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Targeted liquid chromatography—mass

spectrometry analysis of serum acylcarnitines in

acetaminophen toxicity in children

Aim: Long-chain acylcarnitines have been postulated to be sensitive biomarkers of acetaminophen
(APAP)-induced hepatotoxicity in mouse models. In the following study, the relationship of acylcarnitines
with other known indicators of APAP toxicity was examined in children receiving low-dose (therapeutic)
and high-dose (‘overdose’ or toxic ingestion) exposure to APAP. Materials & methods: The study included
three subject groups: group A (therapeutic dose, n = 187); group B (healthy controls, n = 23); and group C
(overdose, n = 62). Demographic, clinical and laboratory data were collected for each subject. Serum samples
were used for measurement of APAP protein adducts, a biomarker of the oxidative metabolism of APAP
and for targeted metabolomics analysis of serum acylcarnitines using ultra performance liquid
chromatography—triple-quadrupole mass spectrometry. Results: Significant increases in oleoyl- and
palmitoyl-carnitines were observed with APAP exposure (low dose and overdose) compared with controls.
Significant increases in serum ALT, APAP protein adducts and acylcarnitines were observed in overdose
children that received delayed treatment (time to treatment from overdose >24 h) with the antidote
N-acetylcysteine. Time to peak APAP protein adducts in serum was shorter than that of the acylcarnitines
and serum ALT. Conclusion: Perturbations in long-chain acylcarnitines in children with APAP toxicity suggest
that mitochrondrial injury and associated impairment in the B-oxidation of fatty acids are clinically relevant

as biomarkers of APAP toxicity.

KEYWORDS: p-oxidation acetaminophen acylcarnitine biomarker

hepatic toxicity

Acetaminophen (APAP) is the most widely used
drug for the treatment of pain and fever around
the world. While relatively safe at therapeutic
doses, APAP in high doses can cause hepato-
toxicity and is recognized as a major cause of
acute liver failure (ALF) in the USA and in many
European countries [1). APAP accounts for 50%
of all cases of ALF in adults and 14% of cases
in children in the USA [1.2). While oxidative
metabolism and depletion of hepatic glutath-
ione are recognized to be critical eatly steps in
the genesis of APAP-associated liver injury [3.4]
other mechanisms of toxicity involving increased
oxygen and/or nitrogen stress in mitochondria
have been reported [5-7]. Recently, blood levels of
metabolites involved in energy, urea and bile acid
pathways were found to have strong correlations
with hepatic necrosis scores and elevated ALT
levels in APAP-induced liver injury in mice [s]. In
addition, a modulatory role for hepatoprotective
pathways such as the PPARa pathway has been
identified [9-11]. PPARa regulates gene expres-
sion in mitochondrial fatty acid B-oxidation and
upregulation of PPARo was hepatoprotective in
the mouse model of APAP toxicity [11,12].
Acylcarnitines are intermediates in the mito-
chondrial B-oxidation of fatty acids and have been
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postulated as indicators of hepatotoxicity in APAP
(9.13-15] and other drugs such as valproic acid [16]
that are known to have effects on mitochondria.
A liquid chromatography—mass spectrometry
(LC/MS)-based metabolomics study of APAP
metabolism in wild-type and Cyp2E1-null mice
revealed that acylcarnitines can function as com-
plementary biomarkers for APAP-induced hepa-
totoxicity (17]. The B-oxidation of fatty acids is
facilitated by transport of activated fatty acids into
the mitochondria via carnitine. With disruption
of mitochondrial function, long-chain fatty acids
accumulate and can be detected in blood [17.18].

We recently reported the elevation of long-
chain acylcarnitines (palmitoyl-, oleoyl- and
myristoyl-carnitines) in mice treated a high,
nonfatal dose of APAP [18]. In order to examine
the clinical relevance of data generated in ani-
mal models, the following study quantified acyl-
carnitines and other known indicators of APAP
metabolism and toxicity in children with APAP
poisoning.

Materials & methods

Patients
This was a multicenter study of APAP toxicity
in children aged 2-18 years that was approved
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Table 1. Demographic and clinical parameters of the group A, B and C subjects.

