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FIG. 4. Time-dependent changes in the hepatic mRNA expression levels of DAMP-related genes and plasma HMGB1 protein levels and the results of the
neutralization studies in DPH-induced liver injury. A and B, Mice were IP given DPH at 50mg/kg for 2 days, followed by oral administration of 100 mg/kg of
DPH on days 3 through 5. BSO was IP injected 1 h prior to each DPH administration. Each vehicle was used as a control. At 24 h before (~24)and 0, 1.5, 3, 6, 12,
and 24 h after the final DPH treatment, liver and plasma samples were collected to measure the expression of both the hepatic mRNAs of DAMP-related genes and
the plasma HMGB/1 protein. The expression levels of hepatic mRNAs were normalized to that of Gapdh. C, The effect of an anti-HHIMGB1 antibody. Mice were
1V administered the anti-mouse HMGB1 antibody (200 pg anti-HMGB1 antibody in 0.2 ml sterile PBS) simultaneously with the final DPH treatment. Blood was
collected 24 h after the final DPH.treatment. D, The effect of eritoran, a TLR4 antagonist; on DPH-induced liver injury. Mice were IV given eritoran {50 jig/mouse
in 0.2 m] sterile saline) simultaneously with the final DPH treatment. Blood was collected 24 h after the final DPH treatment. The data are shown as the mean =+
SEM, The results of the time-dependent study are taken from 3 to 5 mice, and the other data are taken from 4 to 5 mice. The differences relative to the control
mice were considered significant at *p < .05, **p < .01, compared with the ~24h mice were considered significant at §§p < .01 in ELISA, and compared with
isotype IgY or vehicle-treated mice were considered significant at Tp < .05 and T1ip <.001 in neutralization or antagonist studies, respectively. Abbreviations:
BSO, L-buthionine-S,R-sulfoximine; DAMP, damage-associated molecular patterns; DPH, 5,5-diphenylhydantoin; HMGB1, high-mobility group box 1; mRNA,
messenger RNA; RAGE, receptor for advanced glycation end products; TLR, toll-like receptor.
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FIG. 5. Time-dependent changes in the hepatic mRINA expression levels of NALP3 and IL-1§3 (A) and plasma IL-1f protein levels (B) in DPH-induced liver
injury. The experimental conditions for DPH treatments and blood and liver collection were the same as those in Figure 4. The data are shown as the mean +
SEM of the results from 3 to 5 mice. The differences relative to the control mice were considered significant at **p < 0.01 and *** p <0.001, and the -24h mice
were considered significant at T1p < 0.01 in ELISA. Abbreviations: DPH, 5,5-diphenylhydantoin; IL, interleukin; NALP3, NACHT-, LRR-, and pyrin domain-

containing protein 3; mRNA, messenger RNA.

changes in the hepatic mRINA expression levels of transcrip-
tion factors for the Th lineage, cytokines, and chemokines
(Fig. 64). The hepatic mRNA expression levels of the Th17
cell-related factors IL-23 pl9, IL-6, and ROR-yt were signifi-
cantly increased at some time. points of measurement in mice
treated with both DPH and BSO compared with the vehicle-
treated mice. However, the expression levels of T-bet, GATA-3,
and Foxp3, corresponding to Thi-, Th2-, and regulatory T cell-
related factors, respectively, were significantly decreased in
mice treated with both DPH and BSO compared with vehicle-
treated mice. Following the last administration of DPH in DPH
plus BSO-treated mice, the expression levels of chemokines
such as MCP-1 and MIP-2 showed a time-dependent increase.

The expression levels of MIP-2 were significantly increased at
6-24h after the last DPH administration in DPH plus BSO-
treated mice compared with vehicle-treated mice. However,
their levels in the mice given only BSO were not significantly
altered -compared with those in- the-mice-given the vehicle:
These results suggest that Th17 cell-mediated inflammation is
involved in DPH-induced liver injury.

We next measured the plasma concentration of the IL-17
protein using an ELISA. A significant increase in concentration
was observed at 6h after the final DPH treatment in the mice
given both DPH and BSQ, whereas no significant increase ‘was
observed in the mice given only DPH (Fig. 6B). To investigate
whether IL-17 was involved in DPH-induced liver injury, we
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FIG. 6. Time-dependent changes in the hepatic mRNA expression levels and plasma protein levels and a neutralization study of proinflammatory cytokines
and chemokines in DPH-induced liver injury. A and B, The experimental conditions for DPH treatments and blood and liver collection were the same as those in
Figure 4. C, For the neutralization study, mice were IV injected with an anti-mouse IL-17 antibody (100 pg anti-mouse IL-17 antibody in 0.2ml of sterile PBS)
3hafter the final DPH treatment. As a control, the IgG isotype was used. At 24 h after the final DPH treatment, plasma was collected to measure.its ALT and AST.
levels. The data are shown as the mean = SEM. The results of the time-dependent study are taken from 3 to 5 mice, and the results from the neutralization study are
taken from 4 to 5 mice. The differences relative to the control mice were considered significant at *p < .05, *¥p < .01, and ***p < .001; —24 h mice were considered
significant §p < .05 in ELISA; and those compared with isotype IgG-treated mice were considered significant at Tp < .05 in neutralization study. Abbreviations:
ALT, alanine aminotransferase; AST, aspartate aminotransferase; DPH, 5,5-diphenythydantoin; IL, interleukin; mRNA, messenger RNA.
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performed a neutralization study. A monoclonal anti-mouse
1L-17 antibody was IV injected 3h after the final DPH treat-

ment. As a result, the plasma ALT and AST levels-were signifi--

cantly decreased 24 h after the final DPH treatment compared
with the levels in mice given an isotype IgG control antibody
(Fig. 6C).

The Effect of Prostaglandin E, on Liver Injury

PGEs are XKnown to protect against drug-induced and
immune-mediated liver injury by downregulating the produc-
tion of inflammatory cytokines. To investigate the therapeutic
effect of PGE, on DPH-induced liver injury, PGE, conjugated
with a-cyclodextrin was IP administered to mice 3h after
the final DPH treatment according to the previously reported
method (Higuchi ef al., 2012; Kobayashi ef al., 2009). The
plasma ALT and AST levels were significantly decreased in
mice treated with both DPH and BSO compared with the vehi-
cle-treated mice (Fig. 74). In addition, 24 h after the final DPH
treatment (Fig. 7B), PGE, treatment significantly decreased the
hepatic MIP-2 mRNA levels, whereas the MCP-1 mRNA lev-
els showed a tendency to decrease compared with the vehicle-
treated mice. The mRNA expression levels of IL-6 and I1.-23
p19 were not significantly changed by PGE, (data not shown)
because these mRNA expressions were not changed 24 h after
the final DPH treatment. In the histopathological evaluation
study, PGE, treatment significantly decreased the number of
MPO-positive cells (Figs. 7C and ). These results suggest that
PGE, inhibits neutrophil infiltration, likely due to the suppres-
sion of Th17 cell function.

DISCUSSION

Development of an understanding of the mechanism of drug-
induced liver injury has been hampered by the lack of a suit-
able animal model. In this study, we first developed a model for
DPH-induced liver injury in mice. In particular, we examined
different conditions such as the dose of DPH, the number of

doses, .the dosing method, and the addition of BSQO. We suc--

ceeded in developing the mouse model for DPH-induced liver
injury by administering DPH at 50mg/kg (IP, approximately
one-sixth of the IP LD, ) DPH plus BSO for 2 days followed
by a dose of 100mg/kg (p.o., approximately one-seventh of the
oral LD, ) plus BSO for 3 days. The mice given this treatment
showed marked hepatotoxicity (Figs. 1A and D).

DPH is metabolized into an arene oxide and a catechol
metabolite in human liver microsomes, suggesting that reac-
tive metabolites are likely implicated in hepatotoxicity
(Munns er af., 1997). There are a number of reports showing
that BSO, when given together with a drug that causes liver

injury in humans, will also cause dmg-induced . liver injury-

mouse and rat models (Shimizu et al., 20609, 201 1) because
GSH is the major antioxidant agent and is protective against
toxicity by reactive metabolites or ROS. BSO is a specific

|
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inhibitor of y-glutamylcysteine synthetase, a rate-limiting
enzyme involved in GSH synthesis, and it can decrease GSH
levels invive and in-vitro (Watanabe ¢f ¢f., 2003): In addition,
BSO was shown to have no effect on the expression levels of
microsomal CYPs and phase II conjugating enzymes such as
glutathione-$-transferase (GST), sulfotransferase, and uridine
diphosphate-glucuronosyltransferase (Drew and Miners, 19845
Griffith and Meister, 1979; Watanabe er of., 2003). Therefore,
we- adapted-a- BSG combination ‘method to deplete hepatic
GSH. In this study, BSO was administered at a dose of 700 mg/
kg 1h prior to DPH treatment as described in previous studies
(Shimizu et al., 2009, 201 1). DPH treatment resulted in only a
weak hepatotoxicity characterized by the elevation of plasma
ALT levels, suggesting that GSH depletion likely exacerbates
DPH-induced hepatotoxicity (Fig. 14): These results indicate
that GSH depletion is one of the risk factors for DPH-induced
liver injury.

It has been reported that ROS generation is involved in
drug-induced hepatotoxicity as reported in nimesulide (Ong
et al., 2006). Nimesulide causes mitochondrial impairment,
as refiected by the decreasing mitochondrial ATP content and
cytochrome C release. Therefore, we think that direct mito-
chondrial impairment, which is protected against by GSH, is
partly involved in DPH-induced liver injury. In the histopatho-
logical analysis, apoptotic cells were observed, which might be
partly caused by mitochondrial impairment (Fig. 15).

P450 inhibitors suppressed the covalent binding of a DPH
intermediate, and inducers of P450 enhanced the covalent
bonding in hepatic microsomes taken from A/J mice (Eoy
and Snodgrass, 1990). Furthermore, GSH may modulate DPH
metabolism either by trapping a DPH-reactive intermediate and
decreasing the protein binding or by protecting proteins from
attack by electrophilic-or-free radical intermediates of DPH
(Roy and Spodgrass, 1990). Together, these studies and our
data indicate that CYP-mediated covalent binding to hepatic
proteins may be one of the mechanisms causing DPH-induced
liver injury.

Administration of DPH without BSO results in a weak hepa-
totoxicity compared-with a co-treatment with BSO, possibly
due to the detoxification of reactive metabolites by GSH under
normal conditions (Fig. 14). Indeed, the administration of DPH
caused significant decreases in hepatic GSH levels (Fig. ZA).
The decrease in hepatic GSH content was more persistent in
the mice treated with DPH plus BSO than in those treated with
DPH only, and it-could be that sustained reduction in GSH lev-
els is important for toxicity.

