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Abstract

Acetaminophen (APAP) hepatotoxicity is a serious public health problem in western countries.
Current treatment options for APAP poisoning are limited and novel therapeutic intervention
strategies are needed. A recent publication suggested that benzyl alcohol (BA) protects against
APAP hepatotoxicity and could serve as a promising antidote for APAP poisoning. To assess the
protective mechanisms of BA, C56BI/6J mice were treated with 400mg/kg APAP and/or
270mg/kg BA. APAP alone caused extensive liver injury at 6h and 24h post-APAP. This injury
was attenuated by BA co-treatment. Assessment of protein adduct formation demonstrated that
BA inhibits APAP metabolic activation. In support of this, in vitro experiments also showed that
BA dose-dependently inhibits cytochrome P450 activities. Correlating with the hepatoprotection
of BA, APAP-induced oxidant stress and mitochondrial dysfunction were reduced. Similar results
were obtained in primary mouse hepatocytes. Interestingly, BA alone caused mitochondrial
membrane potential loss and cell toxicity at high doses, and its protective effect could not be
reproduced in primary human hepatocytes (PHH). We conclude that BA protects against APAP
hepatotoxicity mainly by inhibiting cytochrome P450 enzymes in mice. Considering its toxic
effect and the loss of protection in PHH, BA is not a clinically useful treatment option for APAP
overdose patient.
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1. INTRODUCTION

Acetaminophen (APAP) is a commonly used analgesic and antipyretic drug in many western
countries. However, an overdose can cause severe liver injury and even liver failure,
resulting in almost 70,000 hospitalizations and 500 deaths annually in the US (Budnitz et al.,
2011; Manthripragada et al., 2011). Studies in the last few decades have greatly enhanced
our understanding of the mechanisms of APAP hepatotoxicity in the mouse model (Jaeschke
etal., 2012a) and also in humans (McGill and Jaeschke, 2014; Jaeschke, 2015). Formation
of the reactive metabolite N-acetyl-p-benzoquinone imine (NAPQI), which is catalyzed by
P-450 enzymes, has been recognized as the initiating event in the toxicity (Nelson, 1990).
Excessive NAPQI formation after APAP overdose depletes hepatic glutathione (GSH) and
binds to cellular proteins (Cohen et al., 1997). Protein binding in mitochondria disturbs the
mitochondria electron transport chain and enhances the formation of reactive oxygen species
(ROS) and peroxynitrite (Meyers et al., 1988; Jaeschke, 1990; Cover et al., 2005). The
initial oxidant stress is amplified through c-jun-N-terminal kinase (JNK) signaling, leading
to extensive mitochondrial dysfunction (Du et al., 2015; Hanawa et al., 2008), membrane
permeability transition pore opening and collapse of the mitochondrial membrane potential
(Kon et al., 2004). In addition, mitochondrial dysfunction causes release of mitochondrial
nucleases, which cleave nuclear DNA (Bajt et al., 2006). These signaling events induce
cellular necrosis (Gujral et al., 2002). Damage-associated molecular patterns (DAMPS)
released from the injured hepatocytes mediate the activation of toll-like receptors (TLRS) on
Kupffer cells and lead to an inflammatory response including cytokine/chemokine formation
and liver-specific immune cell recruitment (Jaeschke et al., 2012b).

N-acetylcysteine (NAC) was introduced as the clinical antidote against APAP poisoning in
the 1970s (Prescott et al., 1977). Multiple protective mechanisms have been reported for
NAC, including replenishment of the GSH pool, which enhances the detoxification of
NAPQI during the metabolism phase (Corcoran et al, 1985; Corcoran and Wong, 1986) and
later scavenges ROS and peroxynitrite in the mitochondria (Knight et al., 2002; Cover et al.,
2005). In addition, excess NAC can be degraded to form Krebs cycle intermediates, which
support mitochondrial energy production (Saito et al., 2010). However, although NAC is
very effective during the early phase of the injury, many patients seek medical attention
relatively late (Larson, 2007). Therefore, a drug that is effective after the metabolism phase
is needed.

