Peroxisomes attenuate cytotoxicity of very long-chain fatty acids
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Abstract

One of the major functions of peroxisomes in mammals is oxidation of very long-chain fatty acids
(VLCFAs). Genetic defects in peroxisomal -oxidation result in the accumulation of VLCFAs and
lead to a variety of health problems, such as demyelination of nervous tissues. However, the
mechanisms by which VLCFAs cause tissue degeneration have not been fully elucidated. Recently,
we found that the addition of small amounts of isopropanol can enhance the solubility of saturated
VLCFAs in an aqueous medium. In this study, we characterized the biological effect of extracellular
VLCFAs in peroxisome-deficient Chinese hamster ovary (CHO) cells, neural crest-derived
pheochromocytoma cells (PC12), and immortalized adult Fischer rat Schwann cells (IFRS1) using
this solubilizing technique. C20:0 FA was the most toxic of the C16—C26 FAs tested in all cells. The
basis of the toxicity of C20:0 FA was apoptosis and was observed at 5 uM and 30 uM in peroxisome-
deficient and wild-type CHO cells, respectively. The sensitivity of wild-type CHO cells to cytotoxic
C20:0 FA was enhanced in the presence of a peroxisomal -oxidation inhibitor. Further, a positive
correlation was evident between cell toxicity and the extent of intracellular accumulation of toxic FA.
These results suggest that peroxisomes are pivotal in the detoxification of apoptotic VLCFAs by

preventing their accumulation.
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1. Introduction

Peroxisomes are multifunctional organelles found in virtually all eukaryotic cells. These
organelles are essential in the degradation and synthesis of lipid molecules [ 1-4]. The central function

of peroxisomes in mammals is the oxidation of fatty acids (FAs) that are not oxidized in the
mitochondria. These include very long-chain fatty acids (VLCFAs, C>20), long-chain dicarboxylic
acids, branched-chain fatty acids, and certain xenobiotics [ 1-4]. Intact peroxisomal function is crucial
for normal human development and the integrity of organic functions, including neurons, adrenal
glands, liver, and kidneys. This functional requirement is evident from the fact that genetic defects in
peroxisomal function lead to a variety of health problems called peroxisomal disorders [5—8].

Peroxisome disorders are classified into two groups: peroxisome biogenesis disorder and single
peroxisomal enzyme deficiency. Zellweger syndrome (ZS) is a typical peroxisome biogenesis
disorder and the most severe form of peroxisome disease. The characteristic clinical features of ZS
are neuronal migration defects, dysmyelination and neural heterotopia [9—12]; currently, no treatment
is available for recovery. Due to defects in peroxisome-assembly proteins, functional peroxisomes
are absent in the cells of patients with ZS. As a result, abnormally accumulated VLCFAs are
characteristically observed in these cells [9—12]. Acyl-CoA oxidase 1 and D-bifunctional proteins are
enzymes involved in peroxisomal B-oxidation of FA. Peroxisome disease caused by a functional
deficiency of these enzymes is classified as a single peroxisomal enzyme deficiency. The resulting
inability of peroxisomal p-oxidation leads to VLCFAs accumulation and causes severe
neurodegeneration [9—11,13].

X-linked adrenoleukodystrophy (ALD) is the most common peroxisomal disease. ALD is caused
by defects in the ATP binding cassette subfamily D member 1 (ABCDI1) genes, which encodes
adrenoleukodystrophy protein (ALDP), a peroxisomal membrane protein [14-20]. ALDP transports
VLCFAs (as VLCFA-CoA) into the peroxisome [14-20]. The loss of function of ALDP leads to
elevated levels of VLCFAs in the plasma and tissues [21-36]. The accumulation of saturated (S)-
VLCFAs, specifically C24:0 and C26:0 FA, is a characteristic feature of this disease. Typical
symptoms of ALD are adrenal insufficiency and neurodegenerations, such as demyelination with
inflammation and oxidative damage [37—41].

Excess VLCFAs (C24:0 and C26:0 FA) induce toxicity in several neural cell types. These include
plasma membrane changes, oxidative stress, and lysosomal and mitochondrial dysfunctions [42-51].

These observations support the view that the accumulation of VLCFAs is a causative event leading



to neurodegeneration. However, this assumption is too simplistic as ALD patients with elevated
VLCFAs in the plasma can have mild or no neuronal symptoms. The relationship between
accumulation of VLCFAs and the progression of peroxisome disease symptoms, such as
demyelination/neurodegeneration, remains obscure.

To clarify the relationship between the accumulation of VLCFAs and the symptoms of peroxisome
disease, it is important to understand the effect of VLCFAs on the functions of different cells,
including myelinating cells. However, biological experiments using VLCFAs are hampered by their
extremely low aqueous solubility. Recently, we developed a method for dispersing VLCFAs in
aqueous medium. The method was based on the formation of a VLCFA/albumin complex in the
presence of a small amount of alcohol in the albumin solution under warm (37 °C) conditions [52].

In this study, we demonstrated that our method is applicable to the solubilization of tested all long-
chain fatty acids (LCFAs) and VLCFAs into culture medium. Experiments were performed to clarify
the effect of these FAs on Chinese hamster ovary (CHO) cells with or without peroxisomes, neural
crest-derived pheochromocytoma cells (PC12), and immortalized adult Fischer rat Schwann cells
(IFRS1). We found that a certain kind of VLCFAs extensively accumulated in cellular lipids and
displayed strong cytotoxicity. We also demonstrated that peroxisomes are pivotal in the detoxification

of apoptotic VLCFAs by preventing their accumulation.



