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Abstract

Very long-chain fatty acids (VLCFAs) are degraded exclusively in peroxisomes, as evidenced by
the accumulation of VLCFAs in patients with certain peroxisomal disorders. Although accumulation
of VLCFAs is considered to be associated with health issues, including neuronal degeneration, the
mechanisms underlying VLCFAs-induced tissue degeneration remain unclear. Here, we report the
toxic effect of VLCFA and protective effect of C18:1 FA in peroxisome-deficient CHO cells. We
examined the cytotoxicity of saturated and monounsaturated VLCFAs with chain-length at C20-C26,
and found that longer and saturated VLCFA showed potent cytotoxicity at lower accumulation levels.
Furthermore, the extent of VLCFA-induced toxicity was found to be associated with a decrease in
cellular C18:1 FA levels. Notably, supplementation with C18:1 FA effectively rescued the cells from
VLCFA-induced apoptosis without reducing the cellular VLCFAs levels, implying that peroxisome-
deficient cells can survive in the presence of accumulated VLCFA, as long as the cells keep sufficient
levels of cellular C18:1 FA. These results suggest a therapeutic potential of C18:1 FA in peroxisome
disease and may provide new insights into the pharmacological effect of Lorenzo's oil, a 4:1 mixture

of C18:1 and C22:1 FA.
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1. Introduction

Peroxisomes, which are highly multifunctional organelles present in virtually all eukaryotic cells,
play an essential role in the synthesis of lipids as well as in their degradation [1-6]. In mammals,
peroxisomes oxidize long-chain hydrocarbons, including very long—chain fatty acids (VLCFAs; C >
20), long-chain dicarboxylic acids, polymethylene-interrupted unsaturated FAs, and certain
xenobiotics [1-6]. Proper peroxisomal function is indispensable for normal human development as
well as for the optimal functioning of vital organs, including neurons, adrenal glands, liver, and
kidneys. The requirement of peroxisome functions has become evident from a fact that genetic defects
in peroxisomal function lead to a variety of health issues known as peroxisomal disorders [7—-10].

Peroxisomal disorders can be classified into two categories: peroxisome biogenesis disorders
(PBD); and single peroxisomal enzyme deficiencies. Zellweger syndrome (ZS) is a PBD caused by
impaired peroxisomal functions leading to the accumulation of VLCFAs presenting as distinctive
biochemical characteristics. The most common phenotypes of ZS are neuronal migration defects,
dysmyelination and neural heterotopia [11-14]; there is currently no available treatment for recovery.
The peroxisomal enzymes, acyl-CoA oxidase 1 and D-bifunctional protein, are required for
peroxisomal B-oxidation [11-14]. Deficiency in these enzymes results in excessive accumulation of
VLCFAs, leading to severe neurodegeneration [11-13, 15].

X-linked adrenoleukodystrophy (ALD), is the most common peroxisomal disorder, occurring in
approximately 1 in 14,700 births. ALD is caused by mutations in ABCDI gene which encodes the
peroxisomal transmembrane protein, ALDP [16-22]. The primary role of ALDP is the transportation
of VLCFA as CoA-esters into the peroxisomal matrix, where they undergo chain-shortening via [3-
oxidation [16-22]. The loss of ALDP function leads to the accumulation of VLCFAs, mainly C24:0,
C26:0 and C26:1, in the plasma and tissues [23—38]. Accumulation of these VLCFAs in blood is a
definitive diagnostic marker of this disease. Our recent investigation also revealed the accumulation
of ceramide with these VLCFAs in the blood of ALD patients [39]. ALD is characterized by
progressive demyelination of both central and peripheral nervous systems, accompanied by adrenal
insufficiency and inflammatory processes in the demyelinated areas [40—44].

Excessive VLCFAs (C24:0 and C26:0 FAs) have been shown to induce toxicity in various neural
cell types, leading to plasma membrane changes and oxidative stress, as well as lysosomal and
mitochondrial dysfunction [45-54]. These observations suggest that VLCFAs accumulation may act
as a causal factor in neurodegeneration. However, this assumption may be too simplistic, because

some ALD patients with elevated plasma VLCFAs are known to exhibit mild or no neurological



symptoms. We also observed that a healthy female carrier with mutated ABCD1 gene showed elevated
VLCFA-ceramide [39]. Currently, the link between VLCFA accumulation and the progression of
demyelination/neurodegeneration remains unclear.

To gain a better understanding of the association between VLCFA accumulation and peroxisome
disease symptoms, it is crucial to explore the effects exerted by VLCFAs on various cellular functions,
including the myelinating of cells. However, metabolic regulation of endogenous or exogenous
VLCFAs, as well as cellular events induced by abnormally accumulated VLCFAs remain unclear.
One of difficulties of biological experiments on VLCFAs is extremely low aqueous solubility of
VLCFAs. Recently, we developed a method for dispersing VLCFAs as an albumin complex in
aqueous medium [55,56]. Using this technique, we analyzed the uptake [55] and cytotoxicity of
VLCFAs [56] in various cells including peroxisome-deficient cells [55,56].

In this study, we found that saturated and longer VLCFAs, such as C26:0 FA, show potent toxicity
in peroxisome-deficient cells at low levels of accumulation. We also found that VLCFA-induced cell
death was associated with cellular C18:1 FA reduction. Notably, supplementation of C18:1 effectively
rescued the cells from VLCFA-induced apoptosis. These findings indicated the therapeutic potential

of C18:1 FA in peroxisome disease.



