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Abstract

Paracetamol is an analgesic commonly used by people of all ages, which is well documented to
cause severe hepatotoxicity with acute over-exposures. The risk of hepatotoxicity from non-acute
paracetamol exposures is less extensively studied, and this is the exposure most common in older
adults. Evidence on the effectiveness of N-acetyl cysteine (NAC) for non-acute paracetamol
exposures, in any age group, is lacking. This study aimed to examine the effect of long-term
exposure to therapeutic doses of paracetamol and sub-acute paracetamol over-exposure, in young
and old mice, and to investigate whether NAC was effective at preventing paracetamol
hepatotoxicity induced by these exposures. Young and old male C57BL/6 mice were fed a
paracetamol-containing (1.33g/kg food) or control diet for 6 weeks. Mice were then dosed orally 8
times over 3 days with additional paracetamol (250mg/kg) or saline, followed by either one or two
doses of oral NAC (1200mg/kg) or saline. Chronic low-dose paracetamol exposure did not cause
hepatotoxicity in young or old mice, measured by serum alanine aminotransferase (ALT)
elevation, and confirmed by histology and a DNA fragmentation assay. Sub-acute paracetamol
exposure caused significant hepatotoxicity in young and old mice, measured by biochemistry
(ALT) and histology. Neither a single nor double dose of NAC protected against this toxicity from
sub-acute paracetamol in young or old mice. This finding has important clinical implications for
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treating toxicity due to different paracetamol exposure types in patients of all ages, and implies a
need to develop new treatments for sub-acute paracetamol toxicity.
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INTRODUCTION

Paracetamol is an analgesic commonly used by people of all ages, which is thought to be
safe at low doses, but can cause severe hepatotoxicity in over-exposure situations (1). The
majority of paracetamol toxicity studies have explored single, acute doses and there have
been limited studies on the risk of paracetamol toxicity from chronic or repeated
paracetamol exposure.

In humans, two studies found that compared to a single acute over-exposure, staggered over-
exposures to paracetamol were associated with an increased risk of liver failure (2,3).
Another found that 31-44% of patients taking the recommended therapeutic paracetamol
dose (4g/day) for 14 days had increased serum alanine aminotransferase (ALT)
concentrations, an indicator of liver damage (4). A case study (5) and a large-scale
retrospective hospital study (6), highlighted the increased risk of chronic paracetamol over-
exposure in patients taking multiple paracetamol-containing medications. There have been
few animal studies of chronic paracetamol exposure. Two rat studies, and one mouse study,
showed that low-dose paracetamol administered daily did not cause liver toxicity in the
absence of other risk factors (7-9). Several rat and BALB/c mouse studies have found that
pre-treatment with nontoxic doses of paracetamol for 4-8 days before exposure to a high
dose of paracetamol can protect against hepatotoxicity, through mechanisms including
reduction in cytochrome (CYP)2EL1 activity, and increased glutathione (GSH) levels (10—
12). However, another rat study found that pre-treatment 24 hours earlier with a moderate
dose of paracetamol increased the degree of hepatotoxicity from a secondary paracetamol
exposure, due to increased CYP2E1 activity (13). More research is needed to clarify the
effect of species, timing, and dose on the effect of paracetamol pre-treatment on
susceptibility to hepatotoxicity.

The pharmacokinetics of acute paracetamol exposure have been well established (1). At
therapeutic doses, paracetamol is predominantly metabolized via the conjugation pathways
(1) with approximately 5% oxidized by CYP2EL1 to the toxic metabolite N-acetyl-p-
benzoquinone imine (NAPQI) (14). With therapeutic paracetamol dosing, NAPQI is
detoxified by conjugation with GSH (15). With paracetamol over-exposure, there is
saturation of the conjugation metabolism pathways and GSH depletion resulting in build-up
of the toxic NAPQI, which can result in hepatotoxicity (16).

Current treatment of paracetamol overdose to prevent hepatotoxicity is the glutathione
precursor N-acetyl-cysteine (NAC) (17). NAC guidelines are designed for protection from a
single high dose of paracetamol and there is little evidence to guide risk assessment and
optimal treatment for staggered over-exposures, chronic exposure or repeated supra-
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therapeutic exposures (18). One animal study found that several weeks of NAC pre-
treatment protected against toxicity induced by twice-weekly paracetamol dosing (19).
However this study does not model the clinically relevant situation, in which a patient would
have post rather than pre-treatment with NAC.

