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Abstract

1,2-Dichloropropane (1,2-DCP) is recognized as the causative agent for cholangiocarcinoma among offset color proof-
printing workers in Japan. The aim of the present study was to characterize the molecular mechanisms of 1,2-DCP-induced
hepatotoxic effects by proteomic analysis. We analyzed quantitatively the differential expression of proteins in the mouse
liver and investigated the role of P450 in mediating the effects of 1,2-DCP. Male C57BL/6JJcl mice were exposed to 0, 50,
250, or 1250 ppm 1,2-DCP and treated with either 1-aminobenzotriazole (1-ABT), a nonselective P450 inhibitor, or saline,
for 8 h/day for 4 weeks. Two-dimensional difference in gel electrophoresis (2D-DIGE) combined with matrix-assisted laser-
desorption ionization time-of-flight mass spectrometry (MALDI-TOF/TOF/MS) was used to detect and identify proteins
affected by the treatment. PANTHER overrepresentation test on the identified proteins was conducted. 2D-DIGE detected 61
spots with significantly different intensity between 0 and 250 ppm 1,2-DCP groups. Among them, 25 spots were identified
by MALDI-TOF/TOF/MS. Linear regression analysis showed significant trend with 1,2-DCP level in 17 proteins in mice
co-treated with 1-ABT. 1-ABT mitigated the differential expression of these proteins. The gene ontology enrichment analysis
showed overrepresentation of proteins functionally related to nickel cation binding, carboxylic ester hydrolase activity, and
catalytic activity. The results demonstrated that exposure to 1,2-DCP altered the expression of proteins related with catalytic
and carboxylic ester hydrolase activities, and that such effect was mediated by P450 enzymatic activity.
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Introduction

1,2-Dichloropropane (1,2-DCP) is used primarily as a chem-
ical intermediate in the production of various chemicals and
also as a textile stain remover, oil and paraffin-extracting
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agent, scouring compound, metal cleaner, and insecticide
(IARC 2018). Based on the epidemiological studies that
showed an outbreak of cholangiocarcinoma among work-
ers exposed to 1,2-DCP in an offset color proof-printing
company in Japan (Kumagai et al. 2013), the International
Agency for Research on Cancer (IARC) reclassified 1,2-
DCP in 2014 into Group 1 (carcinogenic to humans) from
Group 3 (not classifiable as to its carcinogenicity to humans)
(IARC 2018).

There are two bioassay studies on carcinogenicity of
1,2-DCP, but the studies did not demonstrate cholangiocar-
cinoma (Matsumoto et al. 2013; NTP 1986; Umeda et al.
2010). The US National Toxicology Program (NTP) study
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showed oral exposure to 1,2-DCP for 2 years increased liver
adenomas in male and female mice, the combined incidence
of thyroid tumors of follicular cell adenomas or carcino-
mas in female B6C3F1 mice, mammary gland adenocarci-
noma in female F344N rats but did not increase liver tumor
either in male or female rats (NTP 1986). With regard to
non-neoplastic liver lesions, exposure to 1,2-DCP increased
hepatomegaly and necrosis in male mice and foci of clear
cell damage and necrosis in female rats. Inhalation expo-
sure to 1,2-DCP for 2 years increased bronchiolo-alveolar
adenoma and/or carcinomas in the lung of female and male
B6D2F1/Crlj mice and hemangiosarcoma in male B6D2F1/
Crlj mice (Matsumoto et al. 2013), and increased papilloma,
hyperplasia, squamous cell metaplasia, inflammation and
atrophy in the nasal cavity of F344/DuCrj rats (Umeda et al.
2010). Our recent animal study using 1-aminobenzotriazole
(1-ABT), a nonselective P450 inhibitor, identified the impor-
tance of P450 in the bioactivation and toxicity of 1,2-DCP
in C57BL/6 J mice (Zhang et al. 2018). Moreover, we found
that exposure of mice to 1,2-DCP gave rise to P450-depend-
ent proliferation of hepatocytes and cholangiocytes. How-
ever, the exact underlying mechanism of the hepatotoxic
effect of 1,2-DCP remains unclear.

The rapid development of proteomics provides a useful
tool for the identification of protein biomarkers of chemical
toxicity and potential therapeutic targets, and it also provides
quantitative information that can help unveil the mechanisms
of toxicant-induced effects (Huang et al. 2011, 2012, 2015;
Kuzuya et al. 2018; Nagashima et al. 2019; Rabilloud and
Lescuyer 2015). The present study was designed to deter-
mine the effects of subacute or subchronic inhalation of 1,2-
DCP on the expression of various liver proteins in mice, and
the underlying molecular mechanisms of such effects. For
this purpose, we used a proteomics-based approach to ana-
lyze the proteomic profiling of mouse liver before and after
1,2-DCP inhalation, with or without 1-ABT co-treatment.
We used the technology of two-dimensional difference in gel
electrophoresis (2D-DIGE) combined with matrix-assisted
laser-desorption ionization time-of-flight mass spectrometry
(MALDI-TOF/TOF/MS) for the analysis.

Materials and methods
Chemicals and animals

1,2-DCP (purity >99.0%,) was purchased from Sigma-
Aldrich Co. (St. Louis, MO). 1-ABT (purity > 98.0%)
was purchased from Tokyo Chemical Industry Co. (Tokyo,
Japan). Male C57BL/6JJcl mice (10-week-old) were
obtained from Clea, Inc. (Tokyo). All mice were housed
individually in stainless steel cages in a temperature-
(23-25 °C) and relative humidity (55-60%)-controlled
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room under a 12/12-h light/dark cycle. Food and water
were provided ad libitum. The mice were acclimated to the
animal room environment for 1 week before experimenta-
tion. This study was conducted according to the Japanese
law on the protection and control of animals and the Ani-
mal Experimental Guidelines of Nagoya University.