2. Materials & Methods
2.1. Materials

FA-free bovine serum albumin (BSA), 10,12-tricosadiynoic acid (TDYA), arachidic acid (C20:0
FA), paullinic acid (C20:1 FA), nervonic acid (C24:1 FA), and hexacosanoic acid (C26:0 FA) were
obtained from Sigma-Aldrich (St. Louis, MO, USA). Palmitic acid (C16:0 FA) and stearic acid (C18:0
FA) were purchased from Tokyo Kasei Co. Ltd. (Tokyo, Japan). Palmitoleic acid (C16:1 FA) and
oleic acid (C18:1 FA) were purchased from Nacalai Tesque (Kyoto, Japan). 4’,6’-Diamidino-2-
phenylindole (DAPI) solution was purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). 1,2-Diheptadecanoyl-sn-glycero-3-phosphocholine (17:0/17:0 PC) and 1,2-Diarachidoyl-sn-
glycero-3-phosphocholine (20:0/20:0 PC, DAPC) were purchased from Avanti Polar Lipids
(Alabaster, AL, USA). Behenic acid (C22:0 FA), erucic acid (C22:1 FA) and lignoceric acid (C24:0
FA) were purchased from Funakoshi Co. Ltd. (Tokyo, Japan). Hexacosenoic acid (C26:1 FA) was
purchased from Larodan (Michigan, United States). Proteinase K, RNase, 100bp DNA ladder, and
BlueJuice™ Gel Loading Buffer were purchased from Invitrogen (Carlsbad, CA, USA). TLC plates
coated with silica gel (Art 5721; Merck, Darmstadt, Germany) were used. All other reagents used

were of reagent grade.

2.2. Cell culture

Chinese hamster ovary (CHO-K1) cells were sourced from RIKEN Cell Bank (Tsukuba, Japan).
CHO-zp102 cells were generated via the deletion of Pex5, the gene encoding a receptor for
peroxisome-targeting signal-1, as described previously [57,58]. All cell lines used in the experiments

were within passages 3 and 10. The experiments were performed after the cells reached confluence.

2.3.  Preparation of FA/albumin complex for gel filtration column chromatography

We developed a method to solubilize VLCFAs in aqueous medium by forming an FA/albumin
complex in the presence of a small amount of isopropanol (IP; FA/IP/BSA) [55,56]. In brief, 300
nmol of FA (C18:1, C24:0, C24:1 and C26:0 FA) dissolved in 50 pL IP was warmed to 37 °C, while
6.6 mg of BSA was dissolved in 950 uL of phosphate-buffered saline (PBS) at 37 °C. The FA/IP
solution was mixed with the BSA solution in a water bath, and sonicated at 150 W for 1-5 min at
37 °C. The resulting solution containing the FA/albumin complex was further incubated in a water
bath at 37 °C for 60 min. The molar ratio of FA/BSA was 3:1 and the maximum concentration of IP

in the PBS was 2.5% (v/v). We also prepared FA/BSA complex via a conventional method, using FA



sodium salt (FA/Na/BSA). In brief, 300 nmol of FA (C18:1, C24:0, C24:1 and C26:0 FA) in 50 uL IP
was transferred to a glass tube. After evaporation under N, flow, 100 uL of 100 mM NaOH was added,
following which the preparation was heated at 65 °C in a water bath for 5 min, while 6.6 mg of BSA
was dissolved in 900 uL of PBS at 37 °C. These solutions were thoroughly mixed via sonication as
described above. The molar ratio of FA/NaOH/BSA was 3:6:1. The FA samples prepared using the
FA/IP/BSA and FA/Na/BSA methods were fractionated via gel filtration chromatography. The FAs
were eluted with 0.2 M NaCl in 10 mM Tris-HCI buffer (pH 7.5). Subsequently, FA was extracted via
the Bligh and Dyer method [59] under acidic conditions and subjected to methanolysis to determine
the amounts of FA using gas chromatography (GC), as described below. The protein amounts in each
fraction were determined by the Bradford method with the bovine serum albumin (BSA) as the
standard.

To determine the solubility of C24:0 FA, as the albumin complex, various amounts of C24:0 FA
(600, 1000, 1500 and 2000 nmol) were dissolved either in 100 uL IP or ethanol (EtOH) at 37 °C.
These solutions were then mixed with 1.9 mL of PBS containing BSA at 37 °C. These preparations
were thoroughly mixed via sonication as described above. The C24:0 FA samples were subsequently
filtered through a 0.22 pm filter, following which the amounts of FA in the filtrates were determined
via GC. The molar ratio of FA/BSA was 3:1 and the maximum concentration of both IP and EtOH in
the PBS was 5 % (v/v).

2.4. Cytotoxicity assay

The CHO cells were seeded in 35-mm dishes at 2 x 10° cells/dish at 37 °C in a CO> incubator.
Following a 24 h incubation period, various amounts of FA were introduced in the form of the
FA/BSA complex, which was prepared using the FA/IP/BSA method [55,56], for the time periods
indicated. In another set of experiments, C18:1 FA were co-incubated with various VLCFAs for the
time periods indicated. Control cells were treated only with the vehicle (BSA + IP). Following the
incubation, cell viability was assessed using a trypan blue dye exclusion assay. Results were expressed
as a percentage of the vehicle-treated control cells. In most experiments, the final concentration of IP
in the medium was 1% or lower. Up to 2% IP concentrations in the medium did not affect cell viability,
as previously described [55].

Treatment with TDYA, a peroxisomal oxidation inhibitor, was conducted as previously described
[56]. In brief, 24 h-serum starved CHO-K1 cells were incubated with 30 uM TDYA prior to the

addition of FA. Following incubation for 6 h, FA was added for 48 h in the presence or absence of



TDYA. Following incubation, the cells were fixed for visualization via fluorescence microscopy, as

described below.

2.5. FA uptake assay

The FA uptake assay was conducted as described previously [55,56]. In brief, CHO cells were
seeded at 1 x 10° cells per dish in 100-mm petri dishes with 10 mL of FBS-containing medium for 24
h at 37 °C in a CO; incubator. Cells were subjected to serum starvation for 24 h, following which
VLCFAs were introduced as FA/BSA complexes prepared using the FA/IP/BSA method [55,56]. In
another set of experiments, C18:1 FA at indicated concentrations was co-incubated with VLCFAs.
Following incubation, cells were washed with FBS-free medium containing 1% BSA cells and
harvested. Cellular lipids were extracted according to the method described by Bligh and Dyer [59]
after addition of a known amount of synthetic DAPC or 17:0/17:0 PC as an internal standard. Aliquots
of the lipid extract were treated with 5% HCl-methanol at 100 °C for 60 min to prepare fatty acid
methyl esters (FAMEs). The amounts of FA obtained from cellular lipids were calculated based on
the relative peak areas obtained via GC analysis. GC was conducted using a capillary column (DB-
225, 0.25 um film thickness, 30 m length, 0.25 mm ID; Agilent Technologies, Santa Clara, CA, USA).
Oven temperature was maintained at 100 °C for 0.5 min and then raised to 195 °C at a rate of
25 °C/min, to 205 °C at a rate of 3 °C/min, and to 240 °C at 8 °C/min, and then maintained constant
for 10 min. Oven temperature was reduced to 100 °C prior to injection of the next sample.