A recent study identified benzyl alcohol (BA), which has already been approved by the FDA
for treatment of head lice, as a promising intervention in APAP hepatotoxicity (Cai et al.
2014). Remarkably, the authors demonstrated that BA not only offers almost complete
protection over a dose range of 270-540 mg/kg when given as a co-treatment, but can also
reduce the injury when administered as late as 2h post-APAP (Cai et al. 2014). This study
was highlighted by an editorial commentary, which suggested developing BA as a therapy
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for APAP overdose and acute liver failure (Patman, 2014). However, there are several
concerns regarding the interpretation of the data. Many studies from our laboratory and
others have shown that the innate inflammatory response after APAP overdose does not
exaggerate the liver injury but rather is beneficial by promoting tissue repair (Williams et
al., 2010a; 2011; 2014; Holt et al., 2008; You et al., 2013; Dambach et al., 2002), while BA
was suggested to mainly protect by interfering with pro-inflammatory signaling (Cai et al.,
2014). In addition, the effect of BA on APAP metabolic activation was not addressed. The
nearly complete protection observed when BA was given around the time of APAP
treatment raises the possibility that BA might have an effect on APAP metabolic activation.
Furthermore, despite the close similarities between the mouse model and the human
pathophysiology (Jaeschke, 2015), the effectiveness of BA against APAP hepatotoxicity
should be tested using primary human hepatocytes before clinical testing is contemplated.
Given the potential benefits of BA and the concerns listed above, we investigated the
protective mechanisms of BA in an in vivo mouse model and also in primary mouse and
human hepatocytes.

2. MATERIALS AND METHODS

2.1 Animals

Male C57BI/6J mice (8-12 weeks old) used in our experiments were purchased from
Jackson Laboratories (Bar Harbor, ME) and kept in an environmentally controlled room
with light/dark cycle of periods of 12 hr. All the animals were accustomed at least 3 days
before experiments with free access to food and water. All experimental protocols were
approved by the Institutional Animal Care and Use Committee of the University of Kansas
Medical Center.

2.2 Experimental design

After overnight fasting, mice were treated i.p. with 400 mg/kg APAP (Sigma-Aldrich, St.
Louis, MO) dissolved in warm saline. Benzyl alcohol (270 mg/kg) (Sigma-Aldrich)
dissolved in saline or saline alone (20 ml/kg) were co-administered (i.p.) or 2 h after APAP.
At 0.5h, 2 h, 6 hor24 h post-APAP mice were euthanized and blood and livers were
harvested. Blood was drawn into a heparinized syringe and centrifuged to obtain plasma.
The liver was sliced into pieces, and then fixed in phosphate-buffered formalin for histology,
or used for mitochondrial isolation, or was snap-frozen in liquid nitrogen and subsequently
stored at —80°C.

2.3 Isolation of subcellular fractions

The right and caudate lobes of the liver were minced and homogenized in ice cold isolation
buffer (pH 7.4, containing 22 mM mannitol, 70 mM sucrose, 2.5 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 10 mM EDTA, 1 mM ethylene glycol tetraacetic
acid, and 0.1% bovine serum albumin) with 15-20 strokes using a tight-fitting motorized
Teflon pestle. Cell debris was removed by spinning the homogenate at 2,500 g for 10 min,
and the resulting supernatant was then centrifuged at 20,000 g for 10 min to pellet
mitochondria. The supernatant was preserved as cytosolic fraction. The mitochondria were
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washed with isolation buffer and flash frozen in liquid nitrogen. Both the cytosolic and the
mitochondrial fractions were stored long-term at —80°C (Du et al., 2014).

2.4 Cell culture experiments

Primary mouse hepatocytes were isolated with a 2-step collagenase perfusion technique as
described previously (Bajt et al., 2004). All isolations had cell viability > 90% and
hepatocyte purity > 95%. The cells were plated in a density of 6 x10° cells/well in six-well
plates (BioCoat collagen I cellware plates; Becton Dickinson, Franklin Lakes, NJ), and
grown in Williams E medium (Life Technologies, Grand Island, NY) containing 100 U/mL
penicillin/streptomycin, 1x10~7 M insulin, and 10% fetal bovine serum. All studies with
human material were approved by the University of Kansas Medical Center Institutional
Review Board and followed the ethical and institutional guidelines. Primary human
hepatocytes were isolated as described previously (Xie et al., 2014). Primary mouse
hepatocytes or human hepatocytes were co-treated with 5 or 10 mM APAP and 0-46 mM
BA, or APAP or BA alone. Cells were harvested for the JC-1 assay, APAP-protein adducts
determination, ALT or lactate dehydrogenase (LDH) activity measurement.

