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Abstract Elevated concentrations of serumacetaminophen-
protein adducts, measured as protein-derived acetamino-

phen-cysteine (APAP-CYS), have been used to support a
diagnosis of APAP-induced liver injury when histories and
APAP levels are unhelpful. Adducts have been reported to
undergo first-order elimination, with a terminal half-life of
about 1.6 days. We wondered whether renal failure would
affect APAP-CYS elimination half-life and whether contin-
uous venovenous hemodiafiltration (CVVHDF), commonly
used in liver failure patients, would remove adducts to lower
their serum concentrations. Terminal elimination half-lives
of serum APAP-CYS were compared between subjects with
andwithout renal failure in a prospective cohort study of 168
adults who had ingested excessive doses of APAP. APAP-
CYS concentrations were measured in plasma ultrafiltrate
during CVVHDF at times of elevated serum adduct concen-
trations. Paired samples of urine and serum APAP-CYS
concentrations were examined to help understand the poten-
tial importance of urinary elimination of serum adducts.
APAP-CYS elimination half-life was longer in 15 renal
failure subjects than in 28 subjects with normal renal func-
tion (41.3±2.2 h versus 26.8±1.1 h [mean ± SEM], respec-
tively, p<0.001). CVVHDF failed to remove detectable
amounts of APAP-CYS in any of the nine subjects studied.
Sixty-eight percent of 557 urine samples from 168 subjects
contained no detectable APAP-CYS, despite levels in serum
up to 16.99 μM. Terminal elimination half-life of serum
APAP-CYS was prolonged in patients with renal failure for
reasons unrelated to renal urinary adduct elimination, and
consideration of prolonged elimination needs to be consid-
ered if attempting back-extrapolation of adduct concentra-
tions. CVVHDF did not remove detectable APAP-CYS,
suggesting approximate APAP-protein adduct molecular
weights≥50,000 Da. The presence of urinary APAP-CYS
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in the minority of instances was most compatible with renal
adduct production and protein shedding into urine rather
than elimination of serum adducts.

Keywords Acetaminophen . Adducts . Pharmacokinetics .

Renal failure . Overdose

Introduction

Acetaminophen (APAP) is very safe when taken at therapeutic
doses, but acute and chronic overdoses can cause acute liver
failure. Hepatotoxicity is explained by metabolism of APAP
by cytochrome P450 enzymes to N-acetyl-p-benzoquinone
imine (NAPQI), an electrophile that covalently binds to intra-
cellular proteins, most commonly to cysteine residues, to form
APAP-protein adducts. Evidence strongly supports NAPQI-
binding to intramitochondrial proteins as being essential for or
associated with subsequent development of hepatocellular
necrosis in animals and man [1, 2].

Measurement of circulating APAP-protein adducts, in the
form of protein-derived 3-cysteinyl-acetaminophen, was de-
scribedmore than 25 years ago [3].Methodology has improved
since then, but general principles remain the same. For analysis
of the protein adducts, serum or plasma is first subjected to
dialysis and/or filtration to remove free APAP-CYS, APAP-
CYS-glutathione, and other low molecular weight compounds
containing an APAP-CYS moiety. The remaining protein frac-
tion is treated with proteolytic enzymes to release protein-
derived APAP-CYS, which is then quantified. The term
“APAP-CYS” in this paper will be used to represent protein-
derived APAP-CYS unless otherwise specified. The term “ad-
ducts” or “APAP-protein adducts” will refer to APAP-protein
adducts responsible for what is measured as APAP-CYS.

Animal and cell culture studies have demonstrated that
APAP-protein adducts are exported or released from hepato-
cytes without dramatic falls in intracellular glutathione con-
centrations and without cellular injury after non-toxic APAP
doses [4, 5]. Indeed, serum APAP-protein adducts can be
detected in human beings following therapeutic doses of
APAP, with serum APAP-CYS concentrations remaining at
or below 1 μM [6]. In contrast, serum APAP-CYS concentra-
tions have been reported to rise above about 1 μM in patients
with known APAP-induced hepatotoxicity when serum ala-
nine aminotransferase (ALT) activity exceeds 1,000 IU/L,
with higher ALT activities associated with higher serum
APAP-CYS concentrations [7].