The risk of hepatotoxicity from paracetamol in old age is not well described. Animal studies
have shown either increased risk of toxicity (20), or decreased susceptibility to acute
paracetamol toxicity in old age (21,22), and there are no studies on risk of hepatotoxicity
with chronic paracetamol exposure in old age. One clinical study showed that the older
people are more likely to have chronic low-dose exposure or accidental over-exposure to
paracetamol while younger people are more likely to have acute high-dose exposure (23).
Furthermore, as older patients are more likely to be taking multiple medications including
over the counter medications (24), there is the possibility that they are at increased risk of
chronic high exposure due to multiple paracetamol-containing medications or other
medications that can cause hepatotoxicity. As such understanding the effect of chronic or
repeated paracetamol exposure on the risk of toxicity, and optimization of treatment for
staggered or chronic paracetamol exposures, would be particularly of benefit to the older
population.

This study models chronic and staggered sub-acute paracetamol exposures in mice, which
are especially clinically relevant in the older population. The study aim was to examine the
effect of chronic paracetamol and sub-acute paracetamol exposure in both young and old
mice, and investigate whether NAC was effective at preventing paracetamol toxicity induced
by chronic and sub-acute exposure.

MATERIALS AND METHODS

Animals

Male C57BL/6 mice were obtained from, and housed at the Kearns Facility (St Leonards,
NSW). Mice were group housed in cages of 1-5 with ad /ibitum access to food (Rat and
Mouse Premium Breeder Diet, Gordon's Specialty Stockfeeds, NSW, Australia) and water.
Animal rooms were maintained on a 12 hour light/dark cycle at 20-22 degrees Celsius, and
30-70% humidity. Animals were randomly assigned to diet groups by cage, and then
individually randomly assigned to treatment groups prior to the treatment day. Mice were
euthanized if moribund, and where possible necropsied. Animal protocols were approved by
the Animal Care Ethics Committee at Royal North Shore Hospital, and all animals received
humane care according to the criteria outlined in the “Guide for the Care and Use of
Laboratory Animals” (National Institutes of Health).

Chronic and Sub-Acute Paracetamol Treatment of Mice

For the first cohort, mice were randomized at 16+1 weeks of age (young, n=59) or 107+2
weeks of age (old, n=56) to either a control diet (Standard Meat Free Mouse and Rat Feed,
20 % Protein, 60% Carbohydrate, 5% Fat, Specialty Feeds, Australia), or control diet
supplemented with paracetamol at a concentration of 1.33g/kg feed, both diets fed ad
libitum. Paracetamol tablets were ground, and incorporated into the food pellets by Specialty
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Feeds, Australia. All mice were fed control diet for two weeks prior to the experimental
period to adjust to the new diet. Body weight for all mice, and food intake per cage were
monitored weekly. Food intake per mouse (g/mouse/day) was approximated by dividing the
cage intake by the number of mice per cage. Mice remained on their respective diets for a
further six weeks.

Following six weeks of their control or experimental diet, mice from each diet group were
then further randomized to sub-acute paracetamol or saline treatment, given via oral gavage,.
Mice were dosed an additional paracetamol dose (250mg/kg, Panadol Color-free Baby
Drops, 100mg/ml, GlaxoSmithKline, Australia), or saline, three times per day for two days.
The mice were gavaged at 8am, 1pm and 6pm. On the third day the mice were fasted from
6am, then gavaged with two more doses of paracetamol (250mg/kg), or saline, at 8am and
1pm. Mice were fasted before these final doses, to normalise the glutathione levels in the
liver as a result of varied food consumption. For the paracetamol diet group only,
immediately following the final sub-acute paracetamol dose, mice were also dosed, via oral
gavage, NAC (1200mg/kg in saline, pH=7.0, Sigma-Aldrich, MO, USA) or saline. At 3pm
these mice were given a second NAC dose (1200mg/kg), or saline, via oral gavage. This
created eight treatment groups for each age group: control diet+saline (young n=8, old n=6),
control diet+paracetamol (young n=8, old n=7), paracetamol diet+saline (young n=6, old
n=6), paracetamol diet+paracetamol (young n=8, old n=7),, paracetamol diet+saline+NAC
(young n=6, old n=6), paracetamol diet+paracetamol+NAC (young n=8, old n=7),
paracetamol diet+saline+2xNAC (young n=7, old n=4), paracetamol diet+paracetamol
+2xXNAC (young n=7, old n=4). The NAC dose was chosen based on a previous study which
saw protection against acute paracetamol toxicity with 1200mg/kg NAC given one hour post
paracetamol (25).

For all mice, three hours after the final sub-acute paracetamol dose (4pm), each mouse was
anaesthetized with an 7p. injection of ketamine (75 mg/kg) and xylazine (10 mg/kg). A
midline laparotomy was performed and blood taken from the Inferior Vena Cava. The portal
vein was then cannulated with an 23G intravenous catheter (BD, Sydney, Australia) through
which the liver was perfused /n-situat 1-1.5 mL/min/g of liver with oxygenated Krebs-
Henseleit bicarbonate buffer (95% O,-5% CO», 37°C) to remove the blood. Sections of the
liver were snap frozen in liquid nitrogen for biochemistry and enzymatic assays, or fixed in
10% neutral formalin for histopathological analysis. See Supplementary Table 1 for the
experimental timeline.