Amounts of C24:0 FA incorporated into the various lipid classes were determined via GC. Cellular
lipids were separated by TLC developed with petroleum ether:diethyl ether:acetic acid = 80:20:1
(v/vlv). For the isolation of sphingomyelin (SM), phosphatidylcholine (PC) and
phosphatidylethanolamine (PE), chloroform:methanol:28% ammonia = 60:35:8 (v/v/v) was utilized.

The isolated lipids were then subjected to methanolysis and analyzed using GC as described above.

2.6. Nuclear staining via DAPI (4°,6’-Diamidino-2-phenylindole)

VLCFA-treated CHO cells were fixed with 4% paraformaldehyde in PBS for 20 min at 37 °C,
permeabilized with 0.1% Triton X-100 in PBS for 5 min at 37 °C, and washed using PBS. Next, the
cells were incubated with DAPI (10 pg/mL) at 37 °C for 30 min, washed with PBS, and immediately
observed via fluorescence microscopy as described previously [56]. Condensed or fragmented nuclei
were indicative of apoptotic cells, while intact nuclei were indicative of viable cells. The numbers of

total and apoptotic cells in each microscopic field were counted and the percentage of living cells was



calculated.

2.7. DNA fragmentation assay

A DNA fragmentation assay was conducted as described previously [56]. In brief, subsequent to
VLCFA treatments, the conditioned medium and adherent cells were collected and centrifuged at
2,100 rpm for 5 min at 4 °C. The resultant pellet was treated with 0.2% SDS and 0.2 mg/mL proteinase
K, and the lysate so obtained was treated with 5 M NaCl and EtOH to precipitate DNA. The DNA
precipitate was treated with RNase, and loaded on 1.5% agarose gel, separated via electrophoresis,

and analyzed for fragmentation under UV light.

2.8. Lipidomics analysis

The extracted cellular lipids were dissolved in 100 pL of chloroform/methanol/water (1:2:0.2,
V/V/V) and subjected to lipidomics analysis. Chromatographic separation was performed using an
Acquity UPLC Peptide BEH-C18 column (50 x 2.1 mm; 1.7 pm; Waters, Ireland) on an Ultimate
3000 UHPLC (Dionex) with Q Exactive Orbitrap mass spectrometer (Thermo, CA). Flow rate was
set at 0.3 mL/min and column temperature was maintained at 45 °C. A gradient elution with
acetonitrile, methanol and water (1:1:3, v/v/v) containing 5 mM ammonium acetate and 10 nM EDTA
(mobile phase A), and 100 % isopropanol with SmM ammonium acetate and 10 nM EDTA (mobile
phase B) was used. The volume of sample injected into the column was 5 pL.. The gradient profile
was as follows; 0-1 min 0% (B), 5 min 40% (B), 7.5-12 min 64% (B), 12.5 min 82.5% (B) 19 min
85% (B), 20 min 95% (B), 20.1-25 min 0% (B). The temperature of the sample was maintained at
4 °C. Lipid were detected via mass spectrometry using a quadrupole/time-of-flight mass spectrometer
TripleTOF 6600 (SCIEX, Framingham, MA, USA) in the high-resolution mode for MS1 (~35,000
FWHM) and high sensitivity mode for MS2 (~20,000 FWHM) with data-dependent MS/MS
acquisition. Parameters included MS1 and MS2 mass ranges of m/z 70-1250, MS1 and MS2
accumulation time was 250 msec, and 100 msec, respectively. Lipidomics data were processed using

metabolomics software, MS-DIAL [60].

2.9. Statistical analysis
One-way ANOVA followed by the post-hoc Tukey test was used to compare more than two groups,

while the Student's t-test was performed for comparison between 2 groups.



3. Results
3.1. Characterization of the FA/IP/BSA method for solubilization of VLCFAs

We recently reported that introduction of VLCFAs as an IP solution into an aqueous BSA solution
enables the formation of a FA/albumin complex [55,56]. In this study, we characterized the FA/BSA
complex prepared via our method. When 600, 1000, 1500, and 2000 nmol of C24:0 FA in IP solution
(100 pL) was introduced into aqueous BSA solution (1.9 mL), the amount of C24:0 FA passed through
the 0.22 pm filter was 93.5, 95.5, 81.3, and 57.5 % of introduced FA, respectively (Fig. 1A). This
indicated that the maximum concentration of C24:0 FA solubilized as the albumin complex by our
method is around 500 puM. We also found that the maximum concentration of solubilized C24:0 FA
was higher with IP as an introduction solvent than that with EtOH (Fig. 1A). It should be noted that
VLCFAs were not dissolved when BSA was absent in the solution (data not shown). This result
indicated that VLCFAs were not solubilized as FA micelles.

Formation of the FA/BSA complex was confirmed via gel filtration column chromatography. We
found that both C24:0 FA and BSA were present in the same eluted fraction when the FA/BSA sample
prepared by the FA/IP/BSA method was fractionated. On the other hand, C24:0 FA was not present
in the BSA fraction of samples prepared using the FA/Na/BSA method (Fig. 1B). A similar experiment
was conducted with C24:1 FA. We found that C24:1 FA and BSA were eluted in the same fraction in
both samples prepared by FA/Na/BSA and FA/IP/BSA (Fig. 1C). We determined recoveries of C24:0,
C26:0, C24:1 and C18:1 FA based on the amount of FA present in BSA-eluted fraction of gel filtration
column chromatography, and found that the recoveries of these FA prepared by FA/IP/BSA method
were 73.5, 63.5, 60.2 and 62.2 % of starting FA, respectively. By contrast, neither C24:0 FA nor C26:0
FA was recovered when samples were prepared using the conventional FA/Na/BSA method (Fig. 1D).
These results indicated that FA/IP/BSA has advantageous on the preparation of saturated
VLCFA/BSA complex, whereas, both FA/Na/BSA and FA/IP/BSA methods is applicable to
unsaturated VLCFAs, as described previously [56].
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Fig. 1. Confirmation of the formation of the VLCFA/BSA complex by membrane filtration and gel filtration.
Various amounts of C24:0 FA dissolved in either isopropanol (IP) or ethanol (EtOH) were converted to their
BSA complex by the FA/IP/BSA method or the FA/EtOH/BSA method, as described in 2.3. After filtration
with 0.22 um filter, amount of FA in the filtrate was determined by GC (A). The FA/BSA complex (300
uM) prepared via the FA/TP/BSA method or the FA/Na/BSA method was subjected to a gel filtration column
chromatography for fractionation. Each fraction was subjected to protein assay (BSA quantification) and
GC analysis (fatty acid quantification) as described in section 2.5 (B, C). The amount of FA present in BSA
fraction was used for calculation of the recovery (D). Values represent the mean + S.D. of three independent

