Biochemical Pharmacology 80 (2010) 255-261

Contents lists available at ScienceDirect

Biochemical Pharmacology

journal homepage: www.elsevier.com/locate/biochempharm

Involvement of natural killer T cells in halothane-induced liver injury in mice

Linling Cheng, Qiang You, Hao Yin, Michael P. Holt, Cynthia Ju*

Department of Pharmaceutical Sciences, University of Colorado Denver, United States

ARTICLE INFO ABSTRACT

Article history:
Received 20 January 2010
Accepted 23 March 2010

Drug-induced liver injury (DILI) causes significant patient morbidity and mortality, and is the most
common reason for drug withdrawals. It is imperative to gain a thorough understanding of the
underlying mechanisms of DILI to effectively predict and prevent these reactions. We have recently
developed a murine model of halothane-induced liver injury (HILI). The aim of the present study was to

Keywords: investigate the role of hepatic natural killer T (NKT) cells in the pathogenesis of HILI. The degrees of HILI
Drug . were compared between WT and CD1d~/~ mice, which are deficient in NKT cells. The data revealed that
ZZE?S;%?;SGW CD1d "/~ mice were resistant in developing HILL. This resistance appeared to be a direct result of NKT cell

depletion rather than an indirect one due to the absence of cross-talk between NKT cells and other
hepatic innate immune cells. Compared with WT mice, CD1d~/~ mice exhibited a significantly lower
number of hepatic infiltrating neutrophils upon halothane challenge (470,000 + 100,000/liver in WT vs.
120,000 + 31,500/liver in CD1d~/~ mice). This result in conjunction with our previous finding of an
indispensable role of neutrophils in HILI strongly suggests that NKT cells play a critical role in regulating
neutrophil recruitment, thereby contributing to the development of HILI. Collectively, the current study and
published reports indicate that this murine model of HILI provides an experimental system for the
investigation of the underlying mechanisms of DILI. In addition, this model may yield the discovery of
susceptibility factors that may control the development of liver injury in patients treated with halothane and

potentially other drugs.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The liver is a primary target of adverse drug reactions because it
is the predominant site for the biotransformation of drugs. The
severity of drug-induced liver injury (DILI) can range from mild
and transient increases in serum transaminase levels with no
clinical consequences, to acute and chronic hepatitis, cholestatic
disease, cirrhosis, fulminant hepatic failure (requiring liver
transplantation) and even death. Compared with other types of
liver disease, DILI has a greater risk of developing into fulminate
hepatic failure. It is estimated that DILI accounts for over 50% of
liver failure cases in the US [1]. DILI is also the most common
reason for the withdrawal of FDA-approved drugs from the market
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[2]. In recent years, several drugs, most notably troglitazone and
bromfenac have been withdrawn from the market during post-
marketing surveillance due to severe hepatotoxicity. As such, it is
imperative to gain a thorough understanding of the underlying
mechanisms of DILI before strategies for developing diagnostic
tests and designing enhanced clinical trials can be achieved.
The enhanced usage and implementation of animal studies will
provide insights into the complex molecular and cellular
mechanisms of DILI.

We have previously reported the development of a murine
model of liver injury caused by an inhalation anesthetic,
halothane [3]. This model shares similar characteristics to those
found in 20% of patients who develop acute halothane hepato-
toxicity, which progresses into life-threatening halothane hepa-
titis in a small percentage of such patients. Based on our model, it
was revealed that although the generation of a chemically reactive
metabolite via halothane metabolism is necessary to initiate
hepatocyte damage, various innate immune cells appear to play
critical roles in the progression of tissue damage. The data showed
that depletion of neutrophils markedly attenuated halothane-
induced liver injury (HILI) in mice, indicating a pathological role
for neutrophils. Natural killer T (NKT) cells, which express surface
markers of both NK and T cells, represent another important type
of hepatic innate immune cells. In mice, as a proportion of mature
T cells, NKT cells are most frequent in the liver (30-50%) and bone
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marrow (20-30%), while they represent a smaller proportion of T
cells in the spleen (3%) and lymph nodes (0.3%) [4]. Numerous
reports have described the important roles of murine hepatic NKT
cells in inhibiting hepatitis B viral replication [5], as well as
suppressing cancer liver metastasis and the development of
hepatocellular carcinoma [6].