Acute Paracetamol Treatment of Mice

A second cohort of young mice (n=13, age=14.7+2.4 weeks) fed standard diet (Rat and
Mouse Premium Breeder Diet, Gordon's Specialty Stockfeeds, NSW, Australia) were treated
with a single high dose of paracetamol, or saline, with or without a single dose of NAC.
Prior to treatment mice were fasted overnight (16 hours), and then dosed with 700mg/kg
paracetamol (Panadol Color-free Baby Drops, 100mg/ml, GlaxoSmithKline, Australia) or
saline vehicle via oral gavage between 8am and 10am. Immediately following this mice
were also dosed via oral gavage with NAC (1200mg/kg in saline, pH=7.0) or saline vehicle.
Mice were allowed free access to food after dosing. Six hours after dosing mice were
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anaesthetized with an 7p injection of ketamine (75 mg/kg) and xylazine (10 mg/kg), a blood
sample was taken, and the liver was perfused and samples collected as described above. See
Supplementary Table 1 for the experimental timeline.

Serum Biochemistry

Histology

Blood was stored at 4°C for up to two hours and allowed to clot before separating the serum
by centrifugation at 10,0009 for 10 minutes. Serum was stored in aliquots at —80°C. Serum
total protein, albumin, bilirubin, alkaline phosphatase (ALP), gamma glutamyltransferase
(GGT), alanine aminotransferase (ALT), creatinine and serum paracetamol concentrations
were measured by a National Association of Testing Authorities accredited hospital
laboratory, PaLMS (Pacific Laboratory Medicine Services) at Royal North Shore Hospital
(Sydney, Australia) using an Architect i1000SR immunoassay analyzer (Abbott Diagnostics,
IL, USA). The lower limit of the paracetamol serum concentration test was 20umol/L.

Liver samples for all mice, and spleens and macroscopically abnormal tissue from old mice
with macroscopically suspected cancer, were assessed for histopathology. Fixed tissue was
embedded in paraffin, 5um sections were cut on a microtome and mounted on slides. Slides
were stained with Haemotoxylin and Eosin in the National Association of Testing
Authorities accredited hospital laboratory of the Pathology department of Royal Prince
Alfred Hospital, Sydney, Australia. Histopathology was scored by an anatomical pathologist
(CM), who was blinded to the treatment and age groups of the samples. Images were taken
on an Olympus BX51 microscope connected to an Olympus DP26 camera (Olympus,
Sydney, Australia).

Biochemical examination of frozen liver samples

Statistics

Liver microsomes were isolated, and the CYP2EL1 activity measured based on the absorption
wavelength of p-aminophenol, which is converted from aniline via aniline hydroxylase
activity, as described by Roberts et a/. (1995) and Mach et a/. (2014).

Liver concentrations of total glutathione were determined with a Glutathione Assay kit
(#703002, Cayman Chemicals, MI, USA) according to the manufacturer's specifications.

DNA fragmentation was determined using an ELISA Cell Death detection kit
(#11544675001, Roche, Switzerland) according to the manufacturer's specifications, and
following sample preparation as described by Mach et a/. (2015).

Data are expressed as mean + SEM unless otherwise indicated. Differences between mean
values across treatment and age groups were calculated with one- two- or three-way
ANOVA with Tukey's HSD post-hoc test where appropriate. A Kruskal-Wallis test was used
to compare serum ALT for the acute paracetamol group as the data was not normally
distributed. Chi-squared tests were used for comparisons of proportions across groups.
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RESULTS

Animal Characteristics

Weights, food consumed and serum biochemistry results for each mouse group of cohort 1
are shown in Table 1. One-way ANOVA across the eight treatment groups for young and old
mice, with Tukey's HSD post-hoc testing, showed no difference in animal weights, food
consumed or any serum biochemistry results across any of the old groups. For the young
mice, compared to control diet-saline dosed controls, there was a significant increase in liver
weight (as a percentage of body weight), bilirubin and total protein, in some paracetamol
treated groups. The paracetamol doses received in the diet ranged from 167 to 188
mg/kg/day (Table 1). Several old mice had suspected cancer, as assessed via histology (Table
1B). These mice were not excluded from analysis, in order to mimic a true model of an aged
population with multimorbidity, and these mice were equally spread across the treatment
groups.