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), arachidonic acid (C20:4 FA), docosahexaenoic acid (C22:6 FA),
tricosanoic acid (C23:0 FA), nervonic acid (C24:1 FA), pentacosanoic acid (C25:0 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). Oleic acid (C18:1 FA) was purchased from Nacalai Tesque (Kyoto, Japan) and 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 (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). Proteinase K, RNase, 100bp DNA
ladder, and BlueJuice™ Gel Loading Buffer were purchased from Invitrogen (Carlsbad, CA, USA).
Thin layer chromatography (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 recruited from RIKEN Cell Bank (Tsukuba, Japan).
CHO-zp102 cells were constructed by deleting Pex5, which encodes a peroxisome-targeting signal-
1 receptor, as described previously [53,54]. The immortalized adult Fischer rat Schwann cell line
(IFRS1) and the PC12 cell line were kindly gifted by Professor K. Watabe (Kyorin University). CHO
cells were cultured and maintained in Ham’s F-12 medium (Nacalai Tesque) containing 10% fetal
bovine serum (FBS; Biowest, Noaillé, France), and 1% penicillin-streptomycin (Gibco BRL, Life
Technologies, Inc., Rockville, MD, USA). IFRS1 cells were incubated with IMDM, GlutaMAX™
Supplement (Gibco BRL) containing 5% FBS, 20 ng/mL recombinant human heregulin-§ (EMD
Millipore, Billerica, MA, USA), 5 uM forskolin (Sigma-Aldrich), and an antibiotic antimycotic
solution (100 U/mL penicillin, 100 pg/mL streptomycin, and 250 ng/mL amphotericin; Sigma-
Aldrich). PC12 cells were incubated with Dulbecco’s modified Eagle medium (DMEM) Nutrient
Mixture F12 containing 10% FBS, and 1% penicillin-streptomycin (Gibco BRL). All cells used in the
experiments were between passages 3 and 10. The experiments were performed after the cells reached

confluence.



2.3. Preparation of FA/albumin complex

The method we developed to solubilize VLCFAs in aqueous medium is based on the formation of
an FA/albumin complex in the presence of a small amount of isopropanol (IP; FA/IP/BSA) [52].
Briefly, 300 nmol of FA dissolved in 50 pL IP was warmed to 37 °C, while 6.6 mg of BSA was
dissolved in 2 mL of culture medium at 37 °C. The preparations were combined and mixed by water
sonication at 150 W for 1-5 min at 37 °C. The resulting solution containing the 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 culture medium was 0.5% (v/v). The solubility of VLCFAs in the
FA/IP/BSA method was compared to that in the conventional method using FA, NaOH (Na), and BSA
(FA/Na/BSA). For this, 300 nmol of FA in 50 uL IP was transferred to a glass tube. After evaporation
under N; flow, 100 pL of 100 mM NaOH was added, followed by heating at 65 °C in a water bath for
5 min, while 6.6 mg of BSA was dissolved in 1.9 mL of culture medium at 37 °C. These preparations
were thoroughly mixed by sonication as described above. The molar ratio of FA/NaOH/BSA was
3:6:1. The resulting FA solutions were filtered through a 0.22 um filter. The filtrates were subjected
to lipid extraction and methanolysis to determine the amount of FA using gas chromatography (GC),

as described below.

2.4. FA uptake assay

CHO, IFRS1, and PC12 cells were each 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. The culture medium
was replaced with 10 mL serum-free medium for 24 h, followed by treatment with VLCFAs (C20:0,
C20:1, C22:0, C22:1, C23:0, C24:0, C24:1, C25:0, and C26:0 FA) or LCFAs (C16:0, C18:0, and
C18:1 FA) as FA/BSA complexes prepared according to the FA/IP/BSA method. After 24 h of
incubation, the conditioned medium was removed, and the cells were washed with 2 mL of FBS-free
medium containing 1% BSA. The conditioned medium and medium containing BSA used for washing
were combined and subjected to lipid extraction. The added FA in this combined solution represented
FA remaining in the medium. The added FA detected in the extract of the harvested cells represented
FA taken up by the cells. Lipids obtained from the medium or harvested cells were extracted as
previously described [55] 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% HCIl-methanol at 100 °C for
60 min to prepare fatty acid methyl esters (FAMEs). FAMEs were purified by TLC with a developing
solvent system of petroleum ether/diethyl ether/acetic acid (80:20:1, v/v/v) and analyzed by GC using



a capillary column (DB-225, 0.25 um film thickness, 30 m length, 0.25 mm ID; Agilent Technologies,
Santa Clara, CA, USA). The oven temperature was maintained at 100 °C for 0.5 min and raised to
195 °C at a rate of 25 °C/min. It was then increased to 205 °C at a rate of 3 °C/min, followed by
240 °C at 8 °C/min, and maintained constant for 10 min. The oven temperature was then decreased
to 100 °C before the injection of the next sample. The amount of each FA was calculated based on
the ratio of the peak area between the target peak and the peak of 17:0 from 17:0/17:0 PC or 20:0
from 20:0/20:0 PC as the internal standard.

For the treatment with TDYA peroxisome inhibitor plus FA, CHO-K1 cells were seeded at a
density of 1 x 10° cells in 100-mm petri dishes with 10 mL of FBS-containing medium for 24 h at
37 °C in the CO; incubator. The culture medium was replaced with 10 mL serum-free medium for 24
h, followed by pretreatment with 30 uM TDYA. Following incubation for 6 h, FA was added and the
cells were incubated for 24 h in the presence or absence of TDYA. After the incubation period, lipids
in the cells and medium were extracted separately as previously described [55] after addition of the
appropriate internal standard as described above. The samples were subjected to methanolysis for

determination of the FA by GC as described above.