The single administration study, even in combination
with BSO, resulted in no hepatotoxicity, suggesting that the
repeated administration of DPH is necessary for DPH-induced
liver injury (Fig. 1B). DPH induces CYP3A4 and CYP2C9 in
humans (Chaudhry ef ai, 2010; Fleishaker er o/, 1995) and
Cyp3all and Cyp2¢29 in mice (Hagemeyer o al, 2010),
and these CYPs are involved in DPH oxidative metabolism.
Therefore, the activation of DPH-inducible Cyps likely precedes
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the onset of DPH-induced liver injury. During repeated dos-
ing with DPH, even with BSO, no increase in ALT levels was
observed on days 1-3 (Fig. 1A). We speculate that the guantity-
of DPH-inducible Cyps on the fourth day is sufficient to pro-
duce the reactive metabolites required for the development of
liver injury. Pretreatment with ABT, a nonspecific inhibitor of
P450 that can reduce the oxidative metabolism of drugs in vive
without any overt toxicity (Shimizu ef ol., 2609), on the fifth

day significantly suppressed the elevation of the ALT levels-and-

the hepatic GSH depletion by DPH plus BSO (Fig. 3A). These
data also indicate that P450-mediated metabolism is involved
in DPH-induced liver injury.

Previous studies on DPH-induced liver injury in humans show
severe hepatocellular injury with a prominent inflammatory
response and massive necrosis (Muitick and Ishak, 1980). In this
study, hepatic apoptosis, ballooning cells, and neutrophil infiltra-
tion were observed in DPH-induced liver injury in mice (Fig. 1D).
Necrotic or apoptotic cells trigger a release of cell contents, and
as aresult, some of the released endogenous compounds are able
to activate innate immune cells (Scaffidi o7 2/, 2002). HMGBI1
is-one of the first DAMPs identified, which is released during
endogenous tissue trauma, However, a large number of other
molecules, including heat shock proteins, S100A8/9, DNA,
RNA, and others, can also function as DAMPs (Bianchi, 2007).
The activation of innate immune cells by DAMPs occurs through
TLRs, which recognize various molecular patterns including one
in HMGRB1 (Schwabe et al., 2006).

Mature IL-13 protein is produced by cleavage of precur-
sor IL-1P by caspase-1. The release of active IL-1f engages
cells containing I1.-1R and promotes inflammatory responses
(Bryant and Pitzgerald, 2009; Latz, 2010). Therefore, we
thought that IL-1f protein levels do not reflect the mRNA
expression levels of IL-1B. Indeed, the mRNA levels-of-
were similar between DPH plus BSO-treated and DPH-treated
mice, whereas the plasma IL-1 protein levels were signifi-
cantly increased in DPH plus BSO-treated mice. As reviewed
in Latz (2010), Schroder and Tschopp (2010), and Scaffdi
et al., 2002), the NALP3 inflammasome is activated by DAMPs
that are released from injured cells. The NALP3 inflammasome
generates mature IL-1f via proteolytic pathways. Recently,
oxidative stress has been shown to play an important role
in the activation of the NALP3 inflammasome (Brvant and
Fitzgerald, 2009; Martinon er al., 2009; Zhou er 4., 2510). In
this study, DPH and BSO together significantly increased an

oxidative stregs marker, the protein carbonyl, suggesting that-

DPH-generated oxidative stress may be involved in the activa-
tion of the NALP3 inflammasome (Fig. 2E).

On the basis of our results, we speculate that the secretion of
DAMPs from cells that are injured by reactive metabolites or ROS
results in the activation of the NALP3 inflammasome and TLR4
signaling; these. processes are factors in the early onset-of liver
injury because their mRINA levels were increased at relatively early
time points. Additionally, we showed that HMGB1 and TLR4 are
involved in DPH-induced liver injury (Figs. 4% and C).
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Although the mechanism of drug-induced liver injury is still un-
clear due to the lack of animal models, LPS (lipopolysaccharide)-
treated rodent models showed high sensitivity to human hepa-
totoxic drugs, such as trovafloxacin (Shaw er o/, 2009). LPS
can activate innate immune responses via TLR4, which might
suggest that the susceptibility to innate immune responses is
one of the risk factors of DPH-induced liver injury.

In an adaptive immune reaction, Th17 cells may be involved
in- some types of drug-induced liver-injury (Higuchi e ol
2012; Kobayashi er al, 2009). IL-1f and IL-6 or IL-1B
together with IL-23 induce Th17 cell differentiation (Acosta-
Rodriguez ¢f al., 2007). IL-17, which is produced mainly by a
specific subset of Th17 cells, stimulates the production of CXC
chemokines such as MIP-2 and plays an important role in neu-
trophil activity (Langrish e wl;, 2005; Steinman, 2007). TL-17
is involved in autoimmune responses and some immune-medi-
ated drug-induced liver injuries in mice (Higuchi er ¢l 2012;
Kobayashi e7 ol.. 2009). These findings prompted us to investi-
gate the involvement of IL-17 in DPH-induced liver injury. The
neutralization of IL-17 significantly inhibited the previously
increased plasmia ALT and AST levels, suggesting that IL-17 is
involved in DPH-induced liver injury (Fig. 6B).

A previous study showed that PGE, inhibited neutrophil
superoxide production (Talpain er ¢f., 1995) and had a protec-
tive effect against drug-induced liver injury in mice. For mice
with halothane- and carbamazepine-induced liver injuries,
PGE, inhibits the increased plasma ALT and IL-17 levels, as
well as the expression levels of hepatic MIP-2, IL-6, and 11.-23
p19, suggesting that PGE, has a protective effect on IL-17-
mediated liver injury (Higuchi er o/, 2012; Kobayashi ef al.,
2009). In this study, the elevation of plasma ALT and AST lev-
els, hepatic MIP-2 mRNA expression levels, and the number
of hepatic MPO-positive cells were significantly inhibited by
PGE, (Figs. 7A-C). As a result, we conclude that PGE, may be
used for pharmacotherapy in DPH-induced liver injury.

In conclusion, in this study, we first established DPH-induced
liver injury in mice. We demonstrated that DPH-induced liver
injury is related to hepatic GSH levels, oxidative metabolism
by Cyps, the innate immune response, and Th17 cell-mediated”
inflammation. These observations may aid in understanding the
risk factors for and the mechanism of the idiosyncratic hepato-
toxicity of DPH in humans.
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Article history: Circulating microRNAs (miRNAs) are receiving attention as potential biomarkers of various diseases, including
Received 16 March 2013 cancers,chronic obstructive pulmonary disease, and cardiovascular-disease. However, it is unknown whether
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the levels of circulating miRNAs in a healthy subject might vary with external factors in daily life. In this study,
we investigated whether cigarette smoking, a habit that has spread throughout the world and is a risk factor
for various diseases, affects plasma miRNA profiles. We determined the profiles of 11 smokers and 7
non-smokers by TagMan MicroRNA array analysis. A larger number of miRNAs were detected in smokers than
in non-smokers, and the plasma levels of two-thirds of the detected miRNAs (43 miRNAs) were significantly
higher in smokers than in non-smokers. A principal component analysis of the plasma miRNA profiles clearly
separated smokers and non-smokers. Twenty-four of the miRNAs were previously reported to be potential bio-
markers of disease, suggesting the possibility that smoking status might interfere with the diagnosis of disease.
interestingly, we found that quitting smoking altered the plasma miRNA profiles to resemble those of
non-smokers. These results suggested that the differences in the plasma miRNA profiles between smokers and
non-smokers could be attributed to cigarette smoking. In addition, we found that an acute exposure of
ex-~-smokers to cigarette smoke {smoking one cigarette) did not cause a dramatic change in the plasma miRNA
profile. In conclusion, we found that repeated cigarette smoking substantially alters the plasma miRNA profile,
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interfering with the diagnosis of disease or signaling potential smoking-related diseases.

© 2013 Elsevier-Inc. All rights reserved.

Introduction

MicroRNAs (miRNAs) are a class of endogenous, short non-coding
RNAs 19-25 nucleotides in length that negatively regulate gene expres-
sion via translational repression or mRNA degradation, primarily by
-pairing - with - the  3’-untranslated- regions™ of the target mRNAs
(Ambros, 2001). More than 2,000 human miRNAs have been identified
(miRBase ver. 19). It is now clear that miRNAs are involved in various
important biological processes, including cell differentiation, prolifera-
tion, apoptosis, and development (He and Hannon, 2004; Meltzer,
2005). Some miRNAs are expressed in a tissue-specific manner, and
others are ubiquitously expressed (Liang et al, 2007). It is also known
“that miRNA expression is significantly altered in several diseases
(http://www.miRZdisease.org/), and the dysregulation of miRNAs is
closely linked with the incidence or progress of these diseases.

It was reported in 2008 that miRNAs exist in plasma or serum
(Mitchell et al, 2008). Subsequent reports have revealed the presence
of miRNAs in saliva {Michael et al, 2010; Park et al,, 2009) and urine
{Hanle et al, 2010). These extracellular miRNAs are stable in the
‘RNase-rich environment because they are enclosed in vesicles,

* Corresponding author. Fax: + 81 76 234 4407.
E-mail address: nmiki@p.kanazawa-v.acjp (M. Nakajima).
! KT. and S.Y. contributed equally to this work.

0041-008¥/$ - see front matter © 2013 Elsevier Inc. All rights reserved,
http://dx.dotorg/10.1016/.tap.2013.05.018

including exosomes, microvesicles, apoptotic bodies, and ectosomes
(Lee et al, 2012), or are associated with RNA-binding proteins, includ-
ing nucleophosmin 1 (Wang et al, 2010b) or high-density lipoprotein
(Vickers et al,, 2011). Following the discovery of extracellular miRNA
in body fluids, a significant number of papers reported that the levels
of some extracellular miRNAs are linked to different pathophysiological
conditions. Examples of this include the associations of miR-141 and
miR-375 with prostate cancer (Bryant et al, 2012), miR-29a and
miR-92a with colorectal cancer (Huang et al, 2010), miR-499 with
myocardial infarction (Olivieri et al, in press), and miR-122 with liver
injury (Wang et al., 2008). These findings introduce the possibility of
using the levels of specific miRNAs in body fluids as biomarkers for dif-

ferent pathological conditions (Duttagupta et al, 2011; Wang et al,,

2012b). However, it is unknown whether the levels of extracellular
miRNAs in a healthy subject might vary with external factors in daily
life.

Cigarette smoking is a habit that has spread all over the world
and is a significant risk factor for many diseases, including lung can-
cer (Shieids, 1999), chronic obstructive pulmonary disease (Higgins
et al., 1984), asthma (Ulrik and Lange, 2001) and cardiovascular dis-
ease (Holbrook et al., 1884). Cigarette smoke contains over 4800
chemicals, including 69 carcinogens (Hoffmann et al, 2001),
which appear to be of crucial importance in causing disease. We
questioned whether cigarette smoking alters plasma miRNA
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profiles in humans, and, if it does, whether the changes may be
associated with the pathogenesis of various diseases. In this study,
we compared the plasma miRNA profiles of smokers and non-
smokers and discussed the biological significance of the different
profiles by the smoking status.

