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Halothane-induced hepatitis has served as a model for environmentally induced
immunopathology for more than three decades and illustrates the paradigm that genetic
susceptibility predisposes to a unique immune response and subsequent liver injury (1).
Halothane was once considered an ideal anesthetic agent in that it was volatile and non-
inflammable, had a high therapeutic index, and no initial manifestation of injury to vital
organs such as liver. Not surprisingly, halothane undergoes both oxidative and reductive
metabolism by hepatic cytochrome P450 (CYP) with human CYPs 2E1 and 2A6 involved in
oxidation and CYPs 2A6 and 3A4 involved in reduction. Hepatotoxicity can result from
these CYP-catalyzed transformations (2). Halothane oxidation, the major metabolic
pathway, leads to the production of the reactive electrophile trifluoroacetyl chloride and, by
subsequent acylation of liver proteins, results in the formation of trifluoroacetylated protein
neoantigens. In predisposed individuals, these neoantigens elicit antibody formation and,
upon subsequent exposure to halothane, a secondary immune response elicits hepatic
necrosis (3, 4).

The reaction of trifluoroacetyl chloride with water produces trifluoroacetic acid (TFA), a
clinical marker for halothane oxidation. Metabolic halothane reduction leads to the
formation of the 2-chloro-1,1,1-trifluoroethyl radical by hemolysis of the C—Br bond. From
this reactive intermediate, the stable metabolites chlorotrifluoroethane (CTE) and
chlorodifluoroethene (CDE), formed by additional reduction along with inorganic fluoride
are produced; these volatile metabolites, CDE and CTE, are readily detected in exhaled
breath of humans exposed to halothane (5). Metabolic reduction to halothane-derived
radicals also leads to lipid peroxidation as has been demonstrated in human liver
microsomes /n vitro (6). Halothane administration reduces hepatic blood flow and this
creates the hypoxic conditions required for the reductive metabolism of halothane;
consequently CDE and CTE metabolites decline rapidly after halothane exposure is
terminated (7).

Lance Pohl and his colleagues have a long and distinguished track record of studying the
mechanisms involved in HILI, but the molecular basis of immunopathology and the earliest
events have remained enigmatic. Interestingly, previous data emphasized the presence of
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eosinophils at the initiation of liver injury (8). In fact, the presence of eosinophils in these
early phases of injury, particularly since they were found exclusively surrounding necrotic
areas, with a frequency proportional to the magnitude of injury, suggested that the signaling
events that result in eosinophil infiltration will be critical to developing new therapeutic
venues. With these comments in mind, the current study (9) has addressed the events that
lead to such eosinophilic infiltration and, in particular, provide data that strongly suggests
that thymic stromal lymphopoietin (TSLP), derived from hepatic epithelial cells, is the lynch
pin along with the concurrent production of IL-4 and other type Il cytokines in the events
that lead to eosinophil-induced injury (Figure 1).

TSLP is a component of the IL-2 cytokine family and a paralog of IL-7 (10). It is relatively
promiscuous in that it has the ability not only to stimulate thymocytes, but it also is integral
to B cell differentiation. Importantly, TSLP is produced by a variety of epithelial cells,
including not only thymic stroma, but also hepatic epithelial cells, keratinocytes, dendritic
cells and mast cells (10-12). In the current study, mice genetically deleted of the TSLP
receptor or wild-type controls were exposed to halothane. As expected, in wild-type mice
there was a time-dependent appearance of hepatic necrosis demonstrated not only by liver
function tests, but also by histochemistry. In contrast, however, in mice deleted of the TSLP
receptor, there was a significant reduction in ALT and hepatic necrosis. Interestingly, liver-
derived TSLP mRNA was dramatically increased in mice exposed to halothane. 1L-4 was
also noted to be increased but its production appeared to occur from multiple sources. The
reduction in hepatic necrosis in mice deleted of the TSLP receptor was not due to altered
metabolism of halothane, i.e. there were no differences in TFA-protein adducts. The
decrease in liver pathology was secondary to dramatic reductions in eosinophils concurrent
with reductions in IL-4 and the eotaxins, CCL11 and CCL24. Using a variety of cytokine
replacements, the authors further demonstrated that TSLP is the initiator of the events that
lead to halothane-induced immunopathology. Finally, to expand the data and the potential
conclusions, the authors demonstrated a similar role of TSLP in concanavalin-A induced
hepatitis.