Variables Group A (n=187) Group B (n =23) Group C (n =62)
Age (years)

Mean (SD) 9.29 (5.59) 8.30 (4.80) 14.66 (3.47)
Median 9.33 8.50 15.42
Range 1.0-18.67 1.17-16.17 1.50-18.25
Gender, n (%)

Male 103 (55) 9 (39) 13 (21)
Female 84 (45) 14 (61) 49 (79)
Race, n (%)

White 131 (70.05) 15 (65.22) 50 (80.65)
Asian 4(2.14)

African—American 40 (21.39) 4 (17.39) 5(8.06)
Other 12 (6.41) 4(17.39) 7 (11.29)
ALT (1U/1)

Mean (SD) 69 (331) 18.5(6.7) 554 (1287.7)
Median 22 17 29*

Range 6-3940 10-37 6-9909
APAP protein adducts (nmol/ml)

Mean (SD) 0.1(0.2) 0.005 (0.003) 0.47 (0.87)
Median 0.038 0.006 0.2*

Range 0-2.1 0-0.01 0.02-7.9
Group A: therapeutic dose; group B: healthy controls; group C: overdose.

*Statistically significant compared with group B at p < 0.05 (Mann—Whitney U test).

APAP: Acetaminophen, SD: Standard deviation.

by the institutional review boards of all partici-
pating institutions. Following informed consent
and assent when age appropriate, blood samples
were collected from study subjects. The study
included three subject subgroups as follows:
group A (therapeutic dose group), defined as hos-
pitalized children receiving APAP per standard of
care; group B (control group), defined as healthy
children with no use of APAP in the preceding
14 days; and group C (overdose group), defined as
children requiring hospitalization for treatment
of APAP overdose. Hospitalization of children
with APAP overdose was determined according
to published guidelines and included history of
excessive dosing of APAP of >150 mg/kg and
elevation of APAP in peripheral blood, plotted
as a function of the time elapsed from the time of
the overdose [19]. For subjects in group A, blood
samples were collected prior to receipt of the first
APAP dose ‘on study’ and thereafterac 8 and 24 h
after the first dose of APAP, followed by conve-
nience sampling throughout the period of hos-
pitalization. APAP dosing, route and frequency
were at the discretion of the treating physician for
subjects in group A. A single blood sample was
collected in group B subjects and admission and

daily morning blood samples were collected in
subjects in group C. Blood samples were centri-
fuged immediately after collection and the serum
was stored at -80°C for batch analysis.

Clinical data

Demographic (age, gender, race, weight and
height), clinical (APAP dose, route, dose inter-
val, N-acetylcysteine [NAC] dose, route, cumu-
lative dose and reason for hospitalization) and
laboratory data (serum ALT and international
normalized ratio [INR] for prothrombin time)
were recorded in a specific data base designed
for the study.

Laboratory analysis

APAP protein adducts in peripheral blood have
been established as a biomarker of APAP toxic-
ity in the animal model of APAP toxicity and
in clinical samples [20-24]. Serum samples were
analyzed for APAP protein adducts using pre-
viously reported high-performance LC with
electrochemical detection methods [20-24]. Mea-
surement of serum ALT was performed in clini-
cal chemistry laboratories at the participating
institutions using standardized methods.
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Metabolomic analysis
Exploratory analysis of serum
acylcarnitines by rapid targeted
metabolomics
In the initial approach, a targeted metabolomics
approach using Waterss ACQUITY UPLC®
System with Xevo triple-quadrupole mass spec-
trometer (Waters, MA, USA) combined with the
commercially available AbsoluteIDQ® p180 Kit
(Biocrates Life Sciences AG, Austria) was used
for rapid and quantitative analyses of 40 acylcar-
nitines according to the manufacturer’s protocol.
The method combines the extraction of analytes
with stable isotope dilution mass spectrometric
analysis. The AbsoluteIDQ p180 Kit contains
a 96-deep-well plate with a filter plate attached
with sealing tape, as well as isotope-labeled inter-
nal standards and seven calibrators sufficient for
quantitation of metabolites and three different
quality control samples (low, medium and high
spiked human plasma). The assay procedure has
been previously described elsewhere [25-27].

