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Abstract
At therapeutic doses, acetaminophen (APAP) is a safe and effective analgesic. However, overdose
of APAP is the principal cause of acute liver failure in the West. Binding of the reactive
metabolite of APAP (NAPQI) to proteins is thought to be the initiating event in the mechanism of
hepatotoxicity. Early work suggested that APAP-protein binding could not occur without
glutathione (GSH) depletion, and likely only at toxic doses. Moreover, it was found that protein-
derived APAP-cysteine could only be detected in serum after the onset of liver injury. On this
basis, it was recently proposed that serum APAP-cysteine could be used as diagnostic marker of
APAP overdose. However, comprehensive dose-response and time course studies have not yet
been done. Furthermore, the effects of co-morbidities on this parameter have not been
investigated. We treated groups of mice with APAP at multiple doses and measured liver GSH
and both liver and plasma APAP-protein adducts at various timepoints. Our results show that
protein binding can occur without much loss of GSH. Importantly, the data confirm earlier work
that showed that protein-derived APAP-cysteine can appear in plasma without liver injury.
Experiments performed in vitro suggest that this may involve multiple mechanisms, including
secretion of adducted proteins and diffusion of NAPQI directly into plasma. Induction of liver
necrosis through ischemia-reperfusion significantly increased the plasma concentration of protein-
derived APAP-cysteine after a subtoxic dose of APAP. While our data generally support the
measurement of serum APAP-protein adducts in the clinic, caution is suggested in the
interpretation of this parameter.
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INTRODUCTION
Acetaminophen (APAP) is one of the most commonly used drugs in the U.S. (Kaufman et
al., 2002). At therapeutic doses it is a safe and effective analgesic, but high doses can cause
severe liver injury. In fact, APAP overdose is the chief cause of acute liver failure
throughout the West (Bernal, 2003; Gow et al., 2004; Larson et al., 2005; Canbay et al.,
2009). Etiology may be a critical consideration in the treatment of patients with liver injury,
particularly with regard to the need for liver transplant. APAP overdose patients are likely to
recover without a new organ (Simpson et al., 2009), and it is advisable to avoid transplant
whenever possible because of the lifelong immunosuppression and associated costs that
follow. Moreover, diagnosis of intentional overdose can help clinicians to ensure that a
patient receives proper psychiatric care, as non-fatal drug intoxication is a predictor of later
suicide (Qin et al., 2009). Currently, diagnosis of APAP hepatotoxicity is made on the basis
of patient-reported history and serum APAP concentration. The former can be unreliable,
while the latter is limited by the relatively short serum half-life of the parent drug (1.5 – 3 h
at therapeutic doses [Nelson and Moriaka, 1963; Cummings et al., 1967], about 6 h at
hepatotoxic doses, and about 18 h at fatal doses [Schiødt et al., 2002]). Thus, a better
diagnostic marker would be clinically useful.

Forty years ago a series of critical papers established that the mechanism of APAP-induced
liver injury begins with the P450-catalyzed conversion of the drug to an electrophile that can
react with glutathione (GSH) and bind to proteins (Mitchell et al., 1973a, 1973b; Jollow et
al., 1973; Potter et al., 1973). This reactive metabolite is generally believed to be N-acetyl-p-
benzoquinone imine (NAPQI) (Dahlin et al., 1984). It is now thought that binding to
proteins, mitochondrial proteins in particular, causes oxidative stress and mitochondrial
damage (Jaeschke et al., 2012) resulting in necrotic cell death (Gujral et al., 2002). Dose-
response studies comparing liver APAP-protein adducts and GSH led to the idea that
depletion of approximately 70% of total liver GSH is necessary for protein binding to begin
(Mitchell et al., 1973b). It was assumed then that this could only occur at toxic doses. Later
experiments using antibody-based assays to measure the cysteine adduct of APAP (APAP-
CYS) on proteins showed that these adducts also appear in serum, but only after toxic doses
or after the onset of injury in time course studies (Pumford et al., 1990; Roberts et al., 1991).
This suggested that their presence in serum was the result of liver injury and cell contents
release. New, more sensitive and specific techniques have been developed to measure
APAP-CYS from proteins (Muldrew et al., 2002; McGill et al., 2011) and it was recently
proposed that serum protein adducts could replace serum APAP as the primary diagnostic
marker of APAP overdose (Davern et al., 2006). A major advantage is the much longer half-
life of these adducts, in the range of 1–2 days (James et al., 2009). While this is a promising
approach, comprehensive dose-response studies have yet to be done and there is evidence
that APAP-CYS is present in serum even after therapeutic doses (Heard et al., 2011).
Furthermore, the effects of polypharmacy and co-morbidities on this parameter are
unknown, and the mechanism by which adducts appear in serum without cell death has not
been investigated.