Although TFA-adduct or halothane-modified macromolecules appear to be an initiating
event in HILI, there are other factors required for exacerbation and perpetuation of the
injury. Firstly, a specific role for cytokines and/or lymphoid subpopulations continues to
remain controversial, but it has been suggested that recruitment of neutrophils or NK cells
and changes of the expression levels of IL-17 or IL-10 are essential to the natural history of
HILI pathogenesis (13-16). In addition, suppressed miR-106b expression, as well as the
subsequent up-regulation of STAT3, may also be critical for the pathogenesis of HILI (17).
However, there are no data, including in the current study, that reflect an exclusive factor
that provides a mechanism for the exacerbation of HILI. Clearly, there is a multiplicity of
TSLP function in the promotion of Th2 responses including the blockade of Th1/Th17
responses (10, 18), the activation of dendritic cells to differentiate Th17-induced
inflammation (19), and the requirement of DCs to drive Th17 differentiation via hepatocyte-
derived TSLP (20). We would expect therefore that dissection of the TSLP receptor signal
cascade would be critical to dissect the natural history of HILI. Since the expression of the
TSLP receptor is restricted to mast cells, eosinophils, and myeloid dendritic cells, one would
expect that the TSLP receptor signal cascade would be an upstream regulator following the
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immune response to the xenobiotic. Finally, whether the mechanisms that lead to HILI
and/or concanavalin-A induced hepatitis are a paradigm or paradox for xenobiotic-induced
immune injury must be further studied.

There are also a number of additional questions that remain unanswered. Firstly, it is not
clear that these data can be extrapolated from mice to humans. For example, it is still
unknown why some patients are susceptible to halothane-induced injury and others are not.
Second, the dichotomy of Th1/Th2/Th17 cytokines in humans is not as clear as it is in
inbred mice. Third, although eosinophils appear to be the major component of
immunopathology, it is equally clear that there may well be other innate mechanisms that
contribute, particularly in those individuals who have genetic variation and/or
polymorphisms in the TSLP receptor gene. Recently, at least two independent eosinophil
functions have been identified, including firstly as an effector cell and secondly as an
antigen presenting cell; these functions may well be the basis for inter-individual differences
(21). These comments notwithstanding, this current paper is an important contribution to
understanding the cellular events and signaling pathways that drive the earliest stages of
HILI. Future studies need to focus on the genetics and, in particular, to define whether HILI
is an isolated example or can be generically applied to other models of drug induced liver
disease.
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CDE chlorodifluorethene

CTE chlorotrifluorethane

HILI halothane-induced liver injury

TSLP thymic stromal lymphopoietin
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Figure 1.

(1) Mice treated with halothane produce disruptive trifluoroacetylated (TFA) protein adducts
in hepatocytes. (2) This early damage causes an increase in IL-18 and TNFa levels. (3)
Along with IL-4, these cytokines synergistically cause an upregulation of thymic stromal
lymphopoietin (TSLP) and eotaxin in hepatocytes. Secreted TSLP binds to its receptor
(TSLPr) on lymphocytes causing a Th2 response that among other things increases 1L-4
secretion. Hepatocyte eotaxin levels are also increased by the elevated trio of cytokines
which in turn participates in the recruitment of tissue damaging eosinophils that produce (4)
the halothane induced liver injury (HILI). Interfering with IL-4 or TSLPr attenuates the
injury in this model.

Hepatology. Author manuscript; available in PMC 2015 November 01.