Targeted analysis of serum acylcarnitines
using ultra performance liquid
chromatography-triple-quadrupole mass
Spectrometry

Targeted quantitative metabolite analysis was
also performed using a previously published
method [18]. Samples were removed from storage
at -80°C and placed at -4°C for 2 h. A total of
50 pl of serum was spiked with isotope-labeled
I-carnitine, acetyl-carnitine, myristoyl-carnitine,
palmitoyl-carnitine and oleoyl-carnitine. The
sample was then deproteinized with 300 pl of
3:1 mixture of acetone:MeOH (Optima grade,
Thermo Fisher Scientific, MA, USA) and centri-
fuged for 15 min at 13,000 x g (4°C). The superna-
tant was transferred into a total recovery autosam-
pler vial (Waters) and the solvent was evaporated
under a stream of nitrogen. Samples were recon-
stituted in 50 pl of 50:50 acetonitrile:75% metha-
nol. The chromatographic separation was carried
out using an Acquity UPLC System equipped
with a BEH C8 Column (2.1 x 100 mm, 1.7-pm
particle size) and VanGuard C8 Pre-column
(Waters). A total of 10 pl was injected and the
flow rate was set to 0.4 ml/min with a column
temperature of 40°C. Mobile phase A consisted
of 90:10 water:acetonitrile with 0.5 g/l ammo-
nium acetate adjusted to pH 7.4. Mobile phase B
consisted of acetonitrile with 0.5 g/l ammonium
acetate. The gradient started with 50% mobile
phase B, held for 1 min, increasing to 86% at
5 min then to 100% at 7 min, after which ini-
tial conditions were restored at 8.5 min and the
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system was equilibrated for an additional 1.5 min.
Blank injections were made between each sample
injection. Mass spectrometric analysis was car-
ried out on a Xevo triple-quadrupole instrument
(Waters) operated in positive electrospray ioniza-
tion mode. Multiple reaction monitoring was car-
ried out using transitions previously optimized
for each carnitine species by the direct infusion
of standards. The capillary voltage was 4.5, and
the source and desolvation temperatures were 150
and 400°C, respectively. The desolvation gas flow
rate was 800 1/h.
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Figure 1. Relationship between acetaminophen protein adducts and ALT in
children hospitalized for acetaminophen overdose. (A) A significant
correlation (R? = 0.84; p < 0.05) was observed between ALT and APAP protein
adducts. (B) Significant changes in adduct levels over time were observed in
overdose subjects grouped based on their ALT levels (ALT high [>1000 [U/I] vs ALT

low [£1000 1U/1]).
APAP: Acetaminophen.

www.futuremedicine.com

149



[4a520e s Aarle | Bhattacharyya, Yan, Pence et 4.

v A:therapeutic dose
m B: control
® C: overdose

PLS component 2 (10.9%)

T
-5
PLS component 1 (46.9%)

Sample groups:
A: therapeutic dose
B: control
C: overdose
<4 X: predictor variables
© Y: target or dependent cs.
variables croup @ m’*icsfcq»c% 42O
-“ #Mlo

ca.
+§1620H
Moc+ ¢ cs

Clecnen 41,
C1824 4-C18

Group A @ C3.0H C€10.1

Myristoyl 4 Sex
roup co \Cu 18.1 ~—Oleoyl

-clg—— Palmitoyl

T
0 0.1
w*c[1]

Palmitoleoyl
Myristoyl
l Oleoyl
l Palmitoyl

Variables
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Figure 2. Partial least squares discriminant analysis model describing the relationship
between the acylcarnitines (Biocrates Life Sciences AG), age and gender with the toxicity
status of the three subject groups. (A) Scores plot showing separation between the three subject
groups along the two PLS components. The goodness of fit (R?) and goodness of predictability (Q?) of
the model were approximately 58 and 35%, respectively. (B) The corresponding loadings plot of the
PLS discriminant analysis scores plot shown in (A) demonstrating the relationship between the
acylcarnitine predictors and age and gender along the two PLS components.

150

Biomarkers Med. (2014) 8(2) future science group



Analysis of serum acylcarnitines in acetaminophen toxicity in children | Fa52 ez A eplel

Figure 2. Partial least squares discriminant analysis model describing the relationship
between the acylcarnitines (Biocrates Life Sciences AG), age and gender with the toxicity
status of the three subject groups (cont.). The plot shows that the long-chain acylcarnitines,
oleoyl-, palmitoyl-, palmitoleoyl- and myristoyl-carnitines correlated with the overdose group (group C).
(C) VIP plot of the significant predictors showing their pooled contribution over the PLS components.

The acylcarnitines with VIP >1 are presented.