Exposure to 1,2-DCP

Based on our previous studies (Zhang et al. 2015; Zong
et al. 2016), we selected 250 ppm as the maximum toler-
ated concentration of 1,2-DCP for mice untreated with
1-ABT, and 1250 ppm for mice co-treated with 1-ABT.
Forty-two mice were randomly allocated into seven groups
of 6 mice each. Mice of four groups were injected subcu-
taneously with 1-ABT at 50 mg/kg body weight in normal
saline twice a day at 9:00 AM and 7:00 PM every day,
from 3 days before the start of the 4-week exposure to
1,2-DCP at 0, 50, 250 and 1250 ppm until the end of the
4-week exposure period. Those of the other three groups
were injected with normal saline at 5 ml/kg body weight
as the vehicle during the same time course as mice co-
treated with 1-ABT, and exposed to 1,2-DCP at 0, 50 and
250 ppm. Mice were exposed to 1,2-DCP while in an inha-
lation exposure system for 8 h/day from 10:00 AM to 6:00
PM, 7 days/week, for 4 weeks. The inhalation exposure
system was described in detail previously (Ichihara et al.
2000a, b). Briefly, 1,2-DCP was vaporized and mixed with
filtered fresh air to achieve the target concentration. The
concentration of 1,2-DCP in the exposure chamber was
monitored by gas chromatography and digitally controlled
to within + 5% of the target concentration. The mean con-
centration measured every 10 s for 8 h was considered the
values for a given day. The daily gas concentrations in
the three chambers measured were 58 + 8, 260 + 25, and
1240 + 97 ppm (mean + SD), respectively.

Sample preparation

Frozen livers from five or six mice of each group were
homogenized individually in a lysis buffer (30 mM
Tris—HCI, 7 M urea, 2 M thiourea, 4% w/v CHAPS, Com-
plete, Mini, PSC-Protector solution, pH 8.5) with a Plu-
sOne Sample Grinding Kit (GE Healthcare, Piscataway, NJ)
according to the procedure supplied by the manufacturer.
After incubation for 60 min on ice, the homogenates were
centrifuged at 30,000xg for 30 min at 4 °C and then the
supernatant was collected. The concentration of the protein
in the supernatant was determined by the Pierce 660 nm Pro-
tein Assay Kit (Thermo SCIENTIFIC, Waltham, MA) using
bovine serum albumin as a standard.
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2D-DIGE and image analysis

2D-DIGE and image analysis were performed as described
in our previous study (Huang et al. 2011). Briefly, 25 ug
liver protein samples from each of the control, 1,2-DCP
exposure, and 1-ABT/1,2-DCP co-exposure groups were
labeled with Cye dye DIGE Fluors (GE Healthcare UK,
Buckinghamshire, England), which specifically binds to the
amino group of lysine residues. As an internal standard, a
mixture of the same amount of proteins from all 40 samples
was labeled with Cy2. The design of the protein label is
shown in Table 1. A sample mixture of the same amount of
proteins labeled with each Cy3, Cy5, and Cy2 was added
into equal volume of 2xsample buffer (7 M urea, 2 M thio-
urea, 4% w/v CHAPS, Complete, Mini, PSC-Protector solu-
tion, 2% IPG buffer, pH 3.0-10, 130 mM DTT). After that,
it was incubated for 10 min in the dark and on ice. Then the
sample was mixed with rehydration buffer (7 M urea, 2 M
thiourea, 4% w/v CHAPS, Complete, Mini, PSC-Protector
solution, 1% IPG buffer, pH 3.0-10, 13 mM DTT, DeStreak
Reagent, bromophenol blue) to make 450 uL of the total
sample volume. For the first dimensional electrophoresis,
the proteins were separated depending on the difference
in the isoelectric point using Ettan IPGphor 3 IEF System

Table 1 Experimental design of labeling

Gel no. Cy2 Cy3 Cy5

1 Pooled standard® Saline, control 1 Saline, 50 ppm 1

2 Pooled standard ~ Saline, control 2 Saline, 250 ppm 1
3 Pooled standard  1-ABT, control 1 1-ABT, 50 ppm 1

4 Pooled standard  1-ABT, control 2 1-ABT, 250 ppm 1
5 Pooled standard  1-ABT, control 3 1-ABT, 1250 ppm 1
6 Pooled standard ~ Saline, control 3 Saline, 250 ppm 2
7 Pooled standard  1-ABT, control 4 1-ABT, 250 ppm 2
8 Pooled standard  Saline, 50 ppm 2 Saline, 250 ppm 3
9 Pooled standard ~ Saline, 250 ppm 4  Saline, control 4

10 Pooled standard ~ Saline, 50 ppm 3 Saline, control 5

11 Pooled standard ~ Saline, 50 ppm 4 Saline, control 6

12 Pooled standard ~ Saline, 250 ppm 5  Saline, 50 ppm 5

13 Pooled standard ~ Saline, 250 ppm 6  Saline, 50 ppm 6

14 Pooled standard 1-ABT, 250 ppm 3 1-ABT, control 5

15 Pooled standard  1-ABT, 1250 ppm 2 1-ABT, control 6
16 Pooled standard 1-ABT, 250 ppm 4  1-ABT, 50 ppm 2
17 Pooled standard  1-ABT, 1250 ppm 3 1-ABT, 250 ppm 5
18 Pooled standard 1-ABT, 250 ppm 6  1-ABT, 50 ppm 3
19 Pooled standard 1-ABT, 50 ppm4  1-ABT, 1250 ppm 4
20 Pooled standard 1-ABT, 50 ppm 5 1-ABT, 1250 ppm 5

*The pooled standard was prepared by mixing equal amounts of
protein from all 40 samples (n=>5 for 50 and 1250 ppm 1,2-DCP
groups in mice co-treated with 1-ABT, n=6 for the other groups) and
labeled with Cy2

