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Abstract

Ethionamide (ETH), a second-line drug for multidrug-resistant tuberculosis, is known to
cause hepatic steatosis in rats and humans. To investigate predictive biomarkers for
ETH-induced steatosis, we performed lipidomics analysis using plasma and liver sam-
ples collected from rats treated orally with ETH at 30 and 100 mg/kg for 14 days. The
ETH-treated rats developed hepatic steatosis with Oil Red O staining-positive vacuola-
tion in the centrilobular hepatocytes accompanied by increased hepatic contents of tri-
glycerides (TG) and decreased plasma TG and total cholesterol levels. A multivariate
analysis for lipid profiles revealed differences in each of the 35 lipid species in the
plasma and liver between the control and the ETH-treated rats. Of those lipids, phos-
phatidylcholine (PC) (18:0/20:4) decreased dose-dependently in both the plasma and
liver. Moreover, serum TG-rich very low-density lipoprotein (VLDL) levels, especially
the large particle fraction of VLDL composed of PC containing arachidonic acid (20:4)
involved in hepatic secretion of TG, were decreased dose-dependently. In conclusion,
the decreased PC (18:0/20:4) in the liver, possibly leading to suppression of hepatic
TG secretion, was considered to be involved in the pathogenesis of the ETH-induced
hepatic steatosis. Therefore, plasma PC (18:0/20:4) levels are proposed as mechanism-

related biomarkers for ETH-induced hepatic steatosis.
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regarded as one of components of DILI (Bessone et al., 2018; Pavlik
et al., 2019). Therefore, to clarify the mechanism, and find predictive

Drug-induced liver injury (DILI) is a serious concern for subjects and
patients who are administered drugs and also for pharmaceutical com-
panies. DILI often leads to discontinuation of the clinical development
or withdrawal from the market (Parasrampuria et al., 2018); hence,
prediction and risk management of DILI is an urgent issue for pharma-
ceutical companies (Kullak-Ublick et al., 2017). Some drugs causing
DILI are known to induce haptic steatosis in laboratory animals and
humans (Le et al., 1988; Yann et al., 1994), and hepatic steatosis is

biomarkers, of hepatic steatosis is important in the prediction and risk
management of DILI.

Ethionamide (ETH) is prescribed as a second-line drug for
multidrug-resistant  tuberculosis (Tiberi et al, 2019; Tousif
et al., 2015) and has chemical properties as a prodrug activated by the
flavin-dependent monooxygenase enzyme, ethA, of Mycobacterium
tuberculosis (Nikiforov et al., 2016; Wang et al., 2007). ETH is known

to often cause DILI characterized by hepatic necrosis and jaundice in
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humans (Hollinrake, 1968; Lees, 1963; Moulding & Goldstein, 1962;
Phillips & Tashman, 1963). ETH is reported to cause hepatic steatosis
with accumulation of lipid droplets in rats (Sahini et al., 2014) followed
by hepatic injury associated with endoplasmic reticulum (ER) stress
(Sutherland et al, 2018). However, the pathogenesis of hepatic
steatosis or hepatic injury by ETH is not fully understood.

Although the lipid droplets in hepatic steatosis mainly consist of
triglycerides (TG), the elucidation of the mechanisms is not so easy
due to diverse cellular events related to hepatic steatosis
(Schumacher & Guo, 2015). Lipidomics, a novel analytical method for
lipid expression profiling, enables us to perform detailed lipid profiling
(Dehairs et al., 2015; Han & Gross, 2005; Houjou et al., 2005; Triebl
et al, 2017; Vihervaara et al., 2014). This analytical technology is
effectively utilized in many in vitro and in vivo experiments for clarify-
ing lipid profiles and substantially contributes not only to elucidate the
mechanisms of the diseases but also to the discovery of biomarkers
for diseases and drug-induced injuries (Dehairs et al, 2015;
Saito, 2021; Triebl et al., 2017). Because lipids work as a component
of the lipid bilayer, as well as for the storage of energy and as intracel-
lular and extracellular signal transducers (Simons & Toomre, 2000;
Welte & Gould, 2017), alteration in the lipid profile is considered to be
involved as a step in diverse diseases. In fact, some studies using
lipidomics have revealed that the lipid profile is altered in the onset of
cancer and Alzheimer's disease (Kao et al., 2020; Saito et al., 2016).
Lipidomics has been also applied for some evaluations of drug-induced
hepatic steatosis. Goda et al. (2018) demonstrated that hepatic
steatosis model rats treated with valproic acid showed decreases in
plasma ether-phosphatidylcholines (ePCs) including PC (16:0e/22:4)
and PC (16e:22:6) via downregulation of the glycerone-phosphate O-
acyltransferase (Gnpat) gene synthesizing ePCs in peroxisomes. This
result indicated that changes in plasma lipids were available for explor-
ing as biomarkers for drug-induced hepatic steatosis (DIS).

In the present study, we conducted lipidomics analysis for the
plasma and liver lipids in an ETH-induced hepatic steatosis model rat,
in which hepatic necrosis was avoided by using lower doses, to

discover predictive biomarkers for ETH-induced hepatic steatosis.

2 | MATERIALS AND METHGODS

21 | Animals

Male Sprague-Dawley (Crl:CD [SD]) rats (5 weeks old) were pur-
chased from Charles River Japan Inc. (Kanagawa, Japan) and were
quarantined/acclimated for 1 week. The animals were housed in an
environmentally controlled, air-conditioned room maintained under
specific pathogen-free conditions with a 12-h light-dark cycle (light-
ing from 7:00 a.m. to 7:00 p.m.) and at a temperature of 23 + 1C°, rel-
ative humidity of 55 + 5%, and a ventilation rate of about 15 times
per hour. Animals had free access to a commercial pelleted diet
(CRF-1, Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water ad
libitum. All animal experiments were reviewed and approved by Insti-

tutional Animal Care and Use committee of the Toxicology Research

Laboratories, Central Pharmaceutical Research Institute, Japan
Tobacco Inc., and performed in accordance with Japanese Law for the
Humane Treatment and Management of Animals (Law No. 105, as
revised in 2013, issued on October 1, 1973).

2.2 | Dosingof ETH

ETH (Sigma-Aldrich Co. LLC., St. Louis, MO, USA), suspended in 0.5%
methyl cellulose (MC) aqueous solution (Shin-Etsu Chemical Co., Ltd.,
Tokyo, Japan), was administered orally at 0, 30, and 100 mg/kg once
daily for 7 and 14 days to rats (eight animals per each sampling point
at each dose level). All the animals were observed carefully for any
clinical signs before and immediately after dosing. Body weights and
food consumption were also recorded. On the day after the end of
each dosing period, overnight-fasted animals were anesthetized by
isoflurane and then euthanized by exsanguination after blood sam-
pling from the abdominal aorta. Blood samples treated with EDTA-2K
and heparin lithium as an anticoagulant were collected for lipidomics
assays and clinical chemistry, respectively. The collected blood sam-
ples were centrifuged at 1750 x g for 30 min at room temperature or
4°C for EDTA-2K or heparin lithium-treated samples, respectively.
The blood samples collected in nontreated tubes were allowed to
stand at room temperature for at least 30 min and then centrifuged at
approximately 1600 x g for 10 min at room temperature to separate
the serum. Intact livers were removed from the bodies immediately
after euthanization, weighed, and a part of the livers obtained from
the left lateral lobe was frozen by liquid nitrogen and preserved in a
deep freezer set at —80°C. The remaining liver was fixed by neutral

buffered formalin for histopathological examinations.

2.3 | Clinical chemistry

The plasma liver function-related parameters (aspartate aminotransfer-
ase [AST], alanine aminotransferase [ALT], and glutamate dehydrogenase
[GLDH]) and plasma lipids (TG, total cholesterol [T-CH, and phospholipid
[PL]) were measured by using an automated analyzer (TBA-120FR,
TOSHIBA Corporation, Tokyo, Japan) using standard reagents for clinical
chemistry for AST, ALT, TG, T-CH, and PL (Wako Pure Chemicals,
Tokyo, Japan) and for GLDH (RANDOX Laboratories, Crumlin, UK).

24 | Measurements of hepatic lipid contents

Approximately 200 mg liver samples were weighted in plastic tubes.
Methanol (800 pl per 200 mg liver) and a zirconia ball (YTZ ball, ¢
5 mm, NIKKATO Corporation, Osaka, Japan) were added to the samples
and subsequently homogenized by using a mixer-mill disruptor
(TissueLyser, QIAGEN, Hilden, Germany). The homogenates (500 pl)
and chloroform (1 ml) were mixed thoroughly by a vortex mixer. The
mixtures were centrifuged at 1600 x g for 5 min. The supernatants

were mixed with 0.5% sodium chloride aqueous solution (300 pl) and
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stirred thoroughly. The mixtures were centrifuged in the same condi-
tions as described above. The chloroform phase was collected and
evaporated to dryness with a centrifugal thickener (EZ-2 PLUS, Gen-
evac, Warminster, PA, USA). After evaporation, the residues were dis-
solved into 200 pl of isopropanol. The dissolved sample (50 pl) was
stirred thoroughly with 4%bovine serum albumin aqueous solution
(200 pl) and subsequently used for measuring the concentrations of TG,

T-CH, and PL by an automated analyzer by the enzymatic methods.