PLS: Partial least squares; VIP: Variable importance on the projections.

I Statistical analysis

The nonparametric Kruskal-Wallis test and
post hoc comparisons by the method of Siegel
and Castellan [28] was used to detect differences
between the three subject groups. Mann—Whit-
ney U test was used for pairwise comparisons
between groups for toxicity, metabolism and
metabolic markers. Pearson’s correlation coef-
ficient was calculated to assess the relationship
between the measures of toxicity in the overdose
group. A p-value <0.05 was considered ‘signifi-
cant’ for all analyses and a p-value between
0.05 and 0.1 was considered ‘tending towards
statistical significance’ [29]. All statistical anal-
yses were performed by SPSS Version 10.0
(SPSS Inc., IL, USA) and the open source
statistical software package R. Multivariate
data analysis was performed by the R package

chemometrics [30] and SIMCA-P+ software
(Umetrics, NJ, USA). The data matrix was
transformed by autoscaling and a partial least
squares discriminant analysis (PLS-DA) model
was generated in order to identify acylcarnitines
that closely associated with the toxicity status.
Major latent variables in the data were repre-
sented in a scores scatterplot and the significant
predictors were identified by their contribution
to the PLS vectors in the loadings scatterplot
as well as based on their variable importance
on the projections (VIP) scores. Due to the
convenience sampling design and variability of
study duration between groups A (therapeutic
dose) and C (overdose), time was analyzed as a
continuous variable. Generalized least squares
regression models were used to evaluate associa-
tions between acylcarnitines, ALT and APAP

Table 2. Summary statistics of acylcarnitines by ultra performance liquid chromatography-triple-quadrupole

mass spectrometry in the three subject groups.

Metabolite Group A (pM) Group B (pM) Group C (pM) Kruskal-Wallis p-value
L-carnitine

Mean (SD) 16.28 (8.41) 14.60 (5.43) 15.08 (5.71) Not significant
Median 15.69 14.97 14.29

Range 1.0-63.33 7.65-26.59 0.73-28.04

Acetyl-carnitine

Mean (SD) 4.09 (5.83) 1.30(0.81) 2.83(4.08) 0.019

Median 2.24 1.24 1.26

Range 0.03-53.59 0.20-3.59 0.05-24.09

Oleoyl-carnitine

Mean (SD) 0.87 (0.58) 0.20(0.28) 0.64 (0.49) <0.001
Median 0.81 0.12 0.62

Range 0.02-3.88 0.02-1.17 0.01-1.76

Myristoyl-carnitine

Mean (SD) 0.02 (0.02) 0.01 (0.01) 0.02 (0.02) Not significant
Median 0.01 0.01 0.01

Range 0-0.24 0-0.04 0-0.09

Palmitoyl-carnitine

Mean (SD) 0.15(0.17) 0.06 (0.04) 0.13 (0.09) <0.001
Median 0.1 0.06 0.12

Range 0.01-1.49 0.01-0.17 0.02-0.38

Group A: therapeutic dose, n = 187; group B: healthy controls, n = 23; group C: overdose, n = 62.

SD: Standard deviation.
future science group www.futuremedicine.com 151
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Analysis of serum acylcarnitines in acetaminophen toxicity in children

Figure 3. Differences in the long-chain acylcarnitine levels in logarithmic scale between the three groups, stratified by age and gender (cont. from facing page).
In the box plots, the upper ends represents the third quartile, lower ends the first quartile and the points in between the median. The upper whiskers represent the maximum within

1.5-times the interquartile range of the upper quartile while the lower whiskers represent the minimum within the 1.5-times the interquartile range of the lower quartile. Circles

represent outliers. (A, C & E) Differences in oleoyl-, palmitoyl- and myristoyl-carnitines, respectively, in preadolescent (age <11 years) males. (B, D & F) Differences in oleoyl-,
11-18 years) males. (H, J & L) Differences in oleoyl-, palmitoyl- and myristoyl-carnitines, respectively, in adolescent females. Statistically significant increases in the two APAP dose

groups compared with controls are indicated as follows: *0.05 < p < 0.1; **p < 0.05.

palmitoyl- and myristoyl-carnitines, respectively, in preadolescent females. (G, | & K) Differences in oleoyl-, palmitoyl- and myristoyl-carnitines, respectively, in adolescent (aged
APAP: Acetaminophen.
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protein adducts, controlling for age and sex. A
generalized autoregressive covariance matrix
was imposed and continuous variables were
parameterized in the regression model using
restricted cubic splines.

