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Abstract

Plasma plasmalogens (Pls) may serve as potential biomarkers not only for rare peroxisomal diseases but also for general disorders related to oxidative stress and
aging. Recent clinical observational studies demonstrated that low levels of plasma Pls are risk factors for atherosclerosis and dementia. Serum levels of Pls showed
a strong positive correlation with high-density lipoprotein (HDL) cholesterol concentration, suggesting that Pls may be involved in metabolism or the function of
HDL. Increasing the levels of plasma Pls may serve as a novel therapeutic strategy for preventing diseases associated with oxidative stress and aging. Therefore, we
and other groups elevated plasma Pl levels in laboratory animals or humans through administration of myo-inositol, monounsaturated long-chain fatty acids, and the
hypolipidemic agent, statin. However, their effects on the gene expression of Pl biosynthetic enzymes remain unknown. To gain insight into the manipulation of P1
biosynthesis and the relationship between P1 biosynthesis and HDL metabolism, we examined target gene expression by real time reverse transcription polymerase
chain reaction (RT-PCR) in hepatoma HepG2 cells treated with various test substances. Monounsaturated long-chain fatty acids such as oleic acid and erucic acid,
myo-inositol, and the P1 precursor alkylglycerol, all of which supply materials or coenzymes for Pl biosynthesis, unexpectedly reduced the expression of the genes for P1
biosynthetic enzymes. These results suggest the presence of strict regulation of Pl homeostasis. In contrast, pitavastatin induced peroxisome biogenesis and promoted
the expression of peroxisomal P1 biosynthetic enzymes and HDL metabolism-associated proteins such as apoprotein Al and ATP-binding cassette transporter Al.
This was likely through enhancement of peroxisome proliferator-activated receptor (PPAR) expression. These findings suggest that there may be a physiological
relationship between Pl biosynthesis and HDL metabolism via peroxisomal status.

Abbreviations

DHA: Docosahexaenoic Acid; Far 1: Fatty Acyl CoA Reductase 1;
HG: 1-O-hexadecyl-sn-glycerol; MI: myo-inositol; PlsCho: Choline
Plasmalogen; PlsEtn: Ethanolamine Plasmalogen; PPARs: Peroxisome
Proliferator-Activated Receptors.

Introduction

Age-related diseases, such as atherosclerosis and dementia,
are associated with oxidative stress and chronic inflammation [1].
Peroxisomal as well as mitochondrial dysfunction may be related to
aging and age-related pathologies, possibly through the derangement
of redox homeostasis [2,3]. Plasmalogens (PIs), a subclass of
glycerophospholipids possessing a vinyl-ether bond at the sn-1 position,
are biosynthesized and regulated in peroxisomes [4-6]. Therefore,
plasma Pls may reflect the systemic functional state of peroxisomes,
and serve as potential biomarkers for diseases related to oxidative
stress and aging [7-9]. Human plasma Pls are synthesized mainly in
the liver and secreted into the blood as lipoprotein components. To
investigate the clinical significance of plasma Pls, we developed three
promising analytical methods [10-13]. Our research lab and other
investigators have demonstrated in clinical observational studies that
low levels of plasma Pl are a risk factor for atherosclerosis and dementia
[14-18]. Serum levels of Pl showed a strong positive correlation with
high-density lipoprotein (HDL) cholesterol concentration [14,15],
suggesting that Pls may be involved in metabolism or HDL functions.

Accordingly, we attempted to increase the levels of plasma Pls as
a preventative strategy for diseases associated with oxidative stress
and aging. This was achieved in laboratory animals as well as humans
through administration of the Pl precursor alkylglycerol [19], myo-
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inositol (MI) [20,21], monounsaturated long-chain fatty acids [22],
and the hypolipidemic agent, statin [23]. However, their effects on
the gene expression of Pl biosynthetic enzymes remain unknown.
To gain insight into the mechanisms mediating the enhancement
of Pl biosynthesis, and its relationship with HDL metabolism, we
examined target gene expression in HepG2 cells treated with various
test substances.

