfatide synthesis enzymes
CST and CGT were comparable among the groups. These
findings suggested that increases in ARSA and GALC pro-
teins caused the degradation of brain sulfatides.

3.2 | A PUFA-deficient diet activated
autophagy and lysosomal function in the
brain stem

Lysosomes are known to play pivotal roles in the catabolic
and anabolic responses to a variety of factors, including nu-
trient availability. Since a PUFA-deficient diet might create
a starvation state of essential PUFA nutrients, we hypoth-
esized that an inadequate availability of PUFA could lead
to autophagy acting as a starvation response, and then, a
large number of autophagosomes could fuse with lysosomes
to activate lysosomal enzymes. To investigate this notion,
we examined the brain expression levels of the autophagy
marker LC3B, autophagy-related proteins Beclinl and Atg5,
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TABLE 2 Physiological data

8w HCO

8w

Sw HCO

2w HCO

PUFA (+) PUFA (-) PUFA (+) PUFA (-) Control PUFA (+) PUFA (-)

Control

27.67 +0.59
110.39 + 6.86

27.53 +0.30
109.89 + 4.06

2825+ 1.18
112.55 + 1.34

26.60 + 1.69
106.01 + 6.08

25.15+0.79 2435 +0.34 27.78 £ 0.29
97.13 +4.08 110.81 + 5.32

100.25 + 2.62

25.57 +£0.40

Body weight (g)

WANG ET AL.

nd

Body weight change

(%)

Brain/body weight (%)

1.65 +0.03
1.38 + 0.07

1.68 + 0.04
1.40 + 0.07

1.64 +0.02
1.36 +0.12

1.71 £ 0.09
1.26 +0.11

1.71 + 0.06
1.35+0.07

1.40 + 0.04

1.81 +£0.05

1.80 + 0.06

1.79 £ 0.02

1.42 +0.10

1.38 +0.08

Kidney/body weight

(%)

Liver/body weight (%)

4.28 +0.53 4.14+0.19 4.35 +£0.63 455+03 4.30 +£0.30 3.94 +£0.27 420 +0.81

4.56 +0.02

Note: Test mice were fed a 14% HCO-containing PUFA-deficient diet for 2, 5, or 8 weeks (2w, 5w, or 8w HCO). The control group was fed 5% (w/w) crude fat-containing standard rodent chow for comparisons. Data are shown

as the mean + SD (n = 3-4). There were no significant differences between the PUFA (+) and PUFA (—) groups at any time point.

Abbreviation: nd, not determined.

autophagy substrate P62, and a representative lysosomal en-
zyme, f-glucuronidase, by immunoblot analysis (Figure 2A).
Compared with PUFA (+) mice, the protein expression lev-
els of LC3B, Beclinl, Atg5, and f-glucuronidase were re-
markably increased, and that of P62 was decreased, in the
brain of PUFA (—) mice.

To further verify the relationship between autophagy
and lysosomes, the co-localization of LC3B with LAMP-1,
a representative lysosomal marker, was examined by double
immunofluorescence staining analysis (Figure 2B). Double
staining revealed expression and co-localization of LC3B
with LAMP-1 in the brain stem of PUFA (—) mice, which
were absent in the PUFA (+) group.

Brain stem samples in each group were examined by
transmission electron microscopy to confirm the activation
of autophagy. In the PUFA (—) group, the number of autol-
ysosomes clearly enclosing recognizable specific organelles
or organelle fragments was significantly increased compared
with the PUFA (+) group (Figure 2C). Moreover, magnified
images of PUFA (—) mice distinctly showed the classical
structures of autolysosomes (Figure 2D).

Since autophagy is most obvious in the brain stem, we ex-
amined the expression levels of sulfatides and the lysosomal
enzymes ARSA, GALC, and f-glucuronidase for brain stem
samples only. These confirmation experiments demonstrated
significant degradation of sulfatides and elevated protein ex-
pression of lysosomal enzymes in the brain stem (Figure S1).

3.3 | Time-course changes in protein
expression levels of ARSA and LC3B
in the brain

In order to better characterize the relationship between au-
tophagy and sulfatide degradation, we investigated the
time-course changes in protein expression of the lysosomal
enzyme ARSA and autophagy marker LC3B using the brain
of mice treated for 0, 2, 5, and 8 weeks. ARSA and LC3B
were significantly increased from the 5th week to the 8th
week in the PUFA (—) group, with no remarkable changes
in the PUFA (+) group (Figure 3). These findings suggested
that a PUFA-deficient diet activated autophagy to thereby,
enhance the lysosomal enzyme function, which might be as-
sociated with sulfatide degradation in the brain stem, all of
which were attenuated by PUFA supplementation.