experiments. N.D. denotes not detected.
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3.2. Cytotoxicity of extracellular VLCFAs in peroxisome-deficient CHO cells

Previously, we observed that incubation with C20:0, C20:1, C22:0, C22:1 and C24:1 FA, at 10-30
uM for 48 h was toxic to peroxisome-deficient CHO cells. Whereas, incubation with C24:0 and C26:0
FA up to 30 uM was not toxic [56]. The uptake assay revealed that the uptake of C24:0 and C26:0 FA
into the CHO cells was strongly suppressed as compared to that of cytotoxic C20:0, C20:1, C22:0,
C22:1 and C24:1 FA, respectively. In this study, we found that incubation with higher concentrations
(~ 150 uM) of C24:0 and C26:0 FA for a longer time (~ 72h) was toxic to peroxisome-deficient cells.
As shown in Fig. 2A, 100 uM C24:0 and 150 uM C26:0 FA treatment decreased cell viability by
about 35 and 40 %, respectively, in peroxisome-deficient cells after 72 h. We also found that 30 pM
C26:1 FA decreased cell viability to around 10 % in peroxisome-deficient cells after 72 h. Whereas,
C20:0, C20:1, C22:0, C22:1 and C24:1 FA below 30 uM were found to exert cytotoxicity. Notably,
concentrations up to 100 uM C16:0, C16:1, C18:0, and C18:1 FA treatments showed no cytotoxic
effects on peroxisome-deficient cells (Fig. 2A). In contrast to peroxisome-deficient cells, C24:0 and
C26:0 FA treatment did not exert any cytotoxic effects on wild-type CHO cells even at higher
concentrations and longer incubation times (Fig. 2B). Our results reconfirmed that VLCFAs, except
for high concentrations of C20:0 FA, did not exert cytotoxic effects on wild-type cells [56]. The
difference in susceptibility toward cytotoxic VLCFAs between peroxisome-deficient cells and wild-
type cells is attributable largely to peroxisome activity that ensures the clearance of VLCFAs as

described in our previous report [55,56].

11



B CHOKI

CHO-zp102

=

]

o

=

e

Q

$

£ 8
L

m m &s.oou
ete»

] o2
L) A

140 C16:

mmmummo\_
(o1o1uea jo %}
Jequinu |5 sjqwiA

@7zh
x>
3
$

140 1 Ccq48:0 O48h
>
bst

140 1C16:0 0O4Bh

(#1211 eA Jo %}
I8N [[00 S[CWIA

5
=
*

o048 h
m7zh

140 10220

048 h

140 10200

C220 0D48h

140
120
100

S-VLCFA

B72h

[
™
-

a7zh

EBE¥R°

(o1o1yA Jo %}
Jequinu [|eo squA

(o121yea jo %)

dequunu [j#2 siquiA

Hyy o
iy o
@a..n
n\afa

B L7 an Wy, En oy
LT a o8 P 1 %
-] “ @Q@ - *Qﬁﬁ - *Q&
<« Qqs & %qs n eton
3 .@M. o ow! O = ..&M.
cocooeEOOe \_mnnwmwmn &C\- ese88S8"° 4
83888838 SNERE SHE8E
28 £ 8 £ 8

iy oy, #,
i oo, 38 o 38 g
e 3 wE . . o

O — % ®
EERS888R° ?A SREEBER" “ ERESSSR” e.\_

(#121yea Jo %)
Jequinu o2 e[geiA

== oy
iR, PN
o ﬂ @_QM
: %
Oab
0,
TTIIIXIE

T . | oy
. P
@ % @_QW—
3 e
.jﬁ.&
SIS

(o121yea jo %)
Jequinu 192 #jqwA

(oio1yen jo 9}
Jequnu 162 ejqeiA

£
g
u]
m
o
gggsssse
£

KL/
Mm QQN&
hx 4,
£ oy
Q .&h\.
gggsssse

(sj21yea jo %)

JEUNU |8 #CWA

m
-
2
=

(o111 @A Jo %}
Jequinu [|e2 8|qeiA

140 1C22-4 O4Bh

£ 8
g eaea
om
Qten
1 oy,
8 .a?
]
§ERES88R"°
£ .8
g tq&.
oo
- @QQ&
b g
Q )
béos_
SRERE8ER"
(o191 ®A 3o %}

Jequunu |1 e|qwiA

140 1C26:1 D4Bh

gn +" w, g —
o % §08 .« Op
A * #n,
- L - ]
g Wy ¥ )
Mu [} [3] o&\
—————t Oy —— —— U,
gggges8° ' gggeeeRe

(#2194 Jo %)
d8WNU |8 #]qwIA

MU-VLCFA

(o1o1yen o %}
JOGUINU |90 #[R|A

12



Fig. 2. Toxicity of VLCFAs in peroxisome-deficient CHO cells.

CHO-zp102 (peroxisome-deficient) and CHO-K1 (wild-type) cells were incubated in serum-free medium
with indicated concentrations of FAs for 48 and 72 h (A, B). Cell viabilities were determined via a trypan
blue exclusion test. The data shown are the percentages of the values of the vehicle-treated control cells.
Values represent the mean = S.D. of three independent experiments. Statistical analysis was performed
using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison test; *p < 0.05

vs. vehicle.