2.5. Cytotoxicity assay

CHO, PC12, or IFRS1 cells were seeded in 35-mm dishes at 2 x 10° cells/dish at 37 °C in a CO»
incubator. Following incubation for 24 h, the culture medium was replaced with fresh serum-free
medium and supplemented with different concentrations of FA as the FA/BSA complex prepared
using the FA/IP/BSA method. Control cells were treated only with the vehicle (BSA + IP). After 48
h of supplementation, adherent cells were harvested with the aid of trypsin/EDTA, washed with PBS,
and subjected to a trypan blue dye exclusion assay to assess the number of living cells. The results
were calculated as a percentage of vehicle-treated control cells.

For TDYA plus FA treatment, CHO-K1 cells were seeded onto 35-mm dishes at a density of 2 x
10° cells/dish at 37 °C in the CO; incubator for 24 h. The culture medium was replaced with fresh
serum-free medium and the cells were incubated for 24 h. Subsequently, the cells were incubated with
30 uM TDYA before the addition of FA. After incubation for 6 h, FA was added for 48 h in the
presence or absence of TDYA. After incubation, the cells were fixed for fluorescence microscopy, as

described below.



2.6. Ultraviolet (UV)- and staurosporine-induced apoptosis in CHO cells

CHO cells were seeded onto 35-mm dishes at a density of 2 x 10° cells/dish at 37 °C in the CO»
incubator. Following incubation for 24 h, the culture medium was replaced with serum-free medium,
and the cells were exposed to UV irradiation at doses of 5, 10, and 20 mJ/cm?. After 6 h of incubation,
adherent cells were harvested using trypsin/EDTA, washed with PBS, and stained with trypan blue.
Cells that excluded the stain were considered viable.

CHO cells were seeded onto 35-mm dishes at a density of 2 x 10° cells/dish at 37 °C in the CO,
incubator. Following incubation for 24 h, the culture medium was replaced with serum-free medium
and supplemented with different concentrations of staurosporine. After 6 h of supplementation,
adherent cells were harvested with the aid of trypsin/EDTA, washed with PBS, and subjected to the

aforementioned trypan blue dye exclusion test to assess the number of living cells.

2.7.  Nuclear staining with DAPI (4°,6’-Diamidino-2-phenylindole)

CHO or PC12 cells were seeded onto 35-mm dishes at a density of 2 x 10° cells/dish for 24 h. The
medium was replaced with serum-free medium and the cells were incubated with FA at the indicated
concentrations for 48 h in the presence or absence of TDYA. FA-treated and untreated 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. The cells were incubated with DAPI (10 pg/mL) at
37 °C for 30 min, washed with PBS, and observed immediately by fluorescence microscopy.
Condensed or fragmented nuclei were indicative of apoptotic cells, while intact nuclei indicated
viable cells. The numbers of total and apoptotic cells in each microscopic field were counted and the

percentage of living cells was calculated.

2.8. DNA fragmentation assay

CHO or PC12 cells were seeded onto 35-mm dishes at a density of 2 x 10° cells/dish for 24 h. The
medium was replaced with serum-free medium and the cells were incubated with FA at the indicated
concentrations for 48 h. The medium and adherent cells were collected and centrifuged at 2,100 rpm
for 5 min at 4 °C. The supernatant was gently withdrawn, and the resultant pellet was lysed in 341 uL
of 100 mM Tris-HCI (pH 8.5) containing 5 mM EDTA, 0.2 M NaCl, 0.2% SDS, and 0.2 mg/mL
proteinase K at 37 °C for 60 min. Then, 10 uL. of 10 mg/mL proteinase K was added to each sample
and allowed to stand for 30 min at 50 °C. Subsequently, 141 puL of 5 M NaCl and 471 uL of ethanol
were added to the lysate and kept at -80 °C for 60 min. Following centrifugation for 30 min at 15,000



rpm and 4 °C, the DNA pellets were individually dissolved in 20 pL of 10 mM Tris-HCI (pH 7.2) and
2 pL of RNase at 37 °C for 30 min. The DNA samples were each loaded onto a 1.5% agarose gel,

separated by electrophoresis, and analyzed for their extent of fragmentation under UV light.
2.9. Statistical analysis

Statistical analysis was performed by one-way ANOVA with post-hoc Tukey test (to compare

more than two groups).
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3. Results
3.1. FA/IP/BSA improves solubility of VLCFAs

We recently reported that adding VLCFAs as an IP solution into aqueous BSA under warm
conditions (~ 37 °C) facilitate the formation of the FA/albumin complex and that VLCFAs prepared
by the FA/IP/BSA method are efficiently taken up by cultured cells [52]. In this study, we applied our
method to C16—C26 FAs with saturated or unsaturated carbon chains to evaluate the cytotoxicity of
these FAs. As shown in Fig. 1A and C, all saturated and unsaturated FAs prepared as FA/IP/BSA
complexes passed through the 0.22 um filter, indicating that most FAs prepared by this method
completely formed albumin complexes. In contrast, saturated FAs prepared by the conventional
method using FA, NaOH and albumin (FA/Na/BSA) did not completely form albumin complexes,
except for C16:0 FA. This conventional method seems to be applicable to unsaturated VLCFAs, but
not saturated FA, especially for C>20 VLCFAs (Fig. 1B and D). The final IP concentration in the
medium did not exceed 0.5% in all experiments. IP up to 2% in the medium did not affect cell viability,

as we previously described [52].
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Fig. 1. IP facilitates formation of VLCFA/BSA complexes.
FAs (300 nmol) dissolved in IP were mixed with a BSA solution (FA/IP/BSA) (A, C). FAs (300 nmol) were



treated with NaOH solution followed by heating at 65 °C and mixed with BSA solution (FA/Na/BSA) (B, D).
The complexed solutions were filtered through a 0.22 um membrane filter. FAs dissolved in the filtrate were
extracted and subjected to GC analysis after methyl esterification as described in section 2.4. Values represent

the mean + S.D. of three independent experiments. N.D. denotes not detected.

