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Fatal acetaminophen poisoning with hepatic microvesicular steatosis in a child after repeated administration of therapeutic doses
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Acetaminophen is the leading cause of acute liver failure worldwide following massive ingestion. We present here a fatal acute liver failure after repeated administration of four therapeutic doses of acetaminophen at 4-hour intervals in a previously healthy 9-year-old female who presented dental pain after a facial trauma during sport practice. A diagnosis of paracetamol-induced hepatitis was deduced from the clinical picture of fulminant hepatitis and tubular necrosis, the encephalopathy with oedema and without signs of trauma. Liver biopsy showed typical acetaminophen-induced necrosis and a microvesicular steatosis in periportal hepatocytes. These injuries might have been favored by pre-existing mitochondrial J o u r n a l P r e -p r o o f dysfunction related, for instance, to a deficiency in an enzyme of the mitochondrial oxidation pathway, or the respiratory chain. The observation of microvesicular steatosis in the periportal areas suggests an increased vulnerability via pre-existing mitochondrial dysfunction. As the liver status of patients is mostly unknown, the frequency of administration (every six hours) must be respected and the use of pharmaceutical forms allowing to adjust the dose as closely as possible to the child's weight should be promoted.

Introduction

Acetaminophen is the leading cause of acute liver failure (ALF) worldwide, either following intentional overdose or unintentional ingestion [START_REF] Bunchorntavakul | Acetaminophen (APAP or N-acetyl-p-aminophenol) and acute liver failure[END_REF]. The number of deaths in North America and Europe shows no sign of decreasing, despite some efforts to limit package size in the United Kingdom and the availability of an antidote [START_REF] Lee | Acetaminophen (APAP) hepatotoxicity -Isn't it time for APAP to go away?[END_REF]. Few cases of acetaminophen-induced ALF with slightly supratherapeutic doses have been reported in children [START_REF] Alonso | Fulminant hepatitis associated with centrilobular hepatic necrosis in young children[END_REF][START_REF] Heubi | Therapeutic misadventures with acetaminophen: Hepatoxicity after multiple doses in children[END_REF]. We present a fatal acute liver failure after repeated administration of four therapeutic doses of acetaminophen at 4-hour intervals in a previously healthy 9-year-old female. Liver biopsy J o u r n a l P r e -p r o o f showed typical acetaminophen-induced necrosis and a microvesicular steatosis in periportal hepatocytes. This case highlights that as the liver status of patients is mostly unknown, the frequency of administration must be respected and the use of pharmaceutical forms allowing to adjust the dose as closely as possible to the child's weight should be promoted.

Case report

We report the case of a girl aged 9 years with unremarkable medical history (weight 30 kg; height: 1.35 m; body mass index 16.5 kg/m²). She developed dental pain after a facial trauma during sport practice. Her mother gave her a tablet of acetaminophen (acetaminophen) 500 mg on four occasions, with a 4-hour interval between each dose. In the evening, the girl experienced abdominal pain with vomiting. At 48 hours after taking acetaminophen, vomiting was still present, and headaches and confusion developed.

The clinical examination in the paediatric emergency department showed somnolence.

Laboratory testing showed hepatocellular insufficiency (prothrombin ratio: 12%; factor V: 12%), cytolysis (AST: 11500 IU/L; ALT: 16200 IU/L), lactate: 5 mmol/L. and renal insufficiency (urea: 18 mmol/L; creatinine: 120 µmol/L). The acetaminophen blood concentration was measured at 8.9 µg/mL. Treatment with intravenous N-acetylcysteine (3g/24h) was initiated according to usual habits and the girl was admitted to the paediatric intensive care unit. Intracranial hypertension was treated with boluses of thiopental sodium, mannitol and moderate hyperventilation. A cranial CT scan demonstrated diffuse cerebral oedema with involvement of the cerebellum, without any haemorrhagic lesion. There was also a mild focal infection around one of the upper right molars. Laboratory results clearly demonstrated severe hepatocellular insufficiency (prothrombin ratio: 11% 12 hours after J o u r n a l P r e -p r o o f admission in the paediatric emergency department then <10% 3 hours later, justifying infusion of fibrinogen; at the time of the death, prothrombin ratio: 21%), and also functional renal insufficiency, with diuresis preserved. A haemodynamic failure necessitated the infusion of normal saline solution and noradrenaline, then, following development of cardiac insufficiency (ejection fraction < 20%), dobutamine. In the presence of terminal liver failure with hepatorenal syndrome, high-volume haemodiafiltration (60 ml/kg) was started. A liver biopsy was performed to investigate this liver failure. Despite the initial regression of mydriasis, the neurological picture evolved to brain death. An autopsy was performed at the request of the judicial authority.