Physicians are commonly confronted with unreliable or
incomplete histories concerning APAP use in patients present-
ing with acute liver injury in which APAP overdose is
suspected. The relatively short elimination half-life of APAP
allows serum APAP concentrations to be undetectable or
relatively low during times of elevated and even rising ALT

activity and worsening clinical condition. Serum APAP-CYS
concentrations, in contrast, are more closely associated with
rises and falls in ALT activity, and have been reported to
display a mean elimination half-life of approximately 1.6 days
in children, adolescents, and adults [7, 8]. Thus, the presence
of elevated serumAPAP-CYS concentrations has been used to
provide evidence for APAP-induced acute liver failure when
histories are unreliable and serum APAP concentrations are
undetectable or uninterpretable [9]. Making such a distinction
is important, given the opportunity for complete recovery in
many patients with APAP-induced hepatic failure and when
considering whether a patient with acute liver failure would be
an appropriate candidate for liver transplantation.

If concentrations of serumAPAP-CYS are to be interpreted
correctly, it would be of value to understand what factors
influence adduct elimination. Renal failure occurs in patients
with APAP-induced hepatic necrosis [10, 11], and we won-
dered if the presence of renal failure is associatedwith changes
in adduct elimination half-life. We also wondered whether
renal replacement therapy with continuous venovenous
hemodiafiltration (CVVHDF) meaningfully removes APAP-
CYS from the circulation, which could affect serum adduct
levels and their interpretation. Thus, we undertook a study of
patients with APAP overdose with the primary purpose of
comparing APAP-CYS elimination half-life in patients with
and without renal failure. Secondary purposes were to char-
acterize concentrations of APAP-CYS in dialysate/ultrafiltrate
obtained during CVVHDF, and to describe urinary adduct
concentrations in order to help understand explanations for
potentially different elimination half-lives during renal failure.

Methods

This prospective cohort study took place at a single academic
medical center with active medical toxicology and liver trans-
plantation services, and which served as a referral center for
toxicology patients and for patients with acute liver failure
from any cause. The medical toxicology physician group
cares for about 200 patients of all ages with suspected APAP
toxicity annually.

Inpatients ≥18 years of age under the care of medical
toxicologists and in whom APAP toxicity from acute or
chronic excessive ingestions were initially suspected as being
present were considered for recruitment by convenience sam-
pling if pregnancy had been excluded and if informed consent
could be obtained. This study was approved by our center’s
Institutional Review Board.

Blood for measurement of serum APAP-CYS was drawn
into a clot tube upon study entry, again 12 h later, and then
once daily until day ten, after which blood was drawn every
48 h until the time of discharge or for a total of 3 weeks. Serum
was separated using centrifugation and then frozen. On rare
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occasions, plasma was used for APAP-CYS measurement
when serum was unavailable, and plasma was separated and
frozen in a similar manner. As near as possible to the time of
each blood sampling, a sample of urine was collected (freshly
voided or fresh urine from a urinary catheter) into a 90-mL
container containing 100 mg ascorbic acid. A ten milliliter
aliquot was separated and then frozen.

For CVVHDF, a Prismaflex M100 cartridge (Gambro,
Lakewood, CO) was used at blood flow rates ranging from
200 to 250 mL/min, and dialysate flow rates of 1000 to
2000 mL/h. The manufacturer reports a sieving coefficient
of 55 % for protein at 16,000 Da, with a cutoff at 55,000 Da.
During CVVHDF, both dialysate and plasma ultrafiltrate are
continuously collected together into a 5-L disposable polyvi-
nyl chloride plastic bag. Five liters of ultrafiltrate/dialysate
were collected on a single occasion, and an aliquot was taken
and frozen for analysis. Mid-collection, a clot tube of venous
blood was drawn and separated serum was frozen so that
serum APAP-CYS levels could be compared to those in
ultrafiltrate/dialysate collected at the same time.

Data on each subject were prospectively collected into a
registry and included demographic information, history of
ingestion, whether the ingestion history was considered reli-
able, laboratory and imaging results, date and time of each
specimen collection, treatment, and outcome. Intravenous N-
acetylcysteine (NAC) was infusing in most all subjects during
the initial blood draw and was continued beyond 24 h in those
with worsening liver function tests or with acute liver failure
until prothrombin time was clearly improving and less than
about 25 s, in the absence of hepatic encephalopathy.