2.5 | Histopathological examination of the liver

The liver was fixed in 10% phosphate-buffered formalin, embedded in
paraffin, sectioned at 4 um, and stained with hematoxylin and eosin
(H&E) and Oil Red O. Liver sections were examined microscopically

by pathologists, and the pathological findings were recorded.

2.6 | Lipidomics analysis

Plasma lipids were extracted from mixtures of 20 pl of plasma (EDTA-
2K) and 180 pl of methanol and isopropanol (1:1) containing 2 uM
phosphatidylcholine (PC [12:0/12:0]; Avanti Polar Lipids, Alabaster, AL,
USA) as an internal standard. Liver samples were thoroughly homoge-
nized with methanol at the concentration of 20 mg/ml. Liver lipids were
extracted by adding 100 pl of the homogenates with 100 pl of iso-
propanol containing 2 pM phosphatidylcholine (internal standard). The
extracted lipids from plasma and liver were subsequently filtered
through a FastRemover for Protein (0.20 pm) 96-well (GL Science,
Tokyo, Japan) using Microlab NIMBUS (Hamilton Robotics, Reno, NV,
USA) to eliminate debris. The extracted samples were stored at the
temperature of —80°C until use and were directly subjected to
lipidomics. To obtain the lipidomics data, we performed reversed-phase
liquid chromatography (RPLC; Ultimate 3000, Thermo Fisher Scientific,
Waltham, MA, USA) and a mass spectrometer (MS; Orbitrap Fusion,
Thermo Fisher Scientific), as described previously (Saito et al., 2018;
Saito, Ohno, & Saito, 2017). Compound Discoverer 2.1 (Thermo Fisher
Scientific) was used with the raw data for peak extraction, annotation,
identification, and lipid quantification, as described previously with a
prior version of the software (Saito et al, 2018; Saito, Ohno, &
Saito, 2017). For isomers (same class, carbon length, and number of
double bonds) showing different retention times in RPLC, their name is
added to an alphabet that discriminates the lipid from other isomers.
The quantified raw data were normalized to the internal standard. The
processed data for the lipid levels are presented in Supplementary

Table S1 (plasma) and Supplementary Table S2 (liver).

2.7 | Orthogonal partial least squares discriminant
analysis (OPLS-DA) and lipid identification

Lipidomics data from the plasma and liver of the control and ETH-
treated rats were loaded onto SIMCA-P + 14 (Umetrics, Umea,
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Sweden), Pareto-scaled, and analyzed using OPLS-DA. Thereafter, the
lipids with differences between the control rats and ETH-treated rats
were extracted. To sort these lipids, the value|p (corr)| > 0.8 in the
loading s-plot of the OPLS-DA score, representing for the level of reli-
ability, was adopted as a cutoff value. The composition of the sorted
lipids was identified based on methods described previously (Ishikawa
et al,, 2014, 2016).

2.8 | Serum TG-rich lipoprotein profiling

Serum TG-rich lipoprotein fractions were measured based on their
particle size by the LipoSEARCH® method (Immuno-Biological Lab-
oratories Co., Ltd., Gunma, JAPAN) as reported by Toshima
et al. (2013). This is briefly as follows: Lipoproteins were separated
by permeation columns based on the size, and subsequently, TG
concentrations were measured by an enzymatic reaction for
TG. These sequential measurements were performed by using a
gel-permeation high-performance liquid chromatography (GP-HPLC).
The chromatogram was analyzed by the Gaussian curve fitting
method for the calculation of TG concentration in 4 or 20 lipopro-

tein fractions.

2.9 | Gene expression profiling

The liver samples were homogenized by TissuelLyser (QIAGEN), and
total RNA was extracted by an RNeasy Mini Kit (QIAGEN). cDNA was
synthesized from 2.0 pg extracted total RNA by using SperScript VILO
Master Mix (Invitrogen, Carlsbad, CA, USA) and was diluted in five
times the volume of Tris-EDTA (TE) buffer (pH = 8.0, NIPPON GENE
Co., LTD., Tokyo, Japan). cDNA solutions were subsequently diluted
10-fold with MILLI-Q water (Millipore Corporation, Darmstadt,
Germany) and used for semiquantitative real-time PCR. The mRNA
levels were measured by a 7300 Real-Time PCR System (Applied Bio-
systems, Waltham, MA, USA) using TagMan Gene Expression Master
Mix (Applied Biosystems). Data analysis was performed by SDS soft-
ware (Applied Biosystems), and each of the mRNA expression levels
was normalized based on the mRNA expression level of g-actin (Actb).
The mRNA expression levels of the following genes were
measured: fatty acid desaturase 1 (Fadsl), fatty acid desaturase 2
(Fads2),
lysophosphatidylcholine acyltransferase 3 (Lpcat3). The TagMan

glycerol-3-phosphate  acyltransferase 1  (Gpam), and
probe mixtures described below were purchased from Applied
Biosystems: Actb (Rn00667869_m1), Fadsl (Rn00584915_m1),
Fads2 (Rn00580220_m1), Gpam (Rn00568620_m1), and Lpcat3

(Rn01492616_m1).

210 | Statistical analysis

All numerical data are shown as mean * or + standard deviation. The

differences in the data were analyzed using one-way analysis of
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variance (ANOVA), followed by pairwise comparisons (Dunnett's test).

The levels of significance were set at 5% and 1% (two-tailed).

3 | RESULTS
3.1 | The relevancy of the dose levels of ETH
between rats and humans

To confirm the relevancy of the dose levels of 30 and 100 mg/kg of
ETH in rats, human equivalent dose (HED) was calculated based on
body surface area using the following formulations (U.S. Food and
Drug Administration, 2005):

Human equivalent dose[mg/kg]
= Animal dose[mg/kg] x (Animal weight|kg]

-+ Human weight[kg])°**®
= Animal dose[mg/kg] = Factor(for each animal)

By using a factor for the rat (= 6.2), the HED of ETH was calculated
as 4.8 and 16.1 mg/kg for 30 and 100 mg/kg in rats. Because patients

Sampling point®  Control

ETH 30 mg/kg

are prescribed ETH at 500 or 750 mg/day, the clinical dose level of
ETH is calculated to be 10 or 15 mg/kg based on the body weight of
a 50 kg/man (Chirehwa et al., 2021). Therefore, the dose levels of
30 and 100 mg/kg employed in the present study were considered to
be close to the clinical dose.

3.2 |
steatosis

Phenotype of the ETH-induced hepatic

There were no noteworthy findings in the clinical observations or
body weights throughout the dosing period at either dose level,
whereas food consumption was slightly decreased in the first week in
the animals at 100 mg/kg of ETH (Table 1). Liver weights relative to
body weights were increased in the animals treated at 100 mg/kg of
ETH on Day 15 (after 14 days dosing) (Table 1). Hepatic TG contents
tended to be increased in the animals treated at 100 mg/kg of ETH
on Days 8 (after 7 days dosing) and 15. Hepatic T-CH contents were
significantly increased at both dose levels of ETH on Day 8 and at
100 mg/kg of ETH on Day 15. There were no changes in hepatic PL
contents at either dose level. In the clinical chemistry, plasma GLDH

levels were significantly increased at 100 mg/kg of ETH on Day 15.

TABLE 1 Summary of the

ETH 100 mg/kg .
parameters in the control and ETH-

Final body weight Day 8 238.68 + 13.53  234.04 £ 10.81  236.54 + 13.37 treated rats
(g) Day 15 302.30 + 18.11  300.06 + 11.33  288.74 + 14.58
Food consumption Days 5-7 27.78 +1.98 26.24 +1.73 24.69 + 2.03**
(g/day) Days 10-14 29.98 £ 2.13 28.79 + 1.84 27.93 £2.34
AST Day 8 741 +56 69.6 +6.2 69.5+ 6.7
(U/dL) Day 15 750+5.7 73.8+8.9 76.6+6.2
ALT Day 8 291+37 27.3+26 298+ 6.4
(U/dL) Day 15 293+43 31.0+4.1 33.1+29
GLDH Day 8 334+98 239 +44 35.0+14.2
(U/dL) Day 15 31.6+53 285+74 514 +18.1*
TG Day 8 420+ 16.9 300+7.1 30.3+8.0
(mg/dL) Day 15 533+ 124 533124 29.3 + 6.0**
T-CH Day 8 574 +10.3 500+7.3 485+ 11.3
(mg/dL) Day 15 55.6 +10.1 55.0+15.0 43.6+7.9

PL Day 8 899 +124 79.6 £ 6.6 78.3+11.2
(mg/dL) Day 15 89.6+9.1 86.9 + 16.0 73.9 £ 10.2*
Relative liver weight Day 8 3.283 +£0.189 3.225+0.141 3.435+0.194
(g/100 g body weight)  Day 15 3.065 +0.200 3.013 £0.126 3.336 £ 0.159**
Hepatic TG level Day 8 6.78 + 2.68 6.75 + 3.56 10.40 + 6.07
(mg/g liver) Day 15 14.28 + 7.40 14.20 + 3.98 19.03 + 6.20
Hepatic T-CH level Day 8 2.63+0.43 3.33+0.67* 3.60 + 0.52**
(mg/g liver) Day 15 3.10+0.34 3.30 £ 0.60 4,05 £ 0.75**
Hepatic PL level Day 8 16.28 + 1.36 16.48 + 0.81 16.53 + 1.45
(mg/g liver) Day 15 18.35 + 1.08 19.10 + 2.50 17.65 £ 0.96

Note: Eight animals were assessed in each sampling point at each dose level.