In contrast to their protective roles, NKT cells have also been
demonstrated to exhibit pathological effects in animal models of
liver injury. CD1d /= mice, which lack NKT cells, were shown to be
highly resistant to concanavalin A-induced hepatitis, a mouse
model of human autoimmune and viral hepatitis [7]. Mechanistic
studies have further revealed the link between the indispensable
pathological role of NKT cells and their production of interleukin
(IL)-4, interferon (IFN)-vy, tumor necrosis factor (TNF)-a, and FasL,
all of which are critical in the development of concanavalin A-
induced hepatitis [7-10]. In another murine model of hepatitis
caused by the injection of the exogenous ligand of NKT cell
receptor, alpha-galactosylceramide (a-GalCer), the production of
TNF-a by NKT cells was found to be the key mediator of liver injury
[11]. Furthermore, the prompt production of IFN-+y by NKT cells has
been suggested to play a central role in endotoxin-induced liver
injury [12,13].

In spite of two studies investigating the role of NKT cells in a
mouse model of acetaminophen overdose-induced liver injury
[14,15], the role of NKT cells in DILI remains largely unknown. The
former of these studies demonstrated that depletion of both NK
and NKT cells yielded a significant decrease in acetaminophen-
induced liver injury and improved survival [14]. The data
suggested that the secretion of IFN-y by NK/NKT cells may induce
inflammatory chemokines, enhance leukocyte recruitment and
increase FasL expression, thereby contributing to liver injury.
However, a more recent report revealed that the pathological role
of NK/NKT cells in acetaminophen-induced liver injury was due to
the presence of dimethyl sulfoxide used to aid in the dissolution of
acetaminophen [15]. The latter study demonstrated that the low
amounts of dimethyl sulfoxide caused a significant increase in both
the number and activation of hepatic NK/NKT cells. These findings
suggest that NKT cells, activated by either drug-dependent or
independent stimuli, may play a critical role in the underlying
mechanisms of DILI. Provided that NKT cells are readily activated
by self-lipid antigens, bacterial and viral antigens, cytokines, as
well as “danger signals” released from damaged cells, these factors
may represent key risk factors that modulate an individual’s
susceptibility to DILL

The aim of the present study was to investigate the role of NKT
cells in HILI in mice. Susceptibility to HILI was compared between
NKT cell-depleted CD1d~/~ mice and their wild-type (WT)
counterparts. Our data demonstrated that CD1d~/~ mice devel-
oped minimal liver injury upon halothane challenge and exhibited
a much lower number of infiltrating neutrophils in the liver
compared with WT mice. These findings suggest that NKT cells are
activated upon halothane exposure and that they subsequently
play a critical role in the development and progression of HILIL

2. Materials and methods
2.1. Materials

All chemicals and reagents were obtained from Sigma (St. Louis,
MO), unless stated otherwise. All antibodies used for flow
cytometric analysis were purchased from eBioscience (San Diego,
CA), except for phycoerythrin (PE)-conjugated a-GalCer-loaded
mouse CD1d-tetramers (CD1d-tetramer, National Institutes of
Health Tetramer Core Facility). Rabbit polyclonal anti-trifloroace-
tylchloride (TFA) antisera (anti-TFA antisera) were a kind gift from
Dr. Lance Pohl (National Institutes of Health, Bethesda, MD).