Materials and methods

Chemicals and reagents. The mirVana PARIS Kit, Megaplex pools,
TagMan microRNA Reverse Transcription Kit, TagMan Universal PCR
Master Mix (No AmpErase UNG) and TagMan Human MicroRNA
.Array. A and .B-Card v2.0 were from Life-Technologies (Carisbad, CA).
Nicotine and cotinine were purchased from Sigma (St. Louis, MO). Acet-
anilide was purchased from Wako (Osaka, Japan). All other chemicals
and solvents were of the highest grade commercially available,

Study design. This study was approved by the Ethics Committee of

Kanazawa University (Kanazawa, Japan). Written, .informed .consent.

was obtained from all the subjects. Eleven smokers (51-511) and
seven non-smokers {NS1-NS7) who were healthy male Japanese taking
no medicines or supplements were recruited (Table 1). The smaokers
smoked their favorite brands of cigarettes as shown in Table 1. The
pack year (number of cigarettes per day x number of years smoked/
20 cigarettes in one pack) ranged from 4 to 35 (18 4 9). There were

no significant differences in the age.and body weight-of the smokers-

and non-smokers.

This study consists of three experiments. For the blood collection
{5 ml), subjects came at 10 AM without having had breakfast. In exper-
iment 1, blood was collected from all subjects to compare the plasma
miRNA profiles in smokers and non-smokers. Smoking occurred in the
morning or not, according to each smoker's habit. After experiment |,
we noticed that four smokers (51, $2, 54, and $8) -had voluntarily quit
smoking. Among them, subject S8 had used nicotine patches after ex-
periment L In experiment IJ, blood was collected from the four subjects
to determine their plasma miRNA profiles after they quit smoking (51,
S2, and S4 were tested one month after quitting; S8 was tested three
months after quitting but was using nicotine patches). After that, two
subjects, S1 and $4, returned to smoking. We had asked them to contact
us when they began smoking again.In experiment i, blood was collect-
ed from the two subjects (51 and S4) 20 min after they smoked the first
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cigarette (Mild Seven, Japan Tobacco, Tokyo, Japan) to determine the
plasma miRNA profiles imrediately after exposure to cigarette smoke.

RNA isolation from plasma. Ethylenediamine-N,N,N’ N'-tetraacetic acid
disodium salt was added.as.an anticoagulant-to-the bleod, which-was
then kept at room temperature for 30 min. After centrifugation at
3000 g for 10 min at 4 °C, the plasma was collected. Immediately,
total RNA was isolated from 600 pl of plasma using the mirVana PARIS
kit as described previously (Yamaura et al,, 2012).

Tagman microRNA array analysis. The expression profiles of miRNAs
were -assessed -using TagMan -Human-MicroRNA-Array ‘A + B Cards
Sets v2.0 containing 377 (A array) or 287 (B array) primer-probe sets
for individual miRNAs (total 664 miRNAs). All procedures were
performed following the manufacturer's instructions. Briefly, 3 pl of
total RNA was reverse transcribed using Megaplex RT Primer Pool A or
B and TagMan MicroRNA Reverse Transcription Kits. Pre-amplification
was carried out using Megaplex PreAmp primers and the TagMan Pre-

-amp Master Mix: The-expression of miRNAs was determined by quanti-

tative real-time PCR using the TagMan Human MicroRNA Array with
the 7900HT Fast Real-Time PCR System (Life Technologies) and the
manufacturer's recommended cycling conditions. Cycle threshold (Ct)
values were calculated using the SDS software v.2.3 with a baseline of
3-15 and an assigned minimum threshold of 0.2. Expression of miRNAs
was normalized by global normalization, which implicitly assumes that
the-mean-expression-level ‘of all monitored miRNAS is constant. Any
miRNA giving 40-Ct < 8, a cutoff value recommended by the manufac-
turer, in at least one sample was omitted from the data analysis.

Principal component analysis. The plasma miRNA expression data
were analyzed using the Partek Genomics Suite version 6.12 (Partek,
St. Louis, MO). Principal component analysis (PCA) was performed to

‘visualize thie difference between groups of the expression profiles of

miRNAs that exceeded the cutoff value.

Measurement of plasma concentrations of nicotine and cotinine. Plasma
concentrations of nicotine and cotinine were measured as described
previously (Nakajima et al.,, 2000) with slight modifications. The plasma
sample (0.5 ml) was alkalinized with 25 pl of 10 M NaOH. After the ad-
‘dition of 10 [ of 7 M acetanilide as an internal standard, the mixture
was extracted with 4 ml dichloromethane by shaking for 10 min.

Table 1

Characteristics of subjects.
Subject -Age “Heigiit- “Body weight Brand of cigarette Nicotine  Tar Age at starting ~ Number of Number of years Pack-year

(years) {cm) (kg) {mg) (mg)} smoking (years) cigarettes per day smoked (years)

S1 36 168 50 Mild Seven 0.7 8 20 15 16 12
S2 41 170 64 Mild Seven Lights 07 8 20 20 21 21
S3 35 169 65 Mild Seven 0.8 10 20 30 15 23
S4 55 177 68 Marlboro 1.0 12 20 20 35 35
S5 21 172 80 Hi-Lite Menthol 07 10 16 15 5 4
S6 46 165 53 Hi-Lite 14 17 20 vish 26 2
57- 38~ 1687 57 Mild Seven Aqua Menthol 0.1 1 20 10 138 9
58 37 165 58 Lark Menthol 01 1 20 20 17 17
59 40 156 53 Cabin 04 5 18 20 22 22
S10 36 172 55 Mild Seven Super Lights 0.5 6 20 20 16 16
S$11 39 168 65 Kool Mild Q.7 8 16 10 23 12
Mean & SD 385 £ 82 168+ 50 617 487 06+04 8%5 18+ 6 1948 1849
NS1 26 163 65
NS2 39 177 -84.
NS3 50 164 63
NS4 29 169 62
NS5 41 173 80
NSB 43 161 57
NS7 28 170 67

Mean + SD 366 + 90 1681+ 58 68395
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After centrifugation at 1000 g for 10 min, 12 pl of 12 M HCl was added
to the organic fraction. The organic fraction was evaporated with a vac-
uum evaporator at 40 °C. The residue was redissolved in 50 pl of the
‘mobile phase; and-then a 20yl portion of the sarnple was subjected to
liquid chromatography/tandem mass spectrometry (LC-MS/MS). The
LC-MS/MS condition was described in our previous report (Yamanaka
et al, 2004).

Statistical analysis. Data are presented as the mean =+ standard devi-
ation. Statistical analyses of the differences between two groups
‘were performed by amr tmpaired two-tailed Student's t-test. A value
of P less than 0.05 was considered statistically significant.

Results
Plasma miRNA profiles of non-smokers and smokers

We determined plasma miRNA expression in 11 smokers and 7
non-smokers by quantitative real-time PCR using the TagMan MicroRNA
Array. The numbers of miRNAs with 40-Ct > 8 in each indjvidual are
shown in Table 2. The numbers in smokers (196 + 18) were significantly
(P < 0.001) larger than those in non-smokers (143 + 29). The number of
miRNAs that exceeded the cutoff value in all subjects (n = 18) was 66.
We compared the levels of 66 miRNAs in smokers and non-smokers.
Among them, 44 miRNAs showed a significant difference between the
groups (Table 3), Forty-three miRNAs were higher in smokers than in
non-smokers, whereas 1 miRNA was lower in smokers than in non-
smokers. To visualize the difference in the expression profiles of miRNAs
between smokers and non-smokers, PCA was performed using the ex-
pression data for the 66 miRNAs. PC1 encompassed a significantly large
proportion (63%) of the total variance for each subject, followed by PC2
(10%) and PC3 (6%). As shown in Fig. 1, the profiles of plasma miRNA ex-
pression of the smokers were different from those of the non-smokers.

Quitting smoking altered the plasma miRNA profile

To investigate whether the difference in the plasma miRNA profiles
between smokers and non-smokers was due to cigarette smoking, we
examined miRNA expression in the plasma of 4 smokers who had
stopped smoking {S1, 52, $4, and S8). To confirm their non-smoking sta-
tus, we measured their plasma concentrations of nicotine and cotinine.
For comparison, nicotine and cotinine concentrations were also
measured when they were still smoking (experiment [); these concen-
trations were 3.6-26.0 ng/m! and 23.4-413.0 ng/ml, respectively

(Table 4). One month after they stopped smoking, the levels.in.S1.and.

S2 had dramatically decreased to values close to the detection limit. In
the plasma from 54, low levels of nicotine and cotinine were detected;
therefore, he might have been smoking in secret or heen exposed to

K. Takahashi et al. / Toxicology and Applied Pharmacology 272 (2013) 154-160

Table 3

Forty-four plasma miRNAs are differently (P < 0.05) expressed in 7 non-smokers (NS)
compared to 11 smokers {S).

40= Crvajue {Mean £ SD)

microRNA Fold (S{NS) P-value
NS S

miR-374b 12.75£2.89 1576+ 1.03 8.11 0.006
miR-331-3p 1172285 1461126 73% 0.009
miR-221 1284246 1561+ 157 6.83 0.010
let-7g 12852178 15402 0.89 589 0.001
miR-301a 10.66£1.79 13.09+0.78 539 0.001
Aet-Te. 15472107 1774133 483 0.001-
miR-335 1121194 1348 £0.30 483 0.003
miR-26a 1491145 17.09+0.91 451 0.001
miR-30¢ 15212 113 17.35+082 440 0.000
miR-185 10.65+2.06 12770567 436 0.005
miR-374a 13.71£1.50 15832096 436 0.002
miR-30b 15242120 1736+ 0.76 433 6.000
let-7b 1433:1.06 1643 +0.94 430 0.000
-miR-451 15622175 1770161 422 0020
miR-272 1236202 14262048 374 0.008
miR-29a 1278132 1464 £0.43 363 0.000
miR-191 18.18+1.79 20.04 +0.87 3.63 0.009
miR-26b 14.15£1.33 1599075 359 0.002
miR-199a-3p 1449+ 1.54 16301 0.82 352 0.005
miR-425 1211£150 1392078 351 0.004
miR-223 21.95%1.59 2370 £0.45 336 0.003
miR-328 - 13.18£191 - 1487 £ 0.94 323 0.023
miR-21 14412142 16.06+038 3.14 0.002
let-7d 13322094 1497 £0.91 312 0.002
miR-195 1836+1.39 20.00£0.56 312 0.003
miR-106b 13.34+1.71 1492 +0.82 299 0017
miR-19a 1453+1.29 16.10£0.53 296 0.002
miR-186 1579+ 155 1733+ 0.60 292 0.008
miR-93 14.99+1.67 1644 +0.73 272 0.021
miR-454 14.12£1.00 1552088 264 0007
miR-345 11.46£1.29 1286+0.71 263 0.009
miR-20b 1524144 16.60+0.36 257 0.008
miR-17 1867131 19.89 £ 0.50 233 0013
miR-20a 18.08£1.31 19291058 232 0.015
miR-24 18.26+1.58 1943 +0.74 225 0.048
miR-1062 1858 +1.43 1975 £ 056 225 0.026
miR-126 19.2421.06 2041£0.75 224 0.015
miR-16. 20,12:+1.09 2126+078 219- 0020
miR-25 13.92£1.18 15.04 £ 0.68 218 0.020
miR-923 1319£1.59 1431+ 058 216 0.016
miR-195 14694 1.10 15792091 214 0.035
miR-126" 1628 +1.02 17332058 207 0.013
miR-92a 17.36 2081 18.122 0.64 170 0.039
miR-188-5p 1290095 1205+ 0.74 055 0.047

Plasma miRNAs shaded with gray have been reported to be candidate biomarkers of
diseases(Table G).