3.2. Uptake of exogenous FAs from culture medium and accumulation of FAs in cellular lipids in
CHO cells

We determined the uptake and accumulation levels of saturated (S) or monounsaturated (MU)
VLCFAs in peroxisome-deficient (CHO-zp102) and wild-type (CHO-K1) cells using the
complexation approach (FA/IP/BSA) [52]. The amounts of FA taken up and accumulated in cells were
defined as the decrement of FAs in the culture medium and increment of FA in the cells, respectively
(Fig. 2A-D), during the 24 h incubation with 30 uM (300 nmol/dish) FAs in serum-free medium.
Most of the FA detected in the cells were not free, but rather were acylated, as we previously described
[52].

In wild-type cells, the amounts of VLCFAs (C20:1, C22:0, C22:1, C23:0, C24:0, C24:1, C25:0,
and C26:0 FA) taken up by cells were much higher than those of VLCFAs accumulated in the cells
(Fig. 2A, C). For example, the amount of C20:1 FA taken up by cells was 250 nmol/dish, whereas the
C20:1 FA accumulated in the cells was 35 nmol/dish, indicating that most parts of the C20:1 FA taken
up were metabolized during the 24 h incubation in wild-type cells. The findings were in contrast to
the result in peroxisome-deficient cells, where the C20:1 FA taken up (230 nmol) was balanced by
the accumulation of C20:1 FA in the cells (210 nmol) (Fig. 2D). These results indicate that
peroxisomal oxidation seems to operate actively for the clearance of C20:1 FA in wild-type cells.
Similar results were observed in experiments with C22:1 and C24:1 FA. Although the uptake capacity
of S-VLCFAs (C22:0 to C26:0 FA) in peroxisome-deficient cells was less than that in wild-type cells,
the cell uptake of these S-VLCFAs was almost balanced by the accumulation in the cells (Fig. 2B).
In contrast, there was a large difference between the uptake and accumulation of these S-VLCFAs in
wild-type cells. From these observations, it can be concluded that C20:1, C22:0, C22:1, C23:0, C24:0,
C24:1, C25:0, and C26:0 FA are cleared exclusively by peroxisomal oxidation. This conclusion was
also supported by the fact that time-dependent accumulations of chain-shortened metabolites of C23:0
FA, such as C19:0 and C17:0 FA, were observed in wild-type cells but not in peroxisome-deficient
cells, as reported in our previous study [52].

The uptake of exogenous C16:0 FA from the culture medium was comparable level between wild-

type and peroxisome-deficient cells. The cellular levels of C16:0 FA and the FA composition of
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cellular lipids were also similar in these cells (Fig. 2A, B). This was also the case for C18:0 FA (Fig.
2A, B). These results indicate that the uptake capacity and metabolic manner of C16:0 and C18:0 FA
in peroxisome-deficient cells were similar to those in wild-type cells. Thus, peroxisomal oxidation
does not contribute to the clearance of C16:0 and C18:0 FA.

Although the accumulation level of C18:1 FA was higher in peroxisome-deficient cells, the
clearance level of C18:1 FA in the peroxisome-deficient cells was comparable to that observed in
wild-type cells (~ 100 nmol/dish each; Fig. 2C, D). These results suggest that mitochondria play a
pivotal role in the oxidative metabolism of C16:0, C18:0, and C18:1 FA.

The difference between the amount of C20:0 FA uptake by the cells and that of C20:0 FA
accumulation in the peroxisome-deficient cells was ~ 50 nmol/dish (Fig. 2B); however, it was 200
nmol in wild-type cells (Fig. 2A). These results indicated that ~ 75% of C20:0 FA that was taken up

was cleared by peroxisomal B-oxidation.
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Fig. 2. Cellular uptake of FA in CHO-K1 and CHO-zp102 cells.

CHO-K1 (wild-type) and CHO-zp102 (peroxisome-deficient) cells were incubated with 30 uM of C16:0, C18:0,
C18:1, C20:0, C20:1, C22:0, C22:1, C23:0, C24:0, C24:1, C25:0, or C26:0 FA in serum-free medium for 24 h
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(A-D). The medium and cells were collected separately after 24 h and subjected to lipid extraction. The fatty
acid methyl esters were analyzed by GC, as mentioned in section 2.4. Values represent the mean = S.D. of three

independent experiments.

3.3.  Cytotoxicity of extracellular VLCFAs in peroxisome-deficient CHO cells

The effects of VLCFAs on peroxisome-deficient CHO cells were also examined. Cytotoxic effects
of C20:0, C20:1, C22:0, C22:1, and C24:1 FA were evident with peroxisome-deficient cells (Fig. 3A).
C20:0 FA showed the highest toxicity, which was observed at 5 uM. A common feature of these toxic
VLCFAs is that they tended to accumulate in cellular lipids of peroxisome-deficient cells (Fig. 2). In
contrast, C16:0, C18:0, C18:1, C23:0, and C25:0 FA did not promote any loss of cell viability up to
30 uM (Fig. 3A). Interestingly, C24:0 and C26:0 FA slightly enhanced the cell survival of serum-
starved peroxisome-deficient cells (Fig. 3A). In contrast to peroxisome-deficient cells, cytotoxic
effects were not observed following a 48 h incubation with up to 30 uM of C16:0, C18:0, C18:1,
C20:1, C22:0, C22:1, C23:0,C24:1, and C25:0 FA (Fig. 3B). Marked cytotoxic effects were observed
only when the wild-type cells were incubated with 30 uM of C20:0 FA. Notably, C24:0 and C26:0
FA in wild-type CHO cells tended to have positive effects on cell survival, which was also observed
in peroxisome-deficient cells (Fig. 3B). Wild-type and peroxisome-deficient CHO cells showed

similar responses to UV- or staurosporine-induced apoptosis (Supplementary Fig. 1).
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Fig. 3. VLCFAs induce peroxisome-deficient CHO cell death.