3.4 | A PUFA-deficient diet-induced
autophagy by suppressing the Erk/mTOR
signaling pathway

The canonical autophagy pathway characterized by the
biogenesis of membrane structures is regulated by mTOR
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FIGURE 1

Changes in sulfatide levels and the expression of sulfatide metabolic enzymes in the brain of mice. A, Sulfatide levels in the brain

were measured by MALDI-TOF MS. The total amount of sulfatides was calculated as the sum of seven lysosulfatide molecular species (pmol/g
wet brain weight). PUFA (+), group supplemented with PUFA-containing oil; PUFA (—), group supplemented with PUFA-deficient oil. Data

are expressed as the mean + SD (n = 3-4). P values comparing each time point with control mice of 0 weeks were calculated by the unpaired
Student's 7 test: **P < .001. Differences between groups were compared using ANOVA with Tukey's post hoc test: **¥P < .01, ***P < .001 vs
PUFA (+) group; "P < .01, ™ P < 001 vs control group. B, Immunoblot and gray analyses showing the expressions of protein levels of sulfatide-
synthesizing enzymes (CST and CGT) and sulfatide-degrading enzymes (ARSA and GALC). 5w HCO: mice fed a 14% HCO-based diet for

5 weeks. Protein levels were normalized to that of f-actin. Analysis of mRNA levels of these enzymes were performed by real-time PCR and
normalized to that of GAPDH. All data are shown as fold changes relative to the control group. Data are expressed as the mean + SD (n = 3-4).
Statistically significant differences: **P < .01, ***P < 001 vs PUFA (+) group; "P < .01, ™ P < 001 vs control group

complex 1.%% It has been reported that autophagy can be
activated by the suppressive effects of p53 and AMPK
on mTOR.***" Therefore, we investigated whether p53,
AMPKa phosphorylation, and mTOR phosphorylation were
involved in the autophagy induced by a PUFA-deficient
diet. As shown in Figure 4, a PUFA insufficiency resulted
in the remarkable inhibition of p-mTOR (S2448), but had
no obvious effect on p-AMPKa or p53. Since AKT or the

mitogen-activated protein kinase (MAPK)/Erk1/2 signaling
cascade upstream of mTOR are the main regulatory pathways
to suppress autophagy.‘”"43 Erk1/2 and AKT phosphorylation
were examined next. While a PUFA-deficient diet reduced
phosphorylation levels of Erk1/2, it did not alter p-AKT lev-
els. These findings implicated the Erk/mTOR pathway as the
main signaling cascade for the induction of autophagy by a
PUFA-deficient diet.
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3.5 | A PUFA-deficient diet decreased the
protein expression levels of amyloid precursor
proteins in the brain

Autophagy disorders play prominent roles in amyloid f§ (AP)
metabolism and are extensively involved in AD pathogen-
esis.* The decrease of sulfatides is also tightly associated
with deterioration of Af clearance.” To investigate whether
PUFA deficiency-induced autophagy activation and the

related sulfatide degradation were associated with the patho-
genesis of AD, we evaluated the protein expression of APP
and AP deposition in the brain of PUFA-deficient mice.
Although no AP deposition was detected (Figure 5B), a sig-
nificant decrease in APP appeared at 8 weeks in the PUFA
(=) group (Figure 5A). These results indicated that PUFA
deficiency-induced autophagy activation and sulfatide degra-
dation might be involved in the early developmental process
of AD.
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FIGURE 2 A PUFA-deficient diet activates autophagy and lysosomal function in the brain stem of mice. A, Immunoblot and gray analyses

of the autophagy markers LC3B, Beclinl, and Atg5, the autophagy substrate P62, and a representative lysosomal enzyme, f-glucuronidase. Protein

levels were normalized to that of f-actin. All data are shown as fold changes relative to control mice. B, Co-localization of the autophagy marker

LC3B with LAMP-1 in the brain. Confocal images of brain samples obtained from mice of each group. LC3B was stained using a Cy3-conjugated