(GE Healthcare UK). Briefly, for rehydration, a DryStrip
(pH 3.0-10, 24 cm, GE Healthcare UK) was placed into
the protein mixture and incubated overnight under darkness.
Then IEF was performed at 500 V for 500 Vh, at 1 kV for
1 kVh and at 8 kV for 99 kVh. After reduction and alkylation
with 10 mg/ml DTT and 25 mg/ml iodoacetamide, respec-
tively, as the second dimensional electrophoresis, 12.5%
SDS—polyacrylamide gel electrophoresis (SDS-PAGE) was
conducted using Ettan DALT six large-format vertical sys-
tem (GE Healthcare UK) at 2.5 W/gel for 30 min followed
by 100 W for 4 h. To visualize the fluorescence of the pro-
tein spots, the gels were scanned with Typhoon FLA 9500
(GE Healthcare UK). Differential in-gel analysis, including
spot detection, spot editing, background subtraction, and
spots matching, was performed digitally using DeCyder 2D
Version 7.0 (GE Healthcare UK). The relative quantities of
protein spots in each group were calculated by normalization
to the internal standard. Protein levels were considered to
have changed when the following either of two criteria was
fulfilled: 1) p <0.05, for the differences between the 0 and
50/250 ppm 1,2-DCP groups of mice co-treated with saline,
or 2) more than twofold increase or decrease in the magni-
tude of change in protein level, comparing 0 and 250 ppm
1,2-DCP groups of mice co-treated with saline. These spots
were selected and subjected to further identification.

Identification of proteins

Following the completion of the image analysis, an addi-
tional gel loaded with proteins from 0 and 250 ppm 1,2-
DCP group of mice co-treated with saline was stained
with Coomassie G-250 Stain (Bio-Rad, Hercules, CA).
After picking the selected protein spots, in-gel digestion
of the protein samples was conducted following the pro-
tocol described previously (Chang et al. 2014; Oikawa
et al. 2009). Briefly, the selected gel was decolorized,
dehydrated, and digested with trypsin solution (Pro-
mega, Madison, WI) overnight at 37 °C. Tryptic peptides
were extracted with 45% acetonitrile/0.1% trifluoro-
acetic acid (TFA) solution and concentrated, and then
were mixed with an equal volume of saturated a-cyano-
4-hydroxycinnamic acid (Wako Pure Chemical, Osaka,
Japan) matrix solution on a stainless-steel target plate
for loading. The peptides were analyzed using Matrix-
Assisted Laser Desorption/Ionization Time of Flight Tan-
dem Mass Spectrometry (MALDI-TOF/TOF/MS; AB/
Sciex 4800 Plus MALDI TOF/TOF analyzer; SCIEX,
Framingham, MA) in reflector mode for positive ion detec-
tion. Proteins were identified using the MS/MS ion search
tool in ProteinPilot version 4.0 (Sciex), searching within
the UniProt database.
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Western blot

To confirm the results of proteomic analysis, four pro-
teins were selected for Western blot. Samples containing
10 pg liver proteins were separated by 12% SDS-PAGE
and transferred onto PVDF membranes. Non-specific bind-
ing was blocked in 3% BSA in Tris-buffered saline with
Tween-20 (TBS-T) for 1 h at room temperature. Then the
membranes were incubated in primary antibodies against
FTH1 (#ab183781; Abcam, 1:1000 dilution, 21 kDa),
ACOT2 (#ab84644; Abcam, 1:1000 dilution, 53 kDa),
FTCD (#sc-53128; Santa Cruz, 1:1000 dilution, 58 kDa)
and SELENBP1 (#sc-373726; Santa Cruz, 1:1000 dilu-
tion, 56 kDa) overnight at 4 °C. Since no antibody against
SELENBP2 was commercially available, an antibody against
SELENBP1 was used as a surrogate. Furthermore, antibody
against B-actin of mouse (#4970; Cell Signaling Technology,
1:1000 dilution, 42 kDa) was used for the loading control.
After washing with 0.1% TBS-T (twice, each for 10 min),
the membranes were incubated in goat anti-mouse IgG per-
oxidase (A9309; Sigma-Aldrich, 1:40,000 dilution) or goat
anti-rabbit IgG peroxidase (A0545; Sigma-Aldrich, 1:20,000
dilution) as the secondary antibody for 1 h at room tem-
perature. Then membranes were washed with TBS-T (twice,
each for 10 min). Protein bands were visualized with Clar-
ity Western ECL Substrate (Bio-Rad) using Fusion Solo
S (VILBER LOURMAT, Eberhardzell, Germany). The
amount of proteins was quantified by measuring the den-
sity of the protein bands with FusionCapt Advance Solo 4 S
(VILBER LOURMAT).

PANTHER analysis

Protein ontology classification was performed by import-
ing the identified proteins into protein analysis through the
evolutionary relationships (PANTHER 14.1) classification
system (https://www.pantherdb.org/, SRI International,
Menlo Park, CA). PANTHER overrepresentation test was
conducted using the gene ontology (GO) enrichment analy-
sis tool (https://geneontology.org/).

Statistical analysis

Two-tailed Student’s ¢ test was used to compare the inten-
sity of the spots in the control and exposure groups when
selecting the proteins for identification by MALDI-TOF/
TOF/MS. Differences between the control and exposure
groups were tested using Dunnett’s multiple comparison
following one-way ANOVA in 1-ABT- or saline-treated
mice. Simple regression analysis was conducted to test the
relation of relative level of protein expression under 1,2-
DCP exposure in mice co-treated with 1-ABT- or saline.
Multiple regression analysis using dummy variables for
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the effect of 1-ABT co-treatment was applied to test the
effect of 1,2-DCP exposure level and the effect of 1-ABT
co-treatment, as well as interaction of 1,2-DCP exposure
and 1-ABT co-treatment. When the interaction was not
significant, the effects of 1-ABT co-treatment and that of
1,2-DCP exposure level were estimated by the multiple
regression model without interaction. Statistical analysis
was performed using the JMP version 13 software (SAS
Institute, Cary, NC) and probability (p) value of <0.05 was
considered statistically significant.