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; ETH, ethionamide;
GLDH, glutamate dehydrogenase; PL, phospholipids; T-CH, total cholesterols; TG, triglycerides.

2Days 8 and 15 mean the day after 7 and 14 days of dosing, respectively.

*P < 0.05, significantly different from control (Dunnett's test). "P < 0.01, significantly different from

control (Dunnett's test).
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There were no changes in plasma AST or ALT levels at either dose
level on both Days 8 and 15. Plasma TG levels tended to be decreased
at both dose levels of ETH on Day 8 and at 30 mg/kg of ETH on Day
15 and were significantly decreased at 100 mg/kg of ETH on Day 15.
Plasma T-CH levels tended to be decreased at 100 mg/kg of ETH on
Day 15. Plasma PL levels were significantly decreased at 100 mg/kg
of ETH on Day 15. At necropsy, pale discoloration of the liver was
observed macroscopically in one or all the animals treated at
100 mg/kg of ETH on Day 8 or 15, respectively (Table 2). In the histo-
pathological examination of the liver, vacuolation of the centrilobular
hepatocytes was observed at 100 mg/kg of ETH on Day 8 and at both
dose levels of ETH on Day 15 (Figure 1 and Table 2). The vacuolation
stained positively with Oil Red O (Figure 1), indicating that the

vacuoles were contained neutral lipids.

AppliedToxicology—WILEY- 1

3.3 | Lipidomics analysis for the plasma and liver

To investigate the biomarkers for ETH-induced hepatic steatosis,
lipidomics analysis was conducted using plasma and liver samples
from rats treated with ETH for 14 days at O and 100 mg/kg. Three
hundred and nineteen lipids from the plasma and 349 lipids from the
liver were measured. The measurement data of the lipids were subse-
quently loaded into OPLS-DA analysis, and the lipid alterations were
identified by calculating the loading s-plot scores. Fine discrimination
between the control and ETH-treated samples was obtained in OPLS-
DA plots of both the plasma and liver lipidomics data (Figure 2). Based
on the threshold values (|p (corr)| > 0.8) in the s-plot, 35 lipids each
from the plasma and liver were identified as distinctive lipids, which
discriminated between the control and ETH-treated rats (Tables 3 and

TABLE 2 Summary of necropsy and histopathology of the liver
ETH O mg/kg ETH 30 mg/kg ETH 100 mg/kg

Sampling point? Day 8 Day 15 Day 8 Day 15 Day 8 Day 15
Number of animals 8 8 8 8 8 8
Macroscopic findings®

Discoloration, pale —: 8 —:8 —: 8 —:8 —7,P:1 P:8
Microscopic findings®

Vacuolation, hepatocyte, centrilobular —: 8 —: 8 —: 8 —4,£:2,+:2 +:6,+:1,2+:1 +:2,+:4,2+:2

?Days 8 and 15 mean the day after 7 and 14 days of dosing, respectively.

bCriteria for grading macroscopic findings: —, no abnormal changes; P, presence of the findings. Number of animals in which the grade was observed.
“Criteria for grading microscopic findings: —, no abnormal changes; +, very slight; +, slight; 24, moderate; 3+, severe. Number of animals in which the

grade was observed.

FIGURE 1 Histopathological fatty
changes in the centrilobular hepatocytes
induced by treatment with ETH. (A,B)
H&E staining. (C,D) Oil Red O staining.
(A,C) Control rats on Day 8. (B,D) ETH-
treated (100 mg/kg) rats on Day 8. Scale
bar = 50 pm; CV, central vein; P, portal
area. Representative findings for fatty
change of hepatocytes are shown
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FIGURE 2 OPLS-DA and s-plot of lipidomics data from plasma (left) and liver (right). OPLS-DA score plot and loading s-plot were described
by using data obtained from LC/MS analysis. Each dot in OPLS-DA score plot represents each animals of control (white) and ETH-treated rats
(black). Each dot in loading s-plot represents each measured lipid in the lipidomics analysis. The thresholds are denoted by dotted red lines

(]p (corr)| = 0.8)

4). In the plasma, ceramide (Cer), lysophosphatidylcholine (LPC), phos-
phatidylcholine (PC), sphingomyelin (SM), diacylglycerol (DG), and TG
were decreased in the ETH-treated rats (Table 3). On the other hand,
in the liver, LPC, lysophosphatidylethanolamine (LPE), PC, phosphati-
(PEe),
phosphatidylinositol (PI), and SM were mainly decreased, and TGs

dylethanolamine  (PE), ether-phosphatidylethanolamine
were increased in the ETH-treated rats (Table 4). Structural analyses
of the lipids showed that altered TGs in the plasma and liver were
highly containing saturated fatty acids (e.g., palmitic acid [16:0] and
stearic acid [18:0]).

3.4 | Relationships of the altered lipids between
the plasma and the liver

To investigate the biomarkers that reflected the changes for the ETH-
induced hepatic steatosis, we extracted the lipids altered in both
plasma and liver. As the result, LPC (18:0) and PC (38:4) were identi-
fied as lipids that decreased in both plasma and liver. From structural

analyses, PC (38:4) was identified as PC (18:0/20:4), containing stearic
acid (18:0) and arachidonic acid (20:4). These lipids were highly posi-
tively correlated between the plasma and liver (Figure 3A,B). Both
LPC (18:0) and PC (18:0/20:4) decreased dose-dependently on Days
8 and 15 (Figure 4A,B).

3.5 | Lipoprotein profiling in the serum

The PCs containing arachidonic acids (e.g., PC [18:0/20:4]) were
reported to be involved in the excretion of TG-rich very low-density
lipoprotein (VLDL) into the blood from the liver (Rong et al., 2015).
Because we revealed that ETH decreased PC containing arachidonic
acid in the lipidomics study, we investigated the effect of ETH treat-
ment on the TG concentration in the serum VLDL. Serum TG-rich
VLDL fraction tended to be decreased at both dose levels of ETH on
Day 8 and was significantly decreased at 100 mg/kg of ETH on Day
15, but not in chylomicron (CM), low-density lipoprotein (LDL), and
high-density lipoprotein (HDL) fractions (Figure 5A). Moreover, in the
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TABLE 3 Characterized plasma lipids

altered by ETH treatment (100 mg/kg,

Day 15) in OPLS-DA Cer Cer(d40:1)
LPC LPC(18:0)a

LPC LPC(18:0)b

Class Name

PC PC(37:4)
PC PC(38:4)
PC PC(38:5)
PC PC(39:4)
PC PC(40:4)
PC PC(40:8)
Pl PI(40:5)
SM SM(d41:2)

DG DG(36:4)
DG DG(36:5)

TG TG(51:3)
TG TG(51:4)
TG TG(52:3)
TG TG(52:4)
TG TG(52:5)
TG TG(53:4)
TG TG(53:6)

TG TG(54:4)
TG TG(54:5)
TG TG(54:6)a
TG TG(54:6)b
TG TG(55:6)
TG TG(56:6)
TG TG(56:8)
TG TG(56:9)

TG TG(56:10)
TG TG(57:8)
TG TG(57:9)a
TG TG(57:9)b
TG TG(58:8)
TG TG(58:9)
TG TG(58:10)