IgG secondary antibody (red) and LAMP-1 was visualized with a FITC-conjugated secondary antibody (green), followed by counterstaining

with DAPI (blue). Arrows indicate the co-localization of LC3B and LAMP-1. Scale bar represents 50 pm. Left panels demonstrate whole-tissue

immunofluorescence staining. The number of LC3B + LAMP-1 merged dots was counted in at least 10 high-power fields in control, 5w HCO

PUFA (+), and 5w HCO PUFA (—) brains. C, Representative electron micrographs of each group. The number of autolysosomes counted in at

least 30 images of PUFA (+) and PUFA (—) mice were compared. Scale bar represents 5 pm. D, Classical autophagic structures in the PUFA (—)

group. a-h: Single arrows identify autolysosomes that are clearly enclosing organelle fragments or recognizable organelles, such as mitochondria.

Double arrows indicate autolysosomes with organelles in varying states of degradation. Scale bar represents 2.5 pm. All data are expressed as the
mean + SD. Statistically significant differences by ANOVA with Tukey's post hoc test: **P < .01, *##P < 001 vs PUFA (+) group; P < .01,

##p < .001 vs control group

3.6 | Effects of a PUFA-deficient diet on
another sulfatide-rich organ, the kidney

We examined another sulfatide-rich organ, the kidney, to
determine whether sulfatide degradation and autophagy
activation caused by a PUFA deficiency occurred systemi-
cally. As in the brain, a PUFA-deficient diet decreased
the expression level of sulfatides in the kidney from 5 to
8 weeks (Figure 6A). The renal protein levels of ARSA and
GALC were increased remarkably without alterations in
gene levels in the 5-week-fed PUFA (—) group (Figure 6B).
Furthermore, the protein levels of LC3B, Beclinl, Atg5, and
p-glucuronidase were increased, with a decreasing trend of
P62, at 5 weeks in PUFA (—) mice (Figure 6C). The above
changes in sulfatide metabolic enzymes and autophagy-
related proteins in the kidney exhibited remarkably similar
patterns to those in the brain.

3.7 | A PUFA-deficient diet activated
autophagy and lysosomal function in the
kidney cortex

To verify whether lysosomal hyperfunction was associated
with autophagy in the kidney, immunofluorescence exam-
ining the co-localization of LAMP-1 and LC3B and trans-
mission electron microscopy were conducted. As expected,
immunofluorescence analysis showed higher expression and
co-localization of LAMP-1 and LC3B in the renal cortex of
the 5-week-fed PUFA (—) group (Figure 7A). Transmission
electron microscopy analysis also demonstrated an increase
in autolysosomes and detected various classical autophagic
structures at 5 weeks in PUFA (—) mice (Figure 7B).
Confirmation analyses using kidney cortex samples dem-
onstrated a significant decrease in sulfatide levels and in-
crease in the protein expression of the lysosomal enzymes
ARSA, GALC, and p-glucuronidase (Figure S2). These re-
sults corresponded with those using whole kidney samples.
Furthermore, significant decreases in the expressions of

p-mTOR and p-Erk1/2 were detected in the kidney of the
PUFA (—) group (Figure 7C).

3.8 | Time-course changes in protein
expression levels of ARSA and LC3B
in the kidney

The time-course changes in the protein expression levels of
ARSA and LC3B were examined using the kidney of mice
treated for O, 2, 5, and 8 weeks. ARSA and LC3B protein
expression were significantly increased from the 5th week to
the 8th week in the PUFA (—) group (Figure 8).

The cumulative kidney findings indicated that changes in
sulfatide degradation, autophagy activation, and lysosome
hyperfunction caused by a PUFA deficiency occurred sys-
temically, likely by means of the same mechanism as in the
brain.