Several mice died or were moribund, and thus euthanized, during the experiment. One young
mouse on paracetamol diet, died after two days of sub-acute paracetamol dosing (suspected
severe paracetamol-induced liver toxicity, serum ALT concentration=32545 U/L, 80% liver
necrosis). Three old mice on control diet, and three old mice on paracetamol diet died before
the subacute dosing was started (unable to be necropsied). Three old mice fed paracetamol
diet, died after starting the sub-acute dosing regimen, though they were receiving saline, and
are not suspected to have had paracetamol-induced liver toxicity (one unable to be
necropsied; one suspected kidney failure, serum creatinine=348 pmol/L, ALT=63 U/L; one
suspected liver cancer, ALT=78 U/L).

Assessment of Toxicity with Chronic Paracetamol Exposure

Chronic dietary paracetamol exposure did not result in an increase in serum ALT in young or
old mice (Figure 1A and B). To determine whether there was low-grade biomolecular liver
damage that serum ALT did not reveal, we investigated the level of DNA fragmentation in
the livers of young and old, control or paracetamol diet, saline treated mice groups (Figure
2). There was no increase in DNA fragmentation with dietary paracetamol exposure in
young or old mice (young p=0.91, old p=0.72). For those mice receiving sub-acute saline,
with the paracetamol diet compared to the control diet, there was no significant difference in
the proportion of young or old mice with necrosis (Figure 1C and D), and a trend towards an
increase in the proportion of young and old mice with inflammation (young p=0.14, old
p=0.12) (Figure 1C and D). Representative histology images are shown in Figure 3.

Assessment of Toxicity with Sub-acute Paracetamol Exposure

All young mouse groups treated with sub-acute paracetamol had increased serum ALT
concentrations compared to their corresponding saline-treated groups (p<0.05, Figure 1A).
For old mice, sub-acute paracetamol treatment significantly increased ALT compared to the
corresponding saline treated group only for the paracetamol diet+paracetamol group and
paracetamol diet+paracetamol+2xNAC group (p<0.05). There was a trend towards increased
serum ALT with sub-acute paracetamol treatment in the other old groups compared to saline
controls (control diet+paracetamol group p=0.09, paracetamol diet+paracetamol+NAC
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group p=0.19) (Figure 1B). Histological grading also showed an increase in the proportion
of mice with necrosis and inflammation, for all sub-acute paracetamol treated groups
compared to the saline-treated groups (young necrosis p=0.002, inflammation p=0.001; old
necrosis p=0.001, inflammation p=0.06). Representative histology images are shown in
Figure 3. A 3-way ANOVA of age, diet and treatment group of all mice, showed that
treatment was the only significant factor associated with serum ALT concentration, with all
age and diet interaction terms non-significant, implying that neither the age nor diet group of
the mice affected the degree of sub-acute paracetamol-induced toxicity.

Assessment of Toxicity with Paracetamol Exposure Plus N-Acetyl Cysteine

In our study, neither treatment with a single nor double dose of NAC was able to reduce the
degree of toxicity induced by sub-acute paracetamol dosing. A two-way ANOVA for each
age group, when only considering those mice on the paracetamol diet, of sub-acute
paracetamol/saline treatment and NAC treatment, showed that the interaction term between
sub-acute treatment and NAC, for ALT serum concentration, was not significant (Figure 1A
and B). There was also no reduction in the proportion of necrosis or inflammation seen in
the groups treated with either a single or double dose of NAC plus paracetamol, compared to
paracetamol alone (young necrosis p=0.72, inflammation p=0.69; old necrosis p=0.23,
inflammation p=0.23). Representative histology images are shown in Figure 3.

In order to determine that NAC was protective with an acute paracetamol exposure in our
mouse model, we treated a second cohort of young mice with acute paracetamol only, with
or without concurrent NAC (Figure 4). Treatment with acute paracetamol resulted in
increased ALT serum concentration, compared to saline treated controls, whilst concurrent
NAC treatment maintained ALT serum concentration at control levels (p=0.024) (Figure 4).
Acute paracetamol treatment did not result in detectable necrosis six hours after treatment in
any mice, with one mouse showing mild detectable inflammation after paracetamol
treatment.

Serum Paracetamol Levels, Liver Glutathione Levels and CYP2E1 Activity

We also assessed the serum paracetamol levels for all young (Figure 5A) and old (Figure
5B) mouse groups treated with sub-acute paracetamol or saline. In all saline treated mice,
even those receiving chronic paracetamol in the diet, paracetamol serum levels were below
the detectable limit of the test. A one-way ANOVA across treatment groups for each mouse
group, identified a significant increase in paracetamol serum level for young mice treated
with sub-acute paracetamol plus NAC, compared to those treated with sub-acute
paracetamol only (Figure 5A) (p=0.036).