Table 2
The numbers of plasma miRNAs with 40-Ct > 8 in non-smokers (NS) and smokers (S).
Non-smokers Smokers Status
Smoking Quit Acute exposure
NS1 174 St 198 198 160 177
NS2 191 S2 216 216 138
NS3 138 S3 208
NS4 138 S4 234 234 129 131
NS5 110 S5 189
-NS§. 121 56 - 186~
NS7 129 s7 185
S8 187 187 137
S9 177
510 170
St 200 -
Mean + 5D 143 £ 29 Mean + SD 196 + 18%7 209 + 21 141 £ 13

*% p<0.001, compared with non-smakers.
## P < 0.01, compared with smoking status in 4 smokers (51,52, §4; and §8).
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pCA Mapping (74%)

[T

4 Non-smoker (NS)
2 Smoker (S)

PC2 (10%)

Fig 1 PCA of plasnia miRNA ‘expression in 7 non-smokers (NS) and 11 smokers (S).
PCA was performed using 66 miRNAs that exceeded the cutoff value in all subjects
{n == 18). A three-component model was developed that explained a total of 79%
(PC1, 63%; PC2, 10%; PC3, 6%) of the variability of the data. Each ball representing an
individual is connected to the centroid (marked as NS or S) of each group. The numbers
near the balls represent the subject number. This plot illustrates the level of spread be-
tween individuals and groups using three principal components.

passive smoking. S8 showed substantial nicotine and cotinine levels
comparable to those of active smokers. These levels were not surprising
because this subject used nicotine patches.

The numbers of miRNAs with 40-Ct > 8 in the 4 subjects who had
stopped smoking were 141 £ 13 (129-160). Interestingly, the num-
ber was very close to that in non-smokers (143 + 29) and was signif-
icantly (P <0.01) lower than that when they were still smoking
(209 £ 21) (Table 2). We compared the plasma miRNA expression
in the four subjects before and after they stopped smoking. The num-
bers of miRNAs that exceeded the cutoff value in the four subjects
was 93. Among them, 63 miRNAs showed a significant difference be-
tween the groups (Table 5). Sixty miRNAs were significantly lower
after the subjects had stopped smoking than before they stopped,
whereas 3 miRNAs were significantly higher after they stopped than
before they stopped. Interestingly, among the 60 miRNAs that were
lower after the subjects had stopped smoking, 38 miRNAs (shaded
in Table 5) were the ones more highly expressed in smokers than in
non-smokers (Table 2). These results suggested that the plasma
miRNA expression is unambiguously affected by smoking.

‘We considered the possibility that quitting smoking right alter the

plasma miRNA profiles to resemble the profiles of non-smokers. To.test.

this possibility, we compared the plasma miRNA profiles of the 4 sub-
jects before and after they stopped smoking, as well as the profiles of

Table 4
Plasma concentrations of nicotine and cotinine in 4 smokers who quit smoking for at
least one month and then smoked again,

-Nicotine (ng/mt) Cotinine (ng/ml)
Smoker Status Status
Smoking Quit Acute exposure Smoking Quit  Acute exposure
St 36 01 137 282.1 1.1 51
52 163 10 234 0.6
sS4 16.7 33 157 413.0 85 178
S8 260 259 2435 3643

the 7 non-smokers. The number of miRNAs exceeding the cutoff value
among the three groups was 66. PCA was performed using the expres-
sion data of the 66 miRNAs (Fig. 2A). PC1 encompassed the largest

Table 5
Sixty-three plasma miRNAs differently (P < 0.05) expressed in 4 subjects (S1, 52, 54,
and 58) who smoked (S) and then quit smoking (Q).

40-Ct vatues (Mean + SD)

microRNA Fold (QJS) P-value
N Q

1507 +1.48 1044:£092 -0.04 0,002
1630+ 0.47 11.73£0.87 004 0000
13412032 964105 0.07 0.000
1830£1.06 1457 £0.50 0.08 0.001
2053 £080 16.85£0.65 0.08 0.000
8399122 10.34£1.98 0.08 0.020
16,67 +0.91 13.132046 0.09 0.000
1433150 10.83 20,53 0.09 0.005
17454047 1401 2098 0.09- 0.001-
1568+ 0.86 1225141 0.09 0.006
12.85:054 943084 0.09 0.000
1588 £0.97 1252£1.36 010 0.007
1543 £0.91 12.19£0.76 0.11 0.002
15712091 12504033 0.11 0.001
16152049 12954084 0.11 0.001
1662%1.04 13.52£0.70 012 0.003
12634042 9545076 012 -0.000
15364078 12442070 013 0.001
19,64 +0.80 16.77£094 014 0.004
1628+0.18 1351099 0.15 0.001
1338 £0.62 10,65+ 0.76 0.15 0.001
17.63+0.70 1493 £0.95 015 0.004
1505£1.23 12354030 0.15 0.005
* hsamiR-335 0 13.88£0.77 11.21£054 0.16 0.001
hsa-miR-1812 1787£120 9214084 D16 0011
hsa-miR-222 19.08£0.74 1644+ 1.15 0.16 0.008
hsa-miR-28-3p 1460 £0.79 11.98£1.10 0.16 0.008
hsa-miR-590-5p 14432024 1182026 0.16 0.000
hsa-miR-140-5p 1585+ 0.76 13.28+067 0.17 0.002
‘hsamiR-300 17.77£0.51 1520+ 0.83 017 0.002
hsa-miR-30d 1203126 947 £0.98 0.17 0.018
hsa-miR-15b 1556 £0.58 13.03£0.78 0.17 0,002
hsa-o 1663 £030 14142082 018 .00t
16.81 £ 0.69 1438092 019 0.006
‘hsa 2387027 21.45£045 0.19 0.000
hsa-miR-342-3p 17.36+0.42 15.00£0.10 019 0.007
hsa-miR-320 18.79:0.88 16.45£0.71 020 0.006
hsa-miR-28-5p 1255073 10.23£1.06 0.20 0.011
- Bsa-miR-328 1556091 1325008 020 0.002
s 1990+ 0.65 1763052 021 0.002
20.70£0.57 18.57 £0.49 0.23. 0001
16194033 14.07£0.80 023 0.003
1297 £ 065 10892039 024 0.022
14502037 12512029 025 0.000
2004 £045 18.05£065 025 0.002
17.78£0.66 15.82£0.90 0.26 0.013
2002028 1821£0.72 028 0.003
1990063 18091039 0.29 0.003
19414036 17.61£ 048 029 0001
1440085 1266088 030 0.030
: 1462048 12.93£033 031 0,001
- hsa-miR-345 13141088 1146061 031 0.020
hsa-miR-182 13324053 11.64£023 031 0.001
1sa-miR-1065 1488 0.22 1642+ 043 036 0.001
. : 21.06+045 19.60 £ 065 036 0.010
~hs 6% . 17.04%035 15.60+0.95 037 0029
hsa-miR-532-5 1225+ 0.76 10.83 £0.53 037 0.022
hsa-miR-148a 1215066 1090 £ 0.78 042 0.050
miR-92a° 18314042 17.07 2065 0.42 0.019
hsa-miF 1598036 1481065 045 0.020
hsa-miR-135a° 15.80 £ 0.88 17.06£039 239 0.039
_hsa-miR-1885p. 11.68£045 13202012 286 0001
hsa-miR-138-1° 1161131 1436021 6.73 0.006

Plasma miRNAs shaded with gray were more highly expressed in smokers than in
non-smokers (Table 3).
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Fig. 2. The effects of quitting smoking and of subsequently smoking one cigarette on plasma miRNA profiles. (A) PCA was performed using 66 miRNAs that exceeded the cutoff value
in 4 subjects who smoked and who quit smoking, as well as in 7 non-smokers. A three-component model was developed explaining a total of 76% (PC1, 60%; PC2, 10%; PC3, 6%) of
the variability of the data. Each ball representing an individual is connected to the centroid (marked as NS, S, or Q) of each group. The numbers near the balls represent the subject
number. (B) PCA for the expression of 66 miRNAs in 4 groups: 4 subjects wha smoked and who quit smoking, 7 non-smokers and 2 subjects who quit smoking but then smoked one
cigarette, A three-component model was developed explaining a total of 74% (PC1, 58%; PC2, 10%; PC3, 6%) of the variability of the data. Each ball representing an individual is

connected to the centroid (marked as NS, S, Q, or A) of each group.

proportion (60%) of the total variance for each subject, followed by PC2

(10%) and PC3 (6%). These results clearly demonstrated that the plasma

miRNA profiles of smokers were _altered.after.they stopped.smoking, .
and the profiles then resembled those of non-smokers.

Smoking one cigarette does not cause a dramatic change in the expression
of plasma miRNAs

To ascertain how quickly the plasma miRNA profile was changed by
smoking, . we. examined. .plasma.-miRNA . profiles .20 min. after 2
ex-smokers (S1 and S4) had each smoked one cigarette. We chose
this time because it is near the Cmax values of nicotine and cotinine
after smoking (Yamanaka et al, 2004). The plasma concentrations of
nicotine after one cigarette were 13.7 ng/ml and 15.7 ng/ml, and
those of cotinine were 5.1 ng/ml and 17.9 ng/ml (Tabie 4), suggesting
that the subjects had inhaled the cigarette smoke. The numbers of
-miRNAs with 40-Ct > 8 were 177.and 131, slightly larger than the num-~
bers of miRNAs prior to smoking the cigarettes (Table 2). The miRNA
expression data were included in the PCA for the 66 miRNAs described
above. As shown in Fig. 2B, the miRNA profiles after smoking one ciga-
rette were similar to those of the smokers who had stopped smoking
and the non-smokers. These results suggest that changes in the plasma

miRNA profiles in smokers might be due to repeated smoking.

Discussion

Circulating miRNAs have received considerable attention as po-
tential biomarkers of various diseases (Reid et al., 2011) based on
many studies reporting differences in plasma or serum miRNA levels
between healthy subjects and patients. However, it remains unclear
‘to ‘what- extent- the circulating miRNA- profiles in-healthy “subjects-
vary in daily life due to changes in diet, supplements, alcohol intake,
cigarette smoking, exposure to environmental chemicals, sleeping
or circadian rhythm, stress, and exercise or other factors. In the
present study, we focused on cigarette smoking because it is a habit
spread all over the world and is a significant risk factor for various

diseases including cancer. In the present investigation of the plasma
miRNA profiles of smokers and non-smokers, the subjects were
limited to.men because a study. had reported subtle sex-differences
(Ji et al, 2009), although another study reported no large sex differ-
ences in plasma miRNA expression (Chen et al, 2008), and because
smoking is more prevalent in men than in women in Japan. In addi-
tion, considering the potential effects of circadian rhythm (Shende
et al, 2611), we standardized the time of blood collection.