At the time of discharge and before results of APAP-CYS
concentrations were available, subjects were classified regard-
ing APAP ingestion. Two authors reviewed a final assemblage
of records that included: emergency medical services charts;
hospital records; laboratory results, including results of com-
prehensive urine drug screening and evaluations for other
causes of liver failure; imaging studies; prescription records;
psychiatric assessments; and interviews with patients, friends,
and family members. Subjects were then classified as to
whether or not an excessive dose of APAP had definitely been
ingested, and whether any ALT rise above normal (>46 IU/L)
was definitely from APAP. The treating medical toxicologists
for each subject were contacted and any discrepancy in clas-
sification was discussed with review of records, and a unan-
imous agreement was made in every case. The cohort for this
study comprised subjects who were classified as definitely
ingesting toxic doses of APAP and for whom at least one pair
of serum and urine APAP-CYS concentrations were obtained.

Definitions

Renal failure was defined as a serum creatinine concentration
>2 mg/dL more than 24 h after hospital admission, or as the

necessity for renal replacement therapy in the form of hemo-
dialysis or CVVHDF. An acute APAP overdose meant the
history suggested that all APAPwas ingested in less than a 3-h
period. This included subjects in whom serum APAP concen-
trations were above the treatment line of the Rumack-Matthew
nomogram [12], or in whom the nomogram could not be
applied. All other excessive ingestions (>4 g APAP per day)
were labeled as being chronic, whether staggered over several
hours, days, or weeks. The peak serum APAP-CYS concen-
tration and peak ALT activity were defined as the highest
levels measured at any time. The time until peak serum
APAP-CYS was calculated as hours between the first blood
sampling for any laboratory test, which approximated first
presentation for medical care, and the time of measurement
of peak serum APAP-CYS concentration, because of lack of
confidence in times and amounts of ingestion or last APAP in
most of instances.

Measurement of APAP-CYS and Urine Creatinine

Quantification of APAP-CYS in serum, plasma, urine and
dialysate/ultrafiltrate was performed using high-performance
liquid chromatography—tandem mass spectrometry (HPLC-
MS/MS). Biological samples (500 μL) were first dialyzed
(Spectrum Labs, Santa Domingo, CA; MWCO 3500), and
the dialysate then passed twice through gel filtration columns
(Bio-Spin® 6 Tris columns), with a 6-kDa molecular weight
cutoff, (Bio-Rad Laboratories, Hercules, CA) to remove
APAP and APAP-CYS not covalently bound to proteins.
The eluates were then subjected to enzymatic protease diges-
tion (protease type XIV from Streptomyces griseus, 40 U/mL)
for 24 h at 37 ° C to liberate APAP-CYS from proteins.
Norbuprenorphine-D3 (200 ng/mL) was added as an internal
standard. The liberated APAP-CYS and internal standardwere
recovered from the digested matrix by protein precipitation
using cold acetonitrile (600 μL). Sample extracts are injected
on to an HPLC column (Poroshell 120SB-C18 50 mm L×
2.0 mm I.D.; 3.0 μm particle size) coupled to a triple quadru-
pole tandem mass spectrometer (Agilent 6460 TripleQuad
LC/MS-MS) operating in electrospray ionization and selected
reaction mode. The concentration of the analyte was deter-
mined from the ratio of the peak area of the analyte to the peak
area of the internal standard, and comparison of this ratio with
the calibration curve that was generated from concurrent
analysis standards fortified with known concentrations of
APAP-CYS and its internal standard. Regression analysis
was performed using MassHunter software (Agilent Technol-
ogies, Santa Clara, CA) and quadratic fits with 1/X weighting.
The dynamic range over which APAP-CYS could be accu-
rately quantified with the above procedure was from 0.01 to
10 μM (2.7 to 2700 ng/mL). Samples which exceeded 10 μM
on initial analysis were diluted 20-fold (25-μL sample+
475-μL analyte-free serum or urine, as appropriate) and re-
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assayed. Final concentrations were determined after adjust-
ment for the dilution factor. The limit of quantification for
APAP-CYS was 0.01 μM (2.7 ng/mL). Intra- and inter-assay
imprecisions in all matrices were determined to be less than
10 % across the range of the calibration curve. APAP-CYS
was determined to be stable in human plasma and serum for
three freeze-thaw cycles and 24 h at ambient temperature.
Paired serum and plasma samples containing a range of
APAP-CYS concentrations yielded statistically indistinguish-
able results.