2.2. Animal treatment

CD1d~/~ mice (on Balb/c] background) and WT Balb/c] mice
were purchased from The Jackson Laboratory (Bar Harbor, ME) and
bred in the Center for Laboratory Animal Care (CLAC) at the
University of Colorado Denver (UC Denver). All animal experi-
ments were performed in accordance with guidelines from the UC
Denver Institutional Animal Care and Use Committee. For all
experiments involving halothane treatment, female WT and
CD1d~/~ mice were injected intraperitoneally (i.p.) with
30 mmole/kg of halothane (Halocarbon Labs Inc., Hackensack,
NJ), dissolved in 2 mL of olive oil. Control mice were treated with
nothing (naive) or vehicle (olive oil).

To deplete hepatic Kupffer cells (KCs), liposome-entrapped
clodronate was prepared as previously described [16] and injected
intravenously (i.v.) to mice 2 days prior to halothane treatment.
Control mice were treated with empty liposomes. To deplete NK
cells, mice were injected i.v. with anti-AsGM1 polyclonal antibody
(100 pL; Wako Chemical USA, Richmond, VA) 2 days prior to
halothane treatment. Control mice were injected with the same
volume of normal rabbit serum.

2.3. Assessment of hepatotoxicity

At 15 and 24 h after halothane treatment, mice were anesthe-
tized and blood was collected by retro-orbital puncture. Serum
alanine transaminase (ALT) levels were measured using a diagnostic
assay kit (Teco Diagnostics, Anaheim, CA) following the manufac-
turer’s instruction. At 24 h after halothane administration, animals
were sacrificed and the livers removed. Liver sections were fixed in
10% formaldehyde overnight before being transferred to a 70%
ethanol solution. Paraffin-embedded liver sections were mounted
onto glass slides and stained with hematoxylin and eosin (H/E;
Department of Pathology, UC Denver).

2.4. Immunoblot analysis of TFA-protein adducts and CYP450 2E1
expression in the liver

WT and CD1d~/~ mice were sacrificed 8 h after halothane
treatment. Liver homogenate samples (30 j.g/lane) were resolved
on 12% polyacrylamide gels and transferred onto nitrocellulose
membranes (Bio-Rad Laboratories Inc., Hercules, CA). Membranes
were blocked with 5% (w/v) fat-free milk and probed with anti-TFA
antisera (1:1000), or anti-cytochrome (CYP) 450 2E1 antibody
(1:5000; Assay Designs Inc., Ann Arbor, MI) overnight at 4 °C.
Membranes were then incubated with horseradish peroxidase-
conjugated goat anti-rabbit IgG antibody (1:2000; Chemicon
International Inc., Temcula, CA) for 1h at room temperature.
Protein signals were visualized using an ECL Plus Western Blotting
Detection System (GE Healthcare Bio-Science Corp., Little Chalfont,
UK), and the data were captured using a Storm 860 system (GE
Healthcare Bio-Science Corp.).

2.5. Isolation of hepatic leukocytes and hepatocytes

Hepatic leukocytes were isolated following a previously
described method with slight modification [17]. Mice were
anesthetized and the liver perfused in situ with pre-warmed
Hank’s balanced salt solution (HBSS) at 37 °C for 5 min. Single cell
suspensions were filtered through a 100 pm cell strainer (BD
Falcon, Bedford, MA) and centrifuged at 300 x g for 5 min. The
pellet was resuspended in 15 mL of 35% Percoll containing 50 U/mL
of heparin (Baxter Healthcare Corporation, Deerfield, IL) and
centrifuged at 500 x g for 15 min. The resulting pellet was
collected and resuspended in 1.5 mL of red blood cell lysing buffer
for 5 min. The cells were then washed in HBSS solution containing
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0.6% acid citrate-dextrose (Acd-A) and 0.5% bovine serum albumin
(BSA).