AppliedToxicology—WILEY- 12

Confirmed structure RT Response by ETH
Not confirmed 17.043 Decreased
LPC(18:0) 5.731 Decreased
LPC(18:0) 6.036 Decreased
PC(17:0/20:4) 12.778 Decreased
PC(18:0/20:4) 13.528 Decreased
PC(18:0/20:5) 12.57 Decreased
PC(19:0/20:4) 14.062 Decreased
Not confirmed 14.914 Decreased
PC(20:4/20:4) 10.617 Decreased
Not confirmed 12.308 Increased
Not confirmed 15.669 Decreased
DG(18:2/18:2) 14.351 Decreased
Not confirmed 13.306 Decreased
TG(15:0/18:1/18:2) 19.54 Decreased
TG(15:0/18:2/18:2) 19.194 Decreased
TG(16:0/18:1/18:2) 19.733 Decreased
TG(16:0/18:2/18:2) 19.402 Decreased
TG(16:0/18:2/18:3) 19.089 Decreased
TG(17:1/18:1/18:2), TG(17:0/18:2/18:2) 19.571 Decreased
TG(15:0/18:2/20:4) 19.063 Decreased
TG(18:1/18:1/18:2) 19.741 Decreased
TG(18:1/18:2/18:2) 19.403 Decreased
Not confirmed 19.066 Decreased
TG(16:0/18:2/20:4) 19.267 Decreased
TG(17:0/18:2/20:4), TG(16:0/18:2/21:4) 19.427 Decreased
TG(18:0/18:2/20:4) 19.603 Decreased
TG(16:0/18:2/22:6), TG(18:2/18:2/20:4) 19.087 Decreased
TG(18:2/18:2/20:5), TG(18:2/18:3/20:4) 18.583 Decreased
TG(18:2/18:3/20:5) 18.204 Decreased
TG(17:0/—/22:6) 19.275 Decreased
Not confirmed 18.717 Decreased
TG(17:1/18:2/22:6) 18.89 Decreased
TG(18:0/18:2/22:6), TG(18:0/20:4/20:4) 19.458 Decreased
TG(18:1/18:2/22:6) 19.092 Decreased
TG(18:2/18:2/22:6), TG(18:2/20:4/20:4) 18.719 Decreased

Notes: The number in parentheses represents the number of carbons and degree of unsaturated,
respectively. When more than two lipid molecules were identified as isomers that have same lipids class,
carbon length, and number of double bonds, each lipid molecule is described alphabetically to distinguish

them.

Abbreviations: Cer, ceramide; DG, diacylglycerol; LPC, lysophosphatidylcholine; PC, phosphatidylcholine;
PI, phosphatidylinositol; RT, retention time (min); SM, sphingomyelin; TG, triglyceride.

20-subclass profiling of the TG-rich lipoproteins based on the particle
size of the lipoproteins, the large-sized VLDL-TG tended to be
decreased at both dose levels of ETH on Day 8 and significantly
decreased on Day 15, but the degree of the decrease tended to dimin-
ish with decreased particle size of the VLDL (Figure 5B). Similar trends
were observed in plasma T-CH levels in the lipoprotein fractions

(Supplementary Figure S1A,B).

3.6 | Gene expression profiling related to
elongation and desaturation steps of the fatty acids

Hepatic mRNA expression levels of Fads1, Fads2, Gpam, and Lpcat3
were measured as genes related to the synthesis of PCs containing
arachidonic acid. The Fads1 and Fads2 are related to long-chain fatty
acid metabolism (Glaser et al, 2010). The Gpam and Lpcat3 are
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Class Name Confirmed structure RT Response by ETH
altered by ETH treatment (100 mg/kg,
Cer Cer(d41:1) Cer(d18:1/23:0) 17.413 Increased Day 15) in OPLS-DA
LPC LPC(18:0) LPC(18:0) 6.02 Decreased
LPE LPE(18:0) LPE(18:0) 6.085 Decreased
PC PC(36:6) PC(14:0/22:6) 10.106 Increased
PC PC(37:2) Not confirmed 14.53 Decreased
PC PC(38:4) PC(18:0/20:4) 13.503 Decreased
PC PC(39:4) PC(19:0/20:4) 14.267 Decreased
PC PC(40:4) Not confirmed 14.9 Decreased
PE PE(34:2) PE(16:0/18:2) 12.622 Decreased
PE PE(36:1) PE(18:0/18:1) 15.14 Increased
PE PE(36:4) PE(16:0/20:4) 12.316 Decreased
PE PE(36:5) PE(16:0/20:5) 11.301 Decreased
PE PE(37:4) PE(17:0/20:4) 13.112 Decreased
PE PE(38:4) PE(18:0/20:4) 13.908 Decreased
PE PE(38:5) PE(18:0/20:5), PE(16:0/22:5) 12.863 Decreased
PE PE(39:4)a PE(19:0/20:4) 14.358 Decreased
PE PE(39:4)b PE(19:0/20:4) 14.581 Decreased
PE PE(40:8) PE(18:2/22:6), PE(20:4/20:4) 10.843 Increased
PEe PE(38:5¢) PE(18:1e/20:4) 14.562 Decreased
PEe PE(40:6¢) PE(18:1e/22:5) 14.608 Decreased
PI PI(37:4) PI(—/20:4) 11.435 Decreased
PS PS(38:4) PS(18:0/20:4) 12.485 Decreased
PS PS(38:6) PS(16:0/22:6) 10.59 Increased
SM SM(d34:1) SM(d34:1) 11.701 Decreased
SM SM(d40:2) Not confirmed 15.048 Decreased
SM SM(d41:2) Not confirmed 15.633 Decreased
TG TG(52:1) TG(16:0/18:0/18:1) 20.399 Increased
TG TG(54:1) TG(18:0/18:0/18:1) 20.699 Increased
TG TG(54:2) TG(18:0/18:1/18:1), TG(16:0/18:1/20:1) 20.392 Increased
TG TG(55:2) Not confirmed 20.531 Increased
TG TG(56:2) TG(18:0/18:1/20:1), TG(16:0/18:1/22:1) 20.684 Increased
TG TG(58:2) Not confirmed 20.963 Increased
TG TG(58:3) Not confirmed 20.693 Increased
TG TG(60:3) Not confirmed 20.983 Increased
TG TG(64:15) Not confirmed 18.42 Increased

Journal of

TABLE 4 Characterized liver lipids

Notes: The number in parentheses represents the number of carbons and degree of unsaturated,
respectively. When more than two lipid molecules were identified as isomers that have same lipids class,
carbon length, and number of double bonds, each lipid molecule is described alphabetically to distinguish

them.

Abbreviations: Cer, ceramide; DG, diacylglycerol; LPC, lysophosphatidylcholine; LPE,
lysophosphatidylethanolamine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PEe, ether-
phosphatidylethanolamine; Pl, phosphatidylinositol; PS, phosphatidylserine; RT, retention time (min); SM,

sphingomyelin; TG, triglyceride.

enzymes involved in the first step of glycerolipid synthesis and the
metabolism of lysophosphatidylcholine in Lands cycle, respectively,
and they influence the synthesis of PCs containing arachidonic acid
(Hammond et al., 2002; Rong et al., 2015). Fads1 mRNA expression
levels were significantly increased at 100 mg/kg of ETH on

Day 8 (Figure 6). Moreover, Fads2 mRNA expression levels tended to
be increased at 100 mg/kg of ETH on Day 8. Gpam mRNA expression
levels were significantly increased at 100 mg/kg of ETH on Day 8. On
the other hand, Lpcat3 mRNA expression levels did not change on

either day.
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FIGURE 3 Correlation of LPC (18:0)
and PC (18:0/20:4) in the plasma and
liver. Each plot represents data from each
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4 | DISCUSSION

Drug-induced hepatic steatosis (DIS) is induced by some DILI-inducing
drugs such as zidovudine, methotrexate, and valproic acid in rats and
humans (Banerjee et al., 2013; Custer et al, 1977; Kesterson
1984).

steatohepatitis via cell stress such as impairment of mitochondrial

et al, Moreover, some drugs are known to cause
function followed by production of reactive oxygen species (Begriche
et al., 2011; Letteron et al., 1996). From these reports, DIS is consid-
ered to be one of the causes and risk factors for DILI and clarifying
the developmental mechanisms of DIS is important to understand the
pathology of, and to predict, the onset of DILI. The pathogenesis of
DIS is associated with several mechanisms including promotion of
fatty acid synthesis, deterioration of fatty acid oxidation via mitochon-
drial impairment, and suppression of TG release from the hepatocytes.
ETH is a drug for the treatment of multiresistant tuberculosis (Tiberi
et al., 2019) and is known to cause DIS (Hollinrake, 1968; Lees, 1963;
Moulding & Goldstein, 1962; Phillips & Tashman, 1963; Sahini
et al., 2014).

In the present study, to identify biomarkers for ETH-induced
steatosis, we produced a drug-induced steatosis model by oral admin-
istration of ETH to rats. Based on the histopathological alterations

Normalized peak area
In the liver (AU)

OControl @ETH 30 mg/kg ® ETH 100 mg/kg

and changes in hepatic TG and T-CH contents, hepatic steatosis was
considered to be induced within a 1-week treatment of ETH in rats
without inducing necrotic changes or increases in liver function tests
including plasma transaminase levels (Figure 1 and Tables 1 and 2).
These results were considered to be appropriate for the investigation
of alterations of lipid profile in hepatic steatosis and biomarkers
before induction of liver injury by ETH.