3.3.  FA composition of cellular lipids supplemented with various VLCFAs

We examined the FA composition of cellular lipids of peroxisome-deficient (CHO-zp102) cells
and its wild-type (CHO-K1) cells incubated with various VLCFAs (Fig. 3). We found that amount of
VLCFAs accumulated in cellular lipids was higher in shorter VLCFAs than longer VLCFAs in these
cells. For example, peroxisome-deficient cells incubated with 30 pM of C20:0 FA resulted in the
accumulation of 79 nmol/dish of C20:0 FA in cellular lipids (Fig. 3A). Whereas, incubation of the
peroxisome-deficient cells with the same concentration of C26:0 FA, resulted in the accumulation of
only 6 nmol/dish of C26:0 FA in cellular lipids (Fig. 3D). This was also the case for monounsaturated
VLCFAs. Incubation with 30 uM C22:1 and C26:1 FA induced the accumulation of 120 nmol/dish
and 20 nmol/dish of the monounsaturated VLCFAs, respectively, in the cellular lipids of peroxisome-
deficient cells (Fig. 3E, G). Although a similar tendency was also observed in wild-type cells, the
accumulation levels of VLCFAs were much less in wild-type cells compared with that of peroxisome-
deficient cells. This was due to the fact that most parts of the VLCFAs taken up in wild-type cells
were immediately metabolized with peroxisome-dependent fashion [55,56].

The potency of cytotoxic VLCFAs was compared in terms of their accumulation levels in cellular
lipids (Table 1). An accumulation level of 44 nmol/dish of C20:0 FA, which was equivalent to 25 %
of the total fatty acids (TFA) in cellular lipids, resulted in the death of 65 % of peroxisome-deficient
cells. On the other hand, an accumulation of 16 nmol/dish of C26:0 FA, which was equivalent to 8 %
of TFA in cellular lipids induced a similar magnitude of cytotoxicity, indicating that longer VLCFAs
exert cytotoxicity in peroxisome-deficient cells at lower levels of accumulation. Similarly, the
accumulation level of C26:1 FA (20 nmol/dish; 8 % of TFA) that induced cell death in 60-65 % of
peroxisome-deficient cells was lower than that for C22:1 FA (70 nmol/dish, 28 % of TFA). This
comparison also indicated the tendency that saturated VLCFAs has potent cytotoxicity as compared

to the corresponding monounsaturated one. These results indicated that, even in the low level,
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accumulation of saturated and longer VLCFA causes profound damage to the peroxisome-deficient
CHO-zp102

cells.
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Fig. 3. Fatty acid composition of CHO-K1 and CHO-zp102 cells incubated with various VLCFAs.

CHO-zp102 (peroxisome-deficient) and CHO-K1 (wild-type) cells were incubated with indicated
concentrations of VLCFAs in serum-free medium for 24 h (A-N). The cells were collected after 24 h and
subjected to lipid extraction. The fatty acid methyl esters were analyzed via GC, as mentioned in section
2.5. Values represent the mean + S.D. of three independent experiments. Statistically significance was set

at *p < 0.05 (Student's t-test); N.D.: not detected.

Table 1. Toxicity of VLCFAs as a function of the accumulation of cellular lipids.

Values shown here were obtained via the experiments shown in Figs. 2 and 3. The concentration of FA in
the medium were as follows; C20:0 FA (10 uM), C22:0 FA (30 uM), C24:0 FA (100 uM), C26:0 FA (150
uM), C22:1 FA (20 uM), C24:1 FA (30 uM), C26:1 FA (30 uM). Values represent the mean + S.D. of three

independent experiments.

CHO-zp102 CHO-K1
(peroxisome-deficient cells) (wild-type cells)
Viable cell Viable cell
Accumulation Accumulation
number number

nmol/dish % of TFA % of vehicle nmol/dish % of TFA % of vehicle

Saturated

C20:0 FA 44 +£2 25+0.3 35+3 28 +1 15+0.1 30+2
C22:0 FA 32+2 14+0.1 35+2 10+2 5+£0.1 Not toxic
C24:0 FA 2243 11£0.3 35+3 10+2 4£0.6 Not toxic
C26:0 FA 16 +1 8+£0.2 40+3 10+1 5+£0.5 Not toxic
Monounsaturated

C22:1 FA 70+2 28£0.6 35+3 12+1 5+0.1 Not toxic
C24:1 FA 35+3 15£0.2 35+3 10+2 4£0.2 Not toxic
C26:1 FA 20+ 3 8+0.7 40+ 4 4+1 1£0.1 Not toxic

3.4. Association of cellular C18:1 FA with VLCFA-induced cell death

As shown in Fig. 2, significant reductions in the cell viability occurred when peroxisome-deficient
cells were incubated with > 5 uM C20:0, 30 uM C22:0, 100 pM C24:0 and 150 uM C26:0 FA. In
these experiments, remarkable decreases in the level of cellular C18:1 FA were observed (Fig. 3).

Such decreases were also observed in the experiments with toxic level of monounsaturated VLCFAs

15



(C22:1, C24:1 and C26:1 FA) in peroxisome-deficient cells. The VLCFA-induced toxicity was
observed only in the experiment with 30 uM C20:0 FA in wild-type cells. In this experiment, the
decrease in the level of cellular C18:1 FA was remarkable (Fig. 2, 3). It should be mentioned that
cellular lipid analysis was performed at 24 h of incubation with VLCFAs, the time of which is before
onset of cell death (~ 48h).

Previously, we showed that cytotoxicity of C20:0 FA was enhanced in the presence of peroxisomal
oxidation inhibitor, TDYA, in wild-type CHO cells [56]. Here, we found that treatment with TDYA
enhanced C20:0 FA cytotoxicity along with accelerating the decrease in cellular C18:1 FA (Fig. 4A,
B). Data pertaining to the decrease in cellular C18:1 FA levels (Fig. 4A) and the extent of C20:0 FA-
induced cell death (Fig. 4B) were plotted (Fig. 4C). The results indicated that these two cellular events
were correlated. The threshold reduction level of cellular C18:1 FA at which apparent cytotoxicity
observed is around 20-30 nmol reduction from the control level. This threshold reduction level of
C18:1 FA seemed to be applicable to other VLCFAs with cytotoxic concentration (Fig. 2, 3). These
results indicated the association between cellular C18:1 FA and VLCFA-induced cell death.