Results

Detection of differentially expressed protein
in 2D-DIGE gels

Using DeCyder 2D Version 7.0, sixty-one differentially
expressed spots were detected in O and 250 ppm 1,2-DCP
groups in mice co-treated with saline. Of these spots, 25
spots were finally identified as 17 proteins by MALDI-
TOF/TOF/MS (Table 2). 1-ABT mitigated the differen-
tial expression of these proteins; the expression levels of
only 3 proteins changed significantly following exposure
to 1,2-DCP at 250 ppm in mice co-treated with 1-ABT,
while the expression levels of all proteins changed sig-
nificantly following exposure to 1,2-DCP at 250 ppm in
mice co-treated with saline. Simple regression analysis
with 1,2-DCP exposure level as the independent variable
showed that exposure to 1,2-DCP altered the expression
levels of all the 17 proteins in a dose-dependent man-
ner in mice co-treated with saline (Table 3). Six proteins
were dose-dependently up-regulated (ALDH1B1, ACOT2,
ECH1, GSTM1, FTLI1, and FTH1), whereas 11 proteins
were dose-dependently down-regulated (CES3A, CES3B,
KRTS8, SELENBP2, FTCD, BUP1, ACAT1, RGN, CA3,
INMT, and MUP2). On the other hand, in mice co-treated
with 1-ABT, only four proteins (KRTS8, SELENBP2 of
spot number 669, FTCD and ACAT1) showed significant
changes with 1,2-DCP, while the others did not. Further-
more, the absolute value of the coefficients of the four
proteins in 1,2-DCP/1-ABT mice were smaller than in
1,2-DCP/saline mice. Multiple regression analysis showed
significant interaction of 1-ABT with 1,2-DCP exposure
level in all proteins except ALDHIB1, BUPI, ACATI,
and MUP2, suggesting different magnitude of effect of
1,2-DCP by saline or 1-ABT. Multiple regression analysis
in the model without interaction showed significant effect
of 1,2-DCP on ALDH1B1, BUP1, ACAT1, and MUP2,
as well as significant effect of 1-ABT on MUP?2. Figure 1
shows a representative image of 2D-DIGE.
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Table 3 Effects of 1,2-DCP with (+) or without (—) treatment with 1-ABT on the differentially expressed proteins identified by 2D-DIGE in

mice liver

Spot no.* Protein 1-ABT  Simple regression” Multiple regression®
treat- effect of 1,2-DCP -
ment Interaction of 1,2-DCP and 1-ABT Effect of 1,2-DCP Effect of 1-ABT

Up-regulation

659 ALDHIB1 - 2.8%x107 (p=0.0I) —~1.8x107 (p=0.15) 1.9%1073 (p=0.0063) —0.11 (p=0.45)
+ 9.2x107* (p=0.26)

895 ACOT2 - 7.0x107 (p<0.0001) —7.0x 107 (p<0.000I) - -
+ 2.4x107 (p=0.94)

1236 ECH1 - 9.4x 107 (p=0.0010) —-8.9%x10™* (p=0.018) - -
+ 43%107 (p=0.88)

1333 GSTM1 - 25%x107° (p<0.0001) —1.7x107 (p=0.013) - -
+ 8.7x107* (p=0.20)

1348 GSTM1 - 27%x107° (p<0.0001) —32x107 (p=0.0016) - -
+ —5.4x107* (p=0.60)

1388 GSTM1 - 27x107° (p<0.0001) —2.0x107 (p=0.0013) - -
+ 6.5%x107* (p=0.26)

1397 GSTM1 - 29%107 (p<0.0001) —2.4x107 (p=0.0001) - -
+ 5.7x107* (p=0.24)

1510 FTL1 - 3.8x107 (p=0.0003) —3.6x107 (p=0.0003) - -
+ 1.5x 107 (p=0.57)

1517 FTH1 - 6.9%107 (p<0.0001) —6.6x107 (p<0.0001) - -
+ 3.1x107* (p=0.38)

Down-regulation

472 CES3A - —2.7%107 (p<0.0001) 2.0x107 (p=0.0004) - -
+ —72x107* (p=0.074)

516 CES3B - —3.2x107 (p<0.0001) 2.7x107 (p<0.0001) - -
+ —54%x107* (p=0.21)

658 KRTS - —2.5%107 (p<0.0001) 1.4x107 (p=0.016) - -
+ —1.1x107 (p=0.0080)

669 SELENBP2 — —5.6x107 (p<0.0001) 4.0%x107 (p=0.0027) - -
+ —1.6x1073 (p=0.034)

675 SELENBP2 — —2.1x1073 (p<0.0001) 1.8x107 (p=0.0096) - -
+ —2.9%107* (p=0.59)

671 FTCD - —5.5%1073 (p<0.0001) 3.7%x107 (p=0.0066) - -
+ -1.8x1073 (p=0.020)

891 BUPI - —6.9%107* (p=0.0098) 4.7x107* (p=0.12) —4.6x107* (p=0.0054) 3.6x107% (p=0.30)
+ —22x107* (p=0.25)

922 ACATI - —1.8x1073 (p=0.0017) 9.4x107* (p=0.12) -1.4%x107 (p<0.0001) -7.6x1072 (p=0.25)
+ —9.1x107* (p=0.010)

1122 RGN - —2.6Xx1073 (p<0.0001) 2.3%x107 (p<0.0001) - -
+ -3.5%x10* (p=0.21)

1339 CA3 - —2.9%x1073 (p<0.0001) 2.4x107 (p<0.0001) - -
+ —4.8%x107 (p=0.20)

1340 CA3 - —1.9%1073 (p<0.0001) 1.6x107 (p=0.0007) - -
+ -3.5%x10* (p=0.33)

1342 CA3 - —2.3x1073 (p<0.0001) 2.1x107 (p<0.0001) - -
+ —1.9%10* (p=0.58)

1362 INMT - —22x107 (p<0.0001) 2.1x107 (p=0.0002) - -
+ —1.9%107 (p=0.96)
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Table 3 (continued)

