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ABSTRACT

Acute liver failure has been reported sporadically in patients with spinal muscular atrophy (SMA)
and other neuromuscular disorders with low skeletal muscle mass receiving recommended dosages of
acetaminophen. It is suggested that low skeletal muscle mass may add to the risk of toxicity. We aimed
to describe the pharmacokinetics and safety of acetaminophen in patients with SMA. We analyzed
acetaminophen metabolites and liver biomarkers in plasma from SMA patients and healthy controls
(HC) every hour for six or eight hours on day 1 and day 3 of treatment with therapeutic doses of
acetaminophen. Twelve patients with SMA (six adults and six children) and 11 HC participated in the
study. Adult patients with SMA had significantly lower clearance of acetaminophen compared to HC
(141 L/h vs. 21.5 L/h). Formation clearance of acetaminophen metabolites, glucuronide, sulfate, and
oxidative metabolites were two-fold lower in the patients compared to HC. The liver transaminases and
microRNAs increased nine-fold in one adult SMA patient after two days of treatment. The other patients
and HC did not develop abnormal liver biomarkers. In this study, patients with SMA had lower clearance
and slower metabolism of acetaminophen, and one patient developed liver involvement. We recommend
giving 15 mg/kg/dose to SMA adults (with a maximum of 4000 mg/day) and monitoring standard liver
biomarkers 48 h after first-time treatment of acetaminophen.
© 2023 The Authors. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

motor neuron 1 (SMN1) gene on chromosome 5q12 [1]. Bi-allele
deficiency of SMN1 causes degeneration of the anterior horn cells

Spinal muscular atrophy (SMA) is an autosomal recessive of the spinal cord, resulting in progressive muscular weakness
neuromuscular disorder caused by mutations in the survival and atrophy. Based on the age of onset and disease severity,

SMA is divided into subtypes from I to IV [1]. The natural
history of untreated SMA type I and type Il (SMA II) renders

* Corresponding author at: Copenhagen Neuromuscular Center, 8077, Department patients wheelchair dependent and unable to walk at any time

of Neurology, Rigshospitalet, Blegdamsvej 9, DK-2100 Copenhagen, Denmark.
E-mail address: marie.mostue.naume.01@regionh.dk (M.M. Naume).
T Contributed equally and should be considered shared first authorship

[1]. Current treatment options consist of three types of gene-
modifying or gene therapy treatments for the most severe forms
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Fig. 1. Acetaminophen metabolism. Abbreviations: NAPQI= N-acetyl-p-benzo-
quinone imine, UDP= uridine diphosphate, CYP= cytochromes.

(SMA I and SMA II) [2]. These treatments slow disease progression
and improve motor function [2]. Independently of treatment,
comorbidities such as malnutrition, low bone mineral density,
and scoliosis are common in this patient population [3-5]. Many
patients need scoliosis surgery during childhood or adolescence
to prevent lung function deterioration and improvement of sitting
position [6]. As a part of postoperative mild-to-moderate pain
treatment and antipyretic treatment, patients with SMA often
receive acetaminophen for several days at same dose levels as
healthy subjects without considering the patient’s lower muscle
mass. Thus, several individual case reports involving children
and adults with SMA, limb-girdle muscular dystrophy, Duchenne
muscular dystrophy (DMD) and congenital muscular dystrophy
with low skeletal muscle mass have reported hepatotoxic side
effects of acetaminophen administered in therapeutic doses after
surgery, infections, or critical illness [7-12]. In line with this, we
have experienced one adult patient with SMA II that developed
fatal acute liver failure following abdominal surgery, suspected
to be caused by acetaminophen toxicity (unpublished data).
Furthermore, a DMD boy in our clinic recently developed acute
liver failure after intake of therapeutic doses of acetaminophen
during hospitalization (unpublished data).

The majority of acetaminophen is conjugated to sulfate and
glucuronide to form nontoxic metabolites (Fig. 1). A small
portion undergoes CYP-mediated metabolism, forming the reactive
and potentially toxic metabolite N-acetyl-p-benzo-quinone imine
(NAPQI) (Fig. 1). NAPQI is conjugated by glutathione (GSH) to the
nontoxic oxidative metabolites cysteine and mercapturic acid [13].
In toxic doses, the usual metabolic pathways are overloaded, and
acetaminophen is shunted to the oxidative pathway, leading to the
depletion of GSH stores. Hepatic cellular injury and necrosis occur
as NAPQI accumulates [13].

Glutathione is a tripeptide consisting of glutamate, cysteine,
and glycine. However, GSH synthesis depends on glutamine from
the skeletal muscle to form glutamate [14]. Thus, patients with
SMA may have a lower concentration of GSH compared to healthy
due to their altered body composition, i.e., low skeletal muscle
mass [15,16]. Furthermore, some children and adults with SMA
are malnourished and are at increased risk of becoming critically
ill. Several studies have shown that there may be a correlation
between malnutrition, fasting, critical illness, and GSH deficiency
[17-20]. This may increase the risk of acetaminophen-induced
hepatotoxicity in the patients, even when treated with therapeutic
doses [19,21,22]

Traditionally, alanine aminotransferase (ALT) is analyzed as
a marker of acute liver toxicity. However, sometimes the ALT
is within the normal range even though the hepatic function
is impaired [23,24]. This warrants the use of more specific
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markers for liver injury. Studies have found that the liver specific
microRNAs 122 and 192 (miRNA 122, miRNA 192) increase earlier
and at lower acetaminophen doses than ALT [25-28]. Thus, the
liver specific miRNAs may have the potential of being diagnostic
biomarkers of drug-induced liver injury and it would be interesting
to investigate these liver-specific miRNAs during acetaminophen
treatment in SMA patients. Furthermore, it would be beneficial
to have a biomarker in clinical settings that can be used for risk
stratification of the patients and prediction of which patients are
at increased susceptibility to acetaminophen toxicity in therapeutic
doses. miRNA 122 is for now one of the most promising prognostic
biomarkers for prediction of development of later liver injury in
patients with normal ALT [29]. Two other studies have investigated
the difference in miRNA 122 in patients with acetaminophen-
induced liver injury or acute liver injury compared to 76 and 135
healthy participants, respectively. The studies found a significant
increase in miRNA 122 levels among patients with ongoing liver
injury compared to the healthy controls [25,27,29,30]. Thus, the
biomarker could have a great potential in patient groups we
suspect to have a lower tolerance for acetaminophen, such as
patients with SMA and other patients with low skeletal muscle
mass.

