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Abstract
Introduction Acetaminophen protein adducts in the circulation are a specific biomarker of acetaminophen oxidation, and may be
a more sensitive measure of impending hepatic injury following overdose than alanine transaminase (ALT). We performed an
exploratory analytical substudy of adducts during a clinical trial (NACSTOP) of abbreviated (12-hour) versus control (20-hour)
acetylcysteine to identify any signal of diminished antidotal effectiveness with shortened therapy.
Methods We measured adducts at 0, 12, and 20 hours from a convenience sample of subjects enrolled in the cluster-controlled
NACSTOP trial evaluating a 12-hour (“abbreviated”; 200 mg/kg over 4 hours, 50 mg/kg over 8 hours) vs 20-hour acetylcysteine
regimen (“control”; 200 mg/kg over 4 hours, 100 mg/kg over 16 hours). Adducts were assayed using high-performance liquid
chromatography/mass spectrometry.
Results Median ALT 20 hours after the initiation of acetylcysteine was 12 U/L (IQR 8,14) in the abbreviated 12-hour regimen
group (N = 8), compared with the control group 16U/L (IQR 11,21;N = 21) (p = 0.46). Adduct concentrations were similarly low
in both groups: abbreviated [(0.005 μmol/L, IQR (0,0.14)] and control [(0.005 μmol/L, IQR (0,0.05)] (p = 0.61).
Conclusions There were minimal to no acetaminophen protein adducts detected. These findings further support discontinuing
acetylcysteine when acetaminophen concentrations are low and liver function tests normal after 12 hours of treatment.
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Introduction

Acetaminophen is one of the most frequent causes of
hospitalisation for antidotal treatment, fulminant liver failure
and death following intentional pharmaceutical overdose
worldwide. Given the frequency and potential severity, there
is considerable interest in optimising antidotal therapy,

especially individualising, simplifying and abbreviating the
standard 3-bag, 20- to 21-hour treatment for lower risk pa-
tients, and intensifying it for higher risk patients [1–5].
Research in this area has been hampered by reliance on the
relatively blunt outcome measure of hepatotoxicity defined as
a peak alanine transaminase (ALT) > 1000 IU/L or death.
These outcomes are also fortunately uncommon in the typical
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scenario of an acute overdose patient treated with
acetylcysteine within 12 hours of ingestion [6, 7]. Among
candidate biomarkers with greater sensitivity for subclinical
hepatic injury, circulating acetaminophen protein adducts
show considerable promise as a more direct measure of acet-
aminophen oxidation. Given that acetaminophen oxidation is
a necessary step in the pathway that leads to hepatic injury [8],
acetaminophen protein adducts may be bothmore specific and
perhaps more sensitive biomarkers of impending toxicity fol-
lowing acetaminophen overdose [9, 10]. Furthermore, the
mechanism of action of the antidote, acetylcysteine, is widely
accepted to reduce this deleterious oxidation and thus genera-
tion of adducts, allowing insight into the protective effect of a
given dose.

A two-bag acetylcysteine regimen consisting of 200 mg/kg
infused over 4 hours followed by a further 100 mg/kg infused
over 16 hours decreases adverse reactions and simplifies the
traditional three-bag regimen [11–13]. We have recently dem-
onstrated that stopping this newer dosing regimen after
12 hours was not more likely to cause a rise in ALT or AST
compared with the full 20-hour infusion (the NACSTOP trial)
in selected patients [1]. Subjects were eligible for early cessa-
tion if, after 12 hours of acetylcysteine, serum acetaminophen
concentration was < 132 μmol/L (20 mg/L) or lower and the
alanine transaminase (ALT) remained normal (< 40 U/L), re-
gardless of the time delay to treatment following overdose.
Other groups are actively studying abbreviated acetylcysteine
regimens of 8- to 12-hour duration [2, 14].

The aim of this substudy of the NACSTOP trial was to
investigate whether acetaminophen protein adduct concentra-
tions differed between the abbreviated and non-abbreviated
(control) acetylcysteine treatment groups, in particular after
the antidote was discontinued. This exploratory analysis was
intended to identify any safety signal which might suggest that
early cessation of acetylcysteine would allow the additional
generation of deleterious oxidation products of acetamino-
phen metabolism. Given the limited data surrounding adducts
in general, we also included as positive controls a convenience
sample of contemporaneous acetaminophen overdose patients
treated with acetylcysteine but who were ineligible for the
NACSTOP trial due to overt acute liver injury (ALI) or hep-
atotoxicity at presentation.