Lipidomics analysis clarified that PC (18:0/20:4) whose fatty acids
are stearic acid (18:0) and arachidonic acid (20:4) were decreased
before the onset of hepatic steatosis (Figures 3 and 4). These results
indicated a potential of PC (18:0/20:4) as one of the biomarkers for
the ETH-induced hepatic steatosis. Many studies have clarified that
PC levels in the liver or plasma are altered in patients with hepatic
steatosis. In the nonalcoholic fatty liver disease (NAFLD), hepatic
levels of total PC and PCs containing arachidonic acid were decreased
compared with those in healthy subjects (Puri et al., 2007). Fatty acid
profiles in the plasma PC were also altered in NAFLD patients,
increases in PCs containing palmitoleic acid or stearic acid, for
instance (Puri et al., 2009). Patients with hereditary hemochromatosis
that shows hepatic steatosis had significantly different serum PC pro-
files compared with healthy subjects (e.g., increases in PCs containing
polyunsaturated fatty acid) (SeeBle et al., 2020). Based on these
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FIGURE 4 Time- and dose-dependent
changes in the levels of LPC (18:0) and PC
(18:0/20:4). (A) LPC (18:0) level in the plasma,
(B) PC (18:0/20:4) level in the plasma, (C) LPC
(18:0) level in the liver, (D) PC (18:0/20:4) level in
the liver. Days 8 and 15 mean the sampling points.
*% Each bar represents mean + S.D. with each
sample (n = 8). Significantly different from control
(Dunnett's test): ‘P < 0.05, 'P < 0.01
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reports, the plasma PC profiles might characterize various types of
hepatic steatosis. Furthermore, decreases in the hepatic and plasma
PCs containing arachidonic acid were also noted in tamoxifen-induced
hepatic phospholipidosis in rats (Saito, Goda, et al., 2017). Hence, the
levels of PCs containing arachidonic acid are considered to be broadly
altered in drug-induced hepatic steatosis and phospholipidosis.

PC is mainly synthesized in the liver and subsequently secreted
into the blood as one of the components of VLDL (Law et al., 2019).
Two pathways involved in PC synthesis are known: the Kennedy
pathway and the PE methyltransferase (PEMT) pathway (Jacobs
et al., 2004). The former is a main pathway in which PC is synthesized
from cytidine diphosphate (CDP)-choline, and the latter is a minor
pathway in which PC is synthesized by continuous methylation of PE
by PEMT (Cole et al., 2012; Jacobs et al., 2004). The synthesized PC is
hydrolyzed at the sn-2 fatty acid chain by phospholipase A2 in the
blood, resulting in the formation of LPC. The LPC is transported into
the liver from the blood and acylated at the sn-2 position by
lysophosphatidylcholine acyltransferase (LPCAT), an enzyme located
in the liver, resulting in the reformation of PC. These sequential
metabolism pathways of PC and LPC are referred as Lands cycle (Law
et al,, 2019). Rong et al. (2015) reported that Lpcat3 knockout mice
showed hepatic steatosis with the decreased content of PCs con-
taining arachidonic acid in the liver. In this knockout mouse, the mem-
brane fluidity of the hepatocytes is decreased, leading to suppression
of VLDL excretion from the liver. Similar examples have been also

reported for relationships between decreases in PC synthesis and

Day 15

OETH 30 mg/kg ®ETH 100 mg/kg

VLDL excretion (Jacobs et al., 2004; Yao & Vance, 1988). Based on
these reports, we hypothesize that the decrease in PCs containing
arachidonic acid in the liver causes suppression of TG-rich VLDL
excretion from the liver in rats treated with ETH. In the present study,
we measured serum TG and T-CH levels in the lipoprotein fractions
and found as expected that the decreases in serum TG and T-CH
levels were related to a decrease in those in VLDL, especially large-
sized VLDL, but not in CM, LDL, or HDL (Figure 5). Nascent VLDL is
large-sized VLDL and is excreted from the liver. Immediately after
excretion, the large-sized VLDL is metabolized into intermediate-
density lipoprotein (IDL) by lipoprotein lipase (LPL) and subsequently
metabolized to LDL by lipase (Holmes & Ala-Korpela, 2019). Our
results indicated that ETH suppressed excretion of TG- and T-CH-rich
VLDL from the liver. This is considered to be one of the major mecha-
nisms in ETH-induced hepatic steatosis.

PCs synthesized de novo usually have oleic acid at the sn-2 posi-
tion, and PCs containing arachidonic acid are synthesized by Lands
cycle where PCs are hydrolyzed at the sn-2 position and subsequently
acylated with arachidonic acid, referred to as the fatty acid remodeling
systems (Yamashita et al.,, 2017). Based on this report, synthesis of
arachidonic acid (20:4) or fatty acid remodeling system was assumed
to be related to the mechanism of decreases in PC (18:0/20:4) levels
in ETH-treated rats. However, increases in hepatic mMRNA expression
levels of Fads1 and Fads2, genes related to the arachidonic acid (20:4)
synthesis, indicated that synthesis of arachidonic acid was not

impaired (Figure 6A). Moreover, the lack of changes in expression
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FIGURE 5 Changesin TG levels in the serum (A)
lipoprotein fractions. (A) Serum TG levels in four

lipoprotein fractions. (B) Serum TG levels in

detailed VLDL fractions. The number in 10
parentheses means diameter of lipoprotein. CM,
chylomicron; HDL, high-density lipoprotein; LDL,
low-density lipoprotein; VLDL, very low-density 5
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levels of Lpcat3, a fatty acid remodeling enzyme, implied no effects of
ETH on the remodeling systems (Figure 6A). Increases in the expres-
sion levels of Gpam, a rate-limiting enzyme for TG and PL synthesis,
suggested that the syntheses of TG and PL were promoted by ETH
treatment (Figure 6A). The PCs containing arachidonic acid at the sn-2
position are known to decrease in Gpam-overexpressed mice and to
increase in Gpam knockout mice (Hammond et al., 2002; Lindén

et al., 2006). This knowledge from the previous reports is supportive
to our results that the ETH-treated rats had decreased PC (18:0/20:4)
accompanied by increased Gpam expression levels. Taken together,
neither decrease in arachidonic acid synthesis nor fatty acid remo-
deling is involved in the decrease in PC (18:0/20:4). PCs are synthe-
sized from DG and CDP-choline in the Kennedy pathway (Cole
et al., 2012). Therefore, the remaining possibility of decrease in PC
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(18:0/20:4) levels in the ETH-treated rats is considered to be related
to choline utilization during PC biosynthesis, though further study is
needed to investigate the precise mechanism.

Free fatty acids have the potential to induce cell toxicity in hepa-
tocytes (Malhi et al., 2006). The toxic effect differs in each fatty acid
species: saturated fatty acids (e.g., palmitic acid [16:0] and stearic acid

[18:0]) are more toxic, whereas unsaturated fatty acids
(A)
Day 8
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B X
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FIGURE 6 Hepatic relative mRNA levels of Fads1, Fads2, Gpam,
and Lpcat3 genes. Fads1, fatty acid desaturase 1; Fads2, fatty acid
desaturase 2; Gpam, glycerol-3-phosphate acyltransferase

1, mitochondrial; Lpcat3, lysophosphatidylcholine acyltransferase 3.
Days 8 and 15 mean the sampling points. Each bar represents mean
+ SD with each sample (n = 5). Significantly different from control
(Dunnett's test): P < 0.05

(e.g., palmitoleic acid [16:1] and oleic acid [18:1]) are less toxic (Malhi
et al., 2006). Free saturated fatty acids are known to inhibit the syn-
thesis of TG, however, they are incorporated into TG in the presence
of unsaturated fatty acids (Listenberger et al., 2003; Mantzaris
et al., 2011). Mantzaris et al. (2011) reported that saturated free fatty
acid induced cell toxicity via ER stress, but the toxic effect was atten-
uated through the promotion of free fatty acids incorporation into TG
in the presence of unsaturated fatty acids. ETH is also reported to
induce ER stress in rats (Sutherland et al., 2018) and to cause hepatic
necrosis at 300 mg/kg in rats from Day 4, by reference to the Open
TG-GATEs database (Igarashi et al., 2015). In the multivariate analysis
conducted in the present study, ETH increased hepatic TG species in
rats, especially TGs highly containing saturated fatty acids (i.e., a low
degree of unsaturated fatty acids) (Table 4). The increase in TGs con-
taining saturated fatty acids in the liver of the ETH-treated rats might
be adaptive changes against hepatocyte toxicity caused by saturated
fatty acids.

In conclusion, the present study showed the mechanistic
correlation between plasma PC (18:0/20:4) and the hepatic
steatosis followed by a decrease in TG-rich VLDL secretion from
the hepatocytes in ETH-treated rats (Figure 7). The mechanism
of hepatic steatosis might capture the early-phase in the
pathogenesis of the liver injury caused by ETH. Although further
studies are required, the present study showed a potential of PC
(18:0/20:4) as one of the biomarkers for ETH-induced hepatic

steatosis.