To address these issues, we performed detailed dose-response and time course studies to
explore the relationships between liver GSH and protein binding, and serum APAP-protein
adducts and toxicity. We hypothesized that extensive GSH depletion is not required for
APAP-protein binding to occur in the liver and that APAP-protein adducts can form without
toxicity. Although recent data in humans indicated the presence of APAP protein adducts in
serum after therapeutic doses, i.e. without liver injury (Heard et al., 2011), we hypothesized
that co-incidental liver injury can increase plasma APAP-protein adduct levels after subtoxic
doses of APAP. To test this, we treated mice with APAP and induced necrosis through
ischemia-reperfusion. Finally, primary mouse hepatocytes were used to study the
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appearance of adducts in extracellular fluid and to determine by what mechanism these
adducts appear without liver injury. Overall, our data support the clinical use of this
parameter, but urge consideration of potential confounding factors.

MATERIALS AND METHODS
Animals

All animal procedures were approved by the Institutional Animal Care and Use Committee
of the University of Kansas Medical Center. Male C57Bl/6 mice were purchased from
Jackson Laboratories (Bar Harbor, ME). The animals were kept in a temperature-controlled
room with a 12 h light/dark cycle and ad libitum access to food and water. Food was
removed 12–16 h prior to treatment with the indicated doses of acetaminophen or before
hepatocyte isolation for cell culture. For in vivo studies, APAP was dissolved in warm saline
and injected i.p. The concentration of each APAP solution was adjusted so that all mice
received approximately the same volume. At the indicated time points, the mice were
sacrificed by cervical dislocation. Blood was drawn from the caudal vena cava into
heparinized syringes and plasma was obtained by centrifugation at 12,000 g for 3 min. A
section was taken from the left lobe of each mouse liver and fixed in 10% phosphate-
buffered formalin for histology. Remaining portions of the livers and whole kidneys were
collected and flash frozen in liquid nitrogen for later biochemical analysis.

Ischemia-reperfusion surgery
Liver injury was induced by ischemia-reperfusion as described (Hasegawa et al., 2007).
Briefly, each mouse was treated with 75 mg APAP / kg body weight. Under ketamine/
xylazine/acepromazine anesthesia (i.m. injection), midline laparotomy was performed and
the blood vessels supplying the left and median lobes were occluded with an atraumatic
clamp at approximately 1 h post-APAP. After forty-five minutes, the clamp was removed to
restore blood flow and the abdomen was closed using suture thread and wound clips. Body
temperature was monitored with a rectal probe and maintained at 37.0 – 37.5 °C using a heat
lamp. The animals were sacrificed while still under anesthesia after 1.5 h of reperfusion.