Spot no.* Protein 1-ABT
treat-
ment

b

Simple regression Multiple regression®

effect of 1,2-DCP

Interaction of 1,2-DCP and 1-ABT

Effect of 1,2-DCP Effect of 1-ABT

1514 MUP2 -

+
1519 MUP2 -
+
1531 MUP2 -
+

—1.8%x1073 (p=0.0007) 4.0x10™* (p=0.72)

—1.4x107 (p=0.21)
—22x1073 (p=0.0003) 5.9%x107* (p=0.67)
—1.7x1073 (p=0.22)
—2.1x107 (p=0.0025) 1.0x107 (p=0.42)
—1.1x1073 (p=0.32)

-1.6x 107 (p=0.0068) 1.0 (p<0.0001)

~1.9% 107 (p=0.0066) 1.0 (p<0.0001)

—1.5%107 (p=0.018)  0.70 (p<0.0001)

2All the selected spots were identified by MALDI-TOF/TOF/MS
"Data of 1250 ppm 1,2-DCP group were not included in the analysis

“Simple and multiple regression analyses in a model with interaction of 1,2-DCP and 1-ABT was conducted. When the interaction was insignifi-
cant, multiple regression in a model without interaction was subsequently conducted to estimate the effect of 1,2-DCP or 1-ABT

Bolditalic indicates that p value is less than 0.05

Fig.1 a Representative
2D-DIGE image of fluores-
cently labeled proteins from the
liver of male C57BL/6]Jcl mice
exposed to 1,2-DCP at 0 and
250 ppm for 4 weeks without
1-ABT co-treatment. The
control and exposure groups

are labeled with Cy3 and CyS5,
respectively. The spots circled
in red and blue lines repre-

sent up-regulated and down-
regulated proteins, respectively.
Molecular weight markers are
on the left. The spot numbers
correspond to the numbers
shown in Table 2. b Relative
fold changes in representa-

tive spots by 2D-DIGE. Data
are expressed as mean + SD.

*p <0.05, compared with O ppm
1,2-DCP group with saline co-
treatment by one-way ANOVA
followed by Dunnett’s test (two-
tailed). #p < 0.05, compared
with O ppm 1,2-DCP group with
1-ABT co-treatment by one-way
ANOVA followed by Dunnett’s
test (two-tailed)
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1 Saline, 0 ppm
=33 Saline, 50 ppm
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Western blot

We confirmed the identities of four proteins by Western blot
(ACOT?2, FTH1, SELENBP2 and FTCD). For these pro-
teins, the ratio of protein expression level of the 250 ppm
1,2-DCP group to the 0 ppm 1,2-DCP group in mice co-
treated with saline was more than 3 or less than 0.33. The

expression levels of FTCD and the protein detected by anti-
body against SELENBP1 were significantly down-regulated
in the 250 ppm 1,2-DCP group (Fig. 2), being consistent
with the 2D-DIGE results. In addition, significant up-
regulation of FTH1 expression level was observed in the
250 ppm 1,2-DCP group. However, there was no significant
change in ACOT?2 expression levels in the 1,2-DCP/saline

1,2-DCP + 1-ABT

A 1,2-DCP
(ppm) 0 50 250
v
ACOT2 F ’ I ]
FTH1 e
FTCD | S— i
B-actin | Se—— | —
B ACOT2
1.6
[ =
22 =]
512 Z
(=9 [=9
% 5
g 5
2 0.8 2
2 2
o, o
2 2
E 04 =
7] 2}
-4 (-4
0.0
0 50 250
Dose (ppm)
SELENBP2
2.0 *
r 1
g — g
Z 16 E
& £
; 1.2 :5'
2 2
S 2
2 0.8 =9
= 04 =
~ &
0.0
0 50 250
Dose (ppm)

Fig.2 Western blot analysis was performed on four proteins
(ACOT2, FTH1, SELENBP2 and FTCD) to confirm the results of
proteomic analysis. The ratio of protein expression level at 250 ppm
1,2-DCP in the selected proteins group to that at O ppm 1,2-DCP
group in saline-treated mice was more than 3 or less than 0.33. a

0 50 250
B R A 55 ks
21 kDa
| — e 56 kDa
T s | 58 KDa
S — | 42 kDa
FTHI1 O 1,2-DCP
» . BB 1.2-DCP + 1-ABT
2.04 —
1.6
1.2
0.84
0.4
0.0
0 50 250
Dose (ppm)
FTCD
0.5 I x !
0.4
0.3
0.2
0.1
0.0
0 50 250
Dose (ppm)

Western blot of liver proteins from mice exposed to 1,2-DCP, with or
without 1-ABT. b Relative protein levels are expressed as mean +SD,
*p<0.05, compared with the corresponding control by one-way
ANOVA followed by Dunnett’s test (two-tailed)

@ Springer



2700

Archives of Toxicology (2020) 94:2691-2705

and 1,2-DCP/1-ABT groups. Multiple regression analy-
sis showed significant interaction of 1,2-DCP and 1-ABT
for FTHI and SELENBP2. The single regression analysis
showed significant increase in FTH1 expression in 1,2-DCP/
saline mice, and significant decrease in SELENBP2 in the
1,2-DCP/saline and /1-ABT mice. The effect of 1,2-DCP
was significant for FTCD by multiple regression in a model
without interaction (Table 4).

Functional categories of identified proteins

The use of the PANTHER classification system allowed
classification of the differentially expressed 17 proteins iden-
tified by 2D-DIGE and MALDI-TOF/TOF/MS into diverse
functional classes. The proteins were divided into the fol-
lowing five groups based on biological functions: (1) cellular
process, (2) multicellular organismal process, (3) metabolic
process, (4) cellular component organization or biogenesis,
and (5) localization (Fig. 3).

PANTHER overrepresentation test

To understand the biological impact of 1,2-DCP exposure on
mouse hepatic proteins, the 17 differentially expressed pro-
teins were imported into the GO enrichment analysis system.
The analysis based on the GO of molecular function showed
the overexpression of proteins annotated to (1) nickel cation
binding, (2) carboxylic ester hydrolase activity and its higher

level of hierarchy, and (3) catalytic activity (Table 5). The
analysis based on the GO of cellular components showed the
overexpression of proteins annotated to (1) endocytic vesicle
lumen, (2) autolysosome and its higher level of hierarchy,
and (3) secondary lysosome.