3.9 | A PUFA-deficient diet significantly
reduced other representative lysosomal enzyme
substrates, GAGs, in the brain and kidney

From the above results, we speculated that a PUFA defi-
ciency might promote general lysosomal function associ-
ated with autophagy activation. The significantly increased
f-glucuronidase in this study is a representative lysosomal
enzyme that plays a vital role in the normal step-wise deg-
radation of GAGs.** We hypothesized that the lysosomal
hyperfunction caused by a PUFA deficiency was not spe-
cific to sulfatide metabolism, so we examined the expression
changes of other typical lysosomal enzyme substrates, that
is, GAGs, in the brain and kidney. GAGs are polysaccharides
composed of repeating disaccharide units that are classified
into five classes: chondroitin sulfate (CS), heparan sulfate/
heparin (HS), keratan sulfate (KS), dermatan sulfate (DS),
and HA."> HS contains both N-sulfated and O-sulfated hex-
osamines, whereas the other sulfated GAGs, CS, KS, and DS,
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FIGURE 3 Time-course changes in expression levels of ARSA and LC3B in the brain of mice. The protein expression levels of ARSA and

LC3B were examined by immunoblot and gray analyses. Protein levels were normalized to that of f-actin. All data are shown as fold changes

relative to the control group at O weeks. Data are expressed as the mean + SD (n = 3-4). P values comparing each time point with control mice of
0 weeks were calculated by the unpaired Student's 7 test: Sp < .05, $p < .01, $88p < 001

contain O-sulfated hexosamines only. HA is a non-sulfated
GAG. The experiment using the sulfated GAG measuring
assay kit revealed a significant decrease in total sulfated
GAGs, mainly via O-sulfated GAG reduction, in the brain
and kidney of the 5-week PUFA (—) group (Figure 9A). To
investigate the localization of sulfated GAG changes, we per-
formed an immunohistochemical analysis on CS-A, a rep-
resentative O-sulfated GAG. In brain tissue sections, CS-A
expression was significantly decreased in the brain stem of
the PUFA (—) group, which was consistent with autophagy
and lysosomal activated lesions (Figure 9B). The same anal-
ysis was performed on kidney samples, but reliable results
were unobtainable due to severe nonspecific staining (data
not shown).

4 | DISCUSSION

Considerable evidence has shown that dietary n-6 and n-3
FA influence the composition and function of structural

components in vivo. Our results demonstrated that a PUFA-
deficient diet could reduce the expression of sulfatides
and sulfated GAGs in both the brain and kidney of mice.
Regarding the metabolic mechanism of this decrease, the
current study is the first to reveal that a PUFA deficiency
may stimulate autophagy and lysosomal enzyme function via
suppression of the Erk/mTOR pathway; these may be associ-
ated with the degradation of sulfatides and sulfated GAGs.
In the present study, time-course analyses indicated that a
PUFA deficiency significantly decreased sulfatide levels in
the brain and kidney for 2-5 weeks, after which levels were
maintained. Our results in Figures 3 and 8 indicated that a
PUFA deficiency-induced autophagy activation and lysoso-
mal hyperfunction for 2-5 weeks. These activations appeared
to reach a saturation level, and then, began to slightly de-
crease at the 8th week, thus mirroring the changes in sul-
fatide levels. Several past studies have demonstrated that
the autophagy activation cannot continue to increase, and
reach saturation and eventually weaken, even with continu-
ous autophagy stimulation signals such as angiotensin II and
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FIGURE 4 A PUFA-deficient diet induced autophagy via suppression of the Erk/mTOR pathway in the brain of mice. The protein expression

of p53 and the relative ratios of total and phosphorylated protein levels of AMPKa, mTOR, Erk1/2, and AKT were examined by immunoblot

and densitometric analyses. Data are expressed as the mean + SD (n = 3-4). All data are shown as fold changes relative to the control group.
Statistically significant differences by ANOVA with Tukey's post hoc test: *P < .05, **P < .01 vs PUFA (+) group; #P < .05 vs control group
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at 0 weeks. Data are expressed as the mean + SD (n = 3-4). P values comparing each time point with control mice of 0 weeks were calculated by

the unpaired Student's 7 test: P < .05. Differences between groups were compared using ANOVA with Tukey's post hoc test: *P < .05 vs PUFA

(+) group. B, Confocal images of brain samples obtained from mice of each group. Samples were subjected to immunofluorescence for amyloid §

(1-42) (red) and DAPI (blue). Left panels represent whole-tissue immunofluorescence staining. Scale bar represents 50 pm

H202.47‘48 The time-dependent changes in autophagy by con-
tinuous PUFA-deficient signals were consistent with those
results. Moreover, the synchronized time-dependent changes
observed in this study suggest a close relationship among the
organ contents of sulfatides and sulfated GAGs, autophagy
activation, and lysosomal hyperfunction.