CHO-zp102 (peroxisome-deficient) and CHO-K1 (wild-type) cells were incubated in serum-free medium with

the indicated concentrations of C16:0, C18:0, C18:1, C20:0, C20:1, C22:0, C22:1, C23:0, C24:0, C24:1, C25:0,

or C26:0 FA for 48 h (A, B). Cells were harvested by trypsin-EDTA treatment, and subjected to the trypan blue
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dye 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.
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Supplementary Fig. 1. Responses of CHO cells to UV- and staurosporine-induced apoptosis.

CHO-K1 (wild-type) and CHO-zp102 (peroxisome-deficient) cells were irradiated with UV for 5-20 s. Next,
the cells were incubated in serum-free medium for 6 h (A). CHO-K1 and CHO-zp102 cells were treated with
the indicated concentrations of staurosporine and incubated in serum-free medium for 6 h (B). Living cells were
counted using the trypan blue dye exclusion test. 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.

3.4. VLCFAs induce apoptosis in peroxisome-deficient CHO cells

Nuclear morphology and DNA ladder formation were assessed to clarify whether the observed
FA-toxicity resulted in apoptotic cell death. As shown in Fig. 4A, most peroxisome-deficient cells
incubated with 30 uM of C20:0, C22:0, C22:1, and C24:1 FA showed morphological alterations of

nuclei, such as condensed chromatin and fragmentation. However, most of the control cells did not
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display any changes in their nuclei. The living cell ratio was calculated by counting the cells that
retained intact nuclei in total cells. The results shown in Fig. 4B are in good agreement with those
obtained from the trypan blue dye exclusion assay (Fig. 3). The apoptotic features of peroxisome-
deficient cells treated with 30 uM of C20:0, C22:0, C22:1, and C24:1 FA were also confirmed by a
DNA fragmentation assay (Fig. 4C). In contrast to VLCFAs, peroxisome-deficient cells treated with
30 uM of C18:1, C24:0, and C26:0 FA did not display apoptotic features, as judged by both nuclear
condensation and DNA fragmentation (Fig. 4A—C). C20:0 FA (30 uM)-induced cell death in wild-
type cells was also apoptotic, as judged by nuclear shape and DNA fragmentation, in contrast to the

treatment with C24:0 FA (Fig. 4D-F).
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Fig. 4. VLCFAs induce apoptosis in peroxisome-deficient CHO cells.

CHO-zp102 (peroxisome-deficient) and CHO-K1 (wild-type) cells were treated with 30 uM FA in serum-free
medium for 48 h, stained with DAPI, and observed by fluorescence microscopy (A, D). The percentage of living
cells in each dish was assessed as described in section 2.7 (B, E). 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. The cells were treated with the indicated
concentrations of FA for 48 h and DNA fragmentation was analyzed using 1.5% agarose gel electrophoresis. M
indicates the 100-bp DNA ladder size marker (C, F). The data are representatives of three independent

experiments.

3.5. Effect of peroxisome inhibitor on the accumulation of C20.:0 FA and cytotoxicity

The cytotoxicity of VLCFAs is possibly related to their cellular accumulation, which is prevented
by peroxisomal B-oxidation. To obtain further evidence for this hypothesis, we examined whether the
peroxisome inhibitor enhances the sensitivity to cytotoxic C20:0 FA by augmenting its accumulation
in wild-type cells. TDYA, a potent inhibitor of acyl-CoA oxidase 1, was utilized to inhibit peroxisomal
B-oxidation, a peroxisomal function [56]. When wild-type cells were supplemented with 5 and 10 uM
C20:0 FA in the absence of TDYA, accumulation of C20:0 FA in the cellular lipids was marginal,
with no apparent cytotoxicity (Fig. 5SA, B). At 30 uM C20:0 FA, the accumulation of C20:0 FA (28
nmol/dish) became apparent, and notable cytotoxicity was observed (Fig. 5A, B). When TDYA was
added to the culture medium, the accumulation of C20:0 FA in cellular lipids in the wild-type CHO
cells was significantly enhanced by low concentrations of C20:0 FA (5 uM, 15 nmol/dish; 10 uM, 29
nmol/dish; 30 uM, 64 nmol/dish) (Fig. 5A). The levels of C20:0 FA accumulation in TDYA-treated
wild-type cells were comparable to those observed in C20:0 FA accumulation in peroxisome-deficient
CHO cells (5 uM, 16 nmol/dish; 10 uM, 44 nmol/dish; 30 uM, 79 nmol/dish) (Fig. 5A), indicating
that peroxisomal -oxidation was inhibited by TDYA. We found that the sensitivity to cytotoxic C20:0
FA was enhanced in TDYA-treated wild-type cells to a similar extent as that observed in peroxisome-
deficient cells (Fig. 5B). The relationship between cytotoxicity and cellular accumulation of C20:0
FA in these experiments clearly showed that C20:0 FA-induced cell toxicity correlates with the
intracellular accumulation of C20:0 FA (Fig. 5C).