Total liver glutathione levels were reduced with sub-acute paracetamol treatment in control
fed old mice (p=0.01), but not young mice (p=0.55) (Figure 6). In both young and old mice,
there was a significant increase in GSH levels with both a single and double dose of NAC, in
combination with sub-acute paracetamol treatment, compared to sub-acute paracetamol
treatment alone, for mice on either a control or paracetamol diet (Figure 6).

Old mice treated with saline+NAC, paracetamol+NAC or paracetamol+2xNAC had
significantly lower CYP2EL1 activity levels than old mice treated with saline only (on either
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control or paracetamol diet). There was no significant change in CYP2EL1 activity for young
mice with paracetamol or NAC dosing (Figure 7), although a similar trend towards reduced
CYP2EL1 levels with NAC treatment was seen for some groups.

A three-way ANOVA of age, diet and treatment group showed that there was no significant
diet or age effect on paracetamol serum level, total hepatic GSH levels or CYP2E1 activity.

DISCUSSION

Although clinically there are a variety of exposures to paracetamol (staggered, chronic,
accidental, supra-therapeutic as well as acute high-dose), there has been very minimal
research on the risk of toxicity across these different paracetamol exposures, and how this
changes with age. Furthermore, the evidence for the effectiveness of the first-line clinically
used paracetamol toxicity treatment, NAC, against non-acute paracetamol exposures is
lacking. In this study we successfully modelled three clinically relevant paracetamol
exposure situations, in young and old mice: chronic exposure to therapeutic levels of
paracetamol, sub-acute exposure to supra-therapeutic doses of paracetamol over 3 days
(most often an accidental overdose due to confusion with multiple paracetamol containing
medications or dose escalation for unrelieved pain), and a combination of these two
exposures. We also tested whether NAC administered after sub-acute dosing to mimic the
human clinical situation, would protect against hepatotoxicity. We found that chronic low-
dose paracetamol exposure did not cause hepatotoxicity, as measured by serum ALT. Three
days of sub-acute exposure caused significant hepatotoxicity, and neither a single nor double
dose of NAC protected against this toxicity in young or old mice.

Chronic paracetamol exposure in the diet for six weeks did not cause clinically detectable
hepatotoxicity in young or old mice. There was no elevation in serum ALT, or DNA
fragmentation, in the paracetamol diet group compared to those fed a control diet.
Interestingly, a small number of animals in the paracetamol diet fed groups without sub-
acute paracetamol treatment had histological evidence of necrosis and/or inflammation.
Although this did not achieve statistical significance., it does suggest that the paracetamol
diet may have caused some low-level damage in some mice which is not measurable in the
circulation, at least not after 6 weeks of treatment. Previous animal studies that have dosed
once daily, via intraperitoneal injection or oral gavage, for 30-99 days with 75-300mg/kg
showed no evidence of toxicity as assessed by liver function tests (7-9). Our study, which
modeled a more clinically relevant exposure to paracetamol at regular intervals over a full
day, as it was consumed in the diet, rather than once daily, appears to confirm these findings.
Paracetamol serum levels were below the detectable level for paracetamol diet groups in the
current study, despite the mice consuming daily paracetamol doses of up to 188mg/kg.
Perhaps future studies modeling clinically therapeutic levels of paracetamol ingestion, may
need to use higher daily doses of paracetamol, or a longer treatment period, in order to
detect circulating levels of liver toxicity markers.

Sub-acute paracetamol exposure over three days caused significant hepatotoxicity in young
and old mice, as measured by biochemistry and histology. However, there was no clear
combinatorial toxicity effect of paracetamol exposure in the diet plus sub-acute paracetamol
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exposure, although dietary pre-exposure to paracetamol certainly did not protect against
subsequent sub-acute exposure in this study, as has been seen with higher dose pre-treatment
in other studies (10-12). The low daily dose received in the current study may not have been
enough to induce the protective pharmacokinetic changes that were seen in the previous
studies, as we saw no change in total glutathione or CYP2EL activity with chronic
paracetamol treatment.