The present study indicated that the sulfatide level decrease
in the brain and kidney was caused by sulfatide degradation
enhancement via increase in the lysosomal sulfatide degra-
dative enzymes ARSA and GALC. In the induction process
of these enzymes, we observed the interesting phenomenon
of augmented protein expression of these enzymes without
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gene upregulation. In the general autophagy activation pro-
cess, transcription factor EB (TFEB), a master regulator of
lysosomal biogenesis and autophagy, is activated and binds
coordinated lysosomal expression and regulation (CLEAR)

DNA sequences to participate in transcriptional regulation,
including autophagosome formation, autophagosome/lyso-
some fusion, and lysosomal biogenesis.49’50 Therefore, it is
possible that a PUFA deficiency may increase many types
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of lysosomal enzyme gene expression via this process.
Recently, a combination of genomic analyses identified 471
TFEB direct targets that represented essential components
of the CLEAR network. Interestingly, those analyses found
that GALC may not belong to the CLEAR network.”' In the
current study, a PUFA deficiency increased the protein ex-
pression of GALC without gene upregulation, suggesting that
protein expression enhancement of GALC may be strongly
affected by systems other than the CLEAR network. An in-
crease in protein expression without gene upregulation was
also seen for ARSA. Currently, no reports have addressed the
relationship between ARSA and the CLEAR network, ARSA
also may not belong to the network. The mechanism of the in-
creased protein expression of GALC and ARSA without gene
upregulation is currently unclear. We speculate that increases
in these proteins may be influenced by the attenuation of
proteolysis. Past studies have shown an inverse relationship
between the ubiquitin-proteasome system (UPS) and autoph-
agy, which functionally cooperate with each other to maintain
protein stability.52 The UPS is a selective proteolytic system
in which substrates are recognized and labeled by ubiquitin

for proteasome degradation. Many reports have demonstrated
that autophagy activation attenuates UPS, and that UPS in-
hibition promotes autophagy conversely.53 >4 Another study
identified ARSA as a ubiquitination substrate.” Together,
those findings suggest the possibility that a PUFA deficiency
may attenuate UPS and suppress the proteolysis of ARSA
and GALC associated with autophagy activation, followed
next by protein expression increases of these enzymes with-
out gene upregulation. Further investigation of this hypothe-
sis is needed.

It was earlier found that the brain content of sulfatides
became decreased without synthetic deficiency in the early
clinical stage of AD patients, whereas that of ceramides,
which are degradation products of sulfatides, was elevated,
suggesting the augmentation of sulfatide degradation in the
AD brain.’ Other past studies reported alterations in the in-
tracerebral content of sulfated GAGs in AD. In the cerebral
cortex of AD model mice, the total amount of CS was re-
duced to 56% of the level in control mice.’® Another report
demonstrated that KS levels in the cerebral cortex were de-
creased to less than half of control levels in AD patients.57
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FIGURE 9 A PUFA-deficient diet reduces representative lysosomal enzyme substrates, GAGs, in the brain and kidney. A, Levels of GAGs
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Moreover, HS, a type of N-sulfated GAG, was accumulated
in early AP deposition lesions in AD patients.5 859 The pres-
ent study demonstrated that a PUFA-deficient diet caused a
reduction in brain sulfatide levels, the stimulation of sulfatide
degradation, decreases in O-sulfated GAG levels, and a slight
increase in N-sulfated GAGs in the brain. Our investigation
also uncovered that a PUFA deficiency led to the activation
of autophagy and lysosome enzymes in the thalamus- and
hypothalamus-containing brain stem, which are the main re-
gions where memory loss and metabolic abnormalities occur
in the early stages of AD.%*%* These current results might
be helpful in elucidating the pathological processes of early
AD. Past studies have shown that autophagy plays a dual role
in AP metabolism, participating in both the degradation and
generation of AP. Autophagy was reported to have a degra-
dative role on AP, whereas several studies demonstrated that
autophagic vacuoles contained the proteases and substrates