The inhibitory effect of TDYA on the peroxisomal -oxidation was also confirmed by experiments
with C23:0 FA, where the chain-shortened metabolites of C23:0 FA, such as C19:0 and C17:0 FA
were completely absent in the C23:0 FA-supplemented wild-type cells in the presence but not in the
absence of 30 pM TDYA (Supplementary Fig. 2). Similar experiments were conducted with C22:1
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and C24:1 FA. We found that sensitivity to cytotoxic C22:1 and C24:1 FA was also increased in the
presence of TDYA, and that the toxicity was partially correlated with the level of intracellular

accumulation of these VLCFAs (Supplementary Fig. 3).
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Fig. 5. Correlation between accumulation of C20:0 FA and cellular toxicity.

CHO-K1 (wild-type) or CHO-zpl02 (peroxisome-deficient) cells were incubated with the indicated
concentrations of C20:0 FA in serum-free medium for 24 h in the absence or presence of 30 uM TDYA. The
cells (A) were collected after 24 h and subjected to lipid extraction. The accumulation levels of C20:0 FA in the
cells were determined by GC, as mentioned in section 2.4. Values represent the mean £ S.D. of three
independent experiments. The percentage of apoptotic cells in each experiment was determined as described in
section 2.7. (B). Values represent the mean + S.D. of three independent experiments. The percentage obtained
in the apoptosis assay was plotted against the amount of C20:0 FA accumulated in cellular lipids (C). Values

represent the mean + S.D. of three independent experiments.
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Supplementary Fig. 2. Effect of 10,12-tricosadiynoic acid on C23:0 FA B-oxidation in wild-type CHO
cells.

CHO-K1 (wild-type) cells were incubated with the indicated concentrations of C23:0 FA in serum-free medium
for 24 h in the presence or absence of TDYA. The cells (A, B) were collected after 24 h and subjected to lipid
extraction. The fatty acid methyl esters were analyzed by GC, as mentioned in section 2.4. Values represent the

mean + S.D. of three independent experiments.
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Supplementary Fig. 3. Correlation between accumulation of FA and cellular toxicity.

CHO-K1 (wild-type) or CHO-zp102 (peroxisome-deficient) cells were incubated with different concentrations
of C22:1 FA (A) or C24:1 FA (B) in serum-free medium for 24 h in the absence or presence of 30 uM TDYA.
The cells were collected after 24 h and subjected to lipid extraction. The accumulation levels of FA and the
extent of apoptosis were determined using the same method as mentioned in the legend to Fig. 5. The percentage
obtained in the apoptosis assay was plotted against the amount of added FA accumulated in cellular lipids (A,

B). Values represent the mean = S.D. of three independent experiments.

3.6. Cytotoxicity of extracellular VLCFAs in PC12 and FRS1 cells

To determine the effects of VLCFAs in neuronal and myelinating cells, experiments were
conducted with PC12 and IFRS1 cells, a neural crest-derived pheochromocytoma cell line, and a
Schwann cell-derived cell line, respectively. PC12 cells were sensitive to the cytotoxic effects of
C20:0, C22:0, and C24:1 FA. Among these, C20:0 FA showed the highest toxicity and caused a
notable increase in cell death at a low concentration (5 uM). We found that C16:0, C18:0, C18:1,
C20:1, C22:1, C23:0, C24:0, C25:0, and C26:0 FA did not affect the viability of PC12 cells (Fig. 6A).

We found that treatment with C16:0, C18:0, C18:1, C20:1, C22:0, C22:1, C23:0, C24:0, C24:1,
C25:0, and C26:0 FA did not show toxic effects on IFRS1 cells at concentrations of up to 150 uM. A

marked decrease in cell viability was observed only when IFRS1 cells were exposed to 150 uM C20:0
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FA, which was 30 times higher than that in PC12 cells (Fig. 6B).

A cellular uptake assay was performed in these neuronal cells. When PC12 cells were incubated
with 30 uM of C20:0, C22:0, C24:0, and C26:0 FA, the accumulation levels of C20:0, C22:0, C24:0,
and C26:0 FA in cellular lipids were 62 nmol/dish, 10 nmol/dish, 5 nmol/dish, 2 nmol/dish,
respectively (Fig. 7A). A large amount of accumulation was also observed in the experiment with 150
uM C20:0 FA, but not in those with other VLCFAs, in IFRS1 cells (Fig. 7B). These results are
consistent with those observed in CHO cells, in that, VLCFA toxicity correlates with the intracellular
accumulation of VLCFAs. Based on observations of their nuclear shape and DNA ladder formation,
we confirmed that C20:0 FA-induced cell death of PC12 cells was due to apoptosis (Fig. 7C, D).
IFRS1 cells may have a larger capacity for the oxidative activity of peroxisomes. This is because a
large amount of exogeneous C20:0 FA is necessary to induce the accumulation of C20:0 FA at toxic

levels in IFRS1 cells. The amount of C20:0 FA cleared in IFRS1 cells at 150 uM was twice that
cleared in CHO-K1 cells at 30 uM (Supplementary Fig. 4).
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Fig. 6. VLCFAs induces PC12 and IFRSI cell death.

PC12 (A) or IFRSI cells (B) were incubated in serum-free medium with the indicated concentrations of C16:0,

C18:0, C18:1, C20:0, C20:1, C22:0, C22:1, C23:0, C24:0, C24:1, C25:0, or C26:0 FA for 48 h. Cells were

harvested by trypsin-EDTA treatment and subjected to the Trypan blue-exclusion test. The data shown are the

24



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.
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Fig. 7. Cellular accumulation of VLCFAs in PC12 and IFRSI cells.