Methods

Study Population

Subjects treated with acetylcysteine following intentional,
mainly acute single ingestion acetaminophen overdose were
potentially eligible for the parent, cluster-controlled
NACSTOP trial, described in detail elsewhere [1]. For the
present analytical substudy, we selected all subjects enrolled

from February 2016 to July 2017 at three of the six enrolling
sites, all three emergency departments at Monash Health,
Victoria, Australia (1 intervention, 2 control) [1]. The decision
to treat with acetylcysteine was based on criteria set out in the
Australian and New Zealand acetaminophen guidelines [15],
including the acetaminophen nomogram treatment threshold
of 1000 μmol/L (150 mg/L) at 4 hours post single ingestion.
Consecutive patients with a normal serumALTat presentation
(ALT < 40 U/L) and who subsequently had a low acetamino-
phen concentration (< 132 μmol/L [20 mg/L]) and normal
ALT after 12 hours of acetylcysteine infusion were enrolled
in the parent study on an intention-to-treat basis. The control
group came from sites using the full 20-hour course of
acetylcysteine (200 mg/kg over 4 hours, 100 mg/kg over
16 hours), while the intervention sites stopped acetylcysteine
after at least 12 hours of infusion (i.e. 200 mg/kg over 4 hours,
followed by at least half of the 100 mg/kg over 16-hour infu-
sion). The protocol stipulated that all subjects were to be kept
in hospital and have blood tested at both 12 and 20 hours
following the start of acetylcysteine.

We defined acute liver injury (ALI) to be an ALT > 50 U/L
at presentation or after 12 hours of treatment, and hepatotox-
icity to be peak ALT > 1000 U/L. Fully informed consent
from participants was obtained to participate in the study [1].

Two additional groups of patients also had blood used for
adduct testing. Intended to represent positive controls, these
were patients who presented with (or developed within
12 hours) either ALI or hepatotoxicity due to acetaminophen
overdose, and were thus ineligible for the NACSTOP trial.
Patients with ALI or hepatotoxicity often receive prolonged
acetylcysteine infusions beyond the standard 20 hours, usually
until serum ALT has peaked and is falling and International
Normalised Ratio (INR) is < 2.0. As a result, additional blood
samples were available and analysed in these groups. We re-
port in this study four groups of patients: NACSTOP subjects
receiving (i) the abbreviated treatment regimen, or (ii) full
treatment regimen (control group), and non-trial patients (iii)
with ALI and (iv) with hepatotoxicity. Ethics approval was
obtained from the Monash Health Ethics Research
Committee.

By study protocol, timed blood samples were collected at
presentation (pre-treatment), and again after 12 and 20 hours
of acetylcysteine in all NACSTOP subjects. Additional blood
samples were typically collected beyond 20 hours in those
with ALI and hepatotoxicity until ALT had peaked and was
falling as per usual clinical practice. Serum was separated and
stored at – 80 °C for batch analysis using high-performance
liquid chromatography–tandem mass spectrometry
(HPLC/MS) at a single, experienced laboratory (Department
of Pathology, University of Utah, Utah, USA). The acetamin-
ophen protein adduct assay methodology has been described
previously [16]. The lower limit of quantification for the acet-
aminophen adduct assay was 0.01μmol/L. If trace amounts of

J. Med. Toxicol. (2020) 16:188–194 189



adducts were detected (i.e. between the limits of quantification
and of detection), this was recorded as a concentration of
0.005 μmol/L (half the lower limit of quantification) for anal-
ysis and graphing using logarithmic transformation, and un-
detectable concentrations as 0.001 μmol/L.

Statistical Analysis

Presentation, peak, and end of acetylcysteine infusion concen-
trations of adducts were compared.

The a priori statistical null hypothesis compared the 20-
hour adduct concentration between the NACSTOP study
arms. No covariates were used for statistical adjustment given
the small number of subjects. We compared groups using the
non-parametric Mann-WhitneyU test. Additional exploratory
analyses compared the timed and the peak adduct concentra-
tions between all four groups, and by nomogram-adjusted
acetaminophen concentration and delay to treatment post
acute overdose. GraphPad Prism (Version 7, California,
USA) was used to perform statistical analysis.