Primary hepatocyte culture
Primary mouse hepatocytes were isolated as described (Bajt et al., 2004). Briefly, the caudal
vena cava was cannulated and the liver was perfused at 8 mL/min with warmed and
oxygenated Hank’s buffer salt solution (HBSS) containing penicillin/streptomycin at pH 7.4
for 10 min. This was followed by perfusion with a solution of the same composition plus 1
mM Ca2+ and Mg2+ and 0.04% collagenase D (Roche Molecular Biochemicals, Mannheim,
Germany). After perfusion, livers were minced and strained through a series of wire mesh
filters. The cells were then pelleted by gentle centrifugation and washed three times before
being re-suspended in cell culture medium and seeded on sterile collagen-coated dishes. The
cells were maintained in Williams’ E medium supplemented with fetal bovine serum,
insulin, and penicillin/streptomycin. Protein adducts in cells and supernatant were assessed
after exposure to 5 mM APAP for 3 h. For some experiments, cultures were washed 4–5
times with 1× PBS and changed to serum- and insulin-free medium immediately before use.
To monitor protein secretion in the absence of serum, the protein in the culture medium was
concentrated using Amicon Ultra centrifugal filters with 3,000 Da MWCO (Millipore,
Billerica, MA), separated by gel electrophoresis, and stained with Coomassie blue.

Biochemistry
Alanine aminotransferase (ALT) activity was measured using a kit from Pointe Scientific
(Canton, MI). Glutamate dehydrogenase (GDH) was measured as described (McGill et al.,

McGill et al. Page 3

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2012a). Liver total glutathione (GSH+GSSG) levels were measured using a modified Tietze
assay as described (Jaeschke and Mitchell, 1990).

Histology
Formalin-fixed tissue samples were embedded in paraffin and 5 μm sections were cut.
Sections were stained with hematoxylin and eosin (H&E) for evaluation of the areas of
necrosis. Additional sections were stained for DNA fragmentation by using the terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) in situ cell death assay
(Roche) as previously described (Gujral et al., 2002).

APAP-protein adduct measurement
To remove low molecular weight compounds including APAP-GSH conjugates with the
potential to interfere with detection and to isolate proteins, plasma samples, liver
homogenates, cell lysates, and cell culture medium were filtered through Bio-Spin 6
columns (Bio-Rad, Hercules, CA) that were pre-washed with 10 mM sodium acetate buffer
(pH 6.5). The filtered samples were digested overnight with proteases to free APAP-CYS.
After digestion, remaining protein in the cell culture medium, cell lysate, and in some
plasma samples was precipitated using cold isoproponal/methanol (McGill et al., 2011) and
pelleted by centrifugation. The supernatants were evaporated at 55 °C and 16 psi and the
protein-derived APAP-CYS-containing residues were re-suspended in small volumes of 10
mM sodium acetate. APAP-CYS in liver homogenates was prepared as described (Ni et al.,
2012b). For time course and dose-response experiments, APAP-CYS was measured by LC-
MS/MS (McGill et al., 2011). For ischemia-reperfusion and cell culture experiments, APAP-
CYS was measured using HPLC with electrochemical detection (Muldrew et al., 2002; Ni et
al., 2012b).

Statistics
The Shapiro-Wilk test was used to assess normality. For normally distributed data, one-way
analysis of variance (ANOVA) was performed to test for significance, with Student-
Newman-Keuls post-hoc comparison between groups. For non-normally distributed data,
ANOVA was performed on ranks, followed by Dunn’s multiple comparisons. For all tests,
P<0.05 was considered significant. Statistical analysis was done in SigmaPlot 11 (Systat
Software Inc., San Jose, CA).