PCI12 cells (A) were incubated with 30 uM of C20:0, C22:0, C24:0, or C26:0 FA in serum-free medium for 24
h. IFRS1 cells (B) were incubated with 150 uM of C20:0, C22:0, C24:0, or C26:0 FA in serum-free medium
for 24 h. Cells were collected at the specific time points and subjected to lipid extraction. The fatty acid methyl
esters were analyzed by GC to determine the added FA accumulated in the cellular lipids, as mentioned in
section 2.4. Values represent the mean + S.D. of three independent experiments. PC12 cells were treated with
30 uM C20:0 FA in serum-free medium for 48 h, stained with DAPI, and observed by fluorescence microscopy
(C). The cells were treated with the indicated concentrations of FA for 48 h, and DNA fragmentation was
analysed using 1.5% agarose gel electrophoresis. M indicates the 100-bp DNA ladder size marker (D). The data

are representative of three independent experiments.
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Supplementary Fig. 4. Cellular uptake of C20:0 FA by CHO and IFRSI cells.

CHO and IFRSI cells were incubated with 30 uM and 150 uM C20:0 FA, respectively, in serum-free medium
for 24 h. The medium and cells were collected separately after 24 h and subjected to lipid extraction. The fatty
acid methyl esters were analyzed by GC, as mentioned in section 2.4. Values represent the mean = S.D. of three

independent experiments.
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4. Discussion

ALD is the most frequent peroxisomal disease caused by mutations in the ABCD1 gene, which is
responsible for the introduction of VLCFAs into the peroxisome [14-20]. The inability to oxidize
VLCFAs in peroxisomes results in the abnormal accumulation of S-VLCFAs, such as C24:0 and
C26:0 FA, in the patient’s body [21-36]. Abnormal accumulation of S-VLCFAs is believed to cause
ALD symptoms, including demyelination of nervous tissues and adrenal insufficiency [37—41].
However, the severity of symptoms and the extent of accumulation of these S-VLCFAs in the plasma
are not clearly correlated, and the mechanisms of tissue degeneration are largely unknown.

One of the difficulties in studying the effect of VLCFAs is that they cannot dissolve in aqueous
medium. S-VLCFAs are extremely hydrophobic, and thus are not efficiently delivered to cells.
Recently, we developed a method to disperse VLCFAs in an aqueous medium using a small amount
of IP in the presence of BSA under warm conditions (37 °C) [52]. VLCFAs were efficiently introduced
into the cells [52]. Here, we confirmed that our method can be applied to C26:0 FA. We also showed
the limitation of the conventional method, in which FA is converted to an albumin complex after
dissolving it into its sodium salt (FA/Na/BSA). The FA/Na/BSA method was applicable to MU-
VLCFAs and saturated FA up to C16, but not to saturated FA above C18.

Using this method, we characterized the oxidative metabolism of LCFAs and VLCFAs of different
chain lengths (Fig. 2). The characterization was based on the clearance level of the added FA during
the incubation, which was calculated as the difference between the amount of FA that disappeared
from the medium and that appearing in the cellular lipids in CHO cells (medium-cellular lipids [M-
C] value). In the case of C16:0 and C18:0 FA, the M-C values were similarly higher (>200 nmol) in
both peroxisome-deficient cells and wild-type cells. Thus, the major oxidative clearance of these
LCFAs in both cell types was via mitochondrial activity. This is consistent with earlier reports
showing that 94% of the oxidative metabolism of C16:0 FA is performed by mitochondria [57,58].

In the case of FA with chain lengths above C22:0, the M-C values were extremely low (<5 nmol)
in peroxisome-deficient cells. In contrast, the corresponding M-C values in wild-type cells were
considerably higher (>100 nmol), suggesting peroxisome-dependent clearance of these VLCFAs in
wild-type cells. Thus, these VLCFAs are regarded as peroxisomal substrates. This conclusion is the
same as that in our previous study showing that time-dependent accumulation of chain-shortened
metabolites of C23:0 FA, such as C19:0 and C17:0 FA, was observed in wild-type cells but not in
peroxisome-deficient cells [52], which is consistent with previous reports [59-65]. The oxidative

clearance of S-VLCFAs in peroxisomes may be a driving force for continuous uptake into the cells
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and could explain the large difference between the decrements of S-VLCFAs from the medium of
wild-type cells and those from medium of peroxisome-deficient cells. The oxidative clearance rate
also could explain the difference between the decrease in C20:0 FA and that of C22:0-C26:0 FA from
the medium in these types of CHO cells.

Based on the comparison of M-C values of C20:0 FA in wild-type and peroxisome-deficient cells,
we observed that 75% of oxidative metabolism of C20:0 FA was performed by peroxisomes in wild-
type cells. The shorter chain length limit of VLCFAs that are preferentially oxidized in peroxisomes
differs among studies (C22 in some studies, C20 in others) [66,67]. Our results indicated that C20:0
FA is a good peroxisome substrate.

The metabolism of MU-VLCFAs seemed to be different from that of S-VLCFAs in terms of the
acylation capacity of cellular lipids. Accumulation of C20:1, C22:1, and C24:1 FA was evident in
peroxisome-deficient cells, indicating that MU-VLCFAs are metabolized differently from S-VLCFAs
in peroxisome-deficient cells.