No prior prospective investigation of the safety of acetamino-
phen treatment in patients with SMA or other neuromuscular
disorders with low skeletal muscle mass has been published.
We aimed to investigate the safety, pharmacokinetics, and
pharmacogenetic polymorphisms of acetaminophen in children
and adults with SMA.

2. Methods
2.1. Study population

This was a non-randomized, open-label, single-site clinical trial
investigating the pharmacokinetics and safety of therapeutic doses
of acetaminophen in children and adults with SMA II from the age
of 6 to 45 years. Patients were eligible for inclusion if genetically
verified. The study conduct was between February 2019 and April
2021 at the Copenhagen Neuromuscular Center, Rigshospitalet.
We recruited healthy adults from official recruitment sites for
healthy controls and Facebook.com. Exclusion criteria were intake
of medications (that may interfere with the results and that
may affect gastric emptying), failure to obtain consent, or the
participant being considered unsuitable by the treating physician.
The Danish National Center of Ethics advises against using children
as healthy controls in studies where they do not receive direct
benefits of the study. Therefore, due to ethical considerations, we
did not include age-matched healthy children.

2.2. Study visits

The participants were treated with an oral liquid formulation
of acetaminophen in therapeutic doses, 15 mg/kg/dose every six
hours, with a maximum of 1 gram x 4 per day, for three
consecutive days (Fig. 2). The pharmacy of the Capital Region
prepared the investigational product in doses corresponding to the
participants’ weight in the study. One peripheral venous catheter
was inserted in the dorsal vein of the hand or in the cubital
vein of the arm to draw blood samples. The participants were
randomly divided into two plasma sampling schemes to minimize
blood volume (groups A and B), each consisting of six or seven
sampling times at each study visit (Fig. 2). Acetaminophen parent
compound and its metabolite concentrations were measured every
hour for six or eight hours after the initial dosing on study
days 1 and 3 (Fig. 2). The participants were at home on
day 2 without blood sampling. Liver plasma biomarkers (ALT,
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Fig. 2. Study flow. The patients were treated with acetaminophen from day 1 to day 3. Blood samples measuring acetaminophen, metabolites, and liver biomarkers were

taken on day 1 and day 3.

aspartate aminotransferase (AST), alkaline phosphatase, INR, lactate
dehydrogenase (LDH), bilirubin, miRNA 122, and miRNA 192),
kidney plasma biomarkers (creatinine, potassium, sodium, and
urea) and creatinine kinase (CK) were collected at three different
time points during study days 1 and 2 (Fig. 2). The treatment of
acetaminophen was stopped if the ALT and/or AST were elevated
compared to the baseline sample during the study days judged
by the investigator on a patient-by-patient basis or if any other
adverse events occurred. All participants completed a journal
during the study period to report and monitor compliance and side
effects.

2.3. Data collection

Data collection included weight, sex, diagnosis, co-medications,
body composition, genetic data, and plasma samples. The liver and
kidney biomarkers were analyzed at the Department of Clinical
Biochemistry. Body composition and the amount of muscle mass
were estimated by use of dual-energy x-ray absorptiometry scans
(DXA scans). Results from the DXA scans were obtained from the
medical file; the scan was taken before or after the study visits as
a part of the clinical follow-up. Fat-free mass in kilograms (kg) was
used to calculate the fat-free mass index (FFMI), a measurement of
the amount of muscle mass. DXA scans were not available for the
healthy controls and two of the patients. We assumed the FFMI
in the healthy controls to be within the normal range based on
literature and a previous study where we DXA scanned healthy
controls [31]. The FFMI in the two patients without DXA scan were
assumed to be the median value of the DXA results from the other
patients in the study, as they did not differ from the other patients.

2.4. Analytical methods for acetaminophen metabolites

Venous blood was transferred to cooled tubes with
ethylenediaminetetraacetic acid (033 M, 10 ul ml~') and
centrifuged at 1200 g for 10 min. Plasma was distributed to
Eppendorf tubes, immediately frozen on dry ice, and stored at —80
°C until analysis. Acetaminophen and its metabolites were from
Toronto Research Company and the respective internal standards
for all compounds. They were analyzed on an Acquity-UPLC I-Class
LC-system with a BEH C18 column coupled to a Waters Xevo
TQ-XS MS/MS system (all Waters, Milford, MA, USA). Eluents were
water (A) and acetonitrile (B), containing 0.1% formic acid with a
gradient from 95 % to 80 % A for the first minute, followed by a
gradient going to 40 % A within the next minute. The compounds
were detected in electrospray positive mode, exact settings can
be seen in the supplemental material A. Samples, calibrators,
and controls were prepared by mixing plasma with methanol
containing the internal standards (1:3, volume) in an Agilent
Captiva ND Lipids 96-well filter plate, vortexed, filtered and then

the addition of 1 vol waters to the filtrate. Calibrators and controls
were prepared in plasma from healthy controls.

2.5. Pharmacokinetic model

Population pharmacokinetic parameters estimates were
obtained using a nonlinear mixed effects model, implemented
in NONMEM 74, interfaced with PsN 4.4.0 and Pirana 2.9.9.
We assumed the bioavailability of oral acetaminophen to be
100 %, and the pathways illustrated in Fig. 1 account for all
elimination of acetaminophen and its metabolites. The structure
of the model involves single compartments of acetaminophen
and its metabolites in plasma. Since acetaminophen-cysteine and
acetaminophen-mercapturic acid were derived from CYP-mediated
oxidation, we summed them together into one compartment
called oxidative metabolites. The estimated pharmacokinetic
parameters in the model were total clearance of acetaminophen,
formation clearances of each metabolite, unmetabolized clearance
of acetaminophen, the volume of distribution of acetaminophen
and its metabolites, renal clearances of each metabolite, and half-
life time of acetaminophen and each metabolite. Unmetabolized
clearance of acetaminophen was the estimated acetaminophen
that the three metabolic pathways could not explain. All the
concentrations of acetaminophen and its metabolites were
converted from mass to molecular weight to be expressed in
acetaminophen equivalents. Our model selection criteria included
objective function value changes, estimate results, goodness
of fit, and visual predictive check. The bootstrap resampling
method was applied to assess the final model’s stability and
quantify uncertainty in parameter estimates. Bootstrap datasets
(n = 500) were randomly sampled in PsN with replacement from
the original dataset [32]. More details about the pharmacokinetic
model process can be provided upon request and will be published
in a separate paper.