necessary to cleave the APP to the AP peptide, thus stimu-
lating AP generation. The degradation of APP is responsi-
ble for regulating synaptic plasticity and memory,“’64 and
autophagosomes are thought to be potentially highly active
compartments of AP generation.®® The involvement of auto-
phagy in the balance of AP generation and degradation may
be influenced by an activation mechanism and/or inducer
of autophagy. Our study could not detect a direct effect of a
PUFA deficiency on AP accumulation. However, we found
APP degradation associated with autophagy activation in
the PUFA-deficient group, suggesting the stimulation of Af
generation. In addition, our study detected sulfatide degra-
dation in the PUFA-deficient group. Earlier studies demon-
strated that sulfatides promoted the clearance of AP through
an endocytotic pathway mediated by apolipoprotein E, and
its metabolite, ceramide, could stabilize p-site amyloid pre-
cursor protein-cleaving enzyme 1 to promote the formation
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of Aﬁ.66‘67 Thus, the sulfatide degradation induced by a
PUFA deficiency might reduce the clearance ability of Ap.
Furthermore, past studies reported that CS, a representative
O-sulfated GAG and major component of the extracellular
matrix, exerted neuroprotective effect and could attenuate the
neurotoxicity induced by AP25-35, thereby inhibiting fibrin-
ogenesis and shortening the pre-formed amyloid fibrils in the
Ap accumulation pathway of AD.®% CS has also been shown
to impart anti-oxidative effects and play an important role in
neuroprotection.70 Oxidative stress may be a risk factor for
many neurodegenerative diseases, such as AD. We speculate
that a PUFA deficiency causes autophagy activation and the
degradation of sulfatides and sulfated GAGs, which exert a
positive effect on AP generation and accumulation as well as
a negative impact on neuroprotection, resulting in a possible
AD risk.

In addition to AD, autophagy has been associated with
other brain diseases, such as cerebral infarction and PD.
Several studies reported that autophagy enhanced secondary
neuronal damage in the ipsilateral thalamus after focal cere-
bral infarction.”’”* In pathological analyses, autophagosome
accumulation was detected in postmortem brain samples of
PD, suggesting a pathogenic role of autophagy activation in
PD.”*7 Also in PD, sulfatide levels were considerably de-
creased in the frontal cortex,10 and GAGs were reported to
exert various effects against a-synuclein aggregation in PD
pathog.genesis.76 Moreover, abnormal CS structure and con-
tent are commonly observed in the pathological states of
schizophrenia.”” Hence, PUFA-induced autophagy activation
and metabolic dysregulations in sulfatides and sulfated gly-
cans may be a potential risk factor for many brain diseases,
including AD, cerebral infarction, PD, and schizophrenia.

The current study demonstrated that a PUFA deficien-
cy-induced decrease in sulfatides and sulfated glycans associ-
ated with the stimulation of autophagy and lysosomal enzyme
activation also occurred in another sulfatide-rich organ, the
kidney. Since sulfatides play a role in acid-base homeostasis,
diminished renal sulfatides may also be important in met-
abolic acidosis and chronic kidney disease. A reduction in
renal sulfatide content and the stimulation of autophagy have
been observed in polycystic kidney diseases. 13,78 Considering
the results of our experiments, the decrease in sulfatides in
polycystic kidney diseases may have been caused by autoph-
agy stimulation. In the kidney, many studies have described
the renoprotective effects of GAGs. GAG treatment prevents
the development of kidney disease in subtotal nephrectomy
models of chronic kidney disease. Moreover, diabetic rodent
models demonstrated that a diabetic condition significantly
decreased CS/DS levels in the kidney cortex, and that those
sulfated GAGs contributed to reducing albuminuria and glo-
merulosclerosis.”’ The renoprotective mechanism of GAGs
is indeed the subject of many studies.®® In the kidney dis-
ease process, autophagy is reported to play dual pathogenic
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roles,®! whereby continuous autophagy activation may lead
to renal tubular atrophy and the promotion of renal fibrosis.
Autophagy was reported to prevent fibrosis as well by reg-
ulating excessive intracellular collagen degradation.82 The
current study could not definitively detect PUFA deficien-
cy-induced kidney functional abnormalities or pathological
changes indicative of kidney disease; however, the autophagy
activation and decreased levels of sulfatides and sulfated gly-
cans presumably disturbed kidney function in the test animals,
possibly leading to future illness. The pathogenic importance
of PUFA deficiency-induced autophagy and the degradation
of sulfatides and sulfated glycans remains unclear in kidney
diseases and requires further study. As a PUFA deficiency
can influence general lysosomal function in multiple organs,
further systemic studies are needed.