Hepatocytes were isolated following a previously established
method [18] with slight modifications. Briefly, mice were
anesthetized with isoflurane and the livers perfused in situ with
a Ca*-free HBSS buffer for 5 min followed by a 0.05% collagenase
solution for 25 min. After digestion, the liver was disrupted in
Williams E media by gently shaking in a 50 mL Falcon tube. The
single cell suspension was filtered through a 100 pm cell strainer
and then centrifuged at 30 x g for 3 min to pellet hepatocytes. A
density gradient centrifugation using 40% Percoll was subse-
quently employed to remove non-viable hepatocytes.

2.6. Flow cytometric analysis

Freshly isolated hepatic leukocytes were incubated with anti-
FcyR II/III antibody (10 pg/mL, clone 93) plus rat serum (1:10
dilution) for 10 min on ice in order to prevent nonspecific binding.
The cells were stained with various antibodies, including
fluorescein isothiocyanate (FITC)-conjugated anti-Gr1 (clone
RB6-8C5), PE-conjugated anti-CD11b (clone M1/70) in order to
identify neutrophils (CD11b*Gr-17). The NKT cell population
(CD1d-Tetramer*CD3") was recognized by staining the cells with
PE-conjugated CD1d-tetramers and allophycocyanin (APC)-con-
jugated anti-CD3 (clone 145-2C11). In some experiments, cells
were stained with PE-conjugated anti-CD1d antibody (clone 1B1)
to examine the expression of CD1d on hepatocytes. After antibody
staining, the cells were analyzed on a FACS Calibur using CellQuest
software (BD Biosciences, San Jose, CA). The data were further
analyzed using Flow]Jo software (Tree Star Inc., Ashland, OR).

2.7. Statistical analysis

Data are presented as mean + SEM. Two-tailed Student’s t-test
was used to compare two groups. Comparison among multiple groups
was performed using one-way analysis of variance (ANOVA) with a
post-hoc test of significance between individual groups. Differences
were considered significant when p < 0.05.

3. Results
3.1. NKT cell-deficient CD1d~/~ mice are resistant to HILI

NKT cell depletion in vivo has often been achieved by
administering either an anti-NK1.1 antibody or a-GalCer to mice.
However, the anti-NK1.1 antibody depletes not only NKT cells, but
also NK cells as well. a-GalCer-induced NKT cell depletion is
preceded by activation of these cells, which may cause the further
activation of additional cells, including NK cells. Together, these
activated cells are capable of producing pro-inflammatory
cytokines, such as IFN-v, that can inhibit CYP450 activity [19].
The suppression of CYP450 activities inhibits halothane metabo-
lism to TFA, thereby preventing the onset of HILI [17]. Due to these
concerns associated with NKT cell depletion in vivo, we chose to
use CD1d~/~ mice, which lack NKT cells due to ablation of the CD1d
gene that is critical for NKT cell development.

CD1d~/~ mice on a Balb/c], rather than C57BL/6], background
were employed in the present study, as we have previously
established the susceptibility of Balb/cJ WT mice to HILI [3]. Female
mice were used as they were found to be more susceptible to HILI
than their male counterparts [3]. Compared with WT mice, our
data demonstrated that CD1d~/~ mice were much less susceptible
to HILI, evident from the nearly 20-fold lower ALT levels observed
in CD1d~/~ mice (Fig. 1A, 4797 £513IU/L in WT mice vs.
202 £+ 114 IU/L in CD1d~/~ mice 24 h post-halothane challenge). In
line with the minimal ALT levels, histological evaluation of liver
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Fig. 1. CD1d~/~ mice were resistant to HILL. Female WT and CD1d~/~ mice were
treated with halothane. (A) Serum ALT levels were determined at 15 and 24 h after
halothane treatment. Results shown represent mean + SEM of 10 mice per group,
and individual samples were assayed in triplicate (*p < 0.05 compared with WT mice).
(B) Livers were excised at 24 h after halothane treatment and photomicrographs
(200x, final magnification) of paraffin-embedded liver sections stained with H/E are
shown (outlines indicate injured areas).

sections obtained at 24 h after halothane treatment revealed
markedly reduced hepatocyte necrosis in CD1d~/~ mice compared
with WT mice (Fig. 1B).