We found that a larger number of miRNAs were detected in smokers
-than in non-smokers; and the plasma levels of two-thirds of the detected
miRNAs (43 miRNAs) were significantly higher in smokers than in
non-smokers (Table 3). Interestingly, we found that quitting smoking
changed the plasma miRNA profiles resembling those of the
non-smokers (Fig. ZA). These results suggested that the differences in
the plasma miRNA profiles of smokers and non-smokers were actually
due to cigarette smoking. However, no association was observed be-
-tween the numbers- of-detected -miRNAs' or abundance of miRNAs and-
plasma nicotine or cotinine levels or smoking history within smokers
(data not shown). One subject who stopped smoking, S8, was a nicotine
patch user. Because there was no substantial difference between the
plasma miRNA profile of this subject and those of the other 3 subjects
who stopped smoking, as well as those of the non-smokers, nicotine is
unlikely to cause altered plasma miRNA expression. Other chemicals or
-oxidants in cigarette smoke; or-hypoxic stress; might cause changes in
plasma miRNA profiles. It would be of interest to investigate whether
the miRNAs whose levels were higher in smokers than in non-smokers
might be positively correlated with plasma levels of oxidative stress
markers such as 8-hydroxydeoxyguanosine or malondialdehyde in
smokers. It has been reported that the plasma levels of these markers
were approximately 1.5 times higher in smoker than in non-smokers
‘(Bloomer, 2007; Yamaguchi et al,, 2005). Interestingly, Yamaguchi et al.
(2005) reported that the levels of these oxidative stress markers were
further increased within 30 min by smoking one cigarette after quitting
smoking at least 10 h. The results were in contrast to our finding for
miRNAs that the exposure to smoke from one cigarette did not substan-
tially change the plasma miRNA profile. In addition, our finding is
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inconsistent with a previous study reporting that urinary genotoxicity
was detected 2 h after smoking one cigarette (De Flora et al, 1996). Al-
though miR-210 and miR-373 are known to be typical miRNAs whose ex-
pression in cells was changed in response to hypoxia (Crosby ef al,

2008), the levels of these miRNAs in plasma were below the cutoff values .

in both of smokers and non-smokers in our study. Collectively, there
might be a time lag between the changes of intracellular miRNA expres-
sion and those of extracellular miRNA levels. Altematively, consecutive
and/or dynamic change of intracellular miRNA expression might be re-
quired to be reflected to the change of extracellular miRNA levels. We
claim that the differences in the plasma miRNA profiles between smokers

-and -non-smokers-could -be-attributed to repeated smoking. An-under—-

standing of the number of cigarettes or the frequency of smoking re-
quired to cause changes in plasma miRNA profiles is left for future
studies.

It is generally accepted that extracellular miRNAs mirror changes in
miRNA expression in cells or tissues (Lee et al, 2012). There are some
reports of the effects of cigarette smoke on miRNA expression in tissues
(De-Flora et al, 2012). Exposure ‘to-cigarette  smoke caused down=
regulation of some miRNAs in mouse and rat lungs (izzotti et al,
20093, 2009b), and the down-regulation in mouse lung was reversed
by smoking cessation (Izzotti et al, 2011). Similar findings have been
reported in humans; the levels of several miRNAs in airway epithelium
(Schembri et al,, 2009), placenta (Maccani ef al, 2010), and alveolar
macrophages (Graff et al, 2012) were lower in smokers than in
non=siokers; Thiese results ied us to speculate that miRNAsS in tissues,
including trachea and lung, exposed to cigarette smoke might leak
into blood. This might be the reason for higher levels of circulating
miRNAs in smokers. Although it is not known whether extracellular
miRNAs are functional, miRNAs undoubtedly function in cells;

‘Table 6.
Circulating miRNAs reported to be potential biomarkers of diseases in humans.
miRNA Disease
hsa-miR-221  Colorectal cancery (Pu =t al, 2010), malignant melanomat
(Kanemaru et al,, 2011)
let-7 g Breast cancer{Cookson et al, 2012)
hsa-let-7e Papillary thyroid carcinomast(¥u et al., 2612)
hsa-miR-26a  Pancreaticcancert(Mahn et al, 2011), Type 1 diabetest(Nielsen et al.,
2012)
hsa-miR-30c  Acute myocardial infarctiont(Meder et al,, 2011)
hsa-let-7b Acute myocardial infarctiony{Long et al, 2012b)
hsa-miR-451  Systemic lupus erythematosust(Wang et al., 2012a), renal cell
carcinomal(Redova et al,, 2012)
hsa-miR-27a  Type 1 diabetes}(Nielsen et al,, 2012)
hsa-miR-29a  Type 1 diabetest(Nielsen et al, 2012), active pulmonary tuberculosis
1{Fu et al,, 2011), colorectal cancert(Huang et al, 2010)
hisasmiR-191 Type 2 diabetes]{Zampetaki et al., 2010)
hsa-miR-223  Nasopharyngeal carcinomat(Zeng et al, 2012), Systemic lupus
erythematosust(Wang et al., 201 2a), gastric cancert(ii et al, 2010)
Hepatocellular carcinomat(Qi et al., 2011; Xu et al, 2011), Type 2
diabetes|(Zampetaki et al,, 2010), Sepsisj(Wang et al,, 2010z)
hsa-miR-328  Acute myocardial infarction}{Wang et al., 2011)
hsa-miR-21 Breast cancer}(Si et al, 2013), aortic stenost(Villar et &, in press),

esophageal squamous cell carcinomat(Komatsu et al,, 2011)
Non-small.cell lung.cancert(Wei et al, 2011), gastric cancerf(ii etal,
2010; Zheng ei al, 2011-2012)

hsa-miR-106b Gastric cancer{(Tsujiura et al,, 2010)

hsa-miR-20b  Non-small celf lung cancer}(Silva et al,, 2011)

hsa-miR-17  Nasopharyngeal carcinoma}(Zeng et al,, 2012)
hsa-miR-20a  Non-small cell lung cancer}(Silva et al,, 2011)
hsa-miR-24  Type 1 diabetest(Mielsen et al., 2012), Type 2 diabetes

1(Zampetaki et al,, 2010)
hsa-miR-106a Gastric cancert(Tsujiura et al,, 2010)
hsa-miR-126"  Acute myocardial infarctionf(Long et al,, 2012a), Type 2 diabetes
(Zampetaki et al,, 2010)
Hepatocellular carcinoma}(Qu et al., 2011)
Type 1 diabetest(Nielsen et al., 2012)
Acute myocardial infarctiont(Long et al., 2012b), breast cancer
1(Heneghan et al,, 2010)
Breast cancer}(Si et al,, 2013), colorectal cancerf(Huang et al, 2010)

hsa-miR-16
hsa-miR-25
hsa-miR-195

hsa-miR-92a

therefore, changes in miRNA expression in tissues or cells caused by ex-
posure to cigarette smoke may have some pathophysiological signifi-
cance. Integrated analysis of the expression of circulating miRNAs and
the dysregulation of miRNAs and their target genes in tissues could pro-
vide -insight -into -the -initiation and - progression - of smoking-related
diseases.

Interestingly, we noticed that 24 of the 44 miRNAs that showed a sig~
nificantly different expression between smokers and non-smokers were
previeusly reported as potential biomarkers of diseases (Table 6). OQur
observations show that smoking status might lead to incorrect conclu-
sions when circulating miRNAs are used as biomarkers of diseases.
Smoking-status-should therefore be considered when using circulating-
miRNAs as biomarkers of disease.

In conclusion, we found that cigarette smoking unambiguously al-
ters plasma miRNA profiles. A larger number of miRNAs were detected
and their expression levels were higher in smokers than in non-
smokers. Because more than half of the miRNAs were reported to be po-
tential biomarkers of diseases, we suggest the possibility that smoking

“statusmighit complicate diagriosis. The plasma miRNA profiles that mir-

ror changes in miRNA expression in tissues might signal smoking-
related diseases. The information presented here provides new insight
into an area of future research on circulating miRNAs.
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ABSTRACT

Prilocaine and lidocaine are classified as amide-type local anes-
thetics for which sericus adverse effects include methemogiobi-
nemia. Although the hydrolyzed metabolites of prilocaine (o-toluidine)
and lidocaine {2,6-xylidineg) have been suspected to induce methe-
moglobinemia, the metabolic enzymes that are involved remain un-
characterized. In the present study, we aimed to identify the human
enzymes that are responsible for prilocaine- and lidocaine-~induced
methemoglobinemia. Our experiments revealed that prilocaine was
hydrolyzed by recombinant human carboxylesterase (CES) 1A and
CES2, whereas lidocaine was hydrolyzed by only human CES1A.
When the parent compounds {prilocaine and lidocaine) were in-
cubated with human liver microsomes (HLM), methemoglebin (Met-
Hb) formation was lower than when the hydrolyzed metabolites
were incubated with HLM. In addition;, Met-Hb formation when
prilocaine and o-toluidine were incubated with HLM was higher

than that when lidocaine and 2,6-xylidine were incubated with HLM.
Incubation with diisopropyi fiuorophosphate and bis-(4-nitrophenyl)
phosphate, which are general inhibitors of CES, significantly de-
creased Met-Hb formation when prilocaine and lidocaine were
incubated with HLM. An anti-CYP3A4 antibody further decreased the
residual formation of Met-Hb. Met-Hb formation after the incubation
of o-toluidine and 2,6-xylidine with HLM was only markedly de-
creased by incubation with an anti-CYP2E1 antibody. o-Toluidine
and 2,6-xylidine were further metabolized by CYP2E{ o 4- and 6-
hydroxy-o-toluidine and 4-hydroxy-2,6-xylidine, respectively, and
these metabolites were shown to more efficiently induce Met-Hb

formation-than the-parent-compounds. Collectively, we found-that

the metabolites produced by human CES-, CYP2E1{-, and CYP3A4-
mediated metabolism were involved in prilocaine- and lidocaine-
induced methemoglobinemia.