Materials and methods

Materials

Pitavastatin and simvastatin were kindly provided by Nissan
Chemical Industries, Ltd. (Tokyo, Japan) and Merck Research
Laboratories (Rahway, NJ), respectively. Fenofibrate was a kind gift
from ASKA Pharmaceutical Co., Ltd. (Tokyo, Japan). Wyl4643 was
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Fatty acids such as oleic acid, erucic acid, nervonic acid, linoleic acid,
arachidonic acid, eicosapentaenoic acid (EPA), docosahexaenoic acid
(DHA), and p-estradiol (E2) were purchased from Sigma-Aldrich
(St. Louis, MO). N-palmitoyl-D-erythro-sphingosylphosphorylcholine
(SM18), N-lignoceroyl-D-erythro-sphingosylphosphorylcholine (SM24),
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1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine  (POPC), and
1-O-hexadecyl-sn-glycerol (HG) were obtained from Avanti Polar
Lipids (Alabaster, AL). Myo-inositol (MI) was a kind gift from TSUNO
Co., Ltd. (Wakayama, Japan).

Cell culture and treatment with test substances

HepG2 cells (RIKEN BioResource Center, Tukuba, Ibaragi,
Japan) were cultured in Dulbecco’s Modified Eagle Medium (Gibco)
containing 10% fetal bovine serum (Gibco), 100 ug/mL streptomycin
sodium, and 100U/mL penicillin G sodium (Meiji Seika Pharma
Co., Ltd. Tokyo, Japan) at 37°C and 5% CO,. Test substances were
dissolved in distilled water, ethanol, or dimethyl sulfoxide and then
passed through a membrane filter (0.45 pm) for sterilization. The test
substance solution was added to the cell culture medium at a desired
concentration, adjusted to a vehicle concentration of less than 0.1%.
Cells were incubated with test substances at 37°C for 24 h.

Table 1. Primers used for analysis for expression of target genes.

Real-time RT-PCR

Total RNA was prepared using Trizol (Invitrogen, Carlsbad, CA,
USA), and cDNA was synthesized from 1.0 pg RNA with GeneAmp™
RNA PCR (Applied Biosystems, Branchburg, NJ, USA) using random
hexamers. Real-time RT-PCR was performed using LightCycler-
FastStart DNA Master SYBR-Green 1 (Roche, Tokyo, Japan),
according to the manufacturer’s instructions. The reaction mixture (20
uL) contained LightCycler-FastStart DNA Master SYBR-Green 1, 4
mM MgClz, 0.5 uM of the upstream and downstream PCR primers, and
2 mL of the first-strand cDNA as a template. The target genes and their
primers are shown in Table 1. To control variations in the reactions, all
PCR reactions were normalized against GAPDH or B-actin expression.
The results of pitavastatin are shown as the mean + SEM (Figure 1).
Statistical analyses were performed using Stat Flex ver.6 (Artech Co.
Ltd., Osaka, Japan).

Gene Protein 5’Primer 3’ GeneBank accession no.

PPARA peroxisome proliferator-activated receptor alpha Forward primer ATGGTGGACACGGAAAGCC NM-005036
Reverse primer CGATGGATTGCGAAATCTCTTGG

PPARG peroxisome proliferator-activated receptor gamma Forward primer GGGATCAGCTCCGTGGATCT NM-138711
Reverse primer TGCACTTTGGTACTCTTGAAGTT

TYSNDI1 trypsin domain containing 1 Forward primer TGCAGCGGGGTAATCCTGA NM-173555
Reverse primer CCTCCGACACTTCGTCATCC

CROT carnitine O-octanoyltransferase Forward primer GTGGTGGCTGAATGTTGCCTA NM-021151
Reverse primer TTGGAGGCCAGTAGTGTTCAA

EHHADH enoyl-CoA, hydratase/3-hydroxyacyl CoA dehydrogenase Forward primer AAACTCAGACCCGGTTGAAGA NM-001166415
Reverse primer TTGCAGAGTCTACGGGATTCT

ACSL1 acyl-CoA synthetase long-chain family member 1 Forward primer GCCGAGTGGATGATAGCTGC NM-004457
Reverse primer ATGGCTGGACCTCCTAGAGTG

CTP1A carnitine palmitoyltransferase 1A (liver) Forward primer TCCAGTTGGCTTATCGTGGTG NM-001876
Reverse primer TCCAGAGTCCGATTGATTTTTGC

ACAA1 acetyl-Coenzyme A acyltransferase 1 Forward primer GCGGTTCTCAAGGACGTGAAT NM-001607
Reverse primer GTCTCCGGGATGTCACTCAGA

ACOX1 acyl-Coenzyme A oxidase 1, palmitoyl Forward primer ACTCGCAGCCAGCGTTATG NM-007292
Reverse primer AGGGTCAGCGATGCCAAAC