2.5 Biochemical assays

ALT activity was determined using an ALT kit (Pointe Scientific, MI). LDH activity was
performed as described in detail (Bajt et al., 2004). GSH and GSSG levels were measured
using a modified method of the Tietze assay (Jaeschke and Mitchell, 1990). JC-1
Mitochondrial Membrane Potential Kit (Cell Technology, Mountain View, CA) was used to
detect the mitochondrial membrane potential as described in detail (Bajt et al., 2004).

2.6 APAP protein adducts and cytochrome P450 activity

APAP-protein adducts in liver tissues and mitochondrial pellets were measured as described
(Ni et al., 2012; McGill et al., 2012). 7-ethoxy-4-trifluoromethylcoumarin (7EFC)
deethylase assay was performed to determine the cytochrome P450 activity in liver
homogenates, as described in detail (Buters et al., 1993; (Ramachandran et al., 2011). The
substrate 7EFC is known to be metabolized by Cyp1A2 and 2E1 (Buters et al., 1993).

2.7 Histology and western blotting

Formalin-fixed tissue samples embedded in paraffin were cut in 5 pm thickness and stained
with hematoxylin and eosin (H&E) for necrosis assessment (Gujral et al., 2002). Western
blotting was performed as described (Bajt et al., 2000). The primary antibodies were rabbit
anti-Bax polyclonal antibody, rabbit anti-AlF antibody (Cell Signaling Technology,
Danvers, MA) and mouse anti-Smac/DIABLO (BD Biosciences, San Diego, CA). A
horseradish peroxidase-coupled anti-rabbit or anti-mouse 1gG (Santa Cruz) was used as
secondary antibody.

2.8 Statistics

All results were expressed as mean + SEM. Statistical significance was assessed by one-way
analysis of variance (ANOVA), followed by Student-Newman-Keul’s test for multiple
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comparisons. For non-normally distributed data, ANOVA was performed on ranks, followed
by Dunn’s multiple comparisons. P < 0.05 was considered significant.

3. RESULTS

3.1 BA reduced APAP-induced liver injury

Mice treated with 400 mg/kg APAP had severe liver injury at 6 h and 24 h post-APAP, as
indicated by increased plasma ALT activities (Fig. 1A) and centrilobular necrosis (Fig. 1B).
Co-treatment with BA (270 mg/kg) significantly attenuated the increase in ALT activities
and reduced areas of necrosis at both 6 h and 24 h (Fig. 1A,B), indicating that BA reduced
APAP-induced liver injury. However, when mice were treated with BA 2 h after APAP, no
significant protection was observed at 6 h as indicated by the similar increase in plasma
ALT activities (APAP: 2573+162 U/L; APAP+BA: 2358+335 U/L; n=4 per group) and a
similar oxidant stress as indicated by hepatic GSSG levels (data not shown). Together, our
data confirmed the significant beneficial effect of BA against APAP hepatotoxicity when
BA was co-treated with APAP, but not when it was given 2 h post-APAP as described by
Cai et al. (2014).

3.2 BA reduced APAP metabolic activation and parameters of oxidant stress

To evaluate the protective mechanisms of BA, APAP-protein adducts in both the total liver
and mitochondria were measured at 2 h, the peak of adduct formation in the liver (McGill et
al., 2013), and 6 h after APAP (Fig. 2A, B). Compared to APAP alone, co-treatment with
BA resulted in a reduction of protein adducts in total liver (Fig. 2A) and mitochondria (Fig.
2B) at both time points. These results suggested significant inhibition of APAP metabolic
activation by BA. In support of this, there was also a significant delay in hepatic GSH
depletion at both 0.5 h and 2 h in BA-treated mice (Fig. 2C). Consistent with the protection
by BA, the recovery of hepatic GSH in BA-treated mice was significantly higher at 24 h
(Fig. 2C). Formation of reactive oxygen species was assessed by GSSG levels and the
GSSG-to-GSH ratio (Fig. 2D, E). APAP dramatically increased both absolute GSSG levels
and the GSSG-to-GSH at 6 and 24 h, and co-treatment with BA significantly reduced both
(Fig. 2D, E), indicating reduced oxidant stress after BA treatment. However, as
demonstrated previously, inhibition of metabolic activation of APAP will effectively reduce
the down-stream oxidant stress (Jaeschke et al., 2006; Knight et al., 2002). Thus, the lower
oxidant stress in livers of BA-treated animals is most likely a consequence of the reduced
upstream events.