Introduction

Prilocaine and lidocaine are classified as amide-type local anesthetics,
which prevent and relieve pain by interrupting nerve excitation and
conduction via direct interaction with voltage-gated Na* channels to
block the Na* current (Lipkind and Fozzard, 2005). In general, prilocaine
and lidocaine are safely used in patients, although methemoglobinemia
is occasionally induced (Rehman, 2001; Maimo and Redick, 2004).
Methemoglobinemia is defined as a methemoglobin (Met-Hb) level
>1.0% in the blood. Met-Hb is an abnormal form of hemoglobin in
which iron is oxidized from the ferrous (Fez*) to the ferric state (Fe>™).
Because Met-Hb cannot bind and transport oxygen, increased levels of
Met-Hb are associated with clinically severe symptoms (Moore et al.,

2004). Met-Hb concentrations-are normally-maintained at-roughly 1%-

of total hemoglobin by the action of Met-Hb reductase (Guay, 2009).
Cyanosis usually occurs when Met-Hb concentrations increase above
10% and is followed by anxiety, fatigue, and tachycardia when Met-
Hb levels reach 20%-50% of total hemoglobin levels. When Met-Hb
levels reach 50%—70% of total hemoglobin levels, coma, and death
may occur (Rodriguez et al., 1994).
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‘When prilocaine was used for epidural analgesia and peripheral nerve
block, some patients were reported to develop methemoglobinemia
(Climie et al., 1967; Vasters et al., 2006). For example, when 288 mg of
prilocaine was used in a 19-year-old white woman, her Met-Hb levels
were observed to be 37.8% of total hemoglobin levels approximately 4
hours after injection (Kreutz and Kinni, 1983). Fetuses and infants under
6 months of age seem to be more susceptible. Lidocaine also causes
methemoglobinemia, although only rarely. In fact, the number of articles
that were published from 1949 through 2007 concerning lidocaine-
related methemoglobinemia (12 episodes) is lower than the number of
articles concerning prilocaine-related methemoglobinemia (68 episodes)
(Guay, 2009). In humans, prilocaine and lidocaine are hydrolytically

‘metabolized to- the- aromatic ‘amines o-toluidine ard- 2;6-=xylidine, re-

spectively. These metabolites have been reported to cause increased
levels of Met-Hb after intravenous administration to cats or rats (Onji
and Tyuma, 1965; Lindstrom et al., 1969). On the basis of the results
of these studies, prilocaine and lidocaine hydrolysis pathways have
been suggested to play an important role in methemoglobinemia, but
the metabolic enzymes that are involved in_ methemoglobinemia
remain to be experimentally characterized. Moreover, it is unclear
whether differences in methemoglobinemia frequency after prilocaine
and lidocaine treatment are attributable to differences in enzymatic
metabolism or differences in the potency of Met-Hb formation by
their metabolites.

‘ABBREVIATIONS: AADAC, arylacetamide deacetylase; BNPP, bis-(4-nitrophenyl) phosphate; CES, carboxylesterase; DFP, diisopropyl
fluorophosphate; HLM, human liver microsomes; HPLC, high-performance liquid chromatography; Met-Hb, methemoglobin; NADPH-GS,
NADPH-generating system; NPR, NADPH-P450 reductase; P450, cytochrome P450.
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Prilocaine- and Lidocaine-induced Methemoglobinemia

Esterases, which are expressed in human liver, plasma, and other
tissues, contribute to the hydrolysis of approximately 10% of clini-
cally therapeutic drugs, including ester, amide, and thioester bonds
(Fukami and Yokoi, 2012). In particular, human carboxylesterases
(CES), especially the CES1A and CES2 enzymes, are the major serine
esterases that are responsible for the hydrolysis of various drugs and
xenobiotics (Imai et al., 2006). Recently, we demonstrated that human
arylacetamide deacetylase (AADAC) is involved in the metabolism
of drugs such as flutamide, phenacetin, and rifamycins (Watanabe
et al.,, 2009, 2010; Nakajima et al., 2011). We have more recently
demonstrated that the hydrolysis of phenacetin by AADAC, which
produced -p-phenetidine; an aromatic amine metabolite; is predomi-
nantly involved in the phenacetin-induced formation of Met-Hb
(Kobayashi et al., 2012). Thus, it is conceivable that CES1A, CES2,
and AADAC are involved in the hydrolysis of prilocaine and
lidocaine.

Ganesan et al. (2010) reported that dapsone-hydroxylamine, which is
an N-hydroxylated metabolite of dapsone, was suspected to be a cause
of dapsone-induced methemoglobinemia. The formation of dapsone-
hydroxylamine is catalyzed by cytochromes P450 (P450) CYP2C19,
CYP2EL, and CYP3A4. We recently reported that metabolic activation
by CYP1A2 and CYP2El and hydrolysis of AADAC play a pre-
dominant role in phenacetin-induced methemoglobinemia (Kobayashi
et al., 2012). Thus, it is conceivable that P450(s) are also involved in
-prilocaine-~ and Hdocainesinduced metienoglobirernia:

On the basis of the aforementioned background studies, in the
present study, we investigated the human enzymes responsible for the
metabolism of prilocaine and lidocaine to clarify the mechanisms of
prilocaine- and lidocaine-induced methemoglobinemia. In addition,
the efficiencies of enzymatic metabolism and Met-Hb formation were
compared between prilocaine and lidocaine.

Materials and Methods

Chemieals and Reagents. Lidocaine hydrochioride, 2,6-xylidine, o-toluidine,
4-hydroxyl-o-toluidine, and diisopropy! fluorophosphate (DFP) were purchased
from Wako Pure Chemical Industries (Osaka, Japan). 6-Hydroxyl-o-toluidine and
4-hydroxyl-2,6-xylidine were purchased from Tokyo Chemical Industry (Tokyo,
Japan). Prilocaine hydrochloride and bis-(4-nitrophenyl)-phosphate (BNPP) were
obtained from Sigma-Aldrich (St. Louis, MO). Human liver microsomes (HLM;
pooled, n = 50); recombinant human CYP1A2, CYP2A6, CYP2C8, CYP2D6
fwith NADPH-P450 reductase (NPR)}, CYP2B6, CYP2C9, CYP2C19, CYP2EL,
and CYP3A4 (with NPR and cytochrome bs) enzymes expressed in baculovirus-
infected insect cells; monoclonal mouse anti-human CYP1A2 antibody; - anti-
huaman CYP2E1 antibody; and anti-human CYP3A4 antibody were purchased
from BD Gentest (Woburn, MA). Other chemicals were of the highest com-
mercially available grade.

Mouse and Human Red Blood Cells. Animals were maintained in
accordance with the National Institutes of Health Guide for Animal Welfare of
Japan, and the protocols were approved by the Institutional Animal Care and Use
Committee of Kanazawa University, Japan. The use of human red blood cells was
approved by the Ethics Committees of Kanazawa University (Kanazawa,
Japan). Mouse bleod-(pocled samples-from 5 C57BL/6J mice: 6-week-old male,
20-25 g) that had been obtained from SLC Japan (Hamamatsu, Japan) and
human blood samples (from five healthy Japanese volunteers: 22-30-year-
old males) were obtained according to our previous report (Kobayashi et al.,
2012). All assays were performed immediately after the separation of the red
blood cells.

Prilocaine and Lidocaine Hydrolase Activities. Prilocaine and lidocaine
-hydrolase. activities .were. determined.as follows: a-typical -incubation mixture
(final volume of 0.2 ml) contained 100 mM potassium phosphate buffer
(pH 7.4) and various enzyme sources (HLM or Sf21 cell homogenates
expressing esterases, 0.4 mg/ml). Sf21 cell homogenates expressing CES1A,
CES2, or AADAC were prepared as previously described (Fukami et al., 2010;
‘Watanabe et al., 2010). In a preliminary study, we confirmed that the formation
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rates of o-toluidine and 2,6-xylidine from prilocaine and lidocaine, respectively,
were linear with respect to protein concentration (< 2.0 mg/ml) and incubation
time (<120 minutes). Prilocaine and lidocaine were dissolved in distilled water.
The reactions were initiated by the addition of prilocaine and lidocaine
(0.2-10 mM for HLM or 0.1-4 mM for Sf21 cell homogenates expressing
esterases) aftera 2=minute prefmeubationat 37°C. Aftera 30-minute incubation,
the reactions were terminated by the addition of 10 ul of ice-cold 60%
perchloric acid. After removal of the protein by centrifugation at 9500g for 5
minutes, a 60-ul portion of the supernatant was subjected to high-performance
liquid chromatography (HPLC). The HPLC analysis was performed using an
L-7100 pump (Hitachi, Tokyo, Japan), an L-7200 antosampler (Hitachi), an
L-7405 UV detector (Hitachi), and a D-2500 Chromato-Integrator (Hitachi)
“equipped ‘with a “Wakopak eco-ODS§ column- (S~ perticle size, 4.6 mm
1.d.x 150 mm; Wako Pure Chemical Industries). The eluent was monitored at
210 nm with a noise-base clean Uni-3 (Union, Gunma, Japan), which can
reduce the noise by integrating the output and increase the signal by 3-fold
by differentiating the output and by 5-fold by further amplification with an
internal amplifier, resulting in a maximum 15-fold amplification of the signal.
The mobile phase was 35% methanol containing 0.2% phosphoric acid and
2.2 mvi sodiunr1-cctanesulfonaie: The fiow tate'was 1.0 mi/min. The column
temperature was 35°C. The quantification of o-toluidine and 2,6-xylidine was
performed by comparing the HPLC peak height with that of an authentic
standard. The limit of quantification in the reaction mixture for o-toluidine and
2,6-xylidine was 100 nM, with a coefficient of variation <5.6%. The activity at
each concentration was determined as the mean value in triplicate. For kinetic
analyses of the prilocaine and lidocaine hydrolase activities, the parameters
“were - estimated - from - the - fitted curves - with use “of “a “computer program
(KaleidaGraph; Synergy Software, Reading, PA) that was designed for use in
nonlinear regression analyses.
Met-Eib Formation. A Met-Hb formation assay was conducted according to
the methods outlined in our previous study (Kobayashi et al., 2012), with
a slight modification. A typical incubation mixture (final volume of 0.2 mi)
contained 5% of the mouse red blood cell fraction except in (7), where human
‘red blood cell fractionwas used, 100 mM potessium phosphate buffer (pH-7.4),
an NADPH-generating system (NADPH-GS: 0.5 mM NADP?, 5 mM glucose
6-phosphate, 5 mM MgCl,, and 1 U/ml glucose-6-phosphate dehydrogenase),
and various enzyme sources.

1. To investigate the time-dependence of Met-Hb formation, HLM
(1.0 mg/ml) were used as enzyme sources. The reactions were initiated
by the addition of prilocaine, lidocaine, o-toluidine, or 2,6-xylidine
(1 mM) after a 2-minute preincubation at 37°C. After the 0~120-minute
incubation at 37°C, the reaction was terminated by placing the samples
on ice.

2. To investigate the concentration-dependence of Met-Hb formation,
HLM (1.0 mg/ml) were used as enzyme sources. The reactions were
initiated by the addition of prilocaine, lidocaine, o-toluidine, or 2,6-
xylidine (0.01, 0.1, 1, or 10 mM) after a 2-minute preincubation at 37°C.
After the 60-minute incubation at 37°C, the reaction was terminated by
placing the samples on ice.