RESULTS
Dose-response of liver injury

Mice were treated with various doses of APAP (15, 75, 150, 300, or 600 mg/kg) and
sacrificed at the indicated times. As expected, APAP caused a dose-dependent increase in
plasma levels of ALT and the mitochondrial enzyme GDH at 24 h (Fig. 1A,B). Our previous
work suggested that GDH may be a biomarker of mitochondrial damage (McGill et al.,
2012a). Neither enzyme was elevated after treatment with doses lower than 150 mg/kg,
which produced injury in approximately half of the animals tested (Fig. 1A,B). The 300 and
600 mg/kg doses caused dramatic increases in plasma ALT activities (Fig. 1A).
Unfortunately, hemorrhage limited the volume of plasma available for enzyme
measurements after treatment with 600 mg/kg, so we could not collect a complete set of data
for GDH at the highest dose. However, histology could be obtained and we observed
increased necrosis and TUNEL staining with increasing doses (Fig. 1C,D), consistent with
increasing plasma ALT and GDH activities.
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Time course and dose-response of liver GSH and APAP-protein adducts
To explore the relationship between liver GSH and covalent binding of the reactive
metabolite of APAP (NAPQI) to proteins, we measured GSH levels and APAP-protein
adducts in the livers from these animals. It is well established that the cysteine adduct is the
major protein adduct formed by NAPQI (Streeter et al., 1984). Upon reaction of NAPQI
with the free sulfhydryl group of cysteine, the structure of NAPQI reverts to that of APAP
and is often referred to as APAP-CYS (Muldrew et al., 2002). After proteolytic degradation
of the protein, APAP-CYS is liberated, which is the molecule that is detected by the assay as
previously described (Muldrew et al., 2002; McGill et al., 2011). Thus, our assay
specifically measures APAP-CYS from proteins, not from APAP-GSH or free cysteine.
Except for the lowest dose, GSH was depleted to the same extent within 0.5 h of each
treatment (Fig. 2A,C). Significant differences in GSH levels were observed only during the
time of GSH recovery (Fig. 2A). Importantly, protein-derived APAP-CYS could be detected
in liver samples even after the 15 mg/kg dose, albeit at low levels (Fig. 2B,D). These data
show that extensive GSH depletion is not necessary for protein binding to occur.
Nevertheless, it is clear that GSH is an important scavenger of NAPQI.

Time course and dose-response of liver injury and plasma APAP-protein adducts
We next studied the dose-response of plasma APAP-protein adducts and compared these
values with ALT. Protein-derived APAP-CYS concentration was below our lower limit of
quantitation in all plasma samples from mice treated with the lowest dose (15 mg/kg).
However, the adducts could be measured in plasma after treatment with the 75 mg/kg
subtoxic dose, and increased dose-dependently thereafter (Fig. 3A,B). Comparing adducts
with ALT revealed that protein-derived APAP-CYS is detectable in plasma without
increased ALT after a subtoxic dose (Fig. 4A) and appears in plasma as early as 0.5 – 1 h
after treatment with a toxic dose, well before the onset of injury and ALT release (Figs. 4
and 5). These data contradict the earlier view that necrosis is required for release of
adducted proteins (Davern et al., 2006), and are consistent with more recent work showing
that adducts can be detected in serum from humans after therapeutic doses (Heard et al.,
2011). Protein binding is also known to occur in the kidney after treatment with APAP
(Mudge et al., 1978; McMurtry et al., 1978). However, our data show that the concentration
of APAP-protein adducts in the kidney is very low, even after high doses of APAP (Fig.
3C,D). Thus, most of the plasma adducts in our study were probably liver-derived and the
contribution of the kidneys is negligible. It may be important to note, however, that whole
kidneys were used in these experiments. It is known that covalent binding and APAP-
induced necrosis in the kidney occur primarily within the proximal tubules in the renal
cortex (Emeigh Hart et al., 1991; Hart et al., 1994). The use of the entire organ may have
resulted in under-estimation of the local production of adducts in areas of the kidney.