3.3 BA reduced APAP-induced mitochondrial dysfunction

Mitochondrial Bax translocation causes the formation of mitochondrial outer membrane
pores, contributing to the release of intermembrane proteins including Smac and AlF after
APAP overdose (Bajt et al., 2008). We assessed mitochondrial translocation of Bax and the
cytosolic release of Smac and AlF at 6 h after APAP (Fig. 3A,B). APAP treatment induced
Bax translocation from the cytosol to the mitochondria (Fig. 3A), as indicated by a dramatic
increase in the mitochondrial fraction (Fig 3C). BA caused a significant reduction in
mitochondrial Bax translocation (Fig. 3A, C). The mitochondrial Bax pore formation
triggered the release of Smac and AlF into the cytosol (Fig. 3B, D). BA treatment
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significantly reduced AIF release, which was supported by densitometric analysis (Fig. 3B,
D).

3.4 BA directly inhibited P450 activities

APAP toxicity is initiated by its metabolic activation, which is catalyzed by cytochrome
P450 enzymes such as Cyp2E1 and CyplA2 (Zaher et al., 1998). To test whether BA can
directly inhibit these cytochrome P450 enzymes, the 7EFC deethylase assay was used. The
general P450 enzyme inhibitor DMSO was included as a positive control (Buters et al.,
1993; Du et al., 2013). As indicated in Figure 4, both DMSO (1-10%) and BA dose-
dependently inhibited cytochrome P450 activities. BA caused >30% inhibition at 2.5 mM
and >80% inhibition at 10 mM (Figure 4). These data clearly demonstrated that BA can
directly inhibit P450 enzyme activities, which are relevant for metabolic activation of
APAP.

3.5 Effect of BA on APAP toxicity in primary mouse hepatocytes

In order to assess the direct effect of BA on hepatocytes, freshly isolated primary mouse
hepatocytes were treated with 5mM APAP, 0-5 pl/mL BA (equivalent to 0-46 mM BA) or
both. APAP alone caused extensive necrotic cell death (70 £ 4%) as indicated by the release
of LDH at 16 h post-APAP. Co-treatment with BA dose-dependently protected against
APAP-induced cell injury (Fig. 5A). Importantly, this experiment was performed using pure
hepatocytes in the absence of inflammatory cells. Both concentrations of BA that protected
also showed reduced APAP-protein adduct formation compared to APAP alone (Fig. 5B),
which supports our in vivo finding that the protection with BA correlates with inhibition of
metabolic activation of APAP. Interestingly, BA did not prevent loss of mitochondrial
membrane potential, as indicated by JC-1 assay (Fig. 5C). Since a previous study suggested
that BA could inhibit the mitochondrial electron transport (Chazotte and Vanderkooi, 1981),
we measured the direct effect of BA on mitochondria in primary mouse hepatocytes. BA
treatment dose-dependently resulted in mitochondrial membrane potential loss at 4.5 h (Fig.
6A), and also caused significant cell death at the highest concentration of 46 mM at 16 h
(Fig. 6B). Therefore, although BA protects against APAP-induced toxicity by inhibiting
APAP bioactivation, its own toxicity needs to be considered at higher concentrations.

3.6 Effect of BA on APAP toxicity in primary human hepatocytes

Because it was suggested that BA could be an effective therapy for APAP poisoning in
humans (Cai et al., 2014; Patman, 2014), we tested its effect on APAP toxicity in primary
human hepatocytes. Surprisingly, BA did not prevent ALT release at 48 h post-APAP (Fig.
7), suggesting that BA does not protect in human hepatocytes. Moreover, BA itself was
toxic at high concentrations, which is consistent with our findings in mouse hepatocytes

(Fig. 7).

4. DISCUSSION

The main objective of this study was to investigate the hepatoprotective mechanism of BA
in APAP-induced liver injury in vivo and in isolated hepatocytes. Our data clearly
demonstrated that BA reduces liver injury and oxidant stress mainly by inhibiting
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cytochrome P450 enzymes. In addition, we found that BA itself is cytotoxic at high
concentrations and is not effective in primary human hepatocytes.