GNPAT glyceronephosphate O-acyltransferase Forward primer GAGGAGGCATGTCAGTGACTT NM-014236
Reverse primer ACAAAACCGAATGGCTCCAAG

AGPS alkylglycerone phosphate synthase Forward primer TGAGTACCAATGAGTGCAAAGC NM-003659
Reverse primer GGTAAACCCATGCCACTAAGAG

FARI1 fatty acyl-CoA reductase 1: Forward primer AGACACCACAAGAGCGAGTG NM-032228
Reverse primer CCAGTTTAGGTTGGGTGAGTTC

PEMT phosphatidylethanolamine N-methyltransferase Forward primer CTGGAATGTGGTTGCACGATG NM-148172
Reverse primer GCTTAGAGAGTAGCAGGCCA

FASN fatty acid synthase Forward primer AAGGACCTGTCTAGGTTTGATGC NM-004104
Reverse primer TGGCTTCATAGGTGACTTCCA

FABP1 fatty acid binding protein 1 (liver) Forward primer ATGAGTTTCTCCGGCAAGTACC NM-001443
Reverse primer CTCTTCCGGCAGACCGATTG

APOAL1 apolipoprotein A1 Forward primer CCCTGGGATCGAGTGAAGGA NM-000039
Reverse primer CTGGGACACATAGTCTCTGCC

LIPG lipase, endothelial Forward primer GGGAGCCCCGTACCTTTTG NM-006033
Reverse primer CCTCACAGATGGTTTGACCTCA

ABCA1 ATP-binding cassette, sub-family A1 Forward primer GGAAGAACAGTCATTGGGACAC NM-080282
Reverse primer GCTACAAACCCTTTTAGCCAGT

SCARF1 scavenger receptor class B, member 1 (SR-B1) Forward primer CCGATCAGACCTCAAGGACAG NM-145352
Reverse primer CCCAGGGTAGCTTGTGGGA

GAPDH glyceraldehyde-3-phosphate dehydrogenase Forward primer GGAGCGAGATCCCTCCAAAAT NM-001256799
Reverse primer GGCTGTTGTCATACTTCTCATGG

B-Actin beta actin Forward primer CATGTACGTTGCTATCCAGGC NM-001101
Reverse primer CTCCTTAATGTCACGCACGAT
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Figure 1. Effects of pitavastatin on target gene expression in HepG2 cells. Values were calculated as fold changes relative to each target mRNA expression of control cells without
pitavastatin treatment. The effects of 10 uM of pitavastatin was not tested for FZ4R/an ABCAI. Columns and bars represent means + standard error (SE).

Results

Effect of test substances on target gene expression in HepG2
cells

The effects of several test substances on target mRNA expression
in HepG2 cells were examined by real time RT-PCR (Table 2). The
target genes were chosen such as to cover more or less the enzymes
involved in Pl synthesis, functions of peroxisome and lipid metabolism.
Pitavastatin and simvastatin enhanced the expression of genes for
apolipoprotein Al (gene name: APOAI), ATP-binding cassette Al
(ABCALI), and fatty acid binding protein 1 (liver) (FABPI), as well as
peroxisomal B-oxidation enzymes, such as acyl-CoA synthetase long-
chain family member 1 (ACSLI) and carnitine palmitoyltransferase
1A (liver) (CTPIA). Peroxisome proliferator-activated receptor
(PPAR) agonists, fenofibrate and Wyl14643, also enhanced ACSLI
and CTPIA expression. These agonists reduced the expression of
genes for other peroxisomal P-oxidation enzymes, such as enoyl-
CoA, hydratase/3-hydroxyacyl CoA dehydrogenase (EHHADH) and
acetyl-Coenzyme A acyltransferase 1 (ACAAI), as well as FABPI
expression. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
a proposed endogenous ligand for PPAR alpha [24], increased
APOA1, phosphatidylethanolamine N-methyltransferase (PEMT),
fatty acid synthase (FASN), and lipase, endothelial (LIPG) expression.
Monounsaturated long-chain fatty acids such as oleic acid (C18:1) and
erucic acid (C22:1) increased APOA 1, PEMT, and FASN expression and
decreased fatty acyl-CoA reductase 1 (FARI) and FABPI expression,
whilenervonicacid (C24:1) exhibited no significant effects on target gene
expression. However, polyunsaturated fatty acids had different effects
on gene expression. For instance, linoleic acid (C18:2) and arachidonic
acid (C20:4) increased ACSLI expression and lowered FABPI
expression. EPA (C22:5) also increased APOAI expression and DHA
(C22:6) increased FARI and ABCAI expression. MI treatment resulted
in decreased expression of multiple genes such as APOAI, PEMT, and
FASN, as well as P1 biosynthetic enzymes such as glyceronephosphate
O-acyltransferase (GNPAT) and alkylglycerone phosphate synthase
(AGPS). MI also reduced the expression of peroxisomal B-oxidation
enzymes such as carnitine O-octanoyltransferase (CROT), ACSLI,
and ACAAI. 1-O-hexadecyl-sn-glycerol (HG), a precursor for Pl
biosynthesis [25], lowered the expression of GNPAT and FARI, as well
as FASN and LIPG. Sphingomyelins (SM18 and SM24) and f-estradiol
(E2) had no significant effects on target gene expression.