3. To determine the P450 enzymes that were involved in prilocaine-,

lidocaine-, o-toluidine-, and 2,6-xylidine-induced Met-Fb formation,
recombinant human P450 enzymes (25 pmol /ml) were used as enzyme
sources. The reactions were initiated by the addition of prilocaine
(10 mM), lidocaine (10 mM), o-toluidine (1 mM), or 2,6-xylidine
-(1-:mM) after a 2-minute- preincubation-at 37°C. After-the ‘120:minute
incubations (prilocaine and lidocaine) and the 60-minute incubations
(o-toluidine and 2,6-xylidine) at 37°C, the reactions were terminated by
placing the samples on ice.

4. To investigate the involvement of various esterase(s) in the HLM,
inhibition analyses of prilocaine- and lidocaine-induced Met-Hb for-
mation were performed using the general CES inhibitors DFP and
-BNPP (Watanabe et al., 2009).- HLM (1.0 mg/ml) were-used as enzyme -
sources, and the concentrations of inhibitors were 100 uM. DFP and
BNPP were dissolved in distilled water. The reaction conditions were
the same as those described in (3).

5. To investigate the involvement of P450 enzymes in the HLM in Met-Hb
formation, inhibition analyses of the formation of Met-Hb by prilocaine
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(10 mM), lidocaine (10 mM), o-toluidine (I mM), or 2,6-xylidine
(1 mM) were performed using anti-P450 antibodies. HLM (0.5 mg/ml)
were used as enzyme sources. Ten microliters of antibody-mixtures
-[4-pl-of ant-CYP2E1 antibody mixed with 6 ul-of 25 mM-Tris-buffer-
(pH 7.5) or 10 pl of anti-CYP1A2 or anti-CYP3A4 antibody] was
incubated on ice for 30 minutes with enzyme sources, after which
typical incubation mixtures (final volume of 0.2 ml) that included the
antibody mixtures ‘were prepared. To investigate the involvement of
P450 enzymes in prilocaine- and lidocaine-induced Met-Hb formation
in the absence of a hydrolysis reaction, DFP (100 pM) was added into
-the incubation-mixture. The reaction conditions-were the same as-those
described in (3).

6. To investigate whether the hydroxylated metabolites of o-toluidine and
2,6-xylidine induced Met-Hb formation, o-toluidine, 4-hydroxy-o-tolui-
dine, 6-hydroxy-o-toluidine, 2,6-xylidine, and 4-hydroxy-2,6-xylidine
(1 mM) were incubated with HLM (1.0 mg/ml) and mouse red blood
cells both in the presence and absence of an NADPH-GS. After
-a.60-minute. incubation at 37°C, the reactions were terminated by placing-
the samples on ice.

7. To investigate the sensitivity of human red blood cells to prilocaine- and
lidocaine-induced Met-Hb formation, a Met-Hb formation assay was
conducted using human red blood cells instead of mouse red blood
celis. HLM (1.0 mg/ml) were used as enzyme sources, and DFP
(100 pM) was added into the incubation mixture. The reaction was
initiated by the addition of 10 mM prilocaine.and.lidocaine.after.a.2-
minute preincubation at 37°C. The reaction conditions were the same as
those described in (3).

Prilocaine and lidocaine were dissolved in distilled water. o-Toluidine and
2,6-xylidine were dissolved in acetonitrile, and the final concentration of
acetonitrile in the incubation mixture was 1%. It has been reported that 1%
acetonitrile does not inhibit the activities of CYP1A2, CYP2E1, and CYP3A4
‘(Chauret et al., 1998).

The Met-Hb levels in red blood cells were determined as the percentage
of total hemoglobin according to the methods outlined in our previous study
(Kobayashi et al., 2012)

Normalizing Met-Hb Formation by P450 Levels in HLM. Met-Hb
formation was normalized by the levels of each P450 enzyme in HLM and was
calculated using the following equation, where the P450g;y activity and

“P450¢xpression activity values-are the marker activities of each P450 in HEM and-

recombinant P450 expression systems, respectively:

Met-Hb formation normalized by P450 levels in HLM (%) =
Met-Hb formation by recombinant human P450 expression systems (%) x
P450g1m activity/P450cpression

The reaction conditions for Met-Hb formation by recombinant human P450
expression systems were determined as follows: prilocaine, lidocaine (10 mM),
and their hydrolyzed metabolites (1 mM) were incubated with each P450
expression system (25 pmol P450/ml), an NADPH-GS, and mouse red blood
cells. The incubation time was either 120 minutes (prilocaine and lidocaine) or
60 minutes (o-toluidine and 2,6-xylidine).

The reaction conditions for Met-Hb formation in HLM were determined as
described in the above paragraph, except HLM (1.0 mg/ml) were used in place
of the P450 expression systems, Met-Hb formation was detected as described in
(3) above.

Methoxyresorufin O-demethylase, chlorzoxazone 6-hydroxylase, and mid-
azolam 1'-hydroxylase activities were measured as markers for the activities
of CYP1A2, CYP2EL, and CYP3Ad4, respectively, by HPLC, according to
methods described in our previous reports (Nakajima et al., 2002; Fukami
-et.al.,2007,.2008)..

o-Toluidine and 2,6-Xylidine Hydroxylase Activities. The activities of
o-toluidine and 2,6-xylidine hydroxylase were determined as follows: a typi-
cal incubation mixture (final volume of 0.2 ml) contained o-toluidine or
2,6-xylidine (4-200 uM), 100 mM potassium phosphate buffer (pH 7.4), an
NADPH-GS, and HLM (0.4 mg/ml). In a preliminary study, we confirmed that
the formation rates of 4-hydroxyl-o-toluidine and 6-hydroxyl-o-toluidine from
o-toluidine, as well as 4-hydroxyl-2,6-xylidine from 2,6-xylidine, in HLM were

Higuchi et al.

linear with respect to protein concentration (< 1.0 mg/ml) and incubation time
(<60 minutes). o-Toluidine and 2,6-xylidine were dissolved in acetonitrile, and
the final concentration of acetonitrile in the incubation mixture was 1%.
Inhibition “analyses “of o-toluidine or Z,6-xylidine hydroxylation were per-
formed using anti-P450 antibodies. HLM (0.4 mg/ml) were used as enzyme
sources. Eight microliters of antibody-mixtures [3.2 pul of anti-CYP2E! antibody
mixed with 4.8 p1 of 25 mM Tris-buffer (pH 7.5) or 8 pl of anti-CYP1AZ2 or anti-
CYP3A4 antibody] was incubated with enzyme sources on ice for 30 minutes.
Then, typical incubation mixtures (final volume of 0.2 mi) were prepared by the
addition of o-toluidine (50 uM) or 2,6-xylidine (30 uM).
‘The-reactions were initiated by ‘the -addition of ‘an NADPH-GS "after a- 2-
minute preincubation at 37°C. After a 30-minute incubation, the reactions were
terminated by the addition of 10 ul of ice-cold 60% perchloric acid. After
removal of the protein by centrifugation at 9500g for 5 minutes, a 50-ul portion
of the supernatant was subjected to HPLC. The HPLC equipment was the
same as that described above. The mobile phase for o-toluidine hydroxylation
was 8.5% methanol/8% acetonitrile containing 0.2% phosphoric acid and
2.2 mM-sedium l-octanesulfonate, and - the- mobile- phase for- 2,6-xylidine
hydroxylation was 10% acetonitrile containing 0.11% phosphoric acid and 2.2
mM sodium 1-octanesulfonate, The quantification of the hydroxylated metabo-
lites of o-toluidine and 2,6-xylidine was performed by comparing the HPLC peak
height with that of an authentic standard. The activity at each concentration was
determined as the mean value in triplicate. For kinetic analyses of the o-toluidine
and 2,6-xylidine hydroxylase activities, the parameters were estimated as described

-above.

Statistical Methods. Stafistical analyses between two and multiple groups
were performed using an unpaired, two-tailed Student’s f test and analysis of
variance, followed by Tukey’s post-hoc test. P < 0.05 was considered to be
statistically significant.

TResults
Prilocaine and Lidocaine Hydrolase Activities in HLM. Because
hydrolysis of prilocaine and lidocaine was suspected to play an important
role in methemoglobinemia, we investigated whether microsomes of the
human liver, which is the main organ for drug metabolism and expresses
various esterases, could hydrolyze prilocaine and lidocaine (Fig. 1, A

‘and” B). ‘Data forthese hydrolase activities in HLM followed

Michaelis-Menten kinetics, The K, and V.., values for the hydrolysis
of prilocaine in HLM were 1.15 = 0.01 mM and 2.46 * 0.04 nmol/
min/mg protein, respectively, resulting in a CL;,, value of 2.14 = 0.04
pl/min/mg protein. The K, and Vi, values for the hydrolysis of
lidocaine in HLM were 0.96 = 0.06 mM and 0.62 * 0.01 nmol/min/
mg protein, respectively, resulting in a CL;,, value of 0.66 % 0.03 w1/
min/mg protein (Table 1). Thus, the CL;y, value for the hydrolysis of
prilocaine was shown to be 3.2 higher than that of lidocaine. These
results indicated that HLM have a higher metabolic efficiency for
prilocaine hydrolysis than for lidocaine hydrolysis.

Prilocaine and Lidocaine Hydrolase Activities by Recombinant
Human CES1A and CES2. To confinm that human CES1A, CES2,
and AADAC, which are typical serine esterases that are involved in
the hydrolysis of numerous drugs, can hydrolyze prilocaine and
lidocaine, prilocaine and lidocaine hydrolase activities were measured
using recombinant human CESIA, CES2, and AADAC expressed in
Sf21 cells (Fig. 1, C and D). Data for these hydrolase activities
followed Michaelis-Menten Kinetics. The K, and V.. values for
prilocaine hydrolase activity by CES1A were 0.31 * 0.01 mM
and 0.40 = 0.01 nmol/min/mg protein, respectively, resulting in
a CLy, value of 1.29 = 0.04 pl/min/mg protein (Table 1). CES2
displayed the prilocaine hydrolase activity with Ky, Viax, and CLyy
values of 0.39 = 0.01 mM, 0.10 = 0.00 nmol/min/mg protein, and
0.26 = 0.00 pl/min/mg protein, respectively. The Ky, Vinax, and CLin
values for lidocaine hydrolysis by CES1A were 0.35 = 0.06 mM,
0.14. £ 0.00 nmol/min/mg. protein, -and 040 = -0.02 -uV/min/mg-
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Fig. 1. Kinetic analyses of prilocaine and lidocaine hydrolase activities in HLM and
recombinant human CES1A and CES2 expressed in Sf21 cells. HLM (0.4 mg/ml)
(A and B) or CES1A and CES2 (0.2 mg/mi) (C and D) were incubated with
prilocaine (A and C) and lidocaine (B and D) for 30 minutes. Hydrolase activities for
prilocaine and lidocaine were measured by quantitative analyses of o-toluidine and
2,6-xylidine, respectively, using HPLC. Each data point represents the mean = S.D.
of triplicate determinations.

protein, respectively, whereas CES2 did not display any lidocaine
hydrolase activity (Table 1). AADAC did not display hydrolase
activities for either prilocaine or lidocaine. These results indicate
that the metabolic efficiency of prilocaine hydrolysis by CESIA
was higher than that of lidocaine hydrolysis. CES2 participated in
prilocaine hydrolysis but not lidocaine hydrolysis.