Extensive evidence supports mTOR as a core regulator of
autophagy. mTOR can integrate various signals in response
to diverse environmental conditions involving four main in-
puts: nutrients, energy, growth factors, and stress.®® The mo-
lecular mechanism in the mTOR response via the Akt and/
or MAPK/Erk1/2 signaling pathways that are mainly regu-
lated by growth factors has been well described. Moreover,
mTOR is suppressed by an AMPK-dependent pathway when
cells respond to environmental stress or upon energy depri-
vation.* Several upstream signaling cues converge on TSCI1-
TSC2, which acts as a heterodimer that negatively regulates
mTOR signaling. However, the mechanism of how nutrient
status is sensed and communicated to mTOR is elusive. For
example, oleate-induced noncanonical autophagy was re-
ported to proceed along with the inhibition of mMTOR without
influence from the downregulation of AMPK, which trig-
gered mechanistically distinct autophagic responses com-
pared with palmitate-induced autophagy.85 Studies speculate
that this noncanonical autophagy characterized by Beclinl-
independent autophagic responses has health-promoting
effects.’*” The present investigation revealed that a PUFA
deficiency could induce autophagy through restriction of the
Erk/mTOR signaling pathway. This is the first evidence on
how mTOR perceives a nutritional deprivation of PUFA to
induce autophagy. A better understanding on the mechanism
of PUFA deficiency-induced autophagy may contribute to
novel therapies for related diseases.

Previous studies have described the preventive effects of
PUFA as an essential nutritional supplement for AD. n-3
PUFA can significantly promote interstitial Ap clearance
from the brain and resist AP injury by mediating the function
of the glymphatic system.*® In addition, an n-6 PUFA diet
can suppress the proteolytic processing of APP to attenuate
AP deposition.* Dietary and lifestyle guidelines have rec-
ommended an increase in PUFA intake for the prevention of
AD.*** Moreover, a higher dietary intake of DHA has been
associated with a lower risk of neurological diseases with
inflammatory components in humans, including PD and
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severe depression.”’ In the kidney, increasing clinical evi-
dence suggests that n-3 PUFA supplementation has therapeu-
tic potential in reducing proteinuria and kidney dysfunction
in IgA nephropathy and other chronic kidney diseases and
in reducing inflammation in dialysis patients.92’93 n-3 PUFA
supplementation also appeared to diminish nephrotoxicity
and the attendant complication of hypertension toward the
inhibition of inflammatory and atherogenic mechanisms in
lupus nephritis.()4 The current study suggested that a defi-
ciency in PUFA might cause pathological damage in vivo,
with PUFA supplementation exerting protective effects in
the same pathological situation. Our findings provide sup-
portive evidence on the possible beneficial effects of PUFA
for brain and/or kidney disease prevention.

5 | LIMITATIONS

First, the causal relationship between autophagy activation
and the degradation of sulfatides and sulfated GAGs was
not fully demonstrated in the present study. Additional ex-
periments investigating the effect of autophagy inhibition on
the breakdown of sulfatides and sulfated GAGs in PUFA-
deficient mice and cultured cells are necessary. Second, the
current study could not clearly demonstrate PUFA defi-
ciency-derived pathogenic effects leading to central nervous
system or kidney diseases, such as Af deposition or kidney
damage. Since the lack of organ damage may be due to a
short-term study design, longer trials are needed. Third, this
study could not evaluate for synaptic function abnormality.
In AD patients, the protection of synaptic function and main-
tenance of neuronal homeostasis is essential. Sulfatides and
other sulfated glycans in the nervous system have many func-
tional properties of membrane proteins, such as ion pumps,
myelinated axon ion channels, receptors, and transporters. A
severe deficiency in sulfatides and other sulfated glycans is
thought to cause losses in axonal conduction and adversely
affect synaptic plasticity and memory.gs’96 Since a decrease
in the brain content of sulfatides and sulfated GAGs may be
a signal of compromised neural network homeostasis, future
studies should evaluate these synaptic function abnormalities
from a PUFA deficiency.

6 | CONCLUSION

In conclusion, this investigation clearly demonstrated that a
PUFA deficiency could lead to the degradation of sulfatides
and sulfated GAGs, which may associate with lysosomal hy-
perfunction and autophagy activation in the brain and kidney,
possibly due to inhibition of the Erk/mTOR signaling path-
way. General lysosomal hyperfunction with autophagy acti-
vation and the associated reduction of a series of functional

molecules may result in various diseases, indicating a poten-
tial benefit of prophylactic PUFA supplementation.
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