Results

One hundred thirty blood samples were collected from 40
patients receiving acetylcysteine after acetaminophen over-
dose. There were eight patients (20%) who were enrolled at
the intervention site and had received the 12-hour treatment
regimen (abbreviated group), and twenty-one (53%) from the
control sites who received 20 hours of acetylcysteine (control
group). Nine (23%) other patients had ALI, all at presentation,
and two (5%) hepatotoxicity, also at presentation. All received
acetylcysteine. The overall median age was 22 years (IQR
18,32). The majority of patients were female (70%)
(Table 1). The median ALT after 20 hours of acetylcysteine
was 12 U/L (IQR 8,14) in the abbreviated NACSTOP group,
compared with 16 U/L (IQR 11,21) in the NACSTOP control
group (p = 0.46). No subjects in the NACSTOP trial devel-
oped any abnormality of ALT. In the ALI group, median ALT
after 20 hours of acetylcysteine was 62 U/L (IQR 49,87); in
the hepatotoxicity group, it was 1572 U/L (IQR 1249, 2947).
The median time interval to starting acetylcysteine post-
overdose was 6 hours (IQR 5.5,12), 6.5 (5.6,11), 9 (5.5,16)
and 21 (12,31) in the abbreviated, control, ALI and hepato-
toxicity groups, respectively. Median acetylcysteine duration
was 13 hours (IQR 13,13) for the abbreviated group, substan-
tially shorter than the controls (20 hours [20]) (p < 0.001), ALI
(20 hours [16, 20]) and hepatotoxicity groups.

Acetaminophen adduct concentrations were compared be-
tween the study groups (Figs. 1 and 2). Adduct concentrations
at presentation were low and similar between the abbreviated
(0 μmol/L, IQR (0,0.13)) and control groups (0 μmol/L, IQR
(0,0.05)) (p = 0.56). In the primary analysis, there was no Ta
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significant difference in acetaminophen adduct concentration
after 20 hours when comparing the abbreviated (median
0.005 μmol/L, IQR (0,0.14)) to the control ((0.005 μmol/L,
IQR (0,0.05)) NACSTOP groups (p = 0.61). The highest indi-
vidual patient adduct concentrations recorded in the

abbreviated, control, ALI and hepatotoxicity groups were
0.19, 0.2, 0.43 and 12.09 μmol/L, respectively. In the two
patients with overt hepatotoxicity, the initial adduct concen-
trations were 1.75 μmol/L (24 hours post overdose) and
0.23 μmol/L (31 hours post overdose), and peaked 44 to
51 hours post-ingestion. TheALT peakwas seen several hours
later in these patients at 53 (ALT 15601 IU/L) and 66 hours
(ALT 2365 IU/L) post-overdose, respectively.

Adduct concentration approximately correlated with the
concurrent serum aminotransferase, especially when ALT
exceeded 100 IU/L (Fig. 3). At lower aminotransferase activ-
ity, the correlation was poor andmany patients had very low to
undetectable adducts despite mildly elevated and abnormal
ALT. In NACSTOP and ALI patients whose serum acetamin-
ophen concentration could be interpreted using the traditional
treatment nomogram (i.e. obtained within 4 to 20 hours fol-
lowing acute overdose at known time), there appeared to be
little association between the highest measured adduct con-
centration and the distance above the nomogram treatment
threshold or delay to presentation (Fig. 4).

Adduct concentrations were detectable in 3 (38%) patients
in the abbreviated group and 9 (43%) patients in the control
group on presentation (Table 2). Most adduct concentrations
in these two groups were in trace amounts only. Twelve (50%)
samples from the abbreviated and thirty-one (49%) samples
from the control group had no detectable acetaminophen ad-
ducts at presentation. Those that had detectable adducts in

Fig. 1 Acetaminophen adduct
concentrations in NACSTOP
patients (i) abbreviated and (ii)
control groups; and comparative
groups with (iii) acute liver injury
(ALI) and (iv) hepatotoxicity
from acetaminophen overdose.
Different scale for y-axis in
hepatotoxicity group used to
identify values outside the range
of other comparative groups.

Fig. 2 Box (median and interquartile range) and whisker (range) plot
comparing adduct concentrations in the abbreviated (“intervention”),
control and acute liver injury (ALI) groups from start of acetylcysteine
(NAC).

J. Med. Toxicol. (2020) 16:188–194 191



these groups were all below 0.3 μmol/L at 20 hours post
initiation of acetylcysteine. All samples in the two patients
who developed hepatotoxicity had detectable adducts.
Adducts were detected in most cases with ALI (5 of 9, 55%)
on presentation, and all samples (including at presentation) in
patients with hepatotoxicity.