The metabolism of halothane to its reactive metabolite, TFA,
and the subsequent formation of TFA-protein adducts are thought
to be a prerequisite for the development of tissue damage. To
investigate whether the resistance exhibited by CD1d~/~ mice to
HILI was due to inhibition of halothane metabolism, the levels of
TFA-protein adducts were examined by immunoblot analysis using
an anti-TFA antibody (kindly provided by Dr. Lance Pohl, NIH).
Although a slight increase was evident, there was no dramatic
decrease in the amount of TFA-protein adducts within the liver of
CD1d~/~ mice compared with those in WT mice at 8 h after
halothane challenge (Fig. 2A). In addition, the levels of CYP450 2E1
expression were also similar between CD1d~/~ and WT mice
(Fig. 2B). These data clearly indicate that the resistance of CD1d~/~
mice to HILI is not due to a compromise in either halothane
metabolism or TFA generation.

3.2. KCs and NK cells do not play a role in HILI

The resistance of CD1d "/~ mice against the development of HILI
may be either a direct result of the lack of NKT cells or an indirect
effect due to the absence of cross-talk between NKT cells and other
hepatic innate immune cells, such as KCs and NK cells.

To determine whether KCs contribute to the pathogenesis of
HILI, these cells were depleted prior to halothane treatment by
using liposome-entrapped clodronate. The data demonstrated that
KC depletion did not affect degree of liver injury caused by
halothane (Fig. 3A, 5403 +10291U/L in KC-intact mice vs.
4385 + 783 IU/L in KC-depleted mice). Activated NKT cells often
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Fig. 2. The lack of NKT cells in CD1d~/~ mice did not inhibit halothane metabolism. Female WT and CD1d~/~ mice (3 mice/group in panel A and 4 mice/group in panel B) were
treated with halothane, and after 8 h, liver homogenates were prepared and used (30 p.g/lane) for immunoblot detection of (A) TFA-protein adducts with anti-TFA polyclonal
antibodies (1:1000 dilution) and (B) CYPP450 2E1 with anti-2E1 polyclonal antibodies (1:5000 dilution). Molecular mass markers (kDa) are indicated on the right. 3-Actin

served as a loading control (indicated by arrow).
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Fig. 3. KC and NK cell depletion did not affect hepatic HILI. (A) KCs were depleted in female WT mice by i.v. injection with liposome/clodronate (Lipo-Cld). Control mice were
treated with empty liposomes (Lipo-PBS). (B) NK cells were depleted in female WT mice by i.v. injection of anti-AsGM-1 antibody. Control mice were treated with normal
rabbit serum. Two days after liposome/clodronate or anti-AsGM-1 antibody treatment, mice were treated with halothane, and serum ALT levels were determined at 15 h after
halothane treatment. Results shown represent mean + SEM of 10 mice per group, and individual samples were assayed in triplicate.

induce NK cell activation, resulting in the production of pro-
inflammatory cytokines, including IFN-vy. Therefore, it is highly likely
that rather than their direct involvement, NKT cells indirectly
contribute to HILI via activation of NK cells. In this case, depletion
of NK cells should result in the inhibition of HILI. However, our data
revealed that the administration of an anti-AsGM-1 antibody to
specifically deplete NK cells did not affect HILI (Fig. 3B,
5601 + 754 IUJ/L in NK-intact mice vs. 4675+ 756 IU/L in NK-
depleted mice). These findings indicate the dispensable role of KCs
and NK cells in the development of HILI, and further demonstrate that
these cells are not essential in either activating NKT cells or mediating
the pathological effects of NKT cells.