Discussion

Co-administration of the P450 inhibitor, 1-ABT, abrogated
the differential expression of the proteins identified by pro-
teomic analysis, suggesting the involvement of 1,2-DCP
oxidation in the observed changes in the expression of these
proteins. Our study highlighted the crucial role of P450 in
1,2-DCP-induced alteration in liver protein expression lev-
els. These results are in agreement with our previous data
demonstrating the P450-dependency of 1,2-DCP-induced
proliferation of cholangiocytes (Zhang et al. 2018). The
results also showed the differential expression of 17 proteins
involved in various cell functions including cellular process:
multicellular organismal process, metabolic process, cellu-
lar component organization or biogenesis and localization.
Furthermore, the GO enrichment analysis showed overrep-
resentation of proteins annotated to GO terms of molecular
function: nickel cation binding, carboxylic ester hydrolase
activity, and catalytic activity, and GO terms of cellular
component: endocytic vesicle lumen, and autolysosome,
and secondary lysosome.

Table 4 Expression levels of the selected proteins relative to B-actin by Western blot

b

Protein 1-ABT  1,2-DCP exposure (ppm)* Simple regression Multiple regression
treat- effect of 1,2-DCP -
ment 50 250 Interaction of 1,2- Effect of 1,2-DCP Effect of 1-ABT
DCP and 1-ABT
ACOT2 - 1244020 1.19+£0.12 1.32+020 4.1x10™*(»=0.29)—2.0x 107 32x10™* 9.8x1073
+ 1254024 1244025 1304030 22x107%(p=0.71) @=0.77) (p=0.35) (p=0.89)
FTHI1 - 0.27+0.07 0.53+021 1.77+043* 6.1x1073 -59%107 - -
(p <0.0001) (p <0.0001)
+ 0.10+£0.02 0.21+0.08* 0.17+0.05 18x10™
(p=0.26)
SELENBP2 — 1374028 0.88+0.52% 0.25+0.12% —4.1x107° 25%107° - -
(p <0.0001) (p=0.025)
+ 1214036 097+036 0.77+027 -16x107°
(p=0.043)
FTCD - 0.37+0.06 0.38+0.09 0.24+0.05% —54x107 46x107* -3.1x107* -53x%1072
(p =0.0020) (p=0.089) (p=0.025) (p=0.081)
+ 027+0.09 031+0.10 026+0.10 -85x107
(p=0.70)

*Relative protein levels are expressed as mean+ SD, *p <0.05, compared to the corresponding control by one-way ANOVA followed by Dun-

nett’s test (two-tailed)

bSimple and multiple regression analyses in a model with interaction of 1,2-DCP and 1-ABT were conducted. When the interaction was insig-
nificant for ACOT2 or FTCD, multiple regression in a model without interaction was subsequently conducted to estimate the effect of 1,2-DCP

or 1-ABT
Bolditalic indicates that p value is less than 0.05
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Multicellular organismal process Biological regulation

Carboxylesterase 3A

Ferritin light chain 1
Carboxylesterase 3B N

2 Carboxylesterase 3A
Carboxylesterase 3B

8 2 . : . . . = .y . Cellular process
et et el
Metabolic process Lele el et Major urinary protein 2
- - - I I Ferritin light chain 1
Major urinary protein 2 R Regucalcin
Regucalcin ) . S 2 e = e 2w Acyl-CoA thioesterase 2, mitochondrial
AcYI-.Co.A acetyltransferase, mltoch.ondnal el telalel Beta-ureidopropionase
Formimidoyltransferase-cyclodeaminase clelelela Acyl-CoA acetyltransferase, mitochondrial
AcyI-CoA thloes.teraselmltochondnal N . : . : . o Carboxylesterase 3A
Beta-ureidopropionase Telele Carboxylesterase 3B
Carboxylesterase 3A .1
Carboxylesterase 3B "4
=X

2 Localization

Major urinary protein 2
Ferritin light chain 1

Fig.3 2D-DIGE combined with MALDI-TOF/TOF/MS identified tions: (1) cellular processes, (2) multicellular organismal processes,
17 differentially expressed proteins, which were then classified into (3) metabolic processes, (4) cellular component organization or bio-
diverse functional classes using the PANTHER classification system. genesis and (5) localization

Proteins were divided into five groups based on their biological func-

Table5 PANTHER overrepresentation test on differentially expressed proteins

GO term (proteins anno- Number of proteins Number of proteins Expected number on  Fold enrichment False discov-
tated to GO term) annotated to GO term in annotated to GO term in  the basis of reference ery rate (FDR)
reference list test list list

Molecular functions

Nickel cation binding 5 2 0.00 >100 0.018
(CA3, GSTM1)
Carboxylic ester hydro- 159 4 0.12 32.99 0.014

lase activity (CES3A,
CES3B, RGN. ACOT2)

Catalytic activity (UPB1, 5679 14 4.33 3.23 0.0068
FTHI, ECH1, FTCD,
ACAT1, CA3, CES3B,
GSTM1, RGN, INMT,
ALDHIBI, ACOT2,
CES3A, FTL1)

Cellular components
Endocytic vesicle lumen 2 2 0.00 >100 0.0068
(FTHI, FTL1)
Autolysosome (FTH1, 12 2 0.01 >100 0.042
FTL1)
Secondly lysosome 14 2 0.01 >100 0.043
(FTHI, FTL1)
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Although the gene ontology enrichment test showed
overrepresentation of proteins related to endocytic vesicle
lumen, autolysosome, and secondary lysosome in various
cellular components, the involved proteins are only ferritin
heavy chain (FTH1) and ferritin light chain (FTL1), both
of which are components of ferritin. Therefore, it might
be difficult to generalize the results from overrepresenta-
tion of only FTH1 and FTL1 in the gene ontology enrich-
ment test. On the other hand, overpresentation of proteins
annotated to catalytic activity or carboxylic ester hydrolase
activity perhaps could be generalized as they were based
on 14 or 4 proteins, respectively.