Discussion

Circulating acetaminophen protein adducts are best
characterised in the setting of acute liver failure attributed to

acetaminophen overdose [9]. Often these presentations to hos-
pital are delayed post-overdose, most or all of the acetamino-
phen has been cleared from the serum, and evidence of liver
injury is already apparent. Adducts show considerable prom-
ise with establishing or exculpating acetaminophen overdose
as contributory [9, 17]. The presence of adducts following
therapeutic or subtoxic dosing has also been described by
some investigators [10, 18–20]. However, relatively little is
known about acetaminophen protein adduct concentrations in
the first hours following overdose treated with acetylcysteine,
or the effect of lower doses of antidotal therapy on these
adducts.

With therapeutic use, acetaminophen is primarily
metabolised via glucuronidation and sulfation pathways, with
less than 5% oxidised via the cytochrome P450 system to the
toxic metabolite N-acetyl-para-benzoquinoneimine (NAPQI)
[21]. NAPQI is typically conjugated with glutathione, then
further metabolised to APAP-cysteine and APAP-
mercapturate and renally excreted [22]. After acetaminophen
overdose, glucuronidation and sulfation pathways become
saturated, leading to greater oxidative metabolism and in-
creased NAPQI formation. The increase in NAPQI rapidly
depletes glutathione stores and unconjugated NAPQI binds
to sulfhydryl groups on cellular proteins. Binding of NAPQI
to cellular proteins results in formation of highmolecular mass
acetaminophen protein adducts which can be detected in the
protein fraction of serum. These protein adducts are distinct
from the much smaller APAP-cysteine metabolite resulting
from glutathione conjugation (and presumably from
acetylcysteine rescue) [23], and are present in the non-
protein fraction of serum. Therefore, once glutathione is de-
pleted acetaminophen protein adduct formation will increase.
As such, this biomarker may estimate the toxic exposure fol-
lowing overdose incorporating both dose ingested and delay
to acetylcysteine.

Moreover, acetaminophen protein adducts can be quanti-
fied albeit at low concentrations even after therapeutic use of
acetaminophen [10, 20]. Furthermore, protein adducts would
be expected to arise primarily from perivenous cells (i.e. zone
I in the acinus) which have the greatest CYP activity and
which correspond histologically to the most vulnerable area
of the liver lobule following acetaminophen overdose. ALT
activity, on the other hand, is much higher in the periportal or
zone III zone, and serum ALT activity rarely changes when
patients are treated with acetylcysteine within several hours of
overdose [24]. Taken together, these properties would suggest
that the release of acetaminophen protein adducts into the
circulation might be a more sensitive marker of hepatic injury
following acetaminophen overdose than ALT.

While about half of the samples in both groups from the
NACSTOP trial had detectable adduct concentrations
throughout their admission, we did not identify a late rise in
adducts after acetylcysteine was discontinued. The peak

Fig. 3 Serum ALT activity and simultaneous acetaminophen (APAP)
adduct concentrations. Every measured adduct concentration is plotted
against the simultaneous ALT. Samples from both NACSTOP patients
and those who developed acute liver injury are represented with circles,
while patients with hepatotoxicity (peak ALT > 1000 IU/L) are shown
with x’s.

Fig. 4 Bubble plot showing the highest observed acetaminophen adduct
concentration relative to the initial serum acetaminophen (APAP) post
ingestion. The area of the bubble represents the adduct concentration
(scale shown in boxed legend), and is plotted on the treatment nomogram
based on the first serum acetaminophen concentration obtained at least
4 hours post acute overdose. The dashed line represents the usual thresh-
old for antidotal treatment with acetylcysteine.
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concentration in both groups was less than 0.3 μmol/L. This
low rate of adduct production, taken with the normal ALT
concentrations in both groups after 20 hours of acetylcysteine
and low levels of miR-122 (another putative biomarker of
hepatic injury [25], provides some reassurance that the abbre-
viated 12-hour protocol delivers sufficient acetylcysteine for
most patients deemed to be at low risk of developing hepato-
toxicity based on the trial inclusion criteria [26] (i.e. ALT <
40 U/L and low acetaminophen concentrations (< 20 mg/L))
after at least 12 hours of acetylcysteine. These data support the
ongoing use of these low-risk criteria used to continue to use
and to study the 12-hour acetylcysteine regimen after acet-
aminophen overdose.