Mechanisms of the appearance of APAP-protein adducts in plasma
We hypothesized that the appearance of APAP-protein adducts in plasma occurs in one of
two ways. Protein binding may take place exclusively within hepatocytes, followed by
secretion or exocytosis of some of the adducted proteins into plasma. Alternatively, NAPQI
could diffuse out of the hepatocyte and bind to plasma proteins in situ. We decided to take
an in vitro approach to test these hypotheses. When cells were kept in serum-free medium
(without APAP), we observed a clear increase in extracellular protein within 3 h (Fig. 6A),
without an increase in cell death or enzyme release (Fig. 6B). These data suggest that
primary mouse hepatocytes can actively secrete proteins into the culture medium. We then
treated primary mouse hepatocytes with 5 mM APAP in the presence or absence of
extracellular protein from FBS and measured protein-derived APAP-CYS in the culture
medium. Importantly, we were able to measure APAP-protein adducts in medium from
cultures without serum (Fig. 6C). This is consistent with the hypothesis that adducts are

McGill et al. Page 5

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



formed within hepatocytes and secreted. However, the concentration of adducts in the
medium from this group was approximately half of that in medium from the group with
serum. This could not be explained by a reduction in metabolism of APAP. In fact, protein
binding within cells was increased in the absence of extracellular protein (Fig. 6D). One
possible reason for the difference in medium adducts is that both adduct secretion and
NAPQI diffusion are involved. Secretion of adducted proteins would explain the appearance
of adducts in serum-free medium. Additional work is needed to fully understand the
mechanism by which APAP-protein adducts appear in plasma.

Effect of co-incidental liver injury on plasma APAP-protein adducts
Although necrosis is not necessary for adduct release, it is possible that co-incidental liver
injury could lead to artificially elevated plasma concentrations after a subtoxic dose. To test
this, we treated mice with the subtoxic 75 mg/kg dose of APAP for 1 h and induced necrosis
in the left lateral and median lobes with forty-five minutes of ischemia followed by 1.5 h of
reperfusion. Sham controls were anesthetized in the same way and also underwent midline
laparotomy, but were not subjected to ischemia. All animals were sacrificed at the same time
point after APAP treatment. Ischemia-reperfusion resulted in significant liver injury and cell
contents release, as indicated by plasma ALT (Fig. 7A). Only a very minor increase in ALT
over control was also observed in the sham-treated animals. APAP-protein adducts could be
detected in plasma from sham-operated mice, but was significantly increased in samples
from the ischemia-reperfusion group (Fig. 7B). No difference in the metabolic activation of
APAP could be discerned between the two groups, based on APAP adducts and GSH levels
in the left lateral lobe (Fig. 7C,D). This is consistent with our time course data showing that
NAPQI and liver adduct formation plateau by 1 h (Fig. 7B), before the mice were subjected
to hepatic ischemia. These data show that plasma APAP-protein adduct concentrations can
be increased by non-APAP-related liver necrosis after exposure to subtoxic doses.

DISCUSSION
Recent work in the field of APAP hepatotoxicity has focused on late events in the
mechanism of injury. We now know that high doses of APAP can inhibit mitochondrial
respiration (Meyers et al., 1988) and cause mitochondrial oxidative stress in both mice
(Jaeschke, 1990; Cover et al., 2005; Fujimoto et al., 2009; Ramachandran et al., 2011b; Bajt
et al., 2011) and human HepaRG cells (McGill et al., 2011). In mice, an initial oxidative
stress leads to activation of the c-Jun N-terminal kinase (JNK) (Gunawan et al., 2006;
Hanawa et al., 2008; Saito, et al., 2010) through apoptosis signal-regulating kinase 1
(ASK1) (Nakagawa et al., 2008) and mixed lineage kinase 3 (MLK3) (Sharma et al., 2012).
The activated JNK translocates to mitochondria and exacerbates the oxidative stress and
injury (Hanawa et al., 2008; Win et al., 2011; Ramachandran et al., 2011b; Jaeschke et al.,
2012). The mitochondrial membrane permeability transition results in loss of mitochondrial
membrane potential (Kon et al., 2004; Reid et al., 2005; Ramachandran et al., 2011a). Loss
of mitochondrial membrane integrity and translocation of Bax into mitochondria cause
release of endonucleases that can cleave nuclear DNA (Bajt et al., 2006, 2008, 2011).
Importantly, these mechanisms are not limited to mice or human cell lines. There is
evidence that mitochondrial damage and nuclear DNA fragmentation also occur in humans
in vivo after APAP overdose (McGill et al., 2012a), leading to hepatocellular necrosis
(McGill et al., 2012a; Antoine et al., 2012). While these mechanisms are critical in APAP-
induced liver injury, it is important to remember that they occur downstream of the
metabolic activation of APAP. Inhibiting NAPQI formation prevents the oxidative stress,
JNK activation, and mitochondrial damage (Jaeschke et al., 2011). Unfortunately, the
relationship between protein binding and liver injury is not fully understood. While a
number of specific targets of NAPQI have been identified, the activities of these proteins are