Results

Tasce 1 summarizes the demographic and clini-
cal parameters of the study subjects categorized
as APAP therapeutic dose group (group A),
healthy group with no recent APAP exposure
(group B) and APAP overdose group (group C).
Among the 62 patients in group C, 40 (65%)
were judged to be ‘at risk’ for toxicity according
to the Rumack nomogram. For the remaining
22 subjects, one had missing data and five had
undetectable levels of APAP, but were judged
to be at risk for toxicity based on elevations of
ALT at the time of presentation to the hospital.
An additional two subjects from the ‘no-risk
group’ had co-ingestions with antihistamines,
which are known to alter the pharmacokinet-
ics of APAP. Thus, 14 of the study subjects in
group C did not have readily identifiable reasons
for treating the subjects with NAC by either the
Rumack nomogram or by other clinical factors.
All subjects in group C received treatment with
NAC, but the time to NAC treatment was not
available in three of the subjects. In the subjects
with known time to NAC, 47 received NAC
within 24 h of the overdose.

Changes in APAP toxicity markers in
children exposed to APAP therapeutic
doses & overdoses
Summary data for ALT and APAP protein
adducts are provided in Tase 1. Due to the
‘as-needed’ dosing practice for APAP use in
children, the analysis of the present study was
limited to the initial 24 h of study participation
for study group A. No differences were detected
in median ALT values from baseline to 24 h
(Tasee 1) and no significant differences were
detected in ALT values between group A and
group B (Tase 1). As would be expected, median
levels of ALT and APAP protein adducts were
higher in group C than in groups A and B, and
consistent with previous data, significant cor-
relations with ALT and APAP protein adducts
were observed in group C (R* = 0.84, p < 0.05;
Ficure 14). Stratification of group C children
by peak ALT value (ALT >1000 IU/]) using a
linear mixed-model analysis showed significant
changes over time for APAP protein adducts
(Ficure 1B) in subjects with ALT >1000 and
<1000 TU/L.
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Figure 4. Statistically significant increases in ALT, acetaminophen protein
adducts and acylcarnitine in subjects receiving late compared with early
N-acetylcysteine treatment. Late NAC treatment: time to NAC treatment from
APAP ingestion >24 h; early NAC treatment: time to NAC treatment from APAP
ingestion <24 h.

**p <0.05; *0.05<p<0.1

NAC: N-acetylcysteine.

Exploratory analysis of
acylcarnitines in the three groups of
children
PLS-DA was performed to explore the maximum
separation between the three subject groups based
on the Biocrates Life Sciences AG data. The sam-
ple distribution pattern in the PLS-DA scores plot
(Ficure 24) indicated clear separation among the
three groups but the separation in group C was
more pronounced than that of group A and B.
This observation is consistent with the severity of
toxicity status (ALT elevation) in group C versus
groups A and B. The two-component PLS-DA
model captured approximately 58% of the varia-
tion in X variables (predictor variables: acylcarni-
tines, age and sex) that correlated with approxi-
mately 40% of variation in the three groups. The
goodness-of-predictability parameter (Q*[Y]) was
approximately 35%, which was calculated by a
seven-round internal cross-validation of the data.
The model was further validated by repeated per-
mutations (n = 500) of the sample identifiers. As
shown in the corresponding loading plot (Ficure 2B)
and the VIP plot (Ficure 2), the major long-chain
acylcarnitine species, palmitoyl-, oleoyl-, myris-
toyl- and palmitoleoyl-carnitines, were positively

154 Biomarkers Med. (2014) 8(2)

associated with the APAP overdose group and
were among the significant contributors to the
PLS-DA model (VIP >1.0) in addition to age and
gender.