Similarly, the ALI comparison group demonstrated similar
acetaminophen adduct concentrations over the 20-hour treat-
ment course of acetylcysteine compared with the NACSTOP
patients. This coincides with the minimal degree of liver inju-
ry in this group, and the stable ALT activities observed during
antidotal therapy. While these patients were ineligible for
NACSTOP, we suspect that in most cases acetaminophen
was not the cause of their abnormal ALT activities at presen-
tation. However, the hepatotoxicity comparison group clearly
had extremely high adduct concentrations, with much longer
periods of detection compared with the other groups. This is in
keeping with previous studies measuring acetaminophen pro-
tein adducts in the setting of acute liver failure secondary to
acetaminophen ingestion, when adduct concentrations over
1 μmol/L are typical when peak ALT values exceed
1000 IU/L [17].

Previous studies have examined the formation of acetamino-
phen protein adducts in the setting of therapeutic ingestion of
acetaminophen over several days. Heard (2016) et al. reported
on adduct formation in patients taking 4 g/day of acetaminophen
[10]. There was an increase in adduct production after consecu-
tive days of acetaminophen consumption, peaking on day 7 (me-
dian peak adduct concentration 0.14 μmol/L, max 1.06 μmol/L)
and levelled off at 0.1 μmol/L for day 7 to 16. Increases in
circulating adducts coincided with minor elevation in serum
ALT after repeated consumption and may have been the result
of increased NAPQI production; however, adduct concentrations
and ALTwere uncorrelated [27]. In addition, James (2013) et al.
reported detectable adduct concentrations (peaked at 8 hours post
ingestion and values mostly < 0.1 nmol/mL) after single

ingestion of 80 mg/kg of acetaminophen [18]. Importantly,
acetylcysteine was not administered in either study by Heard or
James et al. [10, 18]. Acetylcysteine, used as a glutathione donor,
may prevent acetaminophen adduct formation and increase acet-
aminophen metabolism by the non-toxic pathways [23]. This
could explain the negligible adduct concentrations detected in
the NACSTOP trial patients.

For those with hepatotoxicity (i.e. ALT > 1000 IU/L), we
confirm the good association between ALT and contemporane-
ous adduct concentrations recently reported by Curry et al. [17].
We were unable to demonstrate a clear association between peak
adduct concentrations and the nomogram-adjusted initial acet-
aminophen concentration, a traditional measure of risk (and a
surrogate measure of ingested dose) following acute acetamino-
phen overdose. This variability at the lower end of adduct con-
centrations may be related to interpersonal variation such as race,
gender, alcohol use, genetic polymorphisms and nutritional sta-
tus, which have long been speculated to explain the variability in
outcomes beyond dose and delay to treatment [19]. Biomarkers
such as protein adducts and miR-122 may eventually shed light
on the importance of such elusive covariates, but much larger
studies will be needed.

There are several limitations of this study. The stated inges-
tion times of acetaminophen were based on patient recollec-
tion but were asked on multiple occasions to minimise any
inaccuracies. The number of participants was small, but suit-
able for an exploratory substudy, and future studies should
aim to analyse adducts from a larger trial population. In addi-
tion, the study offers novel insights into the wide range of
acetaminophen protein adduct concentrations and changes in
the first hours following acute overdose in a distinct and im-
portant clinical population. Future studies should test for bio-
markers beyond ALT, including acetaminophen adducts,
when comparing different acetylcysteine treatment regimens
in the setting of acetaminophen overdose.

Conclusions

Acetaminophen adduct formation was similarly negligible in
selected low-risk subjects when acetylcysteine was
discontinued after 12 hours when compared with those receiv-
ing the full, standard 20-hour regimen. These observations

Table 2 Number of patients with detectable adducts on presentation and after 20 hours of acetylcysteine (NAC) treatment. Trace only < 0.01 μmol/L.

Abbreviated (n = 8) Control (n = 21) ALI (n = 9) Hepatotoxicity (n = 2)

Presentation 20 hours
post NAC

Presentation 20 hours
post NAC

Presentation 20 hours
post NAC

Presentation 20 hours
post NAC

Adducts detected 3 (38%) 5 (62%) 9 (43%) 12 (57%) 5 (55%) 5 (55%) 2 (100%) 2 (100%)

Number of patients with trace only adducts
(% of individuals with adducts detected)

1 (33) 2 (40) 3 (33) 6 (50) 0 4 (80) 0 0
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support continued efforts to abbreviate antidotal therapy when
serial testing is reassuringly normal, and specifically acet-
aminophen concentrations are therapeutic to undetectable
and liver transaminases remain normal after 12 hours of treat-
ment. Acetaminophen protein adducts following acute over-
dose are generally very low but also highly variable, which
may reflect human variability in metabolism and detoxifica-
tion of acetaminophen.
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