2.6. Analytical methods for miRNA 122 and miRNA 192

MiRNA was isolated from 300 upl plasma according to the
manufacturer’s instructions (Nuleospin miRNA Plasma, Macheray-
Nagel, Diiren, Germany) from each of three-time points: before
acetaminophen was administered on day 1, six or eight hours
after acetaminophen was administered on day 1 and 3. cDNA was
made from the miRNA according to the manufacturer’s instructions
(TagMan Advanced miRNA c¢DNA Synthesis Kit, ThermoFisher
Scientific, Waltham, MA). qPCR was performed using TagMan
Advanced assay mix and TagMan Advanced Assay miRNA probes
for miR-122-5p (477,855_mir) and miR-192-5p (478,262_mir) as
well as internal controls let-7a-5p (478,575_mir), miR-26a-5p
(477,995_mir) and miR-221-5p (478,778_mir). The assay mix and
all miRNA probes were from (ThermoFisher Scientific), and the
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PCR reactions and PCR program were set up according to the
manufacturer’s instructions and performed on a CFX96 real-
time PCR system (Bio-Rad, Hercules, CA). Relative expression was
calculated by normalizing the geometric mean of the relative
expression of the internal control miRNAs [33].

2.7. Pharmacogenetics

DNA for investigation of pharmacogenetics was available in our
biobank for the SMA patients. The prevalence of pharmacogenetics
variants in healthy controls was assumed to be similar to the
North-western European population, which had already been
studied in a large sample of 4294 individuals, and thus not
investigated in the healthy controls in this study [34]. The
investigated single-nucleotide polymorphisms (SNPs) were selected
after a review of the literature, researching the reported SNPs with
possible effects on acetaminophen metabolism [8,28,35-37]. We
selected 16 different SNPs. A comprehensive list of the SNPS can
be found in the supplemental material (Supplemental material B).
Sequences surrounding the selected SNPs were PCR amplified using
AmpliSeq single pool custom design (Thermofisher) and resulting
PCR products were subsequently sequences and a GeneStudio
S5 (Thermofisher) using standard protocols. Data were analyzed
through IonReporter (Thermofisher). Technical details are available
upon reasonable request. The pharmacogenetic profiles in the SMA
patients were compared to the prevalence of homozygous carriers
of the alternative alleles in the specific SNPs found in the North-
western European population of 4294 individuals [34].

2.8. Outcome measures

The primary outcome measure was the clearance of total
acetaminophen, acetaminophen-glucuronide, acetaminophen-
sulfate, acetaminophen-oxidative metabolites, and unmetabolized
acetaminophen in patients with SMA. The co-primary outcome
was the volume of distribution of acetaminophen in patients with
SMA in comparison to healthy controls.

Secondary outcome measures were liver biomarkers (ALT, LDH,
bilirubin, miRNA 122, miRNA 192) and eGFR in patients with SMA
during acetaminophen treatment, pharmacokinetic parameters,
and pharmacogenetic screening of SNPs in acetaminophen-
metabolizing enzymes in SMA patients.

2.9. Statistical methods

R version 4.2.0 with R studio version 2022.02.2 (R Foundation
for Statistical Computing, Vienna, Austria) was used to perform
the statistical analyses. Continuous data are presented as a median
with range. We compared the data by using the Wilcoxon test
and the Kruskal-Wallis test. A p-value < 0.05 was considered
statistically significant. The two-sample binomial test, Boschloo’s
test, was used to compare the percentages of homozygous carriers
of the alternative alleles in the investigated SNPs between the
patient group and the North-western European population.

2.10. Approval and registration

The study was approved by the ethics committee of
Copenhagen, Denmark (H-18,032,928), the Danish medicine agency
(EudraCT-number 2018-002,295-40), and the Data Protection
Agency (VD-2019-65). All participants and their parents, if
appropriate, were informed about the study both orally and in
writing and provided their written consent to participate. The
study was registered at the ClinicalTrials.gov ID (NCT03648658)
titled “Paracetamol Study in Patients with Low Muscle Mass”.

[m5G;December 4, 2023;15:0]

Neuromuscular Disorders xxx (XxXx) XXx
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3.1. Population characteristics

Six adults and six children with SMA II were included in
the study, and the results were compared to 11 healthy adults.
The demographics of the participants are shown in Table 1. We
matched the adult patients with healthy controls based on age.
The body weight was significantly lower in the adults with SMA
compared to healthy controls. All participants completed the three
study days. Two children with SMA were treated with nusinersen,
a disease-modifying treatment for SMA. No medications with a
known inducing or inhibitory influence of acetaminophen were co-
administered. All SMA patients had low skeletal muscle mass with
an FFMI below the 10th percentile. The median baseline CK levels
with range of the SMA adults, SMA children and healthy controls
were 25.5 U/l ([12]-139), 94.0 U/l (57-521), 122.0 U/l (49-275),
respectively (normal range: 55-365 U/l in children up to 15 years
and 30-200 U/l in adults).

3.2. Primary outcome measures: clearance of acetaminophen and its
metabolites and volume of distribution

The pharmacokinetic parameters are compared in the three
groups in Table 2. The total clearance of acetaminophen (actual
total clearance) was significantly lower in the adult patients
compared to the healthy controls. The clearance was also lower in
the children but did not reach significance (Table 2). Formation of
the nontoxic metabolites sulfate and glucuronide was significantly
lower in the patient group compared to the healthy (see the
formation rate of glucuronide and sulfate in Table 2 and Fig. 3).
Furthermore, the formation of the nontoxic oxidative metabolites
mercapturic acid and cysteine downstream from NAPQI were
significantly lower in the patients (see formation rate of oxidative
metabolites in Table 2 and Fig. 3). The volume of distribution
of acetaminophen and its metabolites was significantly lower in
the patients compared to healthy controls (see V in Table 2).
The fraction of unmetabolized acetaminophen that could not be
explained by the measured metabolites was high in all but higher
in the SMA group (see metabolite fractions in Table 2). There was
no difference in the acetaminophen metabolism in the two SMA
patients who received nusinersen, compared to the other SMA
patients (Table 1).