3.3. Halothane treatment induces NKT cell activation

The fact that CD1d /- mice are resistant to HILI strongly
suggests that NKT cells are activated upon halothane treatment,
and subsequently contribute to the development of HILL To
examine this hypothesis, hepatic leukocytes were isolated from
WT mice at 4 h after halothane challenge. The cells were then
stained with anti-CD3 antibody and CD1d-tetramer to identify NKT
cells by flow cytometry. As shown in Fig. 4, the percentage of NKT
cells (CD3"CD1d-tetramer”) among total hepatic leukocytes
increased following halothane treatment, indicating the activation
of such cells.

NKT cell activation occurs via their T cell receptor recognition of
glycolipids presented in complex with the MHC class I-like
molecule, CD1d [20]. It is possible that halothane challenge may
increase the amount of, or induce the generation of new
glycolipids, thereby stimulating the activation of NKT cells. In

addition, to confirm the ability of hepatocytes to present
endogenous lipid antigens to NKT cells, the expression of CD1d
on the surface of hepatocytes was examined by flow cytometry.
The data revealed that the majority of hepatocytes isolated from
both naive and halothane-treated mice expressed CD1d on their
surface (Fig. 5).

3.4. Hepatic neutrophil infiltration is inhibited in CD1d~/~ mice

We have reported that aside from the formation of TFA and TFA-
protein adducts, activation of the innate immune system contributes

Naive A Halothane

Tetramer

Fig. 4. Halothane treatment of WT mice led to an increase in the number of
hepatic NKT cells. Female WT mice were treated with nothing (naive) or
halothane, and hepatic leukocytes were isolated 4 h later. The cells were stained
with PE-conjugated CD1d-tetramer and APC-conjugated anit-CD3, and analyzed
by flow cytometry. The percentage of NKT cells (CD1d-tetramer® CD3") is
presented in the upper right quadrant of each graph. Data shown are
representative of 4 mice per group.
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Fig. 5. Cell surface expression of CD1d by hepatocytes. Female WT mice were
treated with nothing (naive) or halothane, and hepatocytes were isolated at 4 h
later. The cells were stained with PE-conjugated anti-CD1d antibody and analyzed
by flow cytometry. Data are displayed as histograms depicting fluorescence
intensity (x-axis) vs. cell number (y-axis). Solid black lines represent isotype control
antibodies and shaded histograms represent specific CD1d staining. The percentage
of hepatocytes that express CD1d is presented in each graph. Data shown are
representative of 3 mice per group.

to the overall extent of HILI [3]. Our previous data have
demonstrated that halothane treatment induced neutrophil recruit-
ment into the liver and that HILI was significantly attenuated upon
depletion of neutrophils [3]. These data indicate a crucial role for
neutrophils in the progression of HILL To investigate whether

ol
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Fig. 6. Halothane-induced hepatic recruitment of neutrophils was not affected by
KC depletion, but was inhibited in CD1d /- mice compared with WT mice. (A and B)
Female WT and CD1d~/~ mice were treated with halothane. Hepatic leukocytes
were isolated 12 h later from individual mice and stained with FITC-conjugated
anti-Gr-1 and PE-conjugated anti-CD11b antibodies and analyzed by flow
cytometry. (A) Data shown are representative dot plots of neutrophil infiltration
into the liver of halothane-treated WT and CD1d~/~ mice. The percentage of
neutrophils (Gr-1"CD11b") is presented in the upper right quadrant of each graph.
(B) The absolute number of infiltrated neutrophils was calculated as the product of
the total number of hepatic leukocytes isolated and the percentage of neutrophils.
The absolute number of hepatic neutrophils per liver from halothane-treated WT
and CD1d~/~ mice (10 mice per group) is plotted as mean +SEM (*p < 0.05
compared with WT mice). (C) KCs were depleted as described in Fig. 3, and treated with
halothane 2 days later. Hepatic leukocytes were isolated 12 h after halothane
treatment, and the cells were stained and analyzed by flow cytometry as described
above. The absolute number of infiltrated neutrophils per liver was calculated and
plotted as mean + SEM.