Urine creatinine was measured using a colorimetric assay
(Cayman Chemical, Ann Arbor, MI), which involved a reac-
tion of creatinine with picric acid and absorbance measured at
492 nm.

APAP-CYS was purchased as the trifluoroacetic acid salt
from Toronto Research Chemicals (TRC; North Rock, CA).
Norbuprenorphine-D3 was obtained from Cerilliant (Round
Rock, TX). Protease type XIV from S. griseus (~4 units/mg
solid) was purchased from Sigma/Aldrich Chemical Corp (St.
Louis, MO). Sodium acetate was obtained from J.T. Baker
(Phillipsburg, NJ). Aqueous solutions were prepared with
deionized water filtered by the Mill-Q® Gradient A10® filtra-
tion system (Millipore, Boston, MA). Acetonitrile and meth-
anol were LC-MS grade and were purchased from Burdick &
Jackson (Muskegon, MI). Concentrated formic acid (88 %)
was purchased from Fisher Scientific (Fair Lawn, NJ). Urine
creatinine controls were obtained from Sciteck (Arden, NC).

Pharmacokinetic and Statistical Analyses

Interpretation of serum APAP-CYS concentrations is of most
interest in patients with elevations in ALT>1000 IU/L, which
have been associated with serum APAP-CYS concentrations
greater than approximately 1 μM. Therefore, for a given
subject to be included in pharmacokinetic analyses of terminal
elimination, the series of terminal APAP-CYS concentrations
used in analysis from that subject had to meet the following
two criteria: (1) three or more consecutive terminal APAP-
CYS levels during which no value was rising; and (2) the
highest (first) APAP-CYS concentration in the series had to
exceed 1 μM. The time of obtaining the first level in the series
of adduct concentrations for each subject was standardized by
setting it to time zero. Elimination was fitted using a single-
compartment model using Simulation Analysis and Modeling
Software (SAAM II) and PopKinetics population analysis
software, versions 2.3.1 (The Epsilon Group, Charlottesville,
VA). Population analysis approaches are considered to pro-
vide a smaller bias in estimation of a group’s pharmacokinetic
parameters [13]. With ten subjects in each group and a two-
tailed alpha of 0.05, we calculated power >0.95 to detect a
30 % difference in elimination half-life between groups.

Mean values of elimination half-life were compared using
independent t tests. To examine potential confounders

between normal renal function and renal failure groups,
Spearman-rank order correlations were examined between
elimination half-life and the following parameters: peak serum
APAP-CYS concentration, time until peak serum APAP-CYS
concentration, and peak ALTactivity. Multiple regression was
not used because of risk of over-fitting. A two-tailed p<0.05
was chosen to represent statistical significance. Descriptive
statistics were used to describe demographics and group char-
acteristics and for post hoc subgroup comparisons.

Urine APAP-CYS concentrations were standardized for
urine creatinine concentration and are reported as μmol
APAP-CYS per gram creatinine (μmol/g creatinine). A urine
APAP-CYS concentration was matched to a serum APAP-
CYS level if the serum level was obtained within ±6 h of urine
sampling.

Results

Over 3.5 years, 220 subjects were recruited, and of these,
there were 168 subjects who were considered to have
definitely ingested acute or chronic excessive doses of
APAP and from whom paired samples of serum and urine
APAP-CYS levels were available, composing the study
cohort. The mean age was 35.6 years (range 18–79), and
114/168 subjects (68 %) were women. Of these 168 sub-
jects, 128 had acutely and 40 had chronically ingested
excessive APAP doses. Peak serum ALT >1000 IU/L de-
veloped in 64 subjects (38 %), in whom APAP was defi-
nitely considered responsible. Twenty-one subjects (12 %)
developed renal failure, and nine subjects were treated with
CVVHDF. Acute renal failure resulted from combinations
of multiple factors, including APAP, hypotension from
coingestants, and rhabdomyolysis. Five of 168 subjects
died, and all deaths were from complications of acute liver
failure. None were candidates for liver transplantation. In
only 28/168 instances (16.7 %), physicians were confident
of the time of ingestion or last use. In only 8/128 cases of
acute ingestions (6.3 %) were physicians confident in the
exact number of grams of excessive APAP that had been
ingested. Physicians were never confident as to accurate
amounts or times of APAP consumption in chronic over-
dose subjects.