McGill et al. Page 6

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in general only modestly affected (Cohen et al., 1997; Qiu et al., 1998). Importantly, early
work comparing APAP with the nonhepatotoxic isomer N-acetyl-m-aminophenol (AMAP)
revealed that the reactive metabolite of APAP binds more to mitochondrial proteins
(Tirmenstein and Nelson, 1989), suggesting that mitochondrial protein binding is
particularly important. Consistent with this, we have shown that rats, which are less
susceptible to APAP-induced liver injury, have lower APAP-protein adduct concentrations
in mitochondria than mice (McGill et al., 2012b). However, these data are largely
correlative. A recent in vitro study showed that AMAP can actually cause toxicity in liver
slices from rats and humans and even mice at higher doses (Hadi et al., 2013).
Unfortunately, no protein adducts were measured in these experiments (Hadi et al., 2013).
Additional work is clearly needed to fully understand the connection between protein
adducts and toxicity.

It has long been believed that extensive GSH depletion is required for protein binding to
occur after APAP. Dose-response data supporting this were first published forty years ago
(Mitchell et al, 1973b) and it has since become a paradigm in the study of electrophile-
mediated hepatotoxicity. However, more recent work has challenged this idea. Protein
adducts could be measured in human HepaRG cells as early as 1 h after treatment with
APAP, well before any appreciable loss of GSH had occurred (McGill et al., 2011).
Moreover, protein-derived APAP-CYS could be detected in serum from humans after only
therapeutic doses (Heard et al., 2011). The discrepancy is likely due to the lack of multiple
time points in the earlier dose-response data, which were collected 2 h post-APAP (Mitchell
et al., 1973b). Our results show that the peak of protein adduct formation in the liver is
reached by 0.5 – 1 h after administration of subtoxic doses and that adduct concentration
decreases thereafter. Importantly, we were able to detect protein binding after treatment with
15 mg/kg APAP at these earlier time points, with only a minimal loss of liver GSH.
Together, it is clear from these studies that some protein binding can occur without
extensive GSH depletion and without toxicity.

Interestingly, liver GSH was similar at 0.5 h after APAP for all doses ≥ 75 mg/kg, while
recovery of GSH showed a clear dose-response (Fig. 2A). It is worth noting that GSH
recovered to near control levels by 12 h after all but the highest dose. Furthermore, our data
show that APAP-protein adduct formation in the liver peaks within 1 – 2 h and that adduct
concentration decreases beyond this time point, possibly as a result of autophagy of
adducted proteins and mitochondria (Ni et al., 2012a). Thus, to make an accurate assessment
of metabolic activation of APAP in mice it is necessary to measure GSH and/or protein
adducts at an early time point, in the 0.5 – 2 h post-treatment range. Use of a single late time
point, as done in most natural product testing experiments, does not give a reliable
assessment of APAP metabolism and NAPQI formation (Jaeschke et al., 2011).