neutrophil recruitment into the liver upon halothane challenge was
suppressed in the absence of NKT cells, hepatic leukocytes were
isolated from individual WT and CD1d~/~ mice. The cells were
stained with antibodies against Gr-1 and CD11b and analyzed by
flow cytometry. The data revealed a significant reduction in the
number of neutrophils that infiltrated into the liver of CD1 d~/~ mice,
compared with WT mice, at 6 h (data not shown) and 12 h (Fig. 6A
and B) following halothane treatment (470,000 + 100,000 neutro-
neutrophils/liver in WT mice vs. 120,000 & 31,500 neutrophils/liver in
CD1d~/~ mice). This finding suggests a critical role for NKT cells in the
pathogenesis of HILI through promoting neutrophil infiltration into the
liver. In contrast, depletion of KCs (Fig. 6C) or NK cells (data not shown)
did not affect hepatic neutrophil infiltration.

4. Discussion

DILI is a significant cause of patient morbidity and mortality.
The idiosyncratic nature and poor diagnosis of such reactions
represent a major safety issue in drug therapy and new drug
development. Research aimed at understanding the pathogenesis
of DILI has been hampered by the lack of animal models. Our
previous development of a murine model of HILI demonstrated a
strain-dependent susceptibility that was not due to variations in
the metabolism of halothane to TFA but rather the extent of
inflammatory response [3]. Moreover, our studies revealed that co-
treatment of mice with a viral RNA mimetic, polyinosinic-
polycytidylic acid (polyl:C), caused an exacerbation of HILI by
stimulating hepatic macrophages and NK cells to produce multiple
pro-apoptotic factors [17]. Collectively, these findings suggest that
in addition to halothane-induced direct hepatotoxicity, the
activation of various innate immune cells within the liver plays
an important role in the pathogenesis of HILIL

The current study examined the involvement of NKT cells in
HILI and demonstrated that NKT cell-depleted CD1d~/~ mice were
resistant to the development of HILI (Fig. 1). This resistance was
not due to a compromise in halothane metabolism or the
subsequent formation of TFA-protein adducts, which are critical
events in the initiation of tissue damage. In addition, the data
revealed similar levels of hepatic CYP450 2E1 expression between
CD1d~/~ and WT mice (Fig. 2). While the levels of TFA-protein
adducts were slightly increased, they were certainly not decreased
in CD1d~/~ mice compared with WT mice (Fig. 2). This result, in
conjunction with our previous finding that the strain-dependent
susceptibility to HILI was not due to variations in halothane
metabolism [3], suggests that TFA-protein adduct formation is a
prerequisite for the development of HILL. Nonetheless, the degree
of tissue damage does not closely correlate with the extent of the
adduct formation.