Serum APAP-CYS Terminal Elimination

Forty-three of 168 subjects met criteria for inclusion in phar-
macokinetic analyses. Twenty-eight subjects with normal re-
nal function and 15 subjects with renal failure provided 123
and 114 serum APAP-CYS levels, respectively, for determi-
nations of elimination half-lives (Table 1 and Fig. 1). Elimi-
nation was best characterized as a first-order process, and
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elimination half-life values were normally distributed. Mean
elimination half-life was 54 % longer in subjects with renal
failure (41.3±2.2 h [mean ± SEM]) than in those without renal
failure (26.8±1.1 h) (p<0.001). Peak ALT activity, peak se-
rum APAP-CYS concentration, and time until peak serum
APAP-CYS concentration appeared similar between groups,
and Spearman-rank order correlations between these parame-
ters and elimination half-life were not significant. While ages
were similar in both groups, there were fewer females in the
group with normal renal function. A greater percentage of
chronic ingestions were found in the renal failure group.

Urinary APAP-CYS

Five hundred fifty-seven paired urine and serum APAP-CYS
concentrations from 168 subjects are shown in Fig. 2, with an
average of 3.3 paired samples per subject (range 1–14). Data
from acute overdoses are distinguished from subjects with
chronic ingestions by legend markers, and no apparent pattern
differentiates the two groups. Serum APAP-CYS concentra-
tions ranged from undetectable (acute overdoses treated early
without development of hepatotoxicity) to 26.36 μM. Three
hundred seventy-nine of 557 urine samples (68 %) contained

Table 1 Elimination kinetics and group characteristics

Group Age
year

Gender
% female

Peak
ALT
IU/L

Peak serum
APAP-CYS
μM

Time until
peak serum
APAP-CYS
hr

Hepatic
encephalopathy
# (%)

Ingestion
type
% acute

Died
# (%)

Half-life*

h

Normal
N=28

37±3 46 2540±607 7.6±1.11 31±4 5 (18) 57 0 26.8±1.1

Renal failure
N=15

39±5 87 2842±898 8.76±3.48 32±6 5 (33) 33 2 (13) 41.3±2.2

Half-life represents serum APAP-CYS terminal elimination half-life. Data for age, peak ALT, peak serum APAP-CYS, time until peak serum APAP-
CYS, and half-life are presented as mean±SEM.
* p<0.001 (terminal elimination half-life differed between groups)

Fig. 1 Terminal elimination of
serum APAP-CYS in 28 subjects
with normal renal function and 15
subjects with renal failure. The
first (highest) APAP-CYS value
for each subject’s series was
standardized to time zero for
pharmacokinetic analysis. Mean
± SEM elimination half-life in
renal failure group was 41.3±
2.2 h compared to 26.8±1.1 h in
those with normal renal function
(p<0.001)
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no detectable APAP-CYS, despite corresponding serum
APAP-CYS levels ranging up to 16.99 μM. In the remaining
178 of 557 urine samples, urine APAP-CYS concentrations
ranged from 0.003 to 25.5 μmol/g creatinine, with all but six
values remaining below 5 μmol/g creatinine. Of 76 subjects in
whom ALT activity remained within the normal range, 11
subjects had measurable urine adduct concentrations ranging
from 0.003 to 0.154 μmol/g creatinine. Five urine specimens
contained measurable APAP-CYS, despite undetectable
amounts found in corresponding serum.

Figure 3 comprises a subset of Fig. 2 and displays 127 data
points from the 21 subjects with renal failure. Urine APAP-
CYS concentrations were undetectable in 62 specimens de-
spite corresponding serum adduct levels up to 4.61 μM. In-
spection of Figs. 2 and 3 show the overall pattern in renal
failure patients was similar to all subjects.

