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Abstract

Acetaminophen (APAP) overdose causes liver injury in animals and humans. Although well-

studied in animals, limited longitudinal data exist on cytokine release after APAP overdose in 

patients. The purpose of this study was to quantify concentrations of cytokines in APAP overdose 

patients to determine if early cytokine or complement measurements can distinguish between 

surviving and non-surviving patients. Plasma was obtained from healthy controls, APAP overdose 

patients with no increase in liver transaminases, and surviving and non-surviving APAP overdose 

patients with severe liver injury. Interleukin-10 (IL-10), and CC chemokine ligand-2 (CCL2, 

MCP-1) were substantially elevated in surviving and non-surviving patients, whereas IL-6 and 

CXC chemokine ligand-8 (CXCL8, IL-8) had early elevations in a subset of patients only with 

liver injury. Day 1 IL-10 and IL-6 levels, and Day 2 CCL2, levels correlated positively with 

survival. There was no significant increase in IL-1α, IL-1β or TNF-α in any patient during the 

first week after APAP. Monitoring cytokines such as CCL2 may be a good indicator of patient 

prognosis; furthermore, these data indicate the inflammatory response after APAP overdose in 

patients is not mediated by a second phase of inflammation driven by the inflammasome.
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1. Introducton

Acetaminophen (APAP) is an effective analgesic and antipyretic drug for adults and 

children. It is considered a safe drug when used at therapeutic doses. However, an overdose 

can cause severe liver injury (Jaeschke, 2015) and, in some cases, acute liver failure 

(Stravitz and Lee, 2019). During the last 40 years, the mechanisms of APAP-induced 

cell death and liver injury have been mainly investigated in mice. The initial discovery 

that the toxicity depends on the formation of a reactive metabolite (Mitchell et al., 1973), 

N-acetyl-p-aminobenzoquinone imine (NAPQI), which can react with cysteine residues of 

glutathione and of proteins (Jollow et al., 1973), led to the development of N-acetylcysteine 

(NAC) as effective antidote against APAP overdose (Rumack and Bateman, 2012). During 

the last 2 decades, the central role of mitochondria came into focus (Jaeschke et al., 2012a; 

Ramachandran and Jaeschke, 2019, 2020). Importantly, many aspects of the mechanism of 

APAP toxicity