C20:0 FA

>
B

o3 pM B 120 - o3 pM
10 pM
H30 pM

— 010 pM

m30 pM

G‘de
g 8 8
*
-
3

[
]
FA (nmol/dish)

Apoptotic cells (%)
o 8 8 8 8

N
=]

Decreased level of C18:1

CHO-K1 CHO-K1 plus CHO-zp102 CHO-K1 CHO-K1 plus CHO-zp102
TDYA TDYA

o
3

)
aws
[— I
PR T
a
»

-,

P + CHOK1
1  sCHOXK1 plus TDYA
i 4+ CHO-zp102

Apoptotic cells (%)
-9
]

]
(=]
a

1] 20 40 60 80 100
Decreased level of C18:1 FA
{nmol/dish)

Fig. 4. The correlation between decreased levels of C18:1 FA and cellular toxicity.
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CHO-K1 (wild-type) and CHO-zpl102 (peroxisome-deficient) cells were incubated with indicated
concentrations of C20:0 FA in serum-free medium for 48 h in the absence or presence of 30 uM TDYA,
followed by DAPI staining aimed at counting cells showing apoptotic nuclei. Cellular lipids were extracted
from the cells followed by methyl esterification to determine FA composition by GC. The percentage of
apoptotic cells (A) and decreased level of C18:1 FA as compared to non-treated control cells (B), and their
correlation (C) are shown. Values represent means + S.D. of three independent experiments. Statistically

significance was set at *p < 0.05 (Student's t-test).

3.5. Protective effect of C18:1 FA against VLCFA-induced apoptosis in peroxisome-deficient CHO
cells.

Supplementation with C18:1 FA rescued peroxisome-deficient cells from cell death induced by all
VLCFAs tested (Fig. SA-F). For example, treatment with 10 uM C20:0 FA for 48 h reduced the
viability of peroxisome-deficient cells to 33.4 % of that of the non-treated control cells. The cell
viability recovered to 67.1, 79.8, and 89.4 % following co-treatment with C18:1 FA at 5, 10, and 30
uM, respectively (Fig. 5A). Supplementation with C18:1 FA also restored the reduced cellular C18:1
FA levels in a dose-dependent fashion (Fig. 5A). It should be noted that accumulation level of C20:0
FA remained unchanged regardless of C18:1 FA supplementation, indicating that the protective effect
of C18:1 FA was not due to the inhibition of C20:0 FA uptake. Another example is C26:1 FA.
Treatment with 30 uM C26:1 FA reduced cell viability to 40 % of that of the control cells. The C26:1
FA-induced cytotoxicity was almost completely reversed by the co-administration of 30 uM C18:1
FA with restoring reduced cellular C18:1 FA levels without affecting the accumulation level of C26:1
FA (Fig. 5F).

Previously, we showed that VLCFA-induced cell death in peroxisome-deficient cells was
primarily due to apoptosis, as represented by DNA fragmentation [56]. In this study, we found that
supplementation with C18:1 FA inhibited morphological changes in the nuclei (Fig. 5G) as well as
DNA fragmentation (Fig. 5H), induced by C24:0 FA. These results imply that peroxisome-deficient
cells can survive, as long as the cells keep sufficient levels of cellular C18:1 FA, even if the cells

accumulate cytotoxic level of VLCFA.
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Fig. 5. Effects of C18:1 FA on FA composition and VLCFA-induced apoptosis in peroxisome-deficient
CHO cells.

CHO-zp102 (peroxisome-deficient) cells were cultured in serum-free medium with various concentration
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of VLCFAs for 48 h (C20:0, C22:0, C24:1, and C26:1) or 72 h (C24:0 and C26:0) in the presence or
absence of C18:1 FA (A—F). Cell viability and FA levels were analyzed as described in section 2.4, and
2.5, respectively. Values represent the mean + S.D. of three independent experiments. Statistical analysis
was performed using one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison
test; *p < 0.05 vs. vehicle. N.D.: not detected. Fluorescence microscopy of DAPI-stained CHO-zp102
cells treated with 100 uM C24:0 FA with or without 30 uM C18:1 FA for 72 h (G). The data are
representatives of three independent experiments. Electrophoresis of DNA of CHO-zp102 cells treated
with 100 uM C24:0 FA for 72 h with or without 30 uM C18:1 FA (H). DNA fragmentation was analyzed
using 1.5% agarose gel electrophoresis. M indicates the 100-bp DNA ladder size marker.

3.6. Lipidomics analyses of peroxisome-deficient CHO cells loaded with C24:0 FA

We conducted a lipidomic analysis of peroxisome-deficient cells to gain a comprehensive
understanding of lipid alteration triggered by C24:0 FA treatment. The number of lipid molecules
annotated by our UHPLC-QE orbitrap/MS/MS method was around 400. Principal component
analysis (PCA) was used to explore notable differences between sample groups. The PCA score plot
revealed a clear separation between the control group and the C24:0 FA-treated group at different
concentrations, indicating that distinct changes had occurred between these groups (Fig. 6A). The
PCA-loading plot was performed with a metabolomics software, MS-DIAL to determine the specific
lipid species responsible for such changes. The PCA-loading plot revealed that primary molecules
contributing to the differences between these groups were largely PC and LPC species, such as PC
36:2 and LPC 24:0, as shown by red circles in Fig. 6B. In addition, PE 36:2 and SM 42:2 looked to
contributed to the differences observed between groups (Fig. 6B).

Changes in the composition of the molecular species of each lipid class was analyzed. Increases
in the levels of PC species, such as PC 40:0, PC 42:1, PC 42:2, PC 44:4, PC 46:5, PC 46:6, PC 48:0,
were observed in C24:0 FA-treated cells (Fig. 7). These are considered to be PC species containing
C24:0 FA. By contrast, remarkable decreases in the levels of PC 34:2, PC 36:1 and PC 36:2 were
observed in cells treated with C24:0 FA. Fragment analyses of respective mass spectra indicated that
PC 34:2, PC 36:1 and PC 36:2 mainly consisted of 16:1/18:1, 18:0/18:1 and 18:1/18:1 PC,
respectively. Among them, a decrease in the level of 18:1/18:1 PC (PC 36:2) was notable. The
molecular species, 18:1/18:1 PE, was also significantly reduced in response to C24:0 FA uptake
(Supplementary Fig. 1). Lipidomics analysis performed in peroxisome-deficient cells co-treated with

C24:0 FA (100 uM) and C18:1 FA (30 uM) revealed that reduction in the level of 36:2, but not 34:2
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or 36:1, was completely recovered both PC and PE. These results indicated the importance of
phospholipids with 18:1/18:1 for cell survival against membrane modification caused by toxic levels

of VLCFA (Fig. 7, Supplementary Fig. 1).
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Fig. 6. Lipidomics of peroxisome-deficient CHO cells incubated with C24:0 FA.