Quantitation of changes in long-
chain acylcarnitines in the three groups
of children
A separate analysis of free carnitine and the long-
chain acylcarnitines was performed using ultra
performance liquid chromatography—triple-
quadrupole mass spectrometry (UPLC-TQ MS).
Summary statistics of the concentrations (M) of
I-carnitine, acetyl-, myristoyl-, oleoyl- and palmi-
toyl-carnitines in the three subject groups are pro-
vided in Tasie 2. Among the long-chain acylcarni-
tines, concentrations of palmitoyl- and oleoyl-car-
nitine differed among the three groups (p < 0.001).
Pairwise comparisons showed that oleoyl was
increased in both the therapeutic and overdose
groups compared with the control (p < 0.001).
However, no differences in oleoyl-carnitine were
observed between group A and group C. In addi-
tion, palmitoyl-carnitine levels were significantly
higher (p < 0.001) in both of the APAP-exposed
groups compared with the control. Conversely,
acetyl-carnitine, a short-chain acylcarnitine, was
significantly lower in the exposure groups (A and
C) compared with control. Additionally, group C
subjects with significant hepatotoxicity (ALT
21000 IU) had median peak levels of the three
long-chain acylcarnitines that were between 1.2-
and 2.5-fold higher than the control group (esti-
mates of ratio of medians: oleoyl-carnitine, 2.49
[95% CI: 0.84—6.09]; palmitoyl-carnitine, 2.38
[95% CI: 1.06-3.92]; and myristoyl-carnitine:
1.22 [95% CI: 0.50-2.23].

Effect of age, sex & NAC treatment

on long-chain acylcarnitines

As age and sex were significant covariates in
the PLS-DA model, the data were stratified
by age and gender as preadolescent male (age
<11 years; n = 73), preadolescent female (n = 51),
adolescent male (age between 11 and 18 years;
n = 52) and adolescent female (n = 96). Signifi-
cant differences in acylcarnitines were observed
between the APAP-exposed groups and controls
(Ficure 3). In both preadolescent males and females,
oleoyl-carnitine was tending towards statisti-
cal significance(0.1 > p > 0.05) in the overdose
group compared with control. In preadolescent
females, both oleoyl- and palmitoyl-carnitines
were significantly higher in the therapeutic dose
group compared with control. In the adolescent
group, oleoyl-carnitine was significantly different
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between the therapeutic dose group and control,
while palmitoyl-carnitine was tending towards
statistical significance in both APAP-exposed
groups versus control in the females. Overall,
after stratifying subjects for age and sex, the
data showed significant increases in oleoyl- and
palmitoyl-carnitines in the APAP-exposed groups
compared with healthy controls.

In the mouse model of APAP toxicity, oleoyl-,
palmitoyl- and myristoyl-carnitines were observed
to be significantly increased over the course of
toxicity [16). However, a major difference in the
animal model and the clinical setting of APAP
toxicity is the impact of treatment with NAC.
It is well established that the efficacy of NAC
treatment in preventing hepatotoxicity is highly
dependent on the time the treatment is initiated
related to the time of the overdose 31]. Thus, the
effect of NAC treatment time (defined as time of
first dose of NAC relative to the ingestion time),
was examined in the group C cohort. Subjects
were categorized by time to NAC treatment as
early NAC (time to NAC <24 h) or late NAC
(time to NAC >24 h). Among the 62 subjects in
group C, 47 were eatly NAC, 12 were late NAC
and three subjects had missing data on time to
NAC, even though all subjects received NAC
treatment. Significant differences were observed
between the early and late NAC groups in time
to achieve peak adduct and peak ALT levels as
well as in the time to achieve peak levels of the
long-chain acylcarnitines (Ficure 4). It was further
observed that among the toxicity and oxidative
metabolism biomarkers, APAP protein adducts
had the shortest time to peak, compared with
carnitine, oleoyl- and palmitoyl-carnitine.

Comparison of acylcarnitines to
toxicity & metabolism biomarkers
of APAP
No significant associations were detected in gen-
eralized least squares regression models between
the long-chain acylcarnitines, serum ALT and
APAP protein adducts, while controlling for age
and sex. While both APAP protein adducts and
ALT levels significantly changed with time since
the APAP ingestion (Ficure 1B), the acylcarnitines,
overall, did not have significant changes with
time in the APAP overdose subjects, likely as a
function of NAC treatment. In previous work,
we showed that adduct levels were lower in sub-
jects who received early treatment with NAC,
compared with subjects who received later treat-
ment with NAC [19]. In addition, we found that
an APAP protein adduct level of >1.0 nmol/ml
was very sensitive and specific for APAP toxicity

future science group

in subjects with an ALT value >1000 IU/I 22).
Therefore, to further examine the relationship of
acylcarnitines to toxicity (ALT values), the time
to peak expression of the various parameters was
examined. Times to achieve peak levels for each
of the toxicity and metabolomic markers were sig-
nificantly longer in children with APAP protein
adduct levels >1.0 nmol/ml (Ficure 5).