Etiology can be a consideration in determining whether or not an individual with liver injury
is in need of a transplant. Patients with APAP hepatotoxicity are more likely to survive
without a new organ than patients with liver injury due to other causes (Simpson et al.,
2009). Moreover, when intentional overdose can be established, it is important to ensure that
the patient receives proper care and counseling to avoid future incidents (Qin et al., 2009).
Thus, accurate diagnosis of APAP overdose is critical. Presently, diagnosis is largely based
on serum APAP concentrations. Unfortunately, APAP has a relatively short serum half-life
in humans. The confident use of serum APAP requires a patient to present early after
overdose, which is often not the case. Measurement of serum APAP-protein adducts, which
have a half-life of 1–2 days (James et al., 2009), is a promising solution. Initially, this was
based on the idea that adducts are released from dying hepatocytes (Davern et al., 2006) and
are therefore a strong indication of APAP toxicity. However, data from this study and from
other groups have shown that adducts can appear in plasma before ALT after a toxic dose
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and are detectable after subtoxic and even therapeutic doses (Heard et al., 2011). To deal
with this, a threshold of ≥ 1.1 nmol/mL serum APAP-CYS combined with serum ALT ≥
1,000 U/L has been proposed for diagnostic use (James et al., 2009). Our data are in general
agreement with this. In our study, plasma levels of protein-derived APAP-CYS peaked at
0.35 ± 0.1 nmol/mL after treatment with the 75 mg/kg subtoxic dose, but reached 9.1 ± 2.1
nmol/mL after the lowest toxic dose tested (150 mg/kg). The results from our in vitro
experiments support a role for secretion of adducted proteins into plasma as an important
mechanism by which adducts appear there without liver injury. However, we cannot rule out
the possibility that NAPQI formed in hepatocytes diffuses out of the cells and binds to
plasma proteins in situ. The latter would be consistent with the earlier finding in mice of
APAP-hemoglobin adducts in red blood cells, which do not express cytochrome P450
enzymes (Axworthy et al., 1988) and the identification of adducts on serum albumin
(Switzar et al., 2013). It is likely that both mechanisms are involved.

While these data support the clinical use of plasma APAP-protein adducts, there may be
circumstances that require special consideration. Though data from our study and others
show that liver injury is not required for the appearance of APAP-protein adducts in plasma,
it is possible that cell death and cell contents release can contribute to the plasma levels.
APAP is a very popular drug and a person taking therapeutic doses of APAP could develop
liver injury incidental to their APAP use, possibly resulting in higher concentrations of
protein-derived APAP-CYS in plasma. Our data show that ischemia-reperfusion-induced
liver injury can significantly increase APAP-protein adducts in plasma after a subtoxic dose
of APAP (Fig. 7). Thus, care should be taken in the clinical interpretation of this parameter.
Other possible causes of liver injury may need to be ruled out before a diagnosis of APAP
overdose is made on the basis of plasma adducts.

CONCLUSIONS
APAP is a widely used drug and hepatotoxicity as a result of overdose is a major clinical
issue. Protein binding is the critical initiating event in the mechanism of injury. However,
contrary to early reports, APAP-protein binding can occur even after subtoxic doses, without
extensive GSH depletion. It is likely that either a threshold of protein binding (particularly
mitochondrial protein binding) needs to be achieved before the development of toxicity, or
that specific binding targets are spared at low doses. Interestingly, while our data support the
measurement of protein-derived APAP-CYS in plasma as a promising new diagnostic
method, it is important to note that these adducts can appear in plasma without injury.
Establishment of a sensitive but still specific threshold concentration is important. Our
results show that co-incidental liver injury after a subtoxic dose of APAP can dramatically
increase the plasma concentration of adducts. This may have important clinical implications.
The effects of other diseases and polypharmacy on plasma APAP-protein adduct levels
remain to be investigated.
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HIGHLIGHTS