APAP-CYS Removal by CVVHDF

Table 2 summarizes data on APAP-CYS removal by
CVVHDF. Because of mixing of dialysate and ultrafiltrate in
the 5-L collection bags during CVVHDF, aliquots of collected
ultrafiltrate/dialysate contained between 28 and 68 % plasma

ultrafiltrate. In no instance was APAP-CYS detected in dialy-
sate/ultrafiltrate, even when serumAPAP-CYS concentrations
were as high as 9.77 μM.

Discussion

Elimination kinetics of APAP-protein adducts have been de-
scribed, previously. James and others reported a mean ± SEM
adduct elimination half-life of 35.3±0.64 h in 125 adolescents
and children following APAP overdose, and this cohort in-
cluded those who did and did not develop hepatotoxicity [8].
No prevalence of renal failure was described. In 2009, James
and colleagues also reported on APAP-CYS elimination ki-
netics in a cohort of 53 adults with acute liver failure and
found a mean ± SEM elimination half-life of 41.3±1.1 h [7].
All members of this latter cohort were encephalopathic, 23 %
died or underwent liver transplantation, and the mean peak
serum creatinine concentration was 3.3 mg/dL, indicating a
high prevalence of renal failure. However, no formal compar-
isons of adduct elimination kinetics in patients with and
without renal failure in either of these two cohorts were

Fig. 2 Urine APAP-CYS versus
serum APAP-CYS concentrations
with urine values corrected for
urinary creatinine concentration.
Five hundred fifty-seven data
points are plotted from 168
subjects, and 379 samples
contained undetectable urinary
APAP-CYS
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performed, and none have been previously reported. Further-
more, APAP-CYS concentrations in urine and ultrafiltrate/
dialysate also have not previously been described.

In this study, we compared terminal serial serum APAP-
CYS concentrations in 28 subjects with normal renal function

to 15 subjects with renal failure and found serum adduct
terminal elimination half-life was significantly longer in sub-
jects with renal failure. The mean elimination half-life of
41.3 h in subjects with renal failure was the same as that
reported by James in adults with liver failure and a mean peak

Fig. 3 Urine APAP-CYS versus
serum APAP-CYS concentrations
from 21 subjects with renal
failure. These 127 data points are
a subset of those in Fig. 1, and 62
urine specimens contained
undetectable APAP-CYS

Table 2 APAP-CYS removal by CVVHDF

Subject Blood flow
mL/min

Dialysate flow
mL/h

Collection time
hr

Plasma ultrafiltrate
percent

Serum APAP-CYS
μM

Dialysate/ultrafiltrate APAP-CYS
μM

1 200 1,000 2.6 48 0.46 < 0.01

2 250 2,000 1.2 47.9 1.38 < 0.01

3 200 2,000 1.6 36 6.14 < 0.01

4 250 1,000 1.8 64 6.41 < 0.01

5 250 1,500 1.5 55 6.62 < 0.01

6 200 1,000 1.6 68 7.10 < 0.01

7 250 1,000 1.8 64 7.32 < 0.01

8 240 2,000 1.8 28 9.23 < 0.01

9 200 1,000 1.8 64 9.77 < 0.01

CVVHDF was performed using double-lumen central venous catheters and a Prismaflex® M100 cartridge set (Gambro®, Lakewood, CO.). Collection
time refers to time required to collect 5 L of dialysate/ultrafiltrate, from which an aliquot was taken for measurement of APAP-CYS concentration (last
column). The percent plasma ultrafiltrate represents the percent of plasma ultrafiltrate in the 5 L collection of ultrafiltrate/dialysate sample used for
analysis. Serum APAP-CYS concentrations were measured on blood collected at mid-collection time
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serum creatinine of 3.3 mg/dL [7]. Serum APAP-CYS con-
centrations we found were similar to those reported previously
[6–8].