Biomed Res Clin Prac, 2017 doi: 10.15761/BRCP.1000128

Effects of pitavastatin on target gene expression in HepG2
cells

Pitavastatin enhanced the expression of multiple genes (Figure
1). Increased expression of PPAR alpha (PPARA) and trypsin domain
containing 1 (TYSNDI) [26], as well as peroxisomal B-oxidation
enzymes were observed with pitavastatin treatment. Pitavastatin also
enhanced the expression of HDL metabolism-associated proteins such
as APOAI, ABCAI, and LIPG by greater than two-fold. Furthermore,
pitavastatin enhanced the expression of Pl biosynthetic enzymes such
as GNPAT, AGPS, and FARI. Particularly, the expression of the rate-
limiting enzyme of Pl biosynthesis, FARI, was increased by nearly
3-fold. In addition, pitavastatin augmented by approximately 1.5-fold
the expression of PEMT, which specifically localizes in the liver [27] and
possibly participates in the conversion of ethanolamine plasmalogen
(PIsEtn;  1-O-alk-1’-enyl-2-acyl-sn-glycero-3-phosphoethanolamine)
to choline plasmalogen (PlsCho; 1-O-alk-1’-enyl-2-acyl-sn-glycero-3-
phosphocholine) [28].

Discussion

Monounsaturated long-chain fatty acids such as oleic acid (C18:1)
and erucic acid (C22:1), myo-inositol, and PI precursors, alkylglycerol
and HG, have been reported to increase Pl levels in laboratory animals
and humans [19-23]. However, they unexpectedly reduced the gene
expression of Pl biosynthetic enzymes in HepG2 cells (Table 2).
Monounsaturated long-chain fatty acids are preferred substrates for
peroxisomal B-oxidation, and the resulting acetyl CoA is preferentially
utilized for the synthesis of ether phospholipids including Pls [29,30].
The decreased expression of FARI in HepG2 cells treated with C18:1
and C22:1 may have resulted from the negative feedback from the
overproduction of Pls. MI is presumed to enhance Pl biosynthesis
through NADPH generation during MI catabolism [31], since Far
1 is activated via NADPH binding [32]. Therefore, the suppressed
expression of Pl biosynthetic enzymes in cells treated with MI could
also be caused by the negative feedback from overproduction of Pl
Similarly, the reduced expression of Pl biosynthetic enzymes in cells
treated with HG was thought to be attributed to overload of Pls in the
cells.

However, DHA and pitavastatin increased the gene expression of
Pl biosynthetic enzymes in HepG2 cells (Table 2, Figure 1). Because
DHA is preferentially incorporated into Pls at the sn-2 position
and Pls may function as reservoirs for these biologically active lipid
mediators [33], DHA supplementation was considered to potentiate
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Table 2. Effects of test substances on target gene expression in HepG2 cells.

Wy14643: Agonist of PPARa and PPARy; POPC: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine; EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; SM18: Sphingomyelin
containing stearic acid; SM24: Sphingomyelin containing lignoceric acid; E2: B-estradiol; MI: Myo-inositol; HG: 1-o-hexadecyl-sn-glycerol.