The pre-treatment protective effect seen in the previous studies (10-12), was also not seen
with the sub-acute paracetamol treatment in the current study. Although the mice were
receiving doses of 250mg/kg three times per day for three days, we did not see the protective
pharmacokinetic changes seen with pre-treatment by the other studies. In our study, total
liver glutathione concentration was unchanged with sub-acute paracetamol treatment in most
groups, which is consistent with previous acute paracetamol studies for this time frame
(15,28). CYP2EL1 activity was not changed with sub-acute paracetamol treatment in any
group. Previous acute studies have found CYP2E1 activity to be reduced with 400mg/kg
after 4 hours in mice (29). In the studies of multiple paracetamol dose treatment, Shayiq et
al. (1999) found that eight days of increasingly high daily doses of paracetamol treatment in
BALB/c mice resulted in increased total liver glutathione levels, and reduced CYP2E1
activity, which in term contributed to protection against toxicity from a larger acute dose on
the ninth day. However it is important to note that genetic background can affect the
outcomes, as Shayig and colleagues saw 100% mortality 24 hours after a dose of 500mg/kg
paracetamol in BALB/c mice, whilst the C57BL/6 mice in the current study received
750mg/kg per day for three days with zero mortality. The other multiple paracetamol dose
studies were conducted in rats, which also have altered paracetamol pharmacokinetics and
toxicology compared to C57BL/6 mice (28), and found protection from toxicity with four
days of low dose pre-treatment (10,11), but increased toxicity with one moderate pre-
treatment dose 18 hours before a second dose (13). These results demonstrate that time-
frame, dose, species and genetic background can significantly affect paracetamol
pharmacokinetics and toxicity, and more research is needed to clarify the effect of multi-day
paracetamol dosing on susceptibility to hepatotoxicity.

NAC did not protect against hepatotoxicity induced by sub-acute paracetamol exposure in
young or old mice. As seen in a second cohort of mice (Figure 4), and in previous studies
(18,25), concurrent dosing of acute paracetamol and similar doses of NAC does protect
against hepatotoxicity. NAC treatment did result in increased total liver glutathione
concentrations in all mice, and decreased CYP2EL1 activity, in old mice. These potentially
protective pharmacokinetic changes, did not translate into protection in this study. It is likely
that with three days of dosing, the paracetamol-induced liver damage has progressed too far
for these mechanisms to be protective. The high prevalence of inflammation in the sub-acute
paracetamol treated groups would imply that the damage has progressed beyond the early
stages of covalent protein NAPQI binding damage, and into the induction of inflammatory
damage (14). A recent mouse study found that with delayed treatment, NAC also did not
protect against acute paracetamol induced hepatotoxicity (30). NAC treatment also resulted
in increased serum paracetamol levels in the current study, which may be explained in part
by the decrease in CYP2EL activity or potentially reduced hepatic uptake of paracetamol.
Perhaps, with concurrent paracetamol and NAC gavaging, there was also reduced NAC
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absorption that may have contributed to the lack of protection seen in this study. This
reduced absorption may also contribute to the decrease in CYP2E1 activity observed with
NAC dosing. It has previously been shown that CYP2E1 activity is initially down-regulated
in acute paracetamol toxicity, and subsequently returns to normal levels (29). In the current
study, we may have captured this time-point. This finding of a lack of protection from NAC
against sub-acute paracetamol dosing, confirms the clinical observations of, and provides
pre-clinical evidence that, for those who have taken staggered doses of paracetamol over
several days, NAC may not be effective at preventing paracetamol hepatotoxicity. The high
rate of side-effects associated with NAC (31) emphasises the importance of optimising NAC
treatment and not using it in patients for whom it will be ineffective or unnecessary (32).
This finding has important clinical implications in treating different types of paracetamol
exposures, and is particularly important for older patients, as they are more likely to have the
type of exposures, as explored here, against which NAC does not protect.

Recent studies have identified new, more specific, markers of drug-induced liver damage
that are detectable at any earlier timepoint (3,33). Although we are confident that the large
serum ALT increases in the current study represent the extent of liver damage, and this was
confirmed by histology, it would be interesting in future studies to measure some of these
newly identified markers such as serum microRNA(miR)-122, high mobility group box-1
and keratin-18 (34). Unlike recent observations with isoniazid we did not observe a
difference in the type of histological damage with old age, for paracetamol (35). Further
investigation of the changes to the histopathology of paracetamol toxicity with both age and
exposure type would be interesting in future studies. Furthermore, this study is limited to a
single time-point assessment of toxicity, and it would be interesting to assess toxicity over a
time-course with sub-acute paracetamol dosing to determine whether liver injury reaches a
peak after a certain number of doses, or is cumulative over many doses. In addition, the
optimal time-frame for NAC treatment to prevent hepatotoxicity could also be identified
with a time-course assessment.