CHO-zp102 (peroxisome-deficient) cells were cultured in serum-free medium with (10, 30 and 100 uM)
or without (control) C24:0 FA for 24 h. The cellular lipids were extracted and subjected to LC-MS/MS as
described in 2.8. Principal component analysis (PCA) was performed to characterize lipid alterations using
metabolomics software, MS-DIAL. PCA score plot showing clear separation between the control group
and C24:0 FA (10, 30 and 100 uM) treated groups (A). PCA loading plot showing the variables
contributing most to the separation (B). Each data point represents an individual lipid ion. The major
significant lipid ions are indicated on the plot. PC: phosphatidylcholine, PE: phosphatidylethanolamine,
SM: sphingomyelin, PS: phosphatidylserine, LPC: lysophosphatidylcholine, LPE:
lysophosphatidylethanolamine, TAG: triacylglycerol.
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Fig. 7. Molecular species composition of PC in peroxisome-deficient CHO cells treated with C24:0 FA-
or C24:0 + C18:1 FA.

CHO-zp102 (peroxisome-deficient) cells were cultured in serum-free medium with indicated
concentrations of C24:0 for 24 h in the presence or absence of 30 uM C18:1 FA. Lipidomics were
performed with LC-MS/MS as described in 2.8. The compositional alteration of PC is shown as a % of
the total. Values represent the average of data from two separate culture dishes. Similar results were

obtained from two independent experiments performed on separate days.
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Supplementary Fig. 1. Molecular species composition of PE, SM, PS, LPC, TAG and LPE in
peroxisome-deficient CHO cells treated with C24:0 FA- or C24:0 + C18:1 FA.

CHO-zp102 (peroxisome-deficient) cells were cultured in serum-free medium with indicated
concentrations of C24:0 for 24 h in the presence or absence of 30 uM C18:1 FA. Lipidomics were
performed with LC-MS/MS as described in 2.8. Compositional alterations in these lipid classes are shown
as a % of the total. Values represent the average of data from two separate culture dishes. Similar results
were obtained via two independent experiments performed on separate days (A-F). PE:
phosphatidylethanolamine, SM: sphingomyelin, PS: phosphatidylserine, LPC: lysophosphatidylcholine,
TAG: triacylglycerol, LPE: lysophosphatidylethanolamine.
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4. Discussion

Previously, we developed a method for solubilizing VLCFAs by forming a VLCFA/BSA complex
and examined the uptake and toxicity of VLCFAs with C20-C26 in peroxisome-deficient CHO cells
[55,56]. Our results indicated that shorter VLCFAs exerted higher cytotoxicity at lower
concentrations compared to longer ones [56]. In fact, C20:0 FA showed toxicity starting from 5 puM,
whereas, C24:0 FA did not exert any toxicity even at 30 pM. However, comparison of cytotoxicity of
VLCFAs based on their concentration in a medium would not reflect their intracellular toxicity.
Because, longer VLCFAs were hardly incorporated into the peroxisome-deficient cells under such
conditions [55,56]. In fact, the amount of C26:0 FA incorporated in to the peroxisome-deficient CHO
cells was around 6 nmol/dish, whereas, 79 nmol/dish of C20:0 FA was incorporated into the cells
when the cells were incubated with these VLCFAs at 30 uM (Fig. 3). Considering the characteristic
accumulation of C24:0, C26:0 and C26:1 FA in the body of patients of peroxisome disease [23—38],
effects of accumulation of the longer VLCFAs in the cells are important for pathological elucidation
of the diseases. In this study, we found that incubation of C24:0 and C26:0 FA at higher concentrations
for longer times led to substantial accumulations of these VLCFAs. Using this altered culture
conditions with our solubilization technique, we evaluated the association between the toxicity of
VLCFAs and their accumulation levels. We found that accumulation of saturated and longer VLCFAs
causes profound damage to the peroxisome-deficient cells, compared to the damage caused by
unsaturated or shorter ones. For example, C26:0 FA killed peroxisome-deficient cells when its
accumulation reached 8 % of TFA. By contrast, C20:0 FA, killed cells when its accumulation reached
25 % of TFA (Table 1). These observations are consistent with those of previous studies indicating
that longer SFAs exerted more potent cytotoxicity [61,62].

Several mechanisms have been proposed as those underlying the cytotoxicity of VLCFAs. These
include oxidative stress and endoplasmic reticulum (ER) stress, as well as dysfunctional lysosomes
and mitochondria [45—54]. Considering that longer and saturated VLCFAs exerts potent cytotoxicity
as compared to shorter and unsaturated one, stresses causing from membrane distortion and loss of
membrane flexibility, which has been known as ER stress [63—65], seems to trigger the apoptosis of
the peroxisome-deficient cells. The survival effect of C18:1 FA against VLCFA-induced apoptosis is
also explainable as relieve of such ER stress as described below.