4.1 BA inhibits the metabolic activation of APAP

It is well established that APAP hepatotoxicity is initiated by the formation of the reactive
metabolite NAPQI, which depletes GSH and binds to cysteine residues on cellular proteins
(Mitchell et al., 1973; Cohen et al., 1997; McGill and Jaeschke, 2013). Although protein
adduct formation is insufficient to cause cell death directly, it is thought that these protein
adducts, especially in mitochondria, are the first steps in a cascade of events that eventually
leads to cell necrosis (Jaeschke et al., 2012a). This is supported by numerous publications
showing that inhibition of P450 enzymes or their deficiency eliminates APAP toxicity
(Jollow et al., 1973; Mitchell et al., 1973; Jaeschke, 1990; Jaeschke et al., 2006; Zaher et al.,
1998). Therefore, any effect on the cytochrome P450-dependent metabolic activation of
APAP would have a profound effect on the downstream mitochondrial dysfunction, oxidant
stress, liver injury and sterile inflammatory response. For this reason, assessing the
metabolic activation of APAP is a prerequisite for the proper interpretation of the
mechanisms of any intervention. Inattention to this has led to misinterpretation of the
mechanisms of protection in numerous studies in recent years, especially those with natural
products (Jaeschke et al., 2013). Our data first demonstrated that BA delayed the early GSH
depletion, especially at 30 min after APAP. Because there is an exponential decline of
hepatic GSH levels after an APAP overdose during the first 30 min, this time point most
accurately reflects the initial reactive metabolite formation in vivo (Jaeschke, 1990). As has
been discussed (Jaeschke et al., 2011), later time points may be less informative about a
potential difference in reactive metabolite formation as the slower declining GSH levels in
the drug-treated group have time to catch up. This is illustrated by the results shown in
Figure 2C, where there is a much more pronounced difference in GSH levels between
APAP-treated animals with or without BA co-treatment at 30 min compared to 2 h.

Further evidence for the reduced metabolic activation of APAP after BA is the significantly
attenuated protein adduct formation. This directly indicates the inhibitory effect of BA on
the metabolic activation of APAP in vivo under the experimental conditions that showed
protection against liver injury. This is corroborated by results from the 7EFC deethylase
assay, which directly demonstrated that BA can dose-dependently inhibit P450 enzyme
activities at concentrations =2.5mM. In addition, the inhibitory concentrations of BA used in
this assay correlated very well with the reduced protein adduct formation and protection
with BA treatment in isolated hepatocytes, where 9 mM of BA resulted in a 60% reduction
in protein adduct formation and subsequently a significant reduction in cell death. As a
consequence of the reduced metabolic activation of APAP, we observed less oxidant stress
and mitochondrial dysfunction in BA co-treated mice, which was indicated by the reduced
hepatic GSSG levels reflecting mainly GSSG formation in mitochondria (Jaeschke, 1990). A
reduced APAP-induced oxidant stress due to inhibition of metabolic activation by the P450
inhibitor DMSO has been previously reported (Jaeschke et al., 2006). Likewise, the reduced
release of intermembrane proteins such as Smac and AIF from the mitochondria can also be
considered a down-stream effect. There is no known function for Smac in APAP
hepatotoxicity; the elevated levels of Smac in the cytosol likely simply reflect the
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permeabilization of the outer membrane due to the initial formation of a Bax pore at early
time points or due to matrix swelling and outer membrane rupture caused by the MPT at
later time points (Bajt et al., 2008). In contrast, AlF release has pathophysiological
consequences. AlF can translocate to the nucleus and is involved in nuclear degradation
(Bajt et al., 2006, 2011). Thus, the reduced mitochondrial release of AlF and Smac indicates
reduced mitochondrial dysfunction, likely as a consequence of reduced oxidant stress and
the inhibited upstream metabolic activation.