The liver plays an important role in the regulation
of systemic and cellular iron homeostasis in mammals
(Kindrat et al. 2017). Hepatocytes are responsible for the
uptake of ionic iron, capturing about 80% of transferrin-
bound iron through ferritin, which consists of FTH and
FTL subunits. In this regard, the observed increase in
the expression and production of ferritin in thioaceta-
mide-induced liver injury can be probably attributed to
increased uptake and storage of iron, which is released
from damaged liver cells, by surviving hepatocytes (Malik
et al. 2017). Furthermore, the overexpression of hepatic
Ftl was reported in rodents exposed to hepatotoxic chemi-
cals (Davies et al. 2008; Izawa et al. 2014; Kindrat et al.
2017). In addition, liver regeneration triggered by carbon
tetrachloride stimulates the synthesis of both FTH and
FTL by four- to fivefold (Cairo et al. 1998). Recent stud-
ies also demonstrated that upregulation of FTH by NF-kB
inhibits apoptosis (Kou et al. 2013; Pham et al. 2004).
Our proteomic results showed FTH and FTL upregula-
tion, which was accompanied by hepatocytes proliferation
in 250 ppm 1,2-DCP exposed mice (Zhang et al. 2018),
indicating disturbances of iron homeostasis in the dam-
aged liver. In addition to the well-characterized intra-
cellular function of ferritin, recent studies suggest that
serum and extracellular ferritin also play important roles
in cell proliferation, angiogenesis, immunosuppression,
and iron delivery (Alkhateeb and Connor 2013). High
serum levels of ferritin are found in cancer patients, and
the overexpression of ferritin is associated with aggres-
sive disease and poor clinical outcome (Alkhateeb and
Connor 2013). Meta-analysis of nested case—control and
cohort studies concluded that hyperferritinemia is a sig-
nificant risk factor for primary liver cancer (Tran et al.
2019). Furthermore, one study reported a trend towards
poor outcome of patients with cholangiocarcinoma and
overexpression of ferritin (Raggi et al. 2017). In addi-
tion, a recent retrospective cohort study on patients with
advanced hepatobiliary cancer demonstrated that serum
ferritin is a valid biomarker for the prediction of survival
of such patients (Song et al. 2018). Considered together,
the above experimental and clinical studies point to the

@ Springer

potential involvement of ferritin in carcinogenicity and/
or poor cancer-related prognosis, although the molecular
mechanism of such involvement remains elusive.

The enzyme acyl-coenzyme A thioesterase 2 (ACOT2) is
localized in the mitochondrial matrix and hydrolyzes long-
chain fatty acyl-CoA into free FA and CoASH (Moffat et al.
2014). Pathologically, ACOT?2 is involved in nonalcoholic
fatty liver disease (NAFLD). At the molecular level, micro-
RNA-27b (miR-27b), which is overexpressed in patients
with NAFLD, induces ACOT2 expression in 3T3-L1 mouse
preadipocytes, while knockdown of ACOT2 suppresses
lipid accumulation and adipocyte differentiation (Murata
et al. 2019). These studies stress the importance of the miR-
27b—ACOT?2 axis in adipocyte differentiation and its poten-
tial role in the pathogenesis of NAFLD. Although our recent
study (Zhang et al. 2018) did not show lipid accumulation
in hepatocytes of mice co-treated with saline, the effect of
1,2-DCP on lipid metabolism needs to be elucidated.

The enzyme GSTM1 is regulated by Nrf2 and catalyzes
the conjugation of electrophiles with glutathione to facilitate
their degradation or excretion (Tin et al. 2017). Upregulation
of GSTM1 should be noticed, as dihalogenated hydrocar-
bons are known to be activated through the formation of
episulfonium ion by glutathione conjugation (Guengerich
1994, 2005). However, a previous experimental study could
not demonstrate the formation of episulfonium ion in rats
exposed to 1,2-DCP (Bartels and Timchalk 1990). Further
studies are needed to understand the role of glutathione con-
jugation in carcinogenicity induced by exposure to 1,2-DCP.

Aldehyde dehydrogenase X, mitochondrial (ALDH1B1)
plays a role in the metabolism of a wide range of acetal-
dehyde substrates, including acetaldehyde and products of
lipid peroxidation (Chen et al. 2011; Matsumoto et al. 2017).
ALDHI1BI1 is upregulated in colorectal cancer (Matsumoto
et al. 2017), pancreatic adenocarcinoma (Singh et al. 2016),
non-small-cell lung cancer (You et al. 2015), and gastric
cancer (Shen et al. 2016) in humans. ECHI is highly con-
served among different species and catalyzes the hydra-
tion of medium- and short-chain enoyl-CoAs, and protects
against high-fat-diet-induced hepatic steatosis and insulin
resistance, and exerts inhibitory effects on lipogenesis and
insulin signaling (Huang et al. 2018). One of the common-
alities in ALDHI1B1 and ECHI is that both are induced
by PPAR« ligand, although the former is also induced by
Nrf2 activator (Alnouti and Klaassen 2008). Upregulation
of the above two proteins in the mitochondria suggests the
involvement of lipid oxidation and PPAR« in hepatotoxicity
of 1,2-DCP.

Formimidoyltransferase-cyclodeaminase (FTCD) is a
protein that binds microtubules in vitro and is associated
with the cytoplasmic surface of Golgi apparatus in vivo
(Bashour and Bloom 1989, 1998). This protein has formimi-
notransferase (FT) and cyclodeaminase (CD) activities, and
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catalyzes two reactions in the histidine degradation process
(Mao et al. 2004). FTCD is significantly downregulated in
hepatocellular carcinoma (HCC) and cell lines, and low
expression of FTCD is associated with poor prognosis (Chen
et al. 2019; Seimiya et al. 2008).