It seems unlikely that impaired renal clearance of APAP-
protein adducts is a plausible explanation for prolonged ad-
duct elimination in the renal failure group. The failure to
detect any APAP-CYS in plasma ultrafiltrate during
CVVHDF at times of elevated serum adduct concentrations
indicates that the APAP-protein adducts formed and subse-
quently measured as APAP-CYS were of high molecular
weight, greater than approximately 50,000 Da. This is in
keeping with animal studies that have isolated protein adducts
and found them to generally range from about 50,000 to more
than 100,000 Da [14]. Such highmolecular weight proteins do
not undergo significant glomerular filtration or other forms of
renal clearance [15]. Furthermore, 68 % of 557 urine samples
contained no quantifiable APAP-CYS, even when serum ad-
duct concentrations were as high as 16.99 μM (Fig. 2). The
relationship between serum and urine APAP-CYS concentra-
tions was also examined only in subjects with renal failure
(Fig. 3) to look for a pattern that would suggest different
urinary APAP-CYS concentrations accompanying acute renal
failure, during times of low glomerular filtration rates and/or
tubular dysfunction, but the same general pattern was seen as
for all subjects. In only a minority of instances APAP-CYS
was measurable in urine, and these included subjects in whom
peak ALT values never exceeded 46 IU/L.

The most plausible explanation for the irregular presence of
APAP-protein adducts in urine was renal production of
NAPQI and subsequent local adduct formation. CYP450 en-
zymes are expressed in animal and human proximal renal
tubular cells [16, 17]. As is the case for animal models of
hepatic necrosis, animal models of APAP-induced acute renal
failure have demonstrated CYP450-mediated formation of
NAPQI and subsequent glutathione depletion, protein adduct
formation, and acute tubular necrosis (ATN) [17, 18]. A sim-
ilar mechanism is believed to explain APAP-induced ATN in
humans [19], and IV NAC has been shown to prevent both
hepatic and renal injury following APAP overdose [20]. It
would not be unexpected that proteinuria comprising tubular
proteins would include proteins that had been covalently mod-
ified by NAPQI to form APAP-protein adducts. While we did
not measure urinary total protein concentrations in urine sam-
ples, detection and quantification of the highmolecular weight
APAP-protein adducts as APAP-CYS in urine would not have
been possible unless increased urinary protein excretion was
present in positive samples. Higher doses of APAP and sub-
sequent liver injury would be expected to be associated with
higher adduct formation both in liver and kidney. In the face of
proteinuria from any cause, then, higher serum adduct levels
would be expected to be roughly associated with higher urine
adduct levels, as reflected in Figs. 2 and 3. That APAP-CYS
could be detected and quantified in urine in the absence of

measurable serum adducts is also in keeping with renal pro-
duction of protein adducts that then were subsequently excret-
ed in urine from protein shedding, rather than from filtration of
plasma adducts. We did not calculate a correlation coefficient
for urine versus serum APAP-CYS concentrations since 68 %
of urine values were unmeasurable, and a correlation restricted
to non-zero values of urine APAP-CYS would represent a
selective post hoc analysis on one-third of data points.

The liver is responsible, in part, for clearance of high
molecular weight circulating proteins [21], and more severe
hepatic dysfunction in the renal failure group, theoretically,
could have contributed to a prolonged adduct elimination half-
life in these subjects. However, subjects in both groups ap-
peared similar with regard to peak ALT activity, peak serum
APAP-CYS levels, and time until peak serum APAP-CYS
concentrations. Spearman rank correlations between these
parameters and elimination half-life were insignificant. Both
groups also shared similar ages. Hepatic encephalopathy was
more common in those with renal failure, and two deaths
occurred in this group (Table 1). However, of the five patients
in the renal failure group with hepatic encephalopathy, the
mean elimination half-life was 42.3 h, similar to the group,
overall. The two subjects who died displayed terminal elimi-
nation half-lives of 40.3 and 26.1 h, which fail to support
changes in hepatic clearance of adducts being responsible for
differences between groups in elimination half-life.

The preponderance of women in the renal failure group is
in keeping with about 68 % of our total subjects being female,
as has been reported previously [22, 23]. The lower fraction of
women in the normal renal function groups probably repre-
sents a chance occurrence. The mean ± SEM adduct elimina-
tion half-life for the 13 women in the normal renal function
group, alone, was 27.1±1.7 h, a value similar to that of the
group overall (26.8±1.1 h), indicating that gender was unlike-
ly to explain differences in half-life.