ACKNOWLEDGEMENTS

We would like to thank Dr. Keisuke Goda for useful discussions;
Ms. Chie Sudo (National Institute of Health Sciences, NIHS) for
administrative assistance; Ms. Mai Kojima, Mr. Ryota liji, and Ms. Rei
Kaneko (NIHS) for experimental/analytical assistance of lipidomics
studies; and all researchers from Japan Tobacco Inc. for experimental/

analytical assistance of animal studies.

CONFLICT OF INTEREST
The authors did not report any conflict of interest.

DATA AVAILABILITY STATEMENT
The data that supports the findings of this study are available in the
supplementary material of this article

Hepatocytes ) )
Triglyceride 4

LPC(18:0) ¥
PC(18:0/20:4) ¥
L . viDpL synthesis
I

N

Hepatic
steatosis

FIGURE 7 ETH decreased the levels of LPC
(18:0) and PC (18:0/20:4) and showed hepatic
steatosis in rats. TG-rich VLDL excretion where
PC containing arachidonic acid involved were
decreased by treatment with ETH in rats. These
molecular biological changes were considered to

LPC(18:0) ¥

PC(18:0/20:4) Y VLDL excretion

be related to ETH-induced hepatic steatosis. Red
arrow means “increase,” and blue arrow means
“decrease” by ETH treatment [Colour figure can
be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

MUTA ET AL.

Journal of

ORCID
Kyotaka Muta
Kosuke Saito

https://orcid.org/0000-0001-9565-7379
https://orcid.org/0000-0002-1035-3454

REFERENCES

Banerjee, A., Abdelmegeed, M. A, Jang, S., & Song, B. J. (2013). Zidovudine
(AZT) and hepatic lipid accumulation: Implication of inflammation, oxi-
dative and endoplasmic reticulum stress mediators. PLoS ONE, 8(10),
e76850. https://doi.org/10.1371/journal.pone.0076850

Begriche, K., Massart, J., Robin, M. A., Borgne-Sanchez, A., & Fromenty, B.
(2011). Drug-induced toxicity on mitochondria and lipid metabolism:
Mechanistic diversity and deleterious consequences for the liver. Jour-
nal of Hepatology, 54(4), 773-794. https://doi.org/10.1016/j.jhep.
2010.11.006

Bessone, F., Dirchwolf, M., Rodil, M. A., Razori, M. V., & Roma, M. G.
(2018). Review article: Drug-induced liver injury in the context of non-
alcoholic fatty liver disease - a physiopathological and clinical inte-
grated view. Alimentary Pharmacology & Therapeutics, 48(9), 892-913.
https://doi.org/10.1111/apt. 14952

Chirehwa, M. T., Court, R., Kock, M. D., Wiesner, L., Vries, N. D.,
Harding, J., & Mcllleron, H. (2021). Effect of isoniazid intake on ethion-
amide pharmacokinetics and target attainment in multidrug-resistant
tuberculosis patients. Antimicrobial Agents and Chemotherapy, 65(10),
e0027821. https://doi.org/10.1128/AAC.00278-21

Cole, L. K, Vance, J. E., & Vance, D. E. (2012). Phosphatidylcholine
biosynthesis and lipoprotein metabolism. Biochimica et Biophysica
Acta, 1821(5), 754-761. https://doi.org/10.1016/j.bbalip.2011.
09.009

Custer, R. P., Freeman-Narrod, M., & Narrod, S. A. (1977). Hepatotoxicity
in Wistar rats following chronic methotrexate administration: A model
of human reaction. Journal of the National Cancer Institute, 58(4),
1011-1017. https://doi.org/10.1093/jnci/58.4.1011

Dehairs, J., Derua, R., Rueda-Rincon, N. & Swinnen, J. V. (2015).
Lipidomics in drug development. Drug Discovery Today: Technologies,
13, 33-38. https://doi.org/10.1016/j.ddtec.2015.03.002

Glaser, C., Heinrich, J., & Koletzko, B. (2010). Role of FADS1 and
FADS2 polymorphisms in polyunsaturated fatty acid metabolism.
Metabolism, 59(7), 993-999. https://doi.org/10.1016/j.metabol.
2009.10.022

Goda, K., Saito, K., Muta, K., Kobayashi, A., Saito, Y., & Sugai, S. (2018).
Ether-phosphatidylcholine characterized by consolidated plasma and
liver lipidomics is a predictive biomarker for valproic acid-induced
hepatic steatosis. The Journal of Toxicological Sciences, 43(6), 395-405.
https://doi.org/10.2131/jts.43.395

Hammond, L. E., Gallagher, P. A, Wang, S., Hiller, S., Kluckman, K. D.,
Posey-Marcos, E. L., Maeda, N., & Coleman, R. A. (2002). Mitochon-
drial glycerol-3-phosphate acyltransferase-deficient mice have
reduced weight and liver triacylglycerol content and altered
glycerolipid fatty acid composition. Molecular and Cellular Biology,
22(23), 8204-8214. https://doi.org/10.1128/MCB.22.23.8204-8214.
2002

Han, X., & Gross, R. W. (2005). Shotgun lipidomics: Electrospray ioniza-
tion mass spectrometric analysis and quantitation of cellular
lipidomes directly from crude extracts of biological samples. Mass
Spectrometry Reviews, 24, 367-412. https://doi.org/10.1002/mas.
20023

Hollinrake, K. (1968). Acute hepatic necrosis associated with ethionamide.
British Journal of Diseases of the Chest, 62(3), 151-154. https://doi.
org/10.1016/s0007-0971(68)80006-3

Holmes, M. V., & Ala-Korpela, M. (2019). What is ‘LDL cholesterol’?
Nature Reviews. Cardiology, 16, 197-198. https://doi.org/10.1038/
s41569-019-0157-6

AppliedToxicology—Wi1LEY-12*

Houjou, T., Yamatani, K., Imagawa, M., Shimizu, T., & Taguchi, R.
(2005). A shotgun tandem mass spectrometric analysis of phospho-
lipids with normal-phase and/or reverse-phase liquid chromatogra-
phy/electrospray jonization mass spectrometry. Rapid
Communications in Mass Spectrometry, 19, 654-666. https://doi.org/
10.1002/rcm.1836

Igarashi, Y., Nakatsu, N., Yamashita, T., Ono, A., Ohno, Y., Urushidani, T., &
Yamada, H. (2015). Open TG-GATEs: A large-scale toxicogenomics
database. Nucleic Acids Research, 43(Database issue), D921-D927.
https://doi.org/10.1093/nar/gku955

Ishikawa, M., Maekawa, K., Saito, K., Senoo, Y., Urata, M., Murayama, M.,
Tajima, Y., Kumagai, Y., & Saito, Y. (2014). Plasma and serum lipidomics
of healthy white adults shows characteristic profiles by subjects' gen-
der and age. PLoS ONE, 9, €91806. https://doi.org/10.1371/journal.
pone.0091806

Ishikawa, M., Saito, K., Yamada, H., Nakatsu, N., Maekawa, K., & Saito, Y.
(2016). Plasma lipid profiling of different types of hepatic fibrosis
induced by carbon tetrachloride and lomustine in rats. Lipids in Health
and Disease, 15, 74. https://doi.org/10.1186/s12944-016-0244-1

Jacobs, R. L., Devlin, C., Tabas, I., & Vance, D. E. (2004). Targeted deletion
of hepatic CTP: phosphocholine cytidylyltransferase alpha in mice
decreases plasma high density and very low density lipoproteins. The
Journal of Biological Chemistry, 279(45), 47402-47410. https://doi.
org/10.1074/jbc.M404027200

Kao, Y. C, Ho, P. C,, Tu, Y. K, Jou, I. M., & Tsai, K. J. (2020). Lipids and
Alzheimer's disease. International Journal of Molecular Sciences, 21(4),
1505. https://doi.org/10.3390/ijms21041505

Kesterson, J. W., Granneman, G. R., & Machinist, J. M. (1984). The hepato-
toxicity of valproic acid and its metabolites in rats. I. Toxicologic, bio-
chemical and histopathologic studies. Hepatology, 4(6), 1143-1152.
https://doi.org/10.1002/hep.1840040609

Kullak-Ublick, G. A., Andrade, R. J., Merz, M., End, P., Benesic, A.,
Gerbes, A. L., & Aithal, G. P. (2017). Drug-induced liver injury: Recent
advances in diagnosis and risk assessment. Gut, 66(6), 1154-1164.
https://doi.org/10.1136/gutjnl-2016-313369

Law, S. H., Chan, M. L., Marathe, G. K., Parveen, F., Chen, C. H., & Ke, L. Y.
(2019). An updated review of lysophosphatidylcholine metabolism in
human diseases. International Journal of Molecular Sciences, 20(5),
1149. https://doi.org/10.3390/ijms20051149

Le, D. T., Freneaux, E., Labbe, G., Letteron, P., Degott, C., Geneve, J.,
Berson, A, Larrey, D., & Pessayre, D. (1988). Amineptine, a tricyclic
antidepressant, inhibits the mitochondrial oxidation of fatty acids
and produces microvesicular steatosis of the liver in mice. The
Journal of Pharmacology and Experimental Therapeutics, 247(2),
745-750.