3.3. Secondary outcome measures: safety and pharmacogenetics

3.3.1. Safety

One adult with SMA developed increased ALT and AST after
two days of acetaminophen intake (Fig. 4). ALT increased from
7 U/L to 98 U/L (normal range: 10-70 U/L), and AST increased
from 21 U/L to 147 U/L (normal range: 15-45 U/L). Furthermore,
the miRNA 122 and miRNA 192 were elevated 3-fold and 25-fold,
respectively, from the baseline when measured six hours after the
first dose of acetaminophen on day 1 (Fig. 4). The patient was
clinically unaffected and did not differ clinically from the other
patients with SMA. The ALT normalized to 11 U/L when measured
eight days after completion of the acetaminophen treatment. The
patient did not receive any other medications or had any hepatic
history explaining the sudden elevation of liver biomarkers besides
the treatment of acetaminophen. The patient’s oxidative clearance,
glucuronidation, and sulphation clearance were like the average in
the adult patient group (see Table 1). The liver biomarkers, both
liver transaminases, and miRNAs, did not change markedly in the
rest of the participants, and there was no difference between the
patients and healthy controls (Fig. 5).
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Table 1
Demographics and individual pharmacokinetic parameters
Gender Age Weight APAP Actual total ~ Formation rate Formation rate Formation rate Elimination rate Elimination Elimination rate Unmetabolized Volume of
(years) (kg) dose clearance of glucuronide of sulfate (L/h) of oxidative of glucuronide rate of sulfate  of oxidative clearance APAP  Distribution
(mg) (L/h) (L/h) metabolites (L/h) (L/h) Metabolites (L/h) APAP (L)
(L/h) (L/h)
Children
1 F 16 27 405 14.14 3.84 3.39 0.10 2.79 10.00 1.54 6.80 49.82
2¢ M 6 31 465 20.34 3.97 485 0.11 3.09 11.09 2.64 11.42 38.94
3 M 10 22 330 19.94 3.37 3.48 0.09 2.39 8.58 1.45 13.01 44.05
4 F 11 57 855 26.6 6.58 8.40 0.17 4.88 17.52 2.69 11.46 67.69
5 M 8 26 390 9.07 1.95 430 0.10 2.71 9.72 1.75 2.72 32.76
6 F 6 22 330 13.57 2.72 5.17 0.09 2.39 8.58 1.30 5.59 35.74
Adults
1 M 31 39 585 20.69 4.00 5.71 0.13 3.67 13.18 4.51 10.85 54.28
2 F 37 25 375 10.53 2.02 3.11 0.09 2.63 9.44 1.45 5.31 32.09
3 M 28 35 525 15.04 3.96 4.50 0.12 3.39 12.15 2.67 6.45 55.28
4 M 18 30 450 15.90 3.76 4.90 0.11 3.02 10.82 2.14 7.14 39.62
5 M 21 50 750 13.22 4.31 6.76 0.16 4.42 15.88 2.96 1.99 51.76
6 F 24 31 465 11.97 3.37 2.51 0.11 3.09 11.09 2.37 5.99 56.47
HC
1 F 23 78 1000 37.68 13.85 8.96 0.22 6.17 22.16 2.93 14.64 48.39
2 M 31 80 1000 21.51 4.17 8.12 0.23 6.29 22.59 3.91 8.99 82.73
3 F 20 51 750 21.10 4.90 6.66 0.16 4.49 16.12 3.56 9.34 68.44
4 M 25 83 1000 17.58 4.95 9.13 0.23 6.47 23.22 495 3.27 90.59
5 M 23 76 1000 30.20 9.01 11.40 0.22 6.06 21.74 2.43 9.58 30.91
6 M 22 92 1000 24.97 7.77 12.52 0.25 6.99 25.08 3.82 4.44 96.50
7 F 36 53 795 19.15 5.10 8.39 0.17 4.62 16.59 2.64 5.51 62.10
8 M 26 76 1000 2417 8.23 11.42 0.22 6.06 21.74 4.57 4.30 81.65
9 M 24 84 1000 17.83 417 12.24 0.23 6.53 23.43 2.89 1.19 69.46
10 F 27 103 1000 26.90 11.30 10.78 0.27 7.61 27.30 3.86 4.56 68.97
11 F 26 72 1000 19.90 7.25 9.50 0.21 5.81 20.87 3.96 2.95 79.20

* Patient with increased liver biomarkers, oPatients who were treated with nusinersen during the project period. Abbreviations: APAP= acetaminophen, HC= healthy controls, F= female, M= male.

XXX (XXXX) XXX S19P10SI] IDJNISNUOININ
[0:6T!€202 ‘¥ 4oqwedsqiHGw]
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Pharmacokinetic parameters in adults and children with SMA and healthy controls

Pharmacokinetics

HC SMAa SMAc
Actual total clearance (L/h) 21.51 14.13* 17.05
Formation rate of glucuronide (L/h) 7.25 3.87 3.61*
Elimination rate of glucuronide (L/h) 6.18 3.24 2.75%
Formation rate of sulfate (L/h) 9.50 4.70" 4.58"
Elimination rate of sulfate (L/h) 22.16 11.62* 9.86"
Formation rate of oxidative metabolites (L/h) 0.22 0.12** 0.10**
Elimination rate of oxidative metabolites (L/h) 3.82 2.52 1.65*
Unmetabolized acetaminophen clearance (L/h) 4.56 6.22 9.11
V acetaminophen (L) 69.46 53.02¢ 41.50*
Acetaminophen t;;; (h) 2.34 2.33 1.79
Glucuronide ty, (h) 1.68 1.74 1.80
Sulfate t;; (h) 0.47 0.49 0.50
Oxidative metabolites t;, (h) 2.40 2.45 3.29
Metabolite fractions
Unmetabolized acetaminophen 26.8 % 441 % 46.6 %
Glucuronidation 30.0 % 249 % 249 %
Sulfation 422 % 30.2 % 28.4 %
Oxidation 0.96 % 0.81 % 0.67 %

The values are given as medians. P-values are calculated by comparing healthy controls with the adults, and healthy

controls with the children,.
* =p<0.05,.
“ =p<0.01,.