1. Extensive GSH depletion is not required for APAP-protein binding in the liver

2. APAP-protein adducts appear in plasma at subtoxic doses

3. Proteins are adducted in the cell and secreted out

4. Coincidental liver injury increases plasma APAP-protein adducts at subtoxic
doses

5. Plasma APAP-protein adducts are diagnostically useful, but interpret with care
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Figure 1.
Dose-response of liver injury. Mice were treated with 0, 15, 75, 150, 300, or 600 mg APAP /
kg bodyweight and sacrificed 24 h later. (A) Dose-response of plasma alanine
aminotransferase (ALT) activities. (B) Dose-response of plasma glutamate dehydrogenase
(GDH) activities. (C) Hematoxylin and eosin staining of liver sections. (D) TUNEL staining
of liver sections. Data are expressed as mean ± SEM of n = 6 animals per time point. *P <
0.05 (compared to t=0); NA = Not Available.
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Figure 2.
Dose-response and time course of total liver GSH (GSH + GSSG) and liver APAP-protein
adducts. Mice were treated with 0, 15, 75, 150, 300, or 600 mg APAP / kg bodyweight and
sacrificed at the indicated time points. (A) Total liver GSH over time. (B) Liver protein-
derived APAP-CYS over time. (C) Total liver GSH 0.5 h after APAP treatment. (D) Liver
proteinderived APAP-CYS concentration, 1 h after APAP treatment. Data are expressed as
mean ± SEM of n = 6 animals per time point.
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Figure 3.
Dose-response and time course of plasma and kidney APAP-protein adducts. Mice were
treated with 0, 15, 75, 150, 300, or 600 mg APAP / kg bodyweight and sacrificed at the
indicated time points. Protein-derived APAP-CYS was measured in plasma (A and B) and
kidneys (C and D) from these animals. Data are expressed as mean ± SEM of n = 6 animals
per time point.
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Figure 4.
Time course of plasma APAP-protein adducts and liver injury after 75 mg/kg or 150 mg/kg
dose. Mice were treated with 75 or 150 mg APAP / kg bodyweight and sacrificed at the
indicated time points. (A,C) ALT and protein-derived APAP-CYS in plasma. (B,D) Liver
histology time course. Data are expressed as mean ± SEM of n = 6 animals per time point.
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Figure 5.
Time course of plasma APAP-protein adducts and liver injury after 300 mg/kg or 600 mg/kg
dose. Mice were treated with 300 or 600 mg APAP / kg bodyweight and sacrificed at the
indicated time points. (A,C) ALT and protein-derived APAP-CYS in plasma. (B,D) Liver
histology time course. Data are expressed as mean ± SEM of n = 6 animals per time point.
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Figure 6.
Mechanisms of the appearance of extracellular APAP-protein adducts. (A) Primary mouse
hepatocytes were thoroughly washed and cultured in serum-free medium for 3 h after
exposure to 5 mM APAP. Extracellular protein was measured using SDS-PAGE with
Coomassie blue staining. (B) LDH release was measured in cultures of primary mouse
hepatocytes treated with APAP in the presence or absence of fetal bovine serum (FBS) for 3
h. (C) Protein-derived APAP-CYS was measured in the culture medium of hepatocytes
treated with APAP in the presence or absence of serum for 3 h. (D) Protein-derived APAP-
CYS was measured in hepatocytes treated with APAP in the presence of absence of serum
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for 3 h. Data are expressed as mean ± SEM of 3–6 experiments. *P < 0.05 (compared to
cultures with serum-free medium). ND = Not Detectable.
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Figure 7.
Ischemia-reperfusion liver injury increases plasma APAP-protein adduct levels. Mice were
pretreated for 1 h with APAP at 75 mg/kg and subjected to ischemia-reperfusion of the liver.
(A) Plasma ALT values. (B) Protein-derived APAP-CYS in plasma. (C) Protein-derived
APAP-CYS in livers. (D) Total GSH (GSH + GSSG) in livers. Data are expressed as mean
± SEM of n = 4–6 animals per treatment group. *P < 0.05 (compared to untreated
controls). #P < 0.05 (compared to sham). ND = Not Detectable.
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