Chronic ingestions were more commonly seen in those
with renal failure, and this observation has been reported
previously, making it an expected finding [11, 24]. Those
who are hospitalized following chronic or staggered doses of
APAP commonly exhibit evidence of liver and renal failure at
time of presentation, which accounts for their hospital admis-
sion. In the normal renal function group, the 16 subjects with
acute ingestions had a mean ± SEM elimination half-life of
25.8±1.5 h compared to that of 27.9±1.6 h in those with
chronic ingestions, which does not suggest that the type of
ingestion was important in determining half-life.

Apart from changes in clearance, an increase in the appar-
ent volume of distribution (Vd) would also increase elimina-
tion half-life. A plausible explanation for a longer half-life in
the renal failure group would be an increased Vd from in-
creased total body water or other changes that may influence
distribution of large molecular weight proteins. An increase in
body water causing such a dramatic prolongation of
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elimination half-life would suggest a relatively small Vd for
APAP-protein adducts, which would be in keeping with their
large molecular weight and reports of Vds for smaller peptides
that mainly are limited to extravascular volume [15].

If serum APAP-CYS measurements are used to support or
refute a diagnosis of APAP toxicity, confounding factors that
influence their concentrations over time, such as hepatic is-
chemia, may need to be considered [4]. We have shown that
an additional factor is the presence of renal failure, which was
accompanied by significant prolongation of adduct elimina-
tion half-life. When one or two serum adduct levels are
measured late in the course of an illness, at which time they
may have already fallen from peak levels, back-extrapolation
to what concentrations may have been previously would be
difficult, given the variation in times when peak serum APAP-
CYS levels occur and, in our experience, frequently unreliable
histories concerning time of ingestion(s). However, such ex-
trapolations need to consider different elimination half-lives in
the presence or absence of renal failure. The correlation be-
tween ALT activity and serum APAP-CYS concentration the-
oretically may differ between patients with and without renal
failure, if declines in ALT activity are not affected by renal
dysfunction, and this may be a topic for future study. Data
from this study also indicate that measurement of urine adduct
concentration would not be a reliable predictor of serum
adduct concentration.

Limitations

We did not determine the cause of prolonged serum adduct
elimination half-life in subjects with renal failure, though we
demonstrated that impairment of urinary clearance seemed
unlikely. Whether renal failure subjects had a larger Vd, and/
or impaired adduct clearance mediated by other organs was not
established. While we corrected for urine concentration by
reporting urine adduct concentrations in μmol APAP-CYS/g
creatinine, we did not report values for urinary adduct clear-
ance. However, since APAP-CYS was undetectable in 68 % of
urine samples, all corresponding clearance values would have
been zero, making urinary clearance an insignificant contribu-
tor to total clearance. Calculating clearance of serum adducts
based on protein adducts in urine that may never have been
circulating, but were formed in the kidney, would also be
unhelpful. As noted, earlier, we did not measure urinary protein
concentration in each specimen in which urinary adduct con-
centrations were measured. However, it was not possible to
detect APAP-CYS in the absence of increased urinary protein
excretion because of the methodology used, though the amount
of proteinuria required for adduct detection would vary, de-
pending on the degree of renal protein adduct formation, and
such thresholds were not determined. It is possible that the
profile of adducted proteins responsible for detectable APAP-
CYS were different from adducted proteins found in serum,

and it was not the purpose of our study to characterize the
various adducted proteins. Finally, the lack of confidence in
ingestion histories surrounding our subjects may reflect, in part,
referral bias. That is, many patients were sent to us for admis-
sion and care because a toxic ingestion could not be excluded,
given unreliable histories or lack of data.

Conclusion

Serum elimination half-life of APAP-protein adducts in adults
with APAP overdose was prolonged in the presence of renal
failure for reasons that were unrelated to urinary adduct elim-
ination. Renal replacement therapy with CVVHDF did not
result in significant removal of adducts, and lack of removal
suggested that adducted proteins found in serum were larger
than approximately 50,000 Da. The presence of measurable
APAP-protein adducts in urine in some samples was most
compatible with renal production of protein adducts.Measure-
ment of urinary APAP-protein adducts was not a reliable
indicator of serum adduct concentrations. The presence or
absence of renal failure may need to be taken into consider-
ation when interpreting a given APAP-CYS concentration,
especially if attempts are made at back-extrapolation.
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