In conclusion, this study found that, in young and old mice, sub-acute paracetamol exposure
causes severe hepatotoxicity, which NAC does not prevent. Furthermore, chronic low-level
paracetamol exposure does not cause hepatotoxicity in young or old mice. Although it is re-
assuring that chronic therapeutic paracetamol exposure does not cause toxicity, the clinical
implications of NAC not protecting against sub-acute paracetamol induced toxicity are
alarming, and highlight the need to develop new treatments for the growing cohort of older
patients with sub-acute paracetamol induced hepatotoxicity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Serum alanine aminotransferase (ALT) concentration and histology grading of necrosis and
inflammation for young (A, C, respectively) and old (B, D, respectively) mice fed either a
control diet or paracetamol containing (1.33g/kg feed) diet for 6 weeks, then treated with 3
days of saline or paracetamol (250mg/kg x 3/day) plus a single or double dose of N-Acetyl
Cysteine (NAC) (1200mg/kg) for the paracetamol diet group. Serum ALT activity data
expressed as mean = SEM. Histology data are presented as prevalence % of group. ®p<0.05
compared to corresponding saline-treated group
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Figure 2.
Representative Haemotoxylin and Eosin stained liver histology images for young and old

mice fed either a control diet or paracetamol containing (1.33g/kg feed) diet for 6 weeks,
then treated with 3 days of saline or paracetamol (250mg/kg x 3/day) plus a single dose of
N-Acetyl Cysteine (NAC) (1200mg/kg) for the paracetamol diet group. Images taken at
100-200X.
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Figure 3.
DNA Fragmentation for young and old mice fed either a control diet or paracetamol

containing (1.33g/kg feed) diet for 6 weeks, then treated with 3 days of saline. Data
expressed as % relative to young control diet + SEM.
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Figure 4.
Serum alanine aminotransferase (ALT) concentration for young mice treated with an acute

dose of paracetamol (700mg/kg) or saline, then a single dose of N-Acetyl Cysteine
(1200mg/kg) or saline. Data expressed as mean + SEM. “p<0.05 compared to corresponding
saline-treated group.
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Figure 5.
Paracetamol serum concentrations for young (A) and old (B) mice fed either a control diet or

paracetamol containing (1.33g/kg feed) diet for 6 weeks, then treated with 3 days of saline
or paracetamol (250mg/kg x 3/day) plus a single or double dose of N-Acetyl Cysteine
(NAC) (1200mg/kg) for the paracetamol diet group. Data are expressed as mean = SEM. Pp<0.05 compared to cont
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Figure 6.
Total liver glutathione (GSH) concentrations for young (A) and old (B) mice fed either a

control diet or paracetamol containing (1.33g/kg feed) diet for 6 weeks, then treated with 3
days of saline or paracetamol (250mg/kg x 3/day) plus a single or double dose of N-Acetyl
Cysteine (NAC) (1200mg/kg) for the paracetamol diet group. Data are expressed as mean +
SEM. Pp<0.05 compared to control diet+saline group; Yp<0.05 compared to control diet
+paracetamol group; 5p<0.05 compared to paracetamol diet+paracetamol group; £p<0.05
compared to paracetamol diet+paracetamol+NAC group
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Figure 7.
Liver cytochrome (CYP)2EL1 activity for young (A) and old (B) mice fed either a control diet

or paracetamol containing (1.33g/kg feed) diet for 6 weeks, then treated with 3 days of
saline or paracetamol (250mg/kg x 3/day) plus a single or double dose of N-Acetyl Cysteine
(NAC) (1200mg/kg) for the paracetamol diet group. Data are expressed as mean = SEM. Pp<0.05 compared to cont
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Table 1
Animal Characteristics — Young and Old Mice.
Control Diet Paracetamol Diet
Saline APAP Saline APAP Saline + NAC | APAP + NAC Saline + 2 APAP + 2
x NAC x NAC
Young Mice n=8 n=8 n=6 n=8 n=6 n=8 n=7 n=7
Age (weeks) 22.9(0.1) 22.3(0.3) 23.2(0.2) 22.1(0.5) 23.0(0.3) 22.2(0.4) 21.1(0.3) 21.1(0.0)
Paracetamol dose, - - 174.6 (5.7) | 187.8(10.8) 173.4 (5.1) 167.3 (4.4) 187.1(3.1) | 187.6 (3.9)
week 6 of diet
(mg/kg mouse/day)
Weight pre- 29.6 (0.6) 28.8 (0.6) 30.7 (0.7) 28.4(0.8) 28.1 (0.6) 30.6 (0.6) 28.2(0.7) 27.5(0.7)
subacute dosing (g)
Weight post- 27.6 (0.6) 25.0 (0.9) 28.2 (0.4) 24.9 (0.7) 25.8 (1.2) 27.3(0.6) 26.3(0.7) 24.7 (0.6)
subacute dosing (g)
Food eaten, day 2 of 2.2(0.2) 2.1(0.3) 2.6 (0.4) 2.6 (0.2) 2.5(0.3) 1.9(0.1) 2.3(0.5) 2.3(0.7)
subacute dosing (g/
mouse/day)