The resistance of CD1d~/~ mice against the development of HILI
may be either a direct consequence of NKT cell-deficiency or an
indirect result due to the absence of cross-talk between NKT cells
and other hepatic innate immune cells. NKT cell stimulation may
be dependent upon the prior activation of KCs by either halothane
itself or halothane-challenged hepatocytes. On the other hand, NKT
cells may cause the activation of hepatic KCs and NK cells, resulting
in their further production of pro-inflammatory cytokines [21,22].
It has been demonstrated that KCs play an important role in
murine models of T cell- and TNF-a-dependent liver injury [23].
Furthermore, we have reported that KCs and NK cells play a key
part in mediating polyl:C-induced exacerbation of HILI in mice
[17]. However, our present study demonstrated that the specific
depletion of either KCs or NK cells did not modulate the extent of
HILI in WT mice (Fig. 3), thereby negating the involvement of these
cells in the pathogenesis of HILIL These data further suggest that the
resistance of CD1d~/~ mice in developing HILI cannot be explained
by the lack of interaction between NKT cells and KCs or NK cells.
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We found that CD1d~/~ mice, which were resistant to HILI,
exhibited significantly decreased numbers of infiltrating neutro-
phils within the liver upon halothane challenge, compared with that
in WT mice (Fig. 6A and B). The pathological role of neutrophils in
HILI has been established in our previous studies, as depletion of
neutrophils resulted in a marked attenuation of liver injury [3].
Collectively, these findings suggest that hepatic NKT cells are an
important factor in the regulation of neutrophil recruitment into the
liver, thereby contributing to HILIL In support of this hypothesis, a
report has described that hepatic NKT cells, through secretion of
osteopontin, mediated the degree of neutrophil infiltration and
activation within the liver, thereby modulating the severity of
concanavalin A-induced liver injury [24]. Another possible pathway
by which NKT cells facilitate neutrophil recruitment is through the
production of IL-17. IL-17, a major pro-inflammatory cytokine
produced by activated T helper cells (Th17 cells), has been shown to
cause neutrophil infiltration during tissue inflammation [25,26]. A
number of recent studies have revealed that, compared with Th17
cells, NKT cells produce IL-17 much more rapidly upon activation
[27-29], and that this NKT cell-derived IL-17 mediates neutrophil
infiltration [28,29]. Furthermore, it was recently reported that IL-17
plasma level was increased in WT Balb/c mice treated with
halothane. The same study also found that neutralization of IL-17
attenuated HILI, and that administration of rIL-17 exacerbated it
[30]. Based on these findings, our future study will focus on
investigating the role of osteopontin and IL-17 in mediating NKT
cell-regulated neutrophil recruitment and contributing to HILI.

Our data revealed that hepatic NKT cells were activated in mice
upon halothane treatment (Fig. 4). NKT cells can be activated in
many ways, for which pro-inflammatory cytokines, including IL-
12, IL-15, and IL-18 have been shown to be one such mechanism
[31]. It is therefore possible that hepatic KCs, which represent a
major cellular source of these cytokines, are involved in activating
NKT cells. However, our data demonstrating that depletion of KCs
does not affect HILI (Fig. 3) negate such a role for KCs in NKT cell
activation and thereby mediating NKT cell-induced liver injury. It
is also known that NKT cells can be activated via T cell receptor
recognition of glycolipids presented in complex with CD1d. An
exogenous glycosphingolipid (GSL), a-GalCer, has been shown to
cause a robust activation of NKT cells [32]. The physiological
ligands recognized by NKT cells remain unidentified, although [3-p-
glycosylceramides ([3-pb-GlcCer), as self-GSL antigens, have gained
experimental support [20,33]. Our data demonstrated that the
majority of hepatocytes isolated from both naive and halothane-
treated WT mice express CD1d on their surface (Fig. 5). Further-
more, intravital microscopy studies demonstrating direct contact
between hepatocytes and NKT cells (4 cells/h) support the notion
that NKT cells regularly survey CD1d-bound lipid antigens
presented by hepatocytes [34]. As such, it is likely that halothane
treatment may induce the generation of new self-GSL antigens or
increase their amount in hepatocytes, thereby resulting in direct
NKT cell activation.

In summary, our studies demonstrated that CD1d~/~ mice
deficient in NKT cells were resistant to the development of HILL This
resistance appeared to be a direct result of NKT cell depletion rather
than an indirect consequence due to the loss of cross-talk between
NKT cells and other hepatic innate immune cells. Compared with WT
mice, CD1d~/~ mice exhibited significantly lower number of
infiltrating neutrophils in the liver upon halothane challenge. This
finding, together with an existing wealth of the literature reports
describing the role of NKT cells in regulating neutrophil recruitment,
strongly suggests that NKT cells play a critical role in stimulating
neutrophil infiltration and activation, thereby contributing to the
development and progression of HILI. Collectively, the current study
and our previous reports indicate that this murine model of HILI
provides an experimental system for the investigation of the

underlying mechanisms of DILIL Furthermore, this model may yield
the identification of susceptibility factors that contribute to the
development of liver injury in patients treated with halothane and
potentially other drugs.
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