Here, we found that the cytotoxicity of VLCFAs was associated with decreased levels of cellular
C18:1 FA. This relationship was observed in all experiments that investigated different VLCFAs

accumulations in peroxisome-deficient CHO cells as well as in TDYA-treated wild-type CHO cells.
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We also found that supplementation with C18:1 FA rescue the cells from VLCFA-induced apoptosis.
Importantly, cellular level of VLCFA was not so changed by the coaddition of C18:1 FA. This
indicated that C18:1 FA was able to prevent VLCFA-induced damage to peroxisome-deficient cells
without affecting VLCFA levels. We found that C18:1 FA did not rescue peroxisome-deficient cells
from UV- or staurosporine-induced apoptosis (data not shown), indicating that C18:1 FA does not
affect the execution process of apoptosis. These findings suggested that intracellular C18:1 FA may
ameliorate the ER stress by buffering membrane stress induced by the accumulation of VLCFAs. A
possible scheme is depicted in Fig. 8, where 18:1/18:1 phospholipid species stabilizes the cellular
membrane distorted by VLCFAs. This notion was led from the lipidomics results showing dramatical
decrease of C36:2 (mainly 18:1/18:1 species) of PC and PE in response to addition of C24:0 FA. The
fact that supplementation with C18:1 FA restored C36:2 species of PC and PE as well as cell viability
was taken into consideration in this hypothesis. This membrane smoothing action of phospholipids
with 18:1/18:1 explains the ability of C18:1 FA to rescue cells without changing cellular VLCFAs
levels. Smooth and flexible membrane will contribute to the membrane functions, such as vesicle

traffic and the solvent role for membrane enzymes.
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Fig. 8. Schematic representation of buffering action of 1,2-dimonounsaturated phospholipids (typically

18:1/18:1) against membrane distortion stress induced by VLCFA-containing phospholipids.

Another mechanism underlying the ameliorative effect of C18:1 FA is the removal of VLCFA
from membrane phospholipids via esterification into TAG, a molecule which stores energy. This

mechanism has been proposed as an explanation of ameliorative effect of C18:1 FA on ER stress
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induced by C16:0 FA [66—69]. We found that addition C18:1 FA promotes TAG accumulation via
the conversion of excess C24:0 FA to TAG stores (Supplementary Fig. 2). Our lipidomics analysis
also revealed the acylation of C24:0 FA from PC to TAG. The enhanced formation of TAG will lead
to the formation of lipid droplets, which protect the cells against lipotoxicity by sequestration of

toxic FA from ER [70].
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Supplementary Fig. 2. Change in the amount of TAG in peroxisome-deficient CHO cells incubated with
C24:0 FA in the presence or absence of C18:1 FA.

CHO-zp102 (peroxisome-deficient) cells were cultured in serum-free medium with indicated
concentrations of C24:0 FA for 24 h in the presence or absence of 30 pM C18:1 FA. Cellular lipids were
separated via TLC (A). Isolated TAG was subjected to methyl esterification for quantification of FA by
GC (B). Values represent the means + S.D. of three independent experiments. PC: phosphatidylcholine,
PE: Phosphatidylethanolamine, SM: sphingomyelin, Chol: cholesterol, TAG: triacylglycerol. Significance
was analyzed by two-way ANOVA followed by Student's t-test (B). *» < 0.05 indicates a significant
difference between indicated groups. N.D.: not detected.

The mechanisms underlying the decrease in cellular C18:1 FA levels with increasing VLCFA
accumulation remain unclear. A possible explanation is that fatty acid-chain elongation and
desaturation systems present in the ER are hampered due to membrane distortion caused by
accumulated VLCFAs. Further study on the VLCFA toxicity will clarify the mechanism underlying
the decrease in C18:1 FA as well as the rescue effects exerted by C18:1 FA.

It has been shown that 7-ketocholesterol (7-KC), a toxic compound produced by the oxidation of
cholesterol, was increased in the plasma of ALD patients [71]. Importantly, C18:1 FA has been shown
to prevent the death of nerve cells induced by the 7-KC [72,73]. It is important to determine the level
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of 7-KC in VLCFA-treated peroxisome-deficient CHO cells to clarify the involvement of 7-KC in the
VLCFA-induced apoptosis. These multiple approaches for clarification of the mechanisms underlying
VLCFA-induced damage will contribute better understanding of the pathology of peroxisome
diseases.

ALD is the most frequent peroxisome disorder that shows elevation of VLCFAs. Although
abnormal accumulation of VLCFAs is believed to be associated with the symptoms of ALD, the
association between the accumulation of VLCFAs and the clinical severity of ALD remains obscure
[16-38]. We have also observed healthy female carriers with elevated VLCFA-ceramide [39]. In this
study, we found that peroxisome-deficient cells can survive in the presence of toxic level of VLCFAs,
as long as the cells keep sufficient levels of cellular C18:1 FA. Considering this, it may be possible
to hypothesize that the elevated VLCFAs with reduced C18:1 FA is at risk for severe symptoms. In
this regard, decreased levels of C18:1 FA have been reported in altered lesions of patients with ALD
[74,75]. In addition, Ras et al., have been reported that SCD1 expression is associated with the
recovery of deteriorated motor behaviors in ALD zebra fish model [76]. Currently, elevated VLCFAs
in blood is used as a marker in the diagnosis of peroxisome disease. Clinical surveys focusing on both
VLCFA and C18:1 FA may help elucidate the pathology of the disease.

Therapies that are currently available for ALD include hormone replacement therapy,
hematopoietic stem cell transplantation, and a dietary oil known as Lorenzo's oil (LO). LO, which is
a mixture of C18:1 and C22:1 FA in a 4:1 ratio, reportedly normalizes blood C26:0 levels of ALD
patients, possibly by competing for the microsomal elongation system [77,78], and believed to
prevent neuronal degenerations. However, LO appears to be ineffective against ongoing neurological
degeneration, with varying degrees of effectiveness among patients [79—82]. In this study, we found
that C18:1 FA protect the peroxisome-deficient cells from VLCFA-induced damage, whereas C22:1
FA, being a peroxisomal substrate, promotes cell death [56]. Our findings provide new insights into
the mechanisms of pharmacological effect of LO, and raises questions regarding the constituent FAs
in LO.

In summary, we established a VLCFA-accumulated disease model using peroxisome-deficient
CHO cells. Using this disease model, we demonstrate that C18:1 FA exerts a protective effect against
the VLCFA-induced apoptosis in peroxisome-deficient cells. Although our model is useful for
analyzing the metabolism and toxicity of VLCFAs, FA composition in human tissues may vary quite
considerably. In addition, tissues that are characteristically found to be damaged in peroxisomal

disorders are nerve tissues consisting of myelinated neurons [16—38]. Further studies are required to
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elucidate the effects of VLCFAs and C18:1 FA using disease models of neuronal cells,

oligodendrocytes and Schwann cells for understanding of the peroxisome diseases.
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