4.2 APAP hepatotoxicity and sterile inflammatory response

In APAP hepatotoxicity, endogenous damage-associated molecular patterns (DAMPS) are
released from the necrotic cells, act on Kupffer cells through toll-like receptors (TLRs), and
subsequently lead to a sterile inflammatory response (Jaeschke et al., 2012b). It was
previously reported that TLR4 was involved in APAP hepatotoxicity and mice deficient in
TLR4 signaling were protected (Yohe et al., 2006; Shah et al., 2013). However, Cai et al.
(2014) failed to reproduce these observations. Nevertheless, the authors still concluded that
BA protects against APAP hepatotoxicity through TLR4 signaling. This is mainly based on
the findings that BA is equally effective in a number of knockout mice deficient for genes
related to innate immunity (TLR9, TLR2, RAGE, etc) but was not protective in TLR4-
deficient mice, suggesting that TLR4 signaling was required for the protective effect of BA
(Cai et al., 2014). The authors also implicated the involvement of the Nalp3 inflammasome
(Cai et al., 2014). Although TLR4 signaling can induce IL-18 mRNA transcription and
trigger pro-IL-1p protein formation, a second signal, e.g. ATP, through the purinergic
receptor is necessary to activate the inflammasome and caspase-1 (Gross et al., 2011). There
are reports suggesting a role of the Nalp3 inflammasome and purinergic receptors in APAP
hepatotoxicity (Imaeda et al., 2009; Hoque et al., 2012), but the receptor antagonist used in
this study appears to protect because it inhibits the metabolic activation of APAP (Xie et al.,
2013). Importantly, the relatively minor increase of IL-1f after APAP hepatotoxicity
actually has no impact on the liver injury (Williams et al., 2010b). Moreover, even large
amounts of 1L-1p generated by endotoxin or added exogenously do not affect the
pathophysiology of APAP hepatotoxicity (Williams et al., 2010b). In addition, mice
deficient in IL-1R gene expression or treated with the pan-caspase inhibitor Z-VD-fmk to
block the inflammasome-mediated maturation of 1L-1p were not protected from the injury,
clearly indicating that IL-1f signaling might not be relevant in the liver injury process
(Lawson et al., 1999; Williams et al., 2010b). Furthermore, it is impossible for IL-1R to
directly induce cell death due to the lack of a cytoplasmic death domain in rodents (Sims
and Smith, 2010). IL-1p, if generated in sufficient quantities, can increase the recruitment of
immune cells, especially neutrophils into the liver (Williams et al., 2010b). However, there
is extensive evidence against a role for neutrophils in the injury process after APAP
overdose in mice (Lawson et al., 2000; Cover et al., 2006; James et al., 2003; Williams et
al., 2010a) or humans (Williams et al., 2014). Taken together, the reduced inflammatory
response reported by Cai et al. (2014) is likely the consequence of the reduced cell necrosis
and DAMP release due to the reduced metabolic activation of APAP and attenuated
mitochondrial dysfunction. However, it cannot be excluded that some direct effect of
inflammatory mediators on intracellular signaling may have affected the injury process. The
extensive inhibition of protein adduct formation in cultured mouse hepatocytes with
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moderately reduced cell death in vitro compared to the in vivo efficacy of BA supports this
conclusion. The increasing number of studies implying a role of various DAMPs in the
pathophysiology of APAP-induced liver injury also suggests that inflammatory mediators
can have an impact on the intracellular mechanism of cell death (Cai et al., 2014; Chen et
al., 2009; Imaeda et al., 2009; Singhal et al., 2007). An example is the role of IL-10 in
suppressing this pro-inflammatory response and reducing APAP-induced injury by
attenuating inducible nitric oxide synthase induction and peroxynitrite formation (Bourdi et
al., 2002).

4.3 BA mitochondrial toxicity and its potential as a therapy for APAP hepatotoxicity

Consistent with a previous study in isolated mitochondria (Chazotte and Vanderkooi, 1981),
our findings showed that BA itself can cause loss of mitochondrial membrane potential and
induce cell death at high concentrations in both primary mouse and human hepatocytes.
These findings indicate that BA may have a limited therapeutic window. Given that NAPQI
and BA both target the mitochondrial electron transport chain, a negative effect of BA on
APAP toxicity may even occur at doses lower than those causing BA toxicity. Thus, use of
BA as drug against APAP-induced liver injury and acute liver failure may pose too much of
a risk of adverse effects. In a recent study with human liver microsomes, it was reported that
BA can inhibit Cyp2E1, Cyp3A4 and CyplA2 by 20-45% using model substrates for each
P450 enzyme (Barnes et al., 2014). In contrast to these observations using microsomes from
5 different donors (Barnes et al., 2014), our findings indicate that at concentrations up to 19
mM, there was no protection in primary human hepatocytes. The exact reason for the lack of
protection in PHH is unknown, but a species difference between human and mice may
contribute. This could be an issue of BA uptake into hepatocytes or that in PHH the adverse
effects may overcome the potential beneficial effect of BA. Although the mechanism of the
lack of BA protection in PHH was not investigated in detail, our observations suggest that
the adverse effects of BA dominate in human hepatocytes. This supports the overall
conclusion that BA will not be a useful therapeutic option for acute liver failure in patients.