Selenium-binding protein 2 (SELENBP2) is very similar
to selenium binding protein 1 (SELENBP1), with sequence
differences from SELENBPI of only 14 residues, but is
encoded by a distinct gene (Lanfear et al. 1993). SELENBP2
is implicated in the detoxification of acetaminophen in the
liver (Elhodaky and Diamond 2018; Lanfear et al. 1993).
Although SELENBP1 levels are known to be reduced in can-
cer and low levels of SELENBPI1 are associated with poor
survival of patients with various kinds of cancers, there is no
information on the mechanism of the relationship between
SELENBP2 and cancer (Elhodaky and Diamond 2018).

Western blot of the selected four proteins confirmed the
results of 2D-DIGE analysis in 1-ABT-untreated mice, with
the exception of ACOT2. The discrepancy in the results of
ACOT?2 between Western blot and 2D-DIGE might be due
to the low expression level of the protein, as shown by Fig. 2,
or better a separation of proteins by isoelectronic electropho-
resis in 2-DIGE than Western blot. In the latter, an antibody
against SELENBP1 was used as a surrogate antibody against
SELENBP2. Both of SELENBP1 (Bansal et al. 1989) and
SELENBP2 (Lanfear et al. 1993) are expressed in the liver
of mice and have a molecular mass of 56 kDa, and those
sequences differ by only 14 residues as mentioned above.
To the best of our knowledge, information on cross-reactiv-
ity of the used antibody with SELENBP?2 is not available;
therefore, it is unknown whether the protein identified by
antibody against SLENBP1 is only SELENBPI or a mixture
of SELENBP1 and SELENBP2.

The finding of multiple spots of GSTM1, SELENBP2,
CA3 and MUP2 suggests modifications of the proteins, but
further studies are needed to clarify the exact features of
those possible modifications.

A previous study (Kumagai et al. 2014) reported that
increases in y-GTP levels preceded those in alanine ami-
notransferase (ALT) and aspartate aminotransferase (AST)
in patients with cholangiocarcinoma exposed to 1,2-DCP,
and concluded that the primary target of 1,2-DCP is the
bile duct but not hepatocytes. This conclusion was sup-
ported by studies on cholangiocarcinoma in 17 workers
exposed to 1,2-DCP in an offset printing factory (Kubo
et al. 2014). The latter study demonstrated that the inva-
sive cholangiocarcinomas were located in large bile ducts
(Kubo et al. 2014). Histopathological studies on specimens
from the patients showed precancerous and early cancer-
ous lesions in the large and hilar bile ducts. No cirrhotic
changes or other hepatobiliary abnormalities were detected
in the noncancerous hepatic tissues of the patients. Thus,
in humans, 1,2-DCP seems to target cholangiocytes rather

than hepatocytes. Therefore, there is limitation in the
extrapolation of the present results to humans. Neverthe-
less, our results suggest the involvement of P450 activity
in 1,2-DCP-induced biological response.

In the company whose offset proof-printing workers
show standardized mortality ratio (SMR) for cholangiocar-
cinoma was 5000, the estimated exposure concentrations for
1,2-DCP are 120-430 ppm (mean, 220 ppm) from 1991 to
1992/1993, 100-360 ppm (mean, 190 ppm) from 1992/1993
to 1997/1998, and 150-670 ppm (mean, 310 ppm) from
1997/1998 to 2006 (Kumagai et al. 2013). Therefore, expo-
sure levels of 50 or 250 ppm in the present study reflects
realistic exposure to 1,2-DCP in occupational settings. The
exposure level of 1250 ppm is higher than the above esti-
mated exposure concentrations. However, it should be noted
that the estimation is the average based on the amount of 1,2-
DCP used in years (Kumagai et al. 2013), thus the workers
might have been exposed to 1,2-DCP at higher concentra-
tions than the estimated exposure concentrations periodi-
cally. Moreover, in the present study, it should be empha-
sized that the spots in 2D-DIGE were selected based on the
data of 0, 50 or 250 ppm 1,2-DCP group in mice co-treated
with saline and further statistical analyses were conducted
only on the data of 0, 50 or 250 ppm 1,2-DCP group in mice
co-treated with 1-ABT or saline.

We have reported that 100% mortality in mice exposed
to 1,2-DCP over 1000 ppm for 8 h/day for up to 7 days or
over 400 ppm for 6 h/day for up to 14 days (Zhang et al.
2015). However, the present study showed survival of mice
exposed to 1,2-DCP at 1250 ppm with 1-ABT co-treatment,
thus demonstrating that P450-mediated oxidation is crucial
in lethal effects of 1,2-DCP. On the other hand, because of
the chemical structure of 1,2-DCP as a dihalogenated hydro-
carbon (Guengerich 1994, 2003, 2005), it was possible to
hypothesize that 1,2-DCP could be activated by glutathione
conjugation accounting for carcinogenetic effects. Therefore,
we included a higher concentration of 1,2-DCP by inhibiting
P450 activity to investigate possible effects of glutathione-
mediated pathway on adverse effects on cholangiocytes
including proliferation, but the results did not show sig-
nificant increase in proliferative cholangiocytes or bile duct
hyperplasia in mice exposed to 1,2-DCP even at 1250 ppm
with 1-ABT co-treatment (Zhang et al. 2018). Less signifi-
cance of glutathione-mediated pathway in 1,2-DCP-induced
hepatotoxicity is also supported by a previous study which
does not demonstrate formation of episulfonium ion from
1,2-DCP in rats (Bartels and Timchalk 1990). Further stud-
ies are needed to understand how the P450 modulates the
expression of the proteins and possible involvement of
P450-mediated metabolism in carcinogenicity of 1,2-DCP.

In conclusion, exposure of mice to 1,2-DCP altered the
expression of a group of proteins with catalytic activity and
carboxylic ester hydrolase activity. These changes in protein
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expression seem to be mediated through cytochrome P450
enzymatic activity.
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