Lees, A. W. (1963). Toxicity in newly diagnosed cases of pulmonary tuber-
culosis treated with ethionamide. The American Review of Respiratory
Disease, 88, 347-354. https://doi.org/10.1164/arrd.1963.88.3P1.347

Letteron, P., Fromenty, B., Terris, B., Degott, C., & Pessayre, D. (1996).
Acute and chronic hepatic steatosis lead to in vivo lipid peroxidation in
mice. Journal of Hepatology, 24(2), 200-208. https://doi.org/10.1016/
s0168-8278(96)80030-4

Lindén, D., William-Olsson, L., Ahnmark, A., Ekroos, K., Hallberg, C.,
Sjogren, H. P., Becker, B., Svensson, L., Clapham, J. C., Oscarsson, J., &
Schreyer, S. (2006). Liver-directed overexpression of mitochondrial
glycerol-3-phosphate acyltransferase results in hepatic steatosis,
increased triacylglycerol secretion and reduced fatty acid oxidation.
The FASEB Journal, 20(3), 434-443. https://doi.org/10.1096/fj.05-
4568com

Listenberger, L. L., Han, X, Lewis, S. E., Cases, S., Farese, R. V. Jr,,
Ory, D. S., & Schaffer, J. E. (2003). Triglyceride accumulation protects
against fatty acid-induced lipotoxicity. Proceedings of the National
Academy of Sciences of the United States of America, 100(6),
3077-3082. https://doi.org/10.1073/pnas.0630588100


https://orcid.org/0000-0001-9565-7379
https://orcid.org/0000-0001-9565-7379
https://orcid.org/0000-0002-1035-3454
https://orcid.org/0000-0002-1035-3454
https://doi.org/10.1371/journal.pone.0076850
https://doi.org/10.1016/j.jhep.2010.11.006
https://doi.org/10.1016/j.jhep.2010.11.006
https://doi.org/10.1111/apt.14952
https://doi.org/10.1128/AAC.00278-21
https://doi.org/10.1016/j.bbalip.2011.09.009
https://doi.org/10.1016/j.bbalip.2011.09.009
https://doi.org/10.1093/jnci/58.4.1011
https://doi.org/10.1016/j.ddtec.2015.03.002
https://doi.org/10.1016/j.metabol.2009.10.022
https://doi.org/10.1016/j.metabol.2009.10.022
https://doi.org/10.2131/jts.43.395
https://doi.org/10.1128/MCB.22.23.8204-8214.2002
https://doi.org/10.1128/MCB.22.23.8204-8214.2002
https://doi.org/10.1002/mas.20023
https://doi.org/10.1002/mas.20023
https://doi.org/10.1016/s0007-0971(68)80006-3
https://doi.org/10.1016/s0007-0971(68)80006-3
https://doi.org/10.1038/s41569-019-0157-6
https://doi.org/10.1038/s41569-019-0157-6
https://doi.org/10.1002/rcm.1836
https://doi.org/10.1002/rcm.1836
https://doi.org/10.1093/nar/gku955
https://doi.org/10.1371/journal.pone.0091806
https://doi.org/10.1371/journal.pone.0091806
https://doi.org/10.1186/s12944-016-0244-1
https://doi.org/10.1074/jbc.M404027200
https://doi.org/10.1074/jbc.M404027200
https://doi.org/10.3390/ijms21041505
https://doi.org/10.1002/hep.1840040609
https://doi.org/10.1136/gutjnl-2016-313369
https://doi.org/10.3390/ijms20051149
https://doi.org/10.1164/arrd.1963.88.3P1.347
https://doi.org/10.1016/s0168-8278(96)80030-4
https://doi.org/10.1016/s0168-8278(96)80030-4
https://doi.org/10.1096/fj.05-4568com
https://doi.org/10.1096/fj.05-4568com
https://doi.org/10.1073/pnas.0630588100

Journal of

MUTA ET AL.

= | wiLEY—AppliedToxicology

Malhi, H., Bronk, S. F., Werneburg, N. W., & Gores, G. J. (2006). Free fatty
acids induce JNK-dependent hepatocyte lipoapoptosis. The Journal of
Biological Chemistry, 281(17), 12093-12101. https://doi.org/10.1074/
jbc.M510660200

Mantzaris, M. D., Tsianos, E. V., & Galaris, D. (2011). Interruption of
triacylglycerol synthesis in the endoplasmic reticulum is the initiating
event for saturated fatty acid-induced lipotoxicity in liver cells. The
FEBS Journal, 278(3), 519-530. https://doi.org/10.1111/j.1742-4658.
2010.07972.x

Moulding, T. S. Jr., & Goldstein, S. (1962). Hepatotoxicity due to ethion-
amide. The American Review of Respiratory Disease, 86, 252-255.
https://doi.org/10.1164/arrd.1962.86.2.252

Nikiforov, P. O., Surade, S., Blaszczyk, M., Delorme, V., Brodin, P.,
Baulard, A. R, Blundellb, T. L., & Abell, C. (2016). A fragment merging
approach towards the development of small molecule inhibitors of
mycobacterium tuberculosis EthR for use as Ethionamide boosters.
Organic & Biomolecular Chemistry, 14, 2318-2326. https://doi.org/10.
1039/c50b02630j

Parasrampuria, D. A., Benet, L. Z., & Sharma, A. (2018). Why drugs fail in
late stages of development: Case study analyses from the last decade
and recommendations. The AAPS Journal, 20(3), 46. https://doi.org/10.
1208/512248-018-0204-y

Pavlik, L., Regev, A., Ardayfio, P. A., & Chalasani, N. P. (2019). Drug-
induced steatosis and steatohepatitis: The search for novel serum bio-
markers among potential biomarkers for non-alcoholic fatty liver dis-
ease and non-alcoholic steatohepatitis. Drug Safety, 42(6), 701-711.
https://doi.org/10.1007/s40264-018-00790-2

Phillips, S., & Tashman, H. (1963). Ethionamide jaundice. The American
Review of Respiratory Disease, 87, 896-898. https://doi.org/10.1164/
arrd.1963.87.6.896

Puri, P., Baillie, R. A.,, Wiest, M. M., Mirshahi, F., Choudhury, J., Cheung, O.,
Sargeant, C., Contos, M. J., & Sanyal, A. J. (2007). A lipidomic analysis
of nonalcoholic fatty liver disease. Hepatology, 46(4), 1081-1090.
https://doi.org/10.1002/hep.21763

Puri, P., Wiest, M. M., Cheung, O., Mirshahi, F., Sargeant, C., Min, H. K,
Contos, M. J,, Sterling, R. K., Fuchs, M., Zhou, H., Watkins, S. M., &
Sanyal, A. J. (2009). The plasma lipidomic signature of nonalcoholic
steatohepatitis. Hepatology, 50(6), 1827-1838. https://doi.org/10.
1002/hep.23229

Rong, X., Wang, B., Dunham, M. M., Hedde, P. N, Wong, J. S,
Gratton, E., Young, S. G., Ford, D. A, & Tontonoz, P. (2015).
Lpcat3-dependent production of arachidonoyl phospholipids is a
key determinant of triglyceride secretion. elife, 25, 4. https://doi.
org/10.7554/eLife.06557

Sahini, N., Selvaraj, S., & Borlak, J. (2014). Whole genome transcript profil-
ing of drug induced steatosis in rats reveals a gene signature predictive
of outcome. PLoS ONE, 9(12), e114085. https://doi.org/10.1371/
journal.pone.0114085

Saito, K. (2021). Application of comprehensive lipidomics to biomarker
research on adverse drug reactions. Drug Metabolism and
Pharmacokinetics, 37, 100377. https://doi.org/10.1016/j.dmpk.2020.
100377

Saito, K., Arai, E., Maekawa, K., Ishikawa, M., Fujimoto, H., Taguchi, R.,
Matsumoto, K., Kanai, Y., & Saito, Y. (2016). Lipidomic signatures
and associated transcriptomic profiles of clear cell renal cell carci-
noma. Scientific Reports, 6, 28932. https://doi.org/10.1038/
srep28932

Saito, K. Goda, K. Kobayashi, A., Yamada, N. Maekawa, K.,
Saito, Y., & Sugai, S. (2017). Arachidonic acid-containing phosphati-
dylcholine characterized by consolidated plasma and liver lipidomics
as an early onset marker for tamoxifen-induced hepatic

phospholipidosis. Journal of Applied Toxicology, 37(8), 943-953.
https://doi.org/10.1002/jat.3442

Saito, K., lkeda, M., Kojima, Y., Hosoi, H., Saito, Y., & Kondo, S. (2018).
Lipid profiling of pre-treatment plasma reveals biomarker candidates
associated with response rates and hand-foot skin reactions in
sorafenib-treated patients. Cancer Chemotherapy and Pharmacology,
82, 677-684. https://doi.org/10.1007/s00280-018-3655-z