Formation of Met-Hb by Prilecaine or Lidocaine and Their
Metabolites. To investigate Met-Hb formation in vitro, prilocaine,
lidocaine, or their hydrolyzed metabolites, o-toluidine and 2,6-xylidine,
“were incubated” with HLM, an NADPH:GS, and mouse red blood
cells for 0-120 minutes. Met-Hb formation was linear with respect
to incubation time (1 mM prilocaine or lidocaine <120 minutes, 1 mM
o-toluidine or 2,6-xylidine <60 minutes) (Fig. 2A).

To compare the induction potency of Met-Hb formation among
prilocaine, lidocaine, o-toluidine, and 2,6-xylidine, the compounds
were incubated at various concentrations (Fig. 2B). Met-Hb forma-
tion increased in a concentration-dependent manner. o-Toluidine and
2,6-xylidine more efficiently induced Met-Hb formation, compared

TABLE 1
Kinetic parameters of the hydrolase activities of prilocaine and lidocaine

‘Data are the mein-=" 8:D. of tiplicate detéiminations.

Drug Enzyme Source K Vinax CLin
mM nmol/min/mg protein  ulimin/mg protein

Prilocaine HLM 1.15 = 0.01 2.46 = 0.04 2.14 £ 0.04
CESIA 0.31 = 0.01 0.40 = 0.01 1.29 = 0.04
CES2 0.39 + 0.01 0.10 = 0.00 0.26 = 0.00

AADAC ND ND —_
Lidocaine HILM 0.96 = 0.06 0.62 = 0.01 0.66 = 0.03
CES1A 0.35 % 0.06 0.14 £ 0.00 0.40 = 0.02

CES2 ND ND —_

AADAC ND ND —

ND, not detected.
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Fig. 2. (A) Time-dependent prilocaine-, lidocaine-, o-toluidine—, and 2,6-xylidine—
induced Met-Hb formation. Prilocaine, lidocaine, and their hydrolyzed metabolites
(1 mM) were incubated for 0-120 minutes with HLM (1.0 mg/ml), an NADPH-GS,
and mouse red blood cells. Each data point represents the mean &= S.D. of triplicate
determinations. Differences in Met-Hb formation, compared with the corresponding
parent compounds at the same incubation time, were considered to be significant at
###P-< 0.001. Differences in prilocaine~ and-lidocaine-induced ‘Met=Hb- formation
at the same incubation time were considered to be significant at TP < 0.001.
Differences in o-toluidine~ and 2,6-xylidine~induced Met-Hb formation at the
same incubation time were considered to be significant at **p < 0.001. (B)
Concentration-dependent prilocaine-, lidocaine-, o-toluidine-, and 2,6-xylidine—
induced Met-Hb formation. Prilocaine, lidocaine, and their hydrolyzed metabolites
(0.01-10 mM) were incubated with HLM (1.0 mg/ml), an NADPH-GS, and mouse
red blood cells for 60 minutes. Each column represents the mean * S.D. of triplicate
determinations. Differences in Met-Hb formation, compared with the corresponding
vehicle-treated controls, were considered to be significant at *P < 0.05; **%P <
0.001. Differences in prilocaine- and lidocaine-induced Met-Hb formation at the
same concentration were considered to be significant at TP < 0.05; 7P < 0.001.
Differences in o-toluidine— and 2,6-xylidine-induced Met-Hb formation at the same
concentration were considered to be significant at ¥¥p < 0.001.

with their corresponding parent drugs. This result suggested that the.
hydrolyzed metabolites enhanced prilocaine- or lidocaine-induced
Met-Hb formation. Prilocaine-induced Met-Hb formation was signifi-
cantly higher than lidocaine-induced formation at each concentration
that was greater than 0.1 mM. In the same manner, o-toluidine-induced
Met-Hb formation was significantly higher than 2.6-xylidine—induced
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formation at each concentration that was greater than 0.1 mM. The
increased Met-Hb formation that was induced by prilocaine, lidocaine,
and their hydrolyzed metabolites was not observed in the absence of
an NADPH-GS (Fig. 2B). These results suggest that the potency of
prilocaine to induce Met-Hb formation was approximately 1.5-fold
higher than that of lidocaine at the same concentration and that the
NADPH-dependent enzymes that are expressed in HL.M are essential
for Met-Hb formation.

Met-Hb Formation after the Metabolic Activation of o-Toluidine
and 2,6-Xylidine by Human P450(s). As outlined above, NADPH-
dependent enzyme(s) are essential for prilocaine- and lidocaine-induced
Met-Hb -formation. Therefore, -the -involvement  of representative
NADPH-dependent enzymes (the P450 enzymes) in o-toluidine and
2,6-xylidine metabolism was investigated (Fig. 3). Either o-toluidine
or 2,6-xylidine (1 mM) was incubated with recombinant human P450s,
an NADPH-GS, and mouse red blood cells. o-Toluidine-induced
Met-Hb formation was significantly increased by CYP1A2 (6.2% =
0.7%), CYP2E1 (5.0% = 0.4%), and CYP3A4 (1.3% = 0.5%), and
2,6-xylidine-induced Met-Hb formation was increased by CYP2El
23% = 0.8%).

Prilocaine- and Lidecaine-Induced Met-Hb Formation Inhibi-
tion Analyses in the Presence of Esterase Inhibitors. To investigate
the involvement of human CES in prilocaine- and lidocaine-induced
methemoglobinemia, inhibition analyses were performed with DFP
-and -BNPP, which are potent: CES-inhibitors- (Watanabe et al:, 2009)
(Fig. 4). The hydrolase activities of prilocaine and lidocaine (1 mM) in
HLM (1.0 mg/mly were preliminarily confirmed by HPLC to be
completely inhibited by 10 uM DFP and 10 pM BNPP (unpublished
data). When prilocaine and lidocaine (10 mM) were incubated with
HLM, an NADPH-GS, and mouse red blood cells in the presence of
DFP or BNPP (100 M), both prilocaine- and lidocaine-induced
Met-Hb formation were decreased (prilocaine, percentage of control:
31.6% in the presence of DFP and 34.0% in the presence of BNPP;
lidocaine, percentage of control: 56.6% in the presence of DFP and
56.6% in the presence of BNPP) (Fig. 4). DFP and BNPP did not alter
Met-Hb formation (unpublished data). Thus, CES were determined to
be involved in Met-Hb formation.

Met-Hb Formation-after the Metabolic Activation of Prilocaine
and Lidocaine by Human P450(s). As shown in Fig. 4, DFP and
BNPP could not completely inhibit prilocaine- and lidocaine-induced
Met-Hb formation, suggesting that the metabolic activation of
prilocaine and lidocaine by P450 enzyme(s) may mediate Met-Hb
formation in the absence of hydrolysis. When prilocaine and lidocaine

0.001.

(10 mM) were incubated with representative recombinant human
P450s, an NADPH-GS, and mouse red blood cells, Met-Hb formation
increased in the presence of CYP3A4 (1.7% * 0.2% for prilocaine
and 1.1% = 0.4% for lidocaine) (Fig. 5). These results suggest that
prilocaine- and lidocaine-induced Met-Hb formation in the absence of
hydrolysis is catalyzed by metabolic activation by human CYP3A4.
Normalizing Met-Hb Formation by P450 Levels in HLM.
Because each P450 enzyme is expressed at different levels in HLM,
we were unable to simply compare the contribution of each P450 en-
zyme to prilocaine-, lidocaine-, o-toluidine~, or 2,6-xylidine-induced
Met-Hb formation in HLM with use of human P450 expression
systems. Therefore; to estimate the contributions of P450 enzymes
in HLM, Met-Hb formation in the presence of recombinant P450
expression systems was normalized by the levels of each P450 en-
zyme in HLM (Fig. 6). For o-toluidine- and 2.6-xylidine-induced
Met-Hb formation, CYP2E1 had the highest contribution in HLM,

Prilocaine  Lidocaine
46 00 %
’6[, D ’3’@%

%0, 7o,
0, %,
/‘a’

Fig. 4. The effects of DFP or- BNPP. on.prilocaine- and lidocaine-induced Met-Hb -
formations. HLM (1.0 mg/ml) were incubated with prilocaine or lidocaine (10 mM),
an NADPH-GS, and mouse red blood cells for 120 minutes. The concentration of
DFP or BNPP was 100 M. Each column represents the mean % S.D. of iplicate
determinations. Prilocaine- and lidocaine-induced Met-Hb formation in the absence
of inhibitors was 28.8% * 0.5% and 12.9% * 1.3%, respectively. Differences

compared with the controls lacking inhibitor were considered to be significant at
*P < 0.05; #=+P < 0.001.
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Fig. 5. The effects of .P450.(CYP) .enzymes..on .prilecaine-.and .
lidocaine-induced Met-Hb formation without hydrolysis pathway.
Each individual recombinant human P450 expression system
(25 pmol P450/ml) or HLM (1.0 mg/ml) was incubated with
10 mM prilocaine (A} or lidocaine (B), an NADPH-GS, and mouse
red blood cells for 120 minutes. Each column represents the
mean £ S5.D. of triplicate determinations. Differences in Met-Hb
formation, compared with NPR or NPR + cytochrome bs (control
supersomes expressing no P450s), were considered to be significant
at #P < 0.05; ##*P < 0.001.
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whereas CYP1A2 and CYP3A4 had relatively low contributions (Fig.
6, A and B). For prilocaine- and lidocaine-induced Met-Hb formation,
CYP3A4 had the highest contribution in HLM (Fig. 6, C and D).
Although flavin-containing monooxygenase is also known to be an
NADPH-dependent enzyme, Met-Hb formation that was induced by
prilocaine, lidocaine, and their hydrolyzed metabolites in HLM was
not inhibited by 1 mM methimazole, which is a competitive flavin-
containing monooxygenase inhibitor (unpublished data) (Rawden
et al., 2000). Thus, CYP2E!1 was determined to contribute highly to
o-tolnidine— and 2,6-xylidine-induced Met-Hb formation, whereas

CYP3A4 was determined to contribute highly to prilocaine- and
lidocaine-induced Met-Hb formation.

Met-Hb Formation Inhibition Analyses after the Incubatien of
Prilocaine, Lidocaine, and Their Hydrolyzed Metabolites with
Anti-P450 Antibodies. To further investigate the contributions of
CYP1A2, CYP2EL, and CYP3A4 to the o-toluidine~ and 2,6-xylidine—
induced Met-Hb formation in HLM, inhibition analyses were performed
using anti-P450 antibodies (Fig. 7A). o-Toluidine— and 2,6-xylidine—
induced Met-Hb formation were markedly decreased by incubation with
an anti-CYP2E! antibody (from 19.5% =* 0.6% to 7.1% = 0.4% for
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