Liver weight (% 3.8(0.1) 4.3(0.3) 3.7(0.2) 4.6 (0.2) 4.3(0.2) * 3.9(0.2) *#
body weight) 4.8(0.1) 4.8(0.3)
Total protein (g/L) 44.7 (0.9) 49.3(1.3) 455 (2.2) 49,5 (1.5) 44.0 (1.9) 50.7 (1.0) x4 49.1(1.2) 537 (1_4)*

Albumin (g/L) 24.3(0.8) 26.4 (0.7) 25.0 (1.0) 26.3(0.8) 25.2(0.2) 26.3(0.3) 26.0 (0.7) 280 (0 6)*
Bilirubin (umol/L) 1.4(0.3) 32(0.3) *# 3.0(0.4) 5.0 (1.1)* - 36 (0_2)* 2.7(0.3) 35 (0.2)*
ALP (U/L) 99.7 (9.4) 96.7 (6.9) 112.5(4.2) | 93.8(12.3) 104.6 (6.9) 110.6 (5.2) 110.4 (2.2) | 110.8(6.7)
GGT (U/L) 3.0(0.0) 3.0(0.0) 3.0 (0.0) 3.0(0.0) 3.0(0.0) 3.0(0.0) 3.0 (0.0) 3.0(0.0)
Creatinine (umol/L) | 32.0(1.7) 32.5(2.9) 29.5(1.7) 30.7 (0.7) 27.0 (0.0) 30.2 (0.5) 28.4(1.1) 29.0 (0.6)
Old Mice n=6 n=7 n=6 n=7 n=6 n=7 n=4 n=4
Age at sac (weeks) 1142 (0.1) | 1143(0.1) | 1141(0.1) | 114.0(0.1) 114.1 (0.1) 1145 (0.1) 107.6 (0.5) | 108.6 (0.9)
Paracetamol dose, - - 140.6 (9.4) | 126.9 (5.8) 133.1(3.7) 139.6 (6.9) 151.8 (13.9) | 159.5(9.8)
week 6 of diet
(mg/kg mouse/day)
Weight pre- 29.6 (2.2) 28.3(2.2) 32.0 (1.5) 34.2 (0.7) 32.0 (0.4) 32.1(0.6) 31.6 (1.4) 28.4(2.2)
subacute dosing (g)
Weight post- 28.6 (2.0) 26.5(1.6) 32.0(1.6) 30.6 (0.9) 29.9 (0.3) 28.6 (0.5) 30.6 (1.3) 26.1 (1.6)
subacute dosing (g)
Food eaten, day 2 of 2.8(0.3) 2.2(0.3) 2.8(0.6) 15(0.4) 1.7 (0.3) 1.8(0.3) 2.5(0.5) 2.7 (0.6)
subacute dosing (g/
mouse/day)
Liver weight (% 4.1(0.3) 45(0.2) 4.4(0.2) 4.6 (0.2) 6.7 (1.4) 4.8(0.4) 42(0.2) 5.1(0.2)
body weight)
Total protein (g/L) 48.6 (1.7) 50.0 (1.7) 49.4 (1.1) 47.8 (2.1) 48.2 (1.1) 48.8(1.1) 51.3(0.8) 52.3(2.2)
Albumin (g/L) 23.8(0.7) 23.7(1.4) 23.2(0.5) 23.1(1.1) 23.0(0.4) 23.3(0.5) 25.5(0.3) 25.0(0.7)
Bilirubin (umol/L) 2.2 (0.5) 2.7 (0.6) 2.0(0.4) 2.6 (0.5) 3.2(0.5) 3.6 (0.8) 2.5(0.3) 3.0(0.4)
ALP (U/L) 99.6 (12.7) | 100.8 (12.2) | 90.6 (4.7) | 115.6 (17.4) 173.7 (75.8) 1159 (21.1) 146.3 (21.6) | 144.3(7.6)
GGT (U/L) 3.0 (0.0) 3.0 (0.0) 3.0(0.0) 3.0 (0.0) 3.7(0.7) 3.0(0.0) 3.0 (0.0) 3.0 (0.0)
Creatinine (umol/L) | 46.3 (15.3) 24.7(2.2) 35.7(4.2) 37.7(6.2) 31.7(1.2) 30.5(1.2) 40.8 (7.8) 40.5(13.2)
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Control Diet Paracetamol Diet
Saline APAP Saline APAP Saline + NAC | APAP + NAC Saline +2 APAP +2
x NAC x NAC
Suspected cancer 1(16.7) 0 (0) 0 (0) 0 (0) 1(16.7) 1(14.3) 0 (0) 0 (0)
(n, %)

All values are mean (SEM) or n (% of group).

NAC, N-acetyl cysteine; APAP, paracetamol; ALP, alkaline phosphatase; GGT, gamma glutamyltransferase

*
p<0.05 compared to control diet, saline group

#p<0.05 compared to corresponding saline group.
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