** =p<0.001. The formation rates and elimination rates are clearances, the clearance of acetaminophen formed to
metabolites and clearance of acetaminophen metabolites excreted in the urine. The clearance is equal to the rate of
acetaminophen removed from plasma (mg/min) divided by the concentration of acetaminophen in the plasma (mg/mL).
The unit of the formation and elimination rates is L/h. Abbreviations: HC= healthy controls, SMAa= spinal muscular
atrophy adults, SMAc= spinal muscular atrophy children, oxidative metabolites= cysteine and mercapturic acid that are
downstream metabolites of NAPQI, V = volume of distribution, t % = half-life.

3.3.2. Pharmacogenetics

We found that 75 % of the patients with SMA (9/12) were
homozygous carriers of the alternative allele in the UGT1A-
3 gene important for the glucuronide pathway, including the
SNPs 1510929303 (C/C), rs1042640 (C/C) and rs8330 (C/C). These
SNPs are associated with decreased glucuronidation activity [35-
37]. The frequencies of homozygous carriers of the alternative
alleles in the North-western European population are 62 %, 64 %
and 60 %, respectively [34]. There was no significant difference
in the percentages of SNPs in the SMA patients compared to
the North-western European population (p-values= 0.46, 0.55,
0.37). Furthermore, 67 % of the SMA patients were homozygous
carriers of the alternative allele of the gene CYP1A2, important
in the oxidation pathway with SNP rs762551 (A/A), associated
with increased CYP1A2 activity and thus increased activation of
the CYP-mediated pathway [35,36]. The frequency of homozygous
carriers in the North-western European population is 51 % [34].
The frequency in the SMA patients was not significantly different
compared to the North-western European population (p-value=
0.36). The SMA patients were wildtype for SNPs in CYP2E1 gene,
one of the most important enzymes in bioactivation of the CYP-
mediated pathway, forming NAPQI [36].

4. Discussion

In this interventional study, investigating the treatment of
acetaminophen in patients with SMA, we found that 1) the
clearance of acetaminophen was lower in patients with SMA
compared to healthy controls, 2) miRNA 122 and miRNA 192
increased on day 1 in one adult patient and 3) the same
adult patient had elevated ALT and AST after only two days of
acetaminophen treatment. Thus, we advise clinicians to be more
aware when treating SMA patients with acetaminophen for a
longer period (> 48 h).

Both formation and elimination clearance of the different
metabolites in all three metabolic pathways were lower in the

patient group compared to the healthy adults. With a lower total
clearance, the patient’s elimination of the drug from the body is
prolonged. Prolonged treatment of acetaminophen may therefore
lead to the accumulation of acetaminophen and more of the drug
being metabolized in the oxidative pathway. Thus, monitoring
of the standard liver biomarkers such as ALT, gamma glutamyl-
transferase (GGT), and LDH during treatment with acetaminophen
in SMA patients could be an important safety measurement,
especially the first time a patient is treated. Unexpectedly, one
out of 12 patients had elevated ALT and AST after only two days
of acetaminophen intake. Other case reports have described liver
toxicity at least 72 h after the initial dose of acetaminophen
in patients with SMA and other neuromuscular disorders with
low skeletal muscle mass [7-11]. Furthermore, in our study,
the miRNAs 122 and 192 were markedly elevated after the
first dose of acetaminophen in the adult patient that developed
increased liver transaminases. This supports miRNA 122 and
192 as early predictive biomarkers for liver injury [26,27]. Thus
ideally, measuring these miRNAs together with the standard
liver biomarkers (ALT, AST, GGT, and LDH) could facilitate the
detection of early liver toxicity. However, the miRNAs have not yet
been implemented in the clinic and are not ready as screening
biomarkers. Therefore, standard liver biomarkers are still crucial in
assessing possible liver injury.

The oxidative pathway is the most important pathway
regarding acetaminophen’s toxic effects and safety. We measured
mercapturic acid and cysteine; the nontoxic metabolites produced
when NAPQI is conjugated with GSH. As expected, the clearance of
these two conjugated metabolites was lower in the patient group.
This may be explained by low skeletal muscle mass and therefore
suspected lower concentrations of GSH [16]. Unfortunately, most
of the measured GSH were under the lower limit of detection in
our study (LOQI < 5 ng/ml). Thus, we were not able to investigate
an association between plasma-GSH and pharmacokinetics in the
participants. Other studies of patients with anorexia and critically
ill patients in intensive care units with severe catabolism have
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Fig. 3. Boxplots of formation rates of glucuronide, sulfate, oxidative metabolites, and total clearance in the SMA patients and the healthy controls. Abbreviations:
HC = healthy controls, SMAa = spinal muscular atrophy adults, SMAc= spinal muscular atrophy children. *p <0.05 versus healthy controls, **p <0.01 versus healthy controls,

**p <0.001 versus healthy controls.

shown a lower concentration of GSH compared to healthy [18,38].
We suspect that SMA patients resemble these groups. Furthermore,
the patients in our study had a high percentage of unmetabolized
acetaminophen. This may be due to the suggested slow turnover
in the CYP pathway, with less ability to detoxify acetaminophen.
This is supported by the finding of a lower formation rate of
the nontoxic oxidative metabolites of NAPQI in the patient group
compared to the healthy controls. Unfortunately, we could not
measure NAPQI as it is extremely reactive [39]. In addition, the
adult patients had a lower clearance of acetaminophen compared
to the pediatric patients. This may be explained by the adult
patients having less skeletal muscle mass than the pediatric
patients. Although adult patients were taller than the pediatric
patients, they had comparable weights. Furthermore, as the disease
progresses, it is expected that adults will have less muscle mass
than pediatric patients.