Saito, K., Ohno, Y., & Saito, Y. (2017). Enrichment of resolving power
improves ion-peak quantification on a lipidomics platform. Journal of
Chromatography. B, Analytical Technologies in the Biomedical and Life
Sciences, 1055, 20-28. https://doi.org/10.1016/j.jchromb.2017.
04.019

Schumacher, J. D., & Guo, G. L. (2015). Mechanistic review of drug-
induced steatohepatitis. Toxicology and Applied Pharmacology, 289(1),
40-47. https://doi.org/10.1016/j.taap.2015.08.022

Seelle, J., Gan-Schreier, H., Kirchner, M., Stremmel, W., Chamulitrat, W., &
Merle, U. (2020). Plasma lipidome, PNPLA3 polymorphism and hepatic
steatosis in hereditary hemochromatosis. BMC Gastroenterology, 20(1),
230. https://doi.org/10.1186/s12876-020-01282-3

Simons, K., & Toomre, D. (2000). Lipid rafts and signal transduction. Nature
Reviews. Molecular Cell Biology, 1(1), 31-39. https://doi.org/10.1038/
35036052

Sutherland, J. J., Webster, Y. W. Willy, J. A, Searfoss, G. H.,
Goldstein, K. M,, Irizarry, A. R., Hall, D. G., & Stevens, J. L. (2018). Tox-
icogenomic module associations with pathogenesis: A network-based
approach to understanding drug toxicity. The Pharmacogenomics Jour-
nal, 18(3), 377-390. https://doi.org/10.1038/tpj.2017.17

Tiberi, S., Zumla, A., & Migliori, G. B. (2019). Multidrug and extensively
drug-resistant tuberculosis: Epidemiology, clinical features, manage-
ment and treatment. Infectious Disease Clinics of North America, 3(4),
1063-1085. https://doi.org/10.1016/j.idc.2019.09.002

Toshima, G., lwama, Y., & Kimura, F. (2013). LipoSEARCH®: Analytical GP-
HPLC method for lipoprotein profiling and its applications. Journal of
Biological Macromolecules, 13(2), 21-32.

Tousif, S., Ahmad, S., Bhalla, K., Moodley, P., & Das, G. (2015). Challenges
of tuberculosis treatment with DOTS: An immune impairment per-
spective. Journal of Cell Science and Therapy, 6, 5. https://doi.org/10.
4172/2157-7013.1000223

Triebl, A., Hartler, J., Trétzmdiller, M., & Kofeler, H. C. (2017). Lipidomics:
Prospects from a technological perspective. Biochimica et Biophysica
Acta - Molecular and Cell Biology of Lipids, 1862(8), 740-746. https://
doi.org/10.1016/j.bbalip.2017.03.004

U.S. Food and Drug Administration. (2005). Guidance for industry: Esti-
mating the maximum safe starting dose in initial clinical trials for thera-
peutics in adult healthy volunteers.

Vihervaara, T., Suoniemi, M., & Laaksonen, R. (2014). Lipidomics in drug
discovery. Drug Discovery Today, 19(2), 164-170. https://doi.org/10.
1016/j.bbalip.2017.03.004

Wang, F., Langley, R., Gulten, G., Dover, L. G, Besra, G. S., Jacobs, W. R.
Jr., & Sacchettini, J. C. (2007). Mechanism of thioamide drug action
against tuberculosis and leprosy. The Journal of Experimental Medicine,
204(1), 73-78. https://doi.org/10.1084/jem.20062100

Welte, M. A, & Gould, A. P. (2017). Lipid droplet functions beyond energy
storage. Biochimica et Biophysica Acta - Molecular and Cell Biology of
Lipids, 1862(10 Pt B), 1260-1272. https://doi.org/10.1016/].bbalip.
2017.07.006

Yamashita, A., Hayashi, Y., Matsumoto, N., Nemoto-Sasaki, Y., Koizumi, T.,
Inagaki, Y., Oka, S., Tanikawa, T., & Sugiura, T. (2017). Coenzyme-A-
independent transacylation system; possible involvement of phospho-
lipase A2 in transacylation. Biology (Basel), 6(2), 23. https://doi.org/10.
3390/biology6020023


https://doi.org/10.1074/jbc.M510660200
https://doi.org/10.1074/jbc.M510660200
https://doi.org/10.1111/j.1742-4658.2010.07972.x
https://doi.org/10.1111/j.1742-4658.2010.07972.x
https://doi.org/10.1164/arrd.1962.86.2.252
https://doi.org/10.1039/c5ob02630j
https://doi.org/10.1039/c5ob02630j
https://doi.org/10.1208/s12248-018-0204-y
https://doi.org/10.1208/s12248-018-0204-y
https://doi.org/10.1007/s40264-018-00790-2
https://doi.org/10.1164/arrd.1963.87.6.896
https://doi.org/10.1164/arrd.1963.87.6.896
https://doi.org/10.1002/hep.21763
https://doi.org/10.1002/hep.23229
https://doi.org/10.1002/hep.23229
https://doi.org/10.7554/eLife.06557
https://doi.org/10.7554/eLife.06557
https://doi.org/10.1371/journal.pone.0114085
https://doi.org/10.1371/journal.pone.0114085
https://doi.org/10.1016/j.dmpk.2020.100377
https://doi.org/10.1016/j.dmpk.2020.100377
https://doi.org/10.1038/srep28932
https://doi.org/10.1038/srep28932
https://doi.org/10.1002/jat.3442
https://doi.org/10.1007/s00280-018-3655-z
https://doi.org/10.1016/j.jchromb.2017.04.019
https://doi.org/10.1016/j.jchromb.2017.04.019
https://doi.org/10.1016/j.taap.2015.08.022
https://doi.org/10.1186/s12876-020-01282-3
https://doi.org/10.1038/35036052
https://doi.org/10.1038/35036052
https://doi.org/10.1038/tpj.2017.17
https://doi.org/10.1016/j.idc.2019.09.002
https://doi.org/10.4172/2157-7013.1000223
https://doi.org/10.4172/2157-7013.1000223
https://doi.org/10.1016/j.bbalip.2017.03.004
https://doi.org/10.1016/j.bbalip.2017.03.004
https://doi.org/10.1016/j.bbalip.2017.03.004
https://doi.org/10.1016/j.bbalip.2017.03.004
https://doi.org/10.1084/jem.20062100
https://doi.org/10.1016/j.bbalip.2017.07.006
https://doi.org/10.1016/j.bbalip.2017.07.006
https://doi.org/10.3390/biology6020023
https://doi.org/10.3390/biology6020023

MUTA ET AL.

Journal of

Yann, L. B., Dominique, L., Pierre, B., Georges, P. P., & Henri, M. (1994).
Tianeptine — An instance of drug-induced hepatotoxicity predicted by
prospective experimental studies. Journal of Hepatology, 21(5),
771-777. https://doi.org/10.1016/s0168-8278(94)80237-8

Yao, Z. M., & Vance, D. E. (1988). The active synthesis of phosphatidyl-
choline is required for very low density lipoprotein secretion from
rat hepatocytes. The Journal of Biological Chemistry, 263(6),
2998-3004.

SUPPORTING INFORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

AppliedToxicology—WILEY- 1%

How to cite this article: Muta, K., Saito, K., Kemmochi, Y.,
Masuyama, T., Kobayashi, A., Saito, Y., & Sugai, S. (2022).
Phosphatidylcholine (18:0/20:4), a potential biomarker to
predict ethionamide-induced hepatic steatosis in rats. Journal
of Applied Toxicology, 42(9), 1533-1547. https://doi.org/10.
1002/jat.4324


https://doi.org/10.1016/s0168-8278(94)80237-8
https://doi.org/10.1002/jat.4324
https://doi.org/10.1002/jat.4324

	Phosphatidylcholine (18:0/20:4), a potential biomarker to predict ethionamide-induced hepatic steatosis in rats
	1  INTRODUCTION
	2  MATERIALS AND METHGODS
	2.1  Animals
	2.2  Dosing of ETH
	2.3  Clinical chemistry
	2.4  Measurements of hepatic lipid contents
	2.5  Histopathological examination of the liver
	2.6  Lipidomics analysis
	2.7  Orthogonal partial least squares discriminant analysis (OPLS-DA) and lipid identification
	2.8  Serum TG-rich lipoprotein profiling
	2.9  Gene expression profiling
	2.10  Statistical analysis

	3  RESULTS
	3.1  The relevancy of the dose levels of ETH between rats and humans
	3.2  Phenotype of the ETH-induced hepatic steatosis
	3.3  Lipidomics analysis for the plasma and liver
	3.4  Relationships of the altered lipids between the plasma and the liver
	3.5  Lipoprotein profiling in the serum
	3.6  Gene expression profiling related to elongation and desaturation steps of the fatty acids

	4  DISCUSSION
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