Discussion

This study was initiated with the premise that
serum biomarkers representing various mecha-
nistic aspects identified in the preclinical model
of APAP-induced hepatotoxicity may have poten-
tial application in the clinical setting of APAP
overdose. Recent data have demonstrated the
elevation of long-chain acylcarnitines (palmi-
toyl-, oleoyl- and myristoyl-carnitine) in mouse
models of APAP-induced hepatotoxicity, indi-
cating disruption of the fatty-acid B-oxidation
pathway and mitochondrial dysfunction [1713].
This study is the first to demonstrate significant
increases in the long-chain acylcarnitines in chil-
dren exposed to APAP in therapeutic doses or
overdose. Exploratory metabolomic profiling of
acylcarnitine levels using the AbsoluteIDQ p180
Kit showed significant changes in 13 measured
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Figure 5. Evaluation of time to achieve peak level for ALT and
acylcarnitines, stratified by an acetaminophen protein adduct level of
1.0 nmol/ml. Boxplots showing significantly higher (**p < 0.05) ALT and
acylcarnitine levels in subjects with high peak adduct levels, indicative of their
higher toxicity status, in comparison with subjects with low peak adduct levels and

low toxicity status.
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acylcarnitines including the long-chain acyl-
carnitines palmitoyl-, oleoyl-, myristoyl- and
palmitoleoyl-carnitine. The PLS-DA scores plot
showed clear separation between the three sample
groups based on the acylcarnitines; however, the
separation was more pronounced in the overdose
group, consistent with the severity of toxicity in
this group, as indicated by ALT and adduct lev-
els. We validated our findings from the PLS-DA
model using a quantitative, targeted metabolomic
approach using UPLC-TQ MS. Among the long-
chain acylcarnitines, only palmitoyl- and oleoyl-
carnitine showed significant overall changes
with APAP exposure compared with the control
group. Furthermore, in subjects with significant
hepatotoxicity (ALT 21000 IU), median peak
levels of the three long-chain acylcarnitines were
1.2-2.5-fold above those of the control group.

Given the sporadic nature of sample collection
in the subjects with therapeutic or APAP overdose
(as dictated by the convenience sampling design
of the study), the sample set was heterogeneous
and the three groups differed significantly in
age and sex, factors identified to be significant
covariates in the exploratory PLS-DA model.
Hence, the sample groups were stratified based
on age and sex to further examine perturbations
in acylcarnitines. After stratification, significant
increases in oleoyl- and palmitoyl-carnitine levels
persisted in the APAP-exposed groups compared
with the healthy controls.

The impact of NAC treatment in the overdose
subjects was of interest since NAC is the com-
monly used antidote for APAP toxicity 31]. NAC
functions to replace the sulfhydryl pool that is
depleted early in APAP toxicity. The treatment
effect of NAC in the clinical setting is highly
dependent of the time elapsed between the APAP
overdose and the initiation of NAC treatment [31].
Ideally, NAC should be administered within 10 h
of the overdose. In the APAP overdose subjects,
the mean time from APAP ingestion to first
serum sample available for metabolomic analysis
was approximately 23 h and the mean time from
ingestion to receipt of NAC was approximately
20 h. Therefore, most of the samples from the
overdose subjects represented post-INAC samples.
Hence, the data were examined as a function of
time to NAC treatment. In three subjects for
whom pre- and post-NAC acylcarnitine mea-
surements were available, a ‘postNAC’ decline
in long-chain acylcarnitines was observed (data
not shown).

A recent small study performed in two clinical
centers examined acylcarnitines in 16 adults with
APAP toxicity (mean ALT of ~6000 IU/]) [32].

Biomarkers Med. (2014) 8(2)

No differences were found in the levels of three
acylcarnitines (palmitoyl-, linoleoyl- and oleoyl-
carnitine) in the adult subjects despite signifi-
cant ALT elevation. The authors of this report
attributed the study findings to the effect of NAC
treatment. However, specific information on the
time of NAC treatment relative to the time of
the overdose was not included in the report, serial
sampling in APAP toxicity patients was limited to
six patients and the study did not compare acyl-
carnitine profiles to the metabolism biomarker
(APAP protein adducts). In addition, the study
population in the adult study only examined
acylcarnitines in patients with ALT elevation,
while the present study examined acylcarnitines
in patients regardless of ALT status.