Test Pitavastatin | Simvastatin Fenofibrate ' Wy14643| POPC | Oleic | Erucic Nervonic| Linoleic Arachidonic, EPA | DHA  SMI8 SM24 E2 MI | HG
substances acid acid acid acid acid
C18:1 | C22:1 | C24:1 | Cl18:2 C20:4 C20:5 | C22:6
Concentrations | 10-100 pM 10-30  |10-100 uM | 10-100 | 50-250 | 10-50 | 10-50 | 10-100 | 10-100 10-100 uM |10-10010-100| 10-50 | 10-50 | 1-100 | 0.2-5 | 60
uM uM uM uM uM uM uM uM uM pM | pM | asM | mM | pM
Number of 5 times Twice Twice Once | Once 5 |Stimes| Twice | Twice Twice Twice 3 5 5 | Twice| Once |Once
tests times times | times | times
Gene name Obvious rise
(more than
2-fold)
PPARA + + + + + 2 e + + + + E= + &= + | Moderate rise
(more than 1.5-
fold)
PPARG + + + + + + + + + + + + + + No change
TYSNDI 4 + + = + + = + + + + + %= = = Moderate
descent
(less than 0.75)
CROT + + e e + + + + e e ES Obvious
descent
(less than 0.5)
EHHADH + + + + + + +
+ + + + +* + +
+ + + + + + + + + +
+ + + + + + + + + +
+ + + + + + + +
= = 25 =5 = =5 =5 25 25 =5
AGPS = + + + + e + + &= + + + + + +
+ +
+ + + + +
+ + +
+ + +
+ + + + +
+ + +
ABCAL1 4 + £ + + = + + + + =5
SCARF1 + + + + + + + + +

FARI expression, the enzyme fatty acyl CoA reductase 1 (Far 1)
supplies the fatty alcohols used in the formation of ether-linked
alkyl bonds. Pitavastatin, but not simvastatin, facilitated the gene
expression of peroxisomal Pl biosynthetic enzymes such as GNPAT,
AGPS, and FARI. The first two steps in Pl biosynthesis, which are
catalyzed by the enzymes encoded by GNPAT and AGPS, exclusively
occur in peroxisomes [4,34]. In addition, the rate-limiting enzyme of
Pl biosynthesis, is also peroxisomal [5]. Pitavastatin further enhanced
the expression of peroxisomal PPARA and TYSNDI, as well as
B-oxidation enzymes (Table 2, Figure 1). This suggests that pitavastatin
may increase Pl biosynthesis by facilitating peroxisome biogenesis.
In addition, pitavastatin increased the expression of PEMT, which
may be involved in the conversion of PlsEtn to PlsCho. Our clinical
observational studies indicated that serum levels of Pls, particularly
PlsCho were significantly but negatively associated with diverse risk
factors for metabolic syndrome and/or atherosclerosis. Furthermore,
PlsCho showed the stronger positive correlation with HDL cholesterol
concentration than PIsEtn [14,15]. Pitavastatin is a strong HMG-CoA
reductase inhibitor and is more potent than other statins in lowering
serum total cholesterol, low-density lipoprotein cholesterol, and
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triglycerides with modest elevation of HDL cholesterol [35]. Recently,
pitavastatin was reported to increase Pl content in HDL particles in
relation to improving HDL functionality [36]. Moreover, pitavastatin
promoted the expression of HDL metabolism-associated proteins
such as APOAL. It is proposed that this is probably via enhancement
of PPAR expression, since APOAI and ABCAI expression are up-
regulated by PPAR agonists [37].

In conclusion, the supply of materials or coenzymes for Pl
biosynthesis such as acetyl CoA derived from peroxisomal B-oxidation
of monounsaturated long-chain fatty acids, the Pl precursor
alkylglycerol, and NADPH from MI catabolism, suppressed the
expression of Pl biosynthetic enzymes (Table 2). These results suggest
that P1 homeostasis is strictly regulated, and the supplementation of
these materials may be effective in restoring normal levels of Pls in
Pl-deficient individuals. Since peroxisome biogenesis induced by
treatment with pitavastatin promoted both the gene expression of
Pl biosynthetic enzymes and HDL metabolism-associated proteins,
there may be a close relationship between them as a result of their
peroxisomal status. Our findings of the strong association between
the serum levels of Pls, especially PlsCho and HDL-cholesterol
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concentration, in clinical observational studies [14,15] might reflect
their regulatory gene expression levels. Furthermore, their physiological
association may extend to HDL functionality, specifically, Pls may
induce atheroprotective effects of HDL, such as cholesterol efflux
capacity, anti-inflammatory and antioxidant activities, and endothelial
protection [36,38,39].
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