In this study, we found that C20:0 FA exerted the strongest toxic effect among the C16—-C26 FAs
tested. The toxicity of C20:0 FA was observed at 5 pM in the peroxisome-deficient cells and at 30
uM in the wild-type cells, suggesting that the peroxisome-deficient cells are sensitive to the toxicity
of C20:0 FA. We also found that C20:1, C22:0, C22:1, and C24:1 FA were toxic to the peroxisome-
deficient cells at 30 pM, but not to the wild-type cells at this concentration. These data are consistent
with earlier studies showing that C20:0 FA (500 uM) was most toxic compared to polyunsaturated
FAs and other saturated FAs [68]. Here, we demonstrated that VLCFA-loaded cells undergo apoptosis,
with a close correlation between the cytotoxicity and accumulation levels of these VLCFAs in cellular
lipids. These observations indicate that the increased sensitivity to VLCFAs toxicity in peroxisome-
deficient cells is attributable to the inability of peroxisomes to oxidize these VLCFAs. This notion is
supported by the fact that the apoptotic sensitivity of wild-type cells increased in parallel with the
accumulation of these VLCFAs when peroxisomal B-oxidation was inhibited by TDYA. Wild-type
and peroxisome-deficient CHO cells showed similar responses to UV- or staurosporine-induced
apoptosis (Supplementary Fig. 1). From these results, it can be concluded that peroxisomes are crucial
organelles for the detoxification of cytotoxic VLCFAs.

Accumulation of S-VLCFAs, such as C24:0 and C26:0 FA, is a useful biomarker for the diagnosis
of peroxisome disease and is considered to be involved in symptoms of the disease, such as
demyelination. Many reports have described the cytotoxicity of these VLCFAs by induction of

necrotic cell death due to increased production of reactive oxygen species (ROS) or impaired
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mitochondrial and lysosomal function [42-51]. However, we did not observe cytotoxicity by up to
30 uM of C24:0 and C26:0 FA in the peroxisome-deficient cells; rather, they exhibited cytoprotective
action in both the peroxisome-deficient cells and wild-type cells. One of the reasons for this
discrepancy may be the difference in the method of delivery of S-VLCFAs into the cells. The FA-
dissolving methods used in other investigations involve FA/Na/BSA or FA/cyclodextrin complexes,
which do not efficiently dissolve VLCFAs in aqueous medium, as shown here and in our previous
study [52]. The resulting VLCFA aggregates may affect the integrity of cellular functions. Ceramides
with different N-acyl chains perform different functions in cells [69]. Alteration of ceramide
composition in cells by overexpression or silencing of ceramide synthases shows that C16:0 ceramide
is pro-apoptotic, whereas ceramide with C24:0 is anti-apoptotic [69]. The change in the composition
of ceramide species may affect the apoptotic tendency of C24:0- and C26:0-replete cells. Further
studies are needed to clarify the effect of the accumulation of C24:0 and C26:0 FA in peroxisome-
deficient oligodendrocytes and Schwann cells to better understand peroxisome diseases.

In this study, >10 uM C24:1 FA was toxic to peroxisome-deficient cells, whereas the same
concentrations of C24:0 FA were not. This is in contrast to the notion that S-VLCFAs are more toxic
than the corresponding MU-VLCFAs [70,71]. This discrepancy is attributable to the difference in the
accumulation levels of VLCFAs in cells. Here, extensive accumulation of C24:1 FA was achieved
using our solubilization technique, whereas C24:0 FA hardly accumulated in the peroxisome-deficient
cells, possibly due to halted uptake. Thus, our results do not indicate MU-VLCFAs are more toxic
than S-VLCFAs at similar accumulation levels in cells.

In this study, we showed that peroxisome-deficient CHO cells exhibited increased sensitivity to
C20:0, C20:1, C22:0, C22:1, and C24:1 FA. This increased sensitivity was caused by the
accumulation of VLCFAs in cells whose peroxisomal B-oxidation system was impaired. C20:0 FA
was toxic to myelinating cells, PC12 and IFRS1 cells. To the best of our knowledge, there is no report
demonstrating the accumulation of C20:0 FA in the plasma or tissues of patients with peroxisome
disease. Thus, it is uncertain whether accumulated C20:0 FA exert deteriorating effects in patients
with peroxisome diseases, including ALD. However, it should be considered that biosynthesis of
VLCFAs is enhanced during the myelination process [72—74]. Patients afflicted by peroxisome
disease with an inability to oxidize VLCFAs may become vulnerable when the myelinating cells
perform enhanced synthesis of VLCFAs due to the lack of a detoxification device.

Finally, the limitations of this study must be mentioned. Here, we showed the apoptosis-inducing

properties (i.e. C20:0, C22:0, C20:1, C22:1, and C24:1 FA) and anti-apoptotic properties (i.e. C24:0
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and C26:0 FA) of VLCFAs. These effects were demonstrated in cultured cell systems by introducing
high concentrations of VLCFAs solubilized as albumin complexes using our technique. This differs
from conditions in patients. For example, the concentration of free C26:0 FA in the blood of patients
with ALD is <3 uM [32], and C20:0 FA scarcely accumulates in patients with peroxisome disease.
Additionally, most VLCFAs are likely to be produced by endogenous biosynthesis in a controlled
manner. The intracellular distribution and accumulation level of VLCFAs may be different in cases
where VLCFAs are supplied exogenously and are provided endogenously. Therefore, transiently
accumulated VLCFAs may affect cellular events differently from chronically accumulated VLCFAs.
This difference should be considered when applying our results to the neurodegeneration of patients
with peroxisome disease.

In summary, we found that peroxisomes attenuate cytotoxicity of VLCFAs. Further research is
needed to examine whether VLCFA-evoked changes in apoptotic tendency in cells are involved in

tissue degeneration in patients with peroxisome disease.
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