Several limitations of the current study should
be addressed. The study was designed to dove-
tail with clinical practice to the extent possible
in order to minimize additional blood draws in
hospitalized children. Thus, group A consisted of
children who were ill and additional analysis of
changes in acylcarnitines as a function of disease
versus APAP exposure were not possible in this
limited data set. Nevertheless, group A is rep-
resentative of a clinically relevant population of
patients, that is, ill children for whom the use
of APAP is clinically indicated and frequently
prescribed. In addition, no significant statisti-
cal differences in peak ALT values were detected
between groups A and B. To further understand
the relationship of acylcarnitines to low-dose
APAP exposure in children, the administration
of low doses of APAP to healthy children could
be compared with the APAP overdose population
in future studies.

Conclusion

In conclusion, this study examined the associa-
tion of APAP-induced hepatotoxicity and long-
chain acylcarnitines in children with APAP
toxicity. High-resolution LC/MS-based tar-
geted metabolomics identified the elevation of
oleoyl- and palmitoyl-carnitines in children with
APAP exposure and children following APAP
overdose. In children with APAP overdose, acyl-
carnitines were higher in children with APAP
protein adducts >1.0 nmol/ml, the previously
determined toxicity threshold for APAP protein
adducts [22]. In addition, time to peak expres-
sion of APAP protein adducts was shorter than
that of the acylcarnitines. While the specificity
and rapidity of appearance for APAP protein
adducts may make them preferential as a diagnos-
tic biomarker for APAP hepatotoxicity, the acyl-
carnitines provide a functional and circulating
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biomarker associated with mitochondrial dys-
function that can be assessed in a clinical setting
using the LC/MS-based metabolomic approach
described here. Further study of acylcarnitines
in nonhospitalized children receiving APAP is
needed to understand the clinical significance
of acylcarnitine elevations following low-dose
APAP exposure and potentially, susceptibility
to APAP-associated liver injury.

Future perspective

The association of acylcarnitine elevations with
determinations of oxidative drug metabolism in
APAP toxicity has application for future studies
designed to understand susceptibility to APAP
toxicity. For example, pediatric diseases or con-
ditions known to be associated with impaired
mitochondrial function could be examined with
this approach in the future. In addition, simi-
lar approaches could be applied to study other
drugs (e.g., valproic acid) that are widely used in
children and are known to have effects on mito-
chondria and to cause liver injury [16]. Therefore,
future studies should examine metabolomic-
based metabolites in relation to indicators of drug
metabolism and liver injury.
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Executive summary

Changes in acetaminophen toxicity markers in children exposed to acetaminophen therapeutic doses & overdoses

= While ALT remained unaltered in the therapeutic dose group of acetaminophen (APAP) exposure compared with controls, both ALT
and APAP protein adducts were significantly higher in the overdose group compared with the control.

Exploratory analysis of acylcarnitines in the three groups of children

= Metabolomic analysis using the Biocrates Life Sciences AG kit, followed by targeted quantitative analysis using ultra performance liquid
chromatography-triple-quadrupole mass spectrometry, showed significant increases in oleoyl- and palmitoyl-carnitines with APAP
exposure (therapeutic and overdose).

Quantitation of changes in long-chain acylcarnitines in the three groups of children

= In the overdose group, subjects with significant hepatotoxicity, as indicated by ALT levels >1000 IU, showed 1.2-2.5-fold increase in
peak acylcarnitine levels compared with the control group.

Effect of age, sex & N-acetylcysteine treatment on long-chain acylcarnitines

= When stratified by age and sex, oleoyl- and plamitoyl-carnitines were significantly higher with APAP exposure compared with controls.

= Significant differences in acylcarnitines were observed in the overdose children as a function of time to initiation of N-acetylcysteine
(NAC) treatment. Acylcarnitines were higher in children with delayed NAC treatment time (NAC >24 h).

Comparison of acylcarnitines to toxicity & metabolism biomarkers of APAP

= Peak levels of APAP protein adducts occurred before peak elevations of acylcarnitines and ALT.
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