Additional investigations did not find any markers in support of a viral infection (hepatitis A, B, C, E; HIV; EBV; HSV; VZV) or autoimmune hepatitis (negative for presence of antismooth muscle antibodies, anti-mitochondrial antibodies, anti-LKM1 antibodies, anti-LC1 antibodies and anti-parietal cell antibodies). Testing for amanitin in urine was negative.

Ceruloplasmin and urine and plasma copper concentrations, and the absence of copper deposits on liver biopsy allowed Wilson disease to be ruled out.

The liver biopsy showed two features. The first was necrosis in the centri and mediolobular zones, affecting 60% of hepatocytes (Figure 1A). This feature was typical of acetaminopheninduced necrosis. The second feature was microvesicular steatosis in periportal hepatocytes (Figure 1B). There were no fibrosis or inflammation. Perls staining did not find any evidence of haemosiderin deposition. Examination of a renal parenchymal specimen obtained during the autopsy showed several areas of eosinophilic necrosis of approximately 70% of tubules, with total disappearance of nuclei. Glomeruli were on the whole preserved, although there were some eosinophilic deposits in the form of crescents. The neuropathological examination J o u r n a l P r e -p r o o f revealed multifocal subdural and subarachnoid haemorrhage with interstitial oedema and massive neuronal loss. There were no signs of infection.

A diagnosis of acetaminophen-induced hepatitis was deduced from the clinical picture of fulminant hepatitis and tubular necrosis, the encephalopathy with oedema and without signs of trauma, and the results of additional investigations, especially necrosis of hepatocytes with eosinophilic and apoptotic aspect, without inflammation. A thorough police investigation confirmed that four tablets of acetaminophen 500 mg had indeed been administered at 4-hour intervals and that no other treatment had been used. Figure 2 provides the time frame of events of this case according to police investigation and patient medical records.

Discussion

The pain reliever acetaminophen is one of the most widely prescribed drugs in the world.

Although this medicine is usually considered as a safe drug, there is inscreasing evidence that the current maximum recommended dose of acetaminophen can induce hepatic cytolysis in a significant proportion of healthy subjects [START_REF] Watkins | Aminotransferase elevations in healthy adults receiving 4 grams of acetaminophen daily: a randomized controlled trial[END_REF][START_REF] Winnike | Use of pharmaco-metabonomics for early prediction of acetaminophen-induced hepatotoxicity in humans[END_REF].

In the absence of comorbidity, acetaminophen is prescribed at a dose of 15 mg/kg every 6 hours (60 mg/kg per day) for children weighing more than 10 kg, and 7.5 mg/kg every 6 hours (30 mg/kg per day) for children weighing less than 10 kg. The dosage of 150 mg/kg per day or as a single dose is widely accepted as the toxicity threshold. Nevertheless, Kozer et al. [START_REF] Kozer | Repeated supratherapeutic doses of paracetamol in childrena literature review and suggested clinical approach[END_REF] and Heard et al. [START_REF] Heard | Toxicity from repeated doses of acetaminophen in children: assessment of causality and dose in reported cases[END_REF] proposed that the dose of 75 mg/kg per day could be considered without risk in children aged less than six years. More recently, Caparrotta et al. [START_REF] Caparrotta | Are some people at increased risk of paracetamolinduced liver injury? A critical review of the literature[END_REF] estimated that the J o u r n a l P r e -p r o o f safe (and still effective) oral dose of acetaminophen in patients weighing less than 50 kg had not been established.

In our case, the results of investigations allowed to conclude that the death was caused by acetaminophen poisoning: the diagnostic work-up allowed to eliminate differential diagnoses and to rule out an intercurrent pathological process and exposure to other medications, in contrast to other publications [START_REF] Nahata | Acetaminophen accumulation in pediatric patients after repeated therapeutic doses[END_REF][START_REF] Penna | Paracetamol poisoning in children and hepatotoxicity[END_REF]. This conclusion must be discussed with the following reservations: the speed of onset of fatal hepatitis does not correspond to the usually observed evolution, the evaluation of the ingested dose was based on the statements of the family, the absence of urine samples does not allow to assess the exposure to xenobiotics based on a full toxicological analysis. The pharmacogenetic study of cytochrome P4502E1 (CYP2E1) was not carried out [START_REF] Anundi | Zonation of acetaminophen metabolism and cytochrome P450 2E1-mediated toxicity studied in isolated periportal and perivenous hepatocytes[END_REF], as well as the study of possible interference associated with other drug or dietary xenobiotics. However, these reservations would not affect the finding of acetaminophen exposure as the probable cause of death. Acetaminophen was administered at a dose of 16.7 mg/kg every four hours for twelve hours, giving a cumulative dose of 66.6 mg/kg in twelve hours, which is lower than the dose of 75 mg/kg per day considered safe in children aged below six years, and much lower than the commonly accepted toxicity threshold of 150 mg/kg per day.

Unintentional administration of supratherapeutic doses of acetaminophen is known to induce hepatotoxicity and to be associated with high mortality [START_REF] Heubi | Therapeutic misadventures with acetaminophen: hepatoxicity after multiple doses in children[END_REF][START_REF] Rivera-Penera | Outcome of acetaminophen overdose in pediatric patients and factors contributing to hepatotoxicity[END_REF][START_REF] Heubi | Acetaminophen use in children: more is not better[END_REF][START_REF] Sztajnkrycer | Chronic acetaminophen overdosing in children: risk assessment and management[END_REF]. It is also known that caregivers can be reluctant to accept the fact that they made a mistake contributing to child's illness.

In our case, the history of consumption reported by the mother has not changed during extended medical and judicial investigations. The statements of the family were verified by a thorough police investigation, including interrogations of mother, relatives, pharmacist, dentist and general J o u r n a l P r e -p r o o f practitioner involved in the care provision. Interpretation of acetaminophen blood concentration at presentation to hospital should be cautious. We agree that this concentration may be higher than expected. However, various studies conducted reported no correlation between the reported ingested doses and the plasma acetaminophen concentrations [START_REF] Gee | Paediatric exploratory ingestions of paracetamol[END_REF][START_REF] Ambre | Liver toxicity after acetaminophen ingestion: inadequacy of the dose estimate as an index of risk[END_REF][START_REF] Read | Analysis of factors responsible for continuing mortality after paracetamol overdose[END_REF].

The last dose of acetaminophen occurred within 24 hours before admission and therefore the concentration measurement. If we assume the hypothesis of a pre-existing vulnerability leading, in the presence of acetaminophen, to a cellular dysfunction by mitochondrial involvement, then the toxicity no longer results solely from metabolism by an accessory pathway, and taking into account the half-life of acetaminophen alone does not explain the kinetics of hepatic injury.

Besides the presence of parenchymal necrosis in the centrilobular zones, it is noteworthy that microvesicular steatosis was present in the periportal areas. Notably, previous investigations have shown that the occurrence of drug-induced microvesicular steatosis was mainly the consequence of a severe impairment of mitochondrial fatty acid -oxidation either via a direct inhibition of this metabolic pathway, or secondary to an alteration of the mitochondrial respiratory chain activity [START_REF] Begriche | Drug-induced toxicity on mitochondria and lipid metabolism: mechanistic diversity and deleterious consequences for the liver[END_REF][START_REF] Fromenty | Inhibition of mitochondrial beta-oxidation as a mechanism of hepatotoxicity[END_REF]. Acetaminophen, via the generation of N-acetyl-pbenzoquinoneimine (NAPQI), can induce severe and irreversible mitochondrial dysfunction, thus leading to profound ATP depletion and liver necrosis [START_REF] Moles | Mitochondriallysosomal axis in acetaminophen hepatotoxicity[END_REF][START_REF] Xie | Mechanisms of acetaminophen-induced cell death in primary human hepatocytes[END_REF]. Hence, acetaminopheninduced mitochondrial dysfunction is able to induce not only centrilobular necrosis but also microvesicular steatosis [START_REF] Massart | Druginduced inhibition of mitochondrial fatty acid oxidation and steatosis[END_REF]. However, acetaminophen has been given to the young patient at therapeutic doses, which might have been unable to induce severe mitochondrial dysfunction.

In keeping with this assumption, a recent experimental study in mice showed that low dose acetaminophen induced reversible mitochondrial dysfunction in liver associated to steatosis but without the occurrence of necrosis [START_REF] Hu | Low dose acetaminophen induces reversible mitochondrial dysfunction associated with transient c-Jun N-terminal kinase activation in mouse liver[END_REF].

J o u r n a l P r e -p r o o f

Hence, alternatively, acetaminophen-induced necrosis and microvesicular steatosis might have been favored in this case by pre-existing mitochondrial dysfunction, as reported for other drugs. For instance, several studies reported the occurrence of severe and even fatal hepatotoxicity induced by therapeutic doses of sodium valproate in patients suffering from an underlying genetic mitochondrial diseases such as a deficiency in medium-chain acylcoenzyme A dehydrogenase (MCAD, a mitochondrial -oxidation enzyme), or in one of the five mitochondrial respiratory chain complexes [START_REF] Labbe | Drug-induced liver injury through mitochondrial dysfunction: mechanisms and detection during preclinical safety studies[END_REF][START_REF] Krähenbühl | Mitochondrial diseases represent a risk factor for valproate-induced fulminant liver failure[END_REF]. Unfortunately, we were unable to have biological samples usable for DNA extraction in order to perform genetic analysis in the patient, or her mother.

Although hepatic steatosis is not generally considered as a typical pathological feature in patients suffering from acetaminophen hepatoxicity, some cases of mild steatosis (or mild fatty changes) have been previously reported [START_REF] Massart | Druginduced inhibition of mitochondrial fatty acid oxidation and steatosis[END_REF][START_REF] Portmann | Histopathological changes in the liver following a paracetamol overdose: correlation with clinical and biochemical parameters[END_REF][START_REF] Lubel | Accidental paracetamol poisoning[END_REF][START_REF] Ramachandran | Histological patterns in drug-induced liver disease[END_REF]. In one of these studies, the authors reported that fatty microvacuoles were invariably found in the surviving liver cells [START_REF] Fromenty | Inhibition of mitochondrial beta-oxidation as a mechanism of hepatotoxicity[END_REF].

Notably, microvesicular steatosis has also been reported in different rodent models of acetaminophen hepatotoxicity [START_REF] Hu | Low dose acetaminophen induces reversible mitochondrial dysfunction associated with transient c-Jun N-terminal kinase activation in mouse liver[END_REF][START_REF] Macdonald | Potentiation of the toxic effects of acetaminophen in mice by concurrent infection with influenza B virus: a possible mechanism for human Reye's syndrome?[END_REF][START_REF] Song | S-Adenosylmethionine protects against acetaminopheninduced hepatotoxicity in mice[END_REF][START_REF] Belardinelli | Adult derived mononuclear bone marrow cells improve survival in a model of acetaminophen-induced acute liver failure in rats[END_REF]. In one of these articles, microvesicular steatosis was particularly observed in C57BL/6N mice infected with influenza B virus and pretreated with 3-methylcholanthrene, a potent cytochrome P450 inducer [START_REF] Macdonald | Potentiation of the toxic effects of acetaminophen in mice by concurrent infection with influenza B virus: a possible mechanism for human Reye's syndrome?[END_REF]. Interestingly, microvesicular steatosis in this murine model was associated with ultrastructural alterations of mitochondria. Because microvesicular steatosis was not observed in acetaminophenintoxicated mice only infected with influenza B virus, or in acetaminophen-intoxicated mice only pretreated with 3-methylcholanthrene, these data clearly indicated that the occurrence of microvesicular steatosis was due to the presence of concomitant predisposing factors [START_REF] Macdonald | Potentiation of the toxic effects of acetaminophen in mice by concurrent infection with influenza B virus: a possible mechanism for human Reye's syndrome?[END_REF].

Finally, it is noteworthy that fatty change and "fine fat vacuoles" (thus indicating J o u r n a l P r e -p r o o f microvesicular steatosis) were observed in a dog model of acetaminophen-induced fulminant hepatic failure [START_REF] Gazzard | A dog model of fulminant hepatic failure produced by paracetamol administration[END_REF]. Considering the aforementioned data as well as our case report, we might recommend that pathologists should report any significant microvesicular steatosis associated with necrosis in patients with acetaminophen-induced liver injury. If possible, the search for potential predisposing factors (either genetic or environmental) might also help to understand why some drugs are able to induce severe microvesicular steatosis in a few patients [START_REF] Fromenty | Inhibition of mitochondrial beta-oxidation as a mechanism of hepatotoxicity[END_REF][START_REF] Labbe | Drug-induced liver injury through mitochondrial dysfunction: mechanisms and detection during preclinical safety studies[END_REF].

Wider debate about the evaluation of the hepatotoxic risk of acetaminophen and the medical management of slightly supratherapeutic doses has to be continued, with regard to both patients and health professionals. Concerning patients, the lack of public awareness surrounding safe self-medication has been demonstrated, especially in the context of dental pain, which contributes to a significant number of acute medical admissions as a result of accidental acetaminophen overdose [START_REF] O'sullivan | Dental pain management-a cause of significant morbidity due to paracetamol overdose[END_REF]. Concerning health professionals, there is a need for training if we consider the caregivers' knowledge about acetaminophen administration in children. According to Mullan et al. [START_REF] Mullan | Caregivers' knowledge about children's paracetamol[END_REF], approximately a quarter of them did not know the maximum daily dose, just under half did not know how many days this dose could be safely given, and over one-third did not know that liver toxicity could result from overdose.

Conclusion

We report an observation of a fatal acute liver failure in a 9-year-old child after allegedly repeated administration of therapeutic doses at 4-hour intervals. Clinical and biological information strongly suggest that acetaminophen exposure is the cause of the ALF. One hypothesis is that this ALF results from an overdose. However no evidence came during the judicial investigation to support this hypothesis. The observation of a microvesicular steatosis J o u r n a l P r e -p r o o f in the periportal areas, offers another hypothesis, that of increased vulnerability via preexisting mitochondrial dysfunction. In this hypothesis, the scheme of administration consisting in reducing the recommended interval between two doses could have played a role.

As the liver status of patients is mostly unknown, the frequency of administration (every six hours) must be respected and the use of pharmaceutical forms allowing to adjust the dose as closely as possible to the child's weight should be promoted [START_REF] Bilenko | Determinants of antipyretic misuse in children up to 5 years of age: a cross-sectional study[END_REF].
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 12 Figure 1. Histological features in liver biopsy A: Hepatocytic necrosis around central vein
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