4.4 Summary and Conclusions

In summary, we demonstrated that the protection of BA in the murine model of APAP
hepatotoxicity is mainly caused by inhibition of metabolic activation as indicated by a delay
in GSH depletion and reduced protein adduct formation. This conclusion is also supported
by the findings that BA is a direct inhibitor of P450 enzymes, and that there was protection
in pure primary mouse hepatocyte cultures in which inflammatory cells are absent. The
reduced inflammatory response after APAP-induced cell death is most likely a secondary
effect of the reduced cell necrosis and DAMP release. Nevertheless, some impact of
inflammatory mediator formation on the pathophysiology cannot be excluded. Because BA
can trigger mitochondrial dysfunction at higher doses in both murine and human hepatocytes
but did not show a significant protection against APAP-induced cell death in human
hepatocytes, it is unlikely that BA is a realistic therapeutic option for treatment of APAP
overdose or acute liver failure in patients.
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RESEARCH HIGHLIGHTS

1. Benzyl alcohol protects against APAP hepatotoxicity in mice and mouse
hepatocytes

2. BA protects by inhibiting metabolic activation of APAP rather than
inflammation

3. BA s toxic and does not protect against APAP-induced cell death in human
hepatocytes

4. BA s not likely a realistic therapeutic option for treatment of APAP overdose

Food Chem Toxicol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Duetal.

Page 16

*

8000 1 mmmm APAP
1 APAP+BA

ALT (U/L)

* * #
1000 - I*# rl
0 [

0 2 6 24
Time (h)

APAP

APAP+BA

Figure 1.
BA reduced APAP-induced liver injury. Mice were co-treated with 400 mg/kg APAP and

270 mg/kg BA, and sacrificed at 0-24 h post-APAP. (A) Time course of plasma ALT
values. (B) Representative H&E-stained liver sections (x50 magnification). Data are
expressed as means + SE, n=3-6 mice per group. *P<0.05 (compared to Oh). #P<0.05
(compared to APAP).
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Figure 2.
BA reduced APAP-protein adduct formation and parameters of oxidant stress. Mice were

co-treated with 400 mg/kg APAP and 270 mg/kg BA, and sacrificed at 0-24 h post-APAP.
(A) Total liver and (B) mitochondrial APAP—cysteine adducts quantified by HPLC-ECD
method. (C) Hepatic GSH levels, (D) GSSG levels and (E) GSSG-to-GSH ratio. Data are
expressed as means + SE, n=3-6 mice per group. *P<0.05 (compared to Oh). #P<0.05
(compared to APAP).
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Effect of BA on mitochondrial translocation of Bax and mitochondrial release of Smac and
AIF. Mice were co-treated with 400 mg/kg APAP and 270 mg/kg BA, and sacrificed at 0-6
h post-APAP. (A) Western blots for Bax in subcellular fractions and (C) densitometric
analysis mitochondrial/cytosolic Bax ratio. (B) Western blots for cytosolic Smac and AlF
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and (D) densitometric analysis. Data are expressed as means + SE, n=3-6 mice per group.
*P<0.05 (compared to vehicle control).
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Figure 4.
BA and DMSO inhibited P450 activities. Cytochrome P450 activities affected by 1-10 mM

BA or 1-10 % DMSO was measured by the 7TEFC deethylase assay using the 14,000 xg
supernatant of mouse liver homogenate. n=3 mice per group. *P<0.05 (compared to
control).
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Figure 5.
Effects of BA on APAP-induced toxicity and BA toxicity in primary mouse hepatocytes.

Cells were treated with APAP (5 mM), or BA (0-46 mM), or both. (A) LDH release 16 h-
post APAP+BA treatment. (B) APAP protein adducts 4.5 h post-APAP. (C) Mitochondrial
membrane potential 4.5 h-post APAP+BA, based on JC-1 red/green fluorescence ratio.
*P<0.05 (compared to control). #P<0.05 (compared to APAP).
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Figure 6.
BA toxicity in primary mouse hepatocytes. Cells were treated with 0-46 mM BA. (A)

Mitochondrial membrane potential 4.5 h-post BA treatment. (B) LDH release 16 h-post BA
treatment. Data represent means + SE of n=3-4 separate experiments. *P<0.05 (compared to
control).
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Figure 7.
BA did not inhibit APAP-induced toxicity in primary human hepatocytes. Cells were treated

with APAP (10 mM), or BA (0-46 mM), or both, and ALT release was measured at 48 h
after treatment. Data represent means + SE of n=3 separate experiments. *P<0.05 (compared
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to control).
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