The patients were homozygous for common polymorphisms
previously implicated in acetaminophen metabolism, associated
with decreased glucuronidation and increased CYP-activity. These
findings may contribute further to an increased risk of liver toxicity

in SMA patients. The patient in our study that developed increased
liver biomarkers during treatment was one of the nine patients
homozygous for the SNPs. If the patients have a reduced/slower
metabolism of the main pathway, the glucuronide pathway,
there will be more acetaminophen available for CYP-mediated
metabolism, increasing the risk of toxicity. The percentages of
the SNPs in the SMA patients were not significantly higher than
in the North-western European population. We therefore do not
think that testing pharmacogenetic variants in SMA patients will
add significant value in future clinical practice. Pharmacogenetic
testing will require both economic resources and time. Thus, the
pharmacogenetics are probably adding to the risk of increased
susceptibility to acetaminophen toxicity but cannot be interpreted
alone. There should be a greater awareness of the unfortunate
combination of low skeletal muscle mass, pharmacogenetic
variants and treatment of acetaminophen in SMA patients.

As mentioned in the introduction, an adult SMA patient with
a weight of 30 kg died of acute liver failure on the suspicion
of acetaminophen toxicity. The patient received acetaminophen
postoperatively for pain management, 417 mg x 4 daily for three
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Fig. 4. Fold change of ALT, miRNA 122, and miRNA 192 from baseline sample in
one adult SMA patient. Abbreviations: ALT= alanine aminotransferase, miRNA 122
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consecutive days. The ALT level before acetaminophen treatment
was 12 U/L and increased to 3980 U/L after three days of analgesic
treatment. AST and LDH increased from 26 U/L to 6660 U/L and
154 U/L to 14300 U/L (normal range of LDH: 105-205 U/I). Serum
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acetaminophen was measured at 0.04 mmol/l (> 1 mmol/l is toxic)
on the third day of acetaminophen treatment. A combination of
acetaminophen treatment together with postoperative hypotension
with hypoperfusion probably explains the development of acute
liver failure in this patient. No postmortem autopsy was made.
Furthermore, a 14-year-old boy with DMD weighing 50 kg received
acetaminophen 1000 mg x 4 daily during hospitalization due
to respiratory failure in our clinic. He developed acute liver
toxicity after four days of acetaminophen treatment. Unfortunately,
he was given the adult dose instead of the pediatric dose of
15 mg/kg/dose, which corresponds to 750 mg per dose. The
ALT and LDH levels were 2730 U/L and 2170 U/L on day four.
Serum acetaminophen at 0.28 mmol/l was well below the upper
reference value. However, the pediatric hepatologists suspected
acute acetaminophen toxicity. We measured the concentration of
acetaminophen and metabolites in the DMD boy, where we found
an acetaminophen concentration of 2975 ng/ml in the DMD boy
compared to 909 ng/ml in the healthy controls in this study. The
liver transaminases decreased after withdrawal of acetaminophen.
This DMD case highlights that susceptibility to acetaminophen
toxicity may not be limited to SMA patients, but also to those with
other neuromuscular disorders and low skeletal muscle mass, as
seen in other case reports [8-11]. The question is whether the toxic
limit of serum acetaminophen of 1.0 mmol/L is lower in patients
with low skeletal muscle mass.

An additional risk factor to acetaminophen susceptibility may
be the presence of liver impairment prior to treatment of
acetaminophen. We conducted a metabolic study where we found
that 4/8 (50 %) of the children with SMA II in the study had
liver fibrosis and/or steatosis [40]. Other studies have also found
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Fig. 5. (A) Boxplot of measured plasma-ALT during the study days in the three groups, (B) barplot of measured plasma miRNA 122 during the study days in the three groups,
and (C) barplot of measured plasma miRNA 192 during the study days in the three groups. Boxplots and bar plots of plasma-ALT and plasma miRNA 122 and 192 measured
on study days 1 and 2 show no difference between the three groups. Abbreviations: ALT= alanine aminotransferase, HCa= healthy controls, Rel= relative, SMAa= spinal

muscular atrophy adults, SMAc= spinal muscular atrophy children.
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a proportion of SMA patients (in particular those with the severe
phenotypes) to have non-alcoholic fatty liver disease (NAFLD)
and altered fatty acid metabolism [23,41]. Some studies with
a small number of included children and adults with NAFLD
and non-alcoholic steatohepatitis (NASH) have found altered
metabolism of acetaminophen ([42]-45). However, related to this,
there are no published studies about acetaminophen metabolism
deficiency in fatty acid oxidation disorders. Hence, more research is
warranted to investigate how these defects impact acetaminophen
metabolism.

We treated the participants in our study with the
recommended doses of acetaminophen in our country and
recommended by the Food and Drug Administration, which is
15 mg/kg/dose and a maximum of 4000 mg/day. It is important to
note that some other countries suggest lower doses. For instance,
China recommends a maximum of 600 mg/dose and no more than
2000 mg/day. However, most SMA patients in our study received
doses below 600 mg/dose, while the patient with elevated ALT
and AST received only 525 mg/dose and 2100 mg/day. We are
confident that the participants in our study did receive a dosage
that was within the acceptable range.

We did not define a specific change in ALT and AST as a
criterion for withdrawal of the acetaminophen treatment during
the study days. The evaluation was subjective, as it is in a
clinical setting, which could be problematic. In future studies, we
recommend using a defined ALT change to determine whether
acetaminophen treatment can continue. However, except for one
subject, all participants had ALT and AST levels within the normal
range during the study days. Therefore, it is unlikely that there was
any damage to the liver parenchyma in the subjects with normal
ALT and AST. Furthermore, the patient with elevated ALT and AST
had received the last dose of acetaminophen before the increase
was detected. Thus, all participants completed the trial and the
treatment regimen. The participants felt fine without any clinical
symptoms of acetaminophen toxicity.

We did not measure urine metabolites and had a small
sample size which are limitations of this study. The fraction of
unmetabolized acetaminophen was much higher than in other
studies in all participants, including healthy controls [13,41,42].
This is probably due to the pharmacokinetic model being
developed with measured plasma metabolites and not urine
metabolites. Ideally, we should have had both plasma and urine
samples to build the pharmacokinetic model. Since SMA is a rare
disease, the number of eligible participants was limited. Future
studies investigating other patient groups with low skeletal muscle
mass treated with acetaminophen are needed.

In conclusion, patients with SMA have several risk factors that
may increase their susceptibility to acetaminophen-induced
hepatotoxicity, such as lower clearance of acetaminophen,
low skeletal muscle mass, and common pharmacogenetic
polymorphisms. We recommend monitoring standard liver
biomarkers of ALT, LDH, and GGT in SMA patients 48 h after first-
time treatment of acetaminophen or if the patient is metabolically
deranged, malnourished, or critically ill. If the liver biomarkers
increase during treatment, a lower dose or longer dosing intervals
should be considered in SMA patients. Lastly, we recommend
that adult patients with SMA are treated with a pediatric dose of
acetaminophen calculated after weight (15 mg/kg/dose), with a
maximum of 4000 mg/day.

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

[m5G;December 4, 2023;15:0]

Neuromuscular Disorders Xxx (XXXx) Xxx

References

[1] Kolb SJ, Kissel JT. Spinal muscular atrophy. Neurol Clin 2015;33(4):831-46.

[2] Chiriboga CA. Pharmacotherapy for spinal muscular atrophy in babies and

children: a review of approved and experimental therapies. Paediatr Drugs

2022.

Mehta NM, Newman H, Tarrant S, Graham RJ. Nutritional status and nutrient

intake challenges in children with spinal muscular atrophy. Pediatr Neurol

2016;57:80-3.

[4] Wasserman HM, Hornung LN, Stenger PJ, Rutter MM, Wong BL, Rybalsky I,

et al. Low bone mineral density and fractures are highly prevalent in

pediatric patients with spinal muscular atrophy regardless of disease severity.

Neuromuscul Disord NMD 2017;27(4):331-7.

Haaker G, Fujak A. Proximal spinal muscular atrophy: current orthopedic

perspective. Appl Clin Genet 2013;6(11):113-20.

Berven S, Bradford DS. Neuromuscular scoliosis: causes of deformity and

principles for evaluation and management. Semin Neurol 2002;22(2):167-78.

Brehm TT, Wehmeyer MH, Fuhrmann V, Schéfer H, Kluwe J. Severe acute liver

injury following therapeutic doses of acetaminophen in a patient with spinal

muscular atrophy. Am ] Ther 2019;26(4):e528.

Lao YE, Molden E, Kringen MK, Annexstad EJ, Saeverud HA, Jacobsen D,

et al. Fatal liver failure after therapeutic doses of paracetamol in a patient

with Duchenne muscular dystrophy and atypical pharmacogenetic profile of

drug-metabolizing enzymes. Basic Clin Pharmacol Toxicol 2020.

Hynson JL, South M. Childhood hepatotoxicity with paracetamol doses less

than 150 mg/kg per day. Med ] Aust 1999;171(9):497.

[10] Ceelie I, James LP, Gijsen V, Mathot RAA, Ito S, Tesselaar CD, et al. Acute
liver failure after recommended doses of acetaminophen in patients with
myopathies. Crit Care Med 2011;39(4):678-82.

[11] Pearce B, Grant IS. Acute liver failure following therapeutic paracetamol
administration in  patients with muscular dystrophies. Anaesthesia
2008;63(1):89-91.

[12] Yin JL, Teo KS, Philipose Z. Normal dose paracetamol in muscular dystrophy
patients - is it normal? ] R Coll Physicians Edinb 2020;50(4):411-13.

[13] Forrest JA, Clements JA, Prescott LF. Clinical pharmacokinetics of paracetamol.
Clin Pharmacokinet 1982;7(2):93-107.

[14] Bilinsky LM, Reed MC, Nijhout HF. The role of skeletal muscle in
liver glutathione metabolism during acetaminophen overdose. J Theor Biol
2015;376:118-33.

[15] Sen CK. Glutathione: a key role in skeletal muscle metabolism. Oxidative stress
in skeletal muscle. Reznick AZ, Packer L, Sen CK, Holloszy JO, Jackson M],
editors editors, Basel: Birkhduser; 1998. [Internet][cited 2022 Mar 4]. p. 127-
39. (MCBU Molecular and Cell Biology Updates). Available from:. doi:10.1007/
978-3-0348-8958-2_8.

[16] Renjini R, Gayathri N, Nalini A, Srinivas Bharath MM. Oxidative damage in
muscular dystrophy correlates with the severity of the pathology: role of
glutathione metabolism. Neurochem Res 2012;37(4):885-98.

[17] Mian P, van Esdonk M], Olkkola KT, de Winter BCM, Liukas A, Spriet I,
et al. Population pharmacokinetic modelling of intravenous paracetamol in fit
older people displays extensive unexplained variability. Br ] Clin Pharmacol
2019;85(1):126-35.

[18] Hammarqvist F, Luo JL, Cotgreave IA, Andersson K, Wernerman J]. Skeletal
muscle glutathione is depleted in critically ill patients. Crit Care Med
1997;25(1):78-84.

[19] McClain CJ, Price S, Barve S, Devalarja R, Shedlofsky S. Acetaminophen
hepatotoxicity: an update. Curr Gastroenterol Rep 1999;1(1):42-9.

[20] Caparrotta TM, Antoine DJ, Dear JW. Are some people at increased risk of
paracetamol-induced liver injury? A critical review of the literature. Eur ] Clin
Pharmacol 2018;74(2):147-60.

[21] Kurtovic ], Riordan SM. Paracetamol-induced hepatotoxicity at recommended
dosage. ] Intern Med 2003;253(2):240-3.

[22] Louvet A, Ntandja Wandji LC, Lemaitre E, Khaldi M, Lafforgue C, Artru F, et al.
Acute liver injury with therapeutic doses of acetaminophen: a prospective
study. Hepatol Baltim Md 2021;73(5):1945-55.

[23] Djordjevic SA, Milic-Rasic V, Brankovic V, Kosac A, Dejanovic-Djordjevic I,
Markovic-Denic L, et al. Glucose and lipid metabolism disorders in children
and adolescents with spinal muscular atrophy types 2 and 3. Neuromuscul
Disord NMD 2021;31(4):291-9.

[24] Paolella G, Pisano P, Albano R, Cannaviello L, Mauro C, Esposito G, et al. Fatty
liver disease and hypertransaminasemia hiding the association of clinically
silent Duchenne muscular dystrophy and hereditary fructose intolerance. Ital
] Pediatr 2012;38(1):64.

[25] Roderburg C, Benz F, Vargas Cardenas D, Koch A, Janssen ], Vucur M,
et al. Elevated miR-122 serum levels are an independent marker of liver
injury in inflammatory diseases. Liver Int Off ] Int Assoc Study Liver
2015;35(4):1172-84.

[26] Wang K, Zhang S, Marzolf B, Troisch P, Brightman A, Hu Z, et al. Circulating
microRNAs, potential biomarkers for drug-induced liver injury. Proc Natl Acad
Sci U S A. 2009;106(11):4402-7.

[27] Starkey Lewis PJ, Dear ], Platt V, Simpson K], Craig DGN, Antoine D], et al.
Circulating microRNAs as potential markers of human drug-induced liver
injury. Hepatol Baltim Md 2011;54(5):1767-76.

[28] Krasniak AE, Knipp GT, Svensson CK, Liu W. Pharmacogenomics of
acetaminophen in pediatric populations: a moving target. Front Genet
2014;5:314.

E]

[5

(6

[7

(8

[9


http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0001
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0002
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0003
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0004
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0005
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0006
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0007
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0008
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0009
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0010
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0011
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0012
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0013
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0014
https://doi.org/10.1007/978-3-0348-8958-2_8
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0016
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0017
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0018
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0019
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0020
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0021
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0022
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0023
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0024
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0025
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0026
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0027
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0028

ARTICLE IN PRESS

JID: NMD
M.M. Naume, Q. Zhao, S.S. Haslund-Krog et al.

[29] Mr M, H ]. Biomarkers of drug-induced liver injury: progress and utility
in research, medicine, and regulation. Expert Rev Mol Diagn 2018;18(9).
[Internet][cited 2023 Aug 9]Available from: https://pubmed.ncbi.nlm.nih.gov/
30080986/ .

[30] Llewellyn HP, Vaidya VS, Wang Z, Peng Q, Hyde C, Potter D, et al. Evaluating
the sensitivity and specificity of promising circulating biomarkers to diagnose
liver injury in humans. Toxicol Sci 2021;181(1):23-34.

[31] @rngreen MC, Andersen AG, Eisum AS, Hald EJ, Raaschou-Pedersen DE,
Lokken N, et al. Prolonged fasting-induced hyperketosis, hypoglycaemia and
impaired fat oxidation in child and adult patients with spinal muscular
atrophy type II. Acta Paediatr Oslo Nor 1992 2021.

[32] Ette EIL Stability and performance of a population pharmacokinetic model. ]
Clin Pharmacol 1997;37(6):486-95.

[33] Chugh P, Dittmer DP. Potential pitfalls in microRNA profiling. Wiley Interdiscip
Rev RNA 2012;3(5):601-16.

[34] A genome-wide mutational constraint map quantified from variation in 76,156
human genomes | bioRxiv [Internet]. [cited 2023 Jun 13]. Available from: https:
/[www.biorxiv.org/content/10.1101/2022.03.20.485034v2

[35] Court MH, Zhu Z, Masse G, Duan SX, James LP, Harmatz ]S, et al. Race,
gender, and genetic polymorphism contribute to variability in acetaminophen
pharmacokinetics, metabolism, and protein-adduct concentrations in healthy
African-American and European-American volunteers. ] Pharmacol Exp Ther
2017;362(3):431-40.

10

mb5G;December 4, 2023;15:0

Neuromuscular Disorders xxx (XXXx) Xxx

[36] Mazaleuskaya LL, Sangkuhl K, Thorn CF, FitzGerald GA, Altman RB,
Klein TE. PharmGKB summary: pathways of acetaminophen metabolism at the
therapeutic versus toxic doses. Pharmacogenet Genom 2015;25(8):416-26.

[37] Court MH, Peter I, Hazarika S, Vasiadi M, Greenblatt D], Lee WM, et al.
Candidate gene polymorphisms in patients with acetaminophen-induced acute
liver failure. Drug Metab Dispos Biol Fate Chem 2014;42(1):28-32.

[38] Zenger F, Russmann S, Junker E, Wiithrich C, Bui MH, Lauterburg BH.
Decreased glutathione in patients with anorexia nervosa. Risk factor for toxic
liver injury? Eur J Clin Nutr 2004;58(2):238-43.

[39] Dahlin DC, Miwa GT, Lu AY, Nelson SD. N-acetyl-p-benzoquinone imine: a
cytochrome P-450-mediated oxidation product of acetaminophen. Proc Natl
Acad Sci U S A 1984;81(5):1327-31.

[40] Naume MM, Jorgensen MH, Hgi-Hansen CE, Born AP, Vissing ], Borgwardt L,
et al. Metabolic assessment in children with neuromuscular disorders shows
risk of liver enlargement, steatosis and fibrosis. Acta Paediatr Oslo Nor 1992
2022.

[41] Miller RP, Roberts RJ], Fischer LJ. Acetaminophen elimination kinetics in
neonates, children, and adults. Clin Pharmacol Ther 1976;19(3):284-94.

[42] Wiirthwein G, Koling S, Reich A, Hempel G, Schulze-Westhoff P, Pinheiro PV,
et al. Pharmacokinetics of intravenous paracetamol in children and adolescents
under major surgery. Eur J Clin Pharmacol 2005;60(12):883-8.


https://pubmed.ncbi.nlm.nih.gov/30080986/
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0030
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0031
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0032
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0033
https://www.biorxiv.org/content/10.1101/2022.03.20.485034v2
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0035
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0036
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0037
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0038
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0039
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0040
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0041
http://refhub.elsevier.com/S0960-8966(23)00794-0/sbref0042

	Acetaminophen treatment in children and adults with spinal muscular atrophy: a lower tolerance and higher risk of hepatotoxicity
	1 Introduction
	2 Methods
	2.1 Study population
	2.2 Study visits
	2.3 Data collection
	2.4 Analytical methods for acetaminophen metabolites
	2.5 Pharmacokinetic model
	2.6 Analytical methods for miRNA 122 and miRNA 192
	2.7 Pharmacogenetics
	2.8 Outcome measures
	2.9 Statistical methods
	2.10 Approval and registration

	3 Results
	3.1 Population characteristics
	3.2 Primary outcome measures: clearance of acetaminophen and its metabolites and volume of distribution
	3.3 Secondary outcome measures: safety and pharmacogenetics
	3.3.1 Safety
	3.3.2 Pharmacogenetics


	4 Discussion
	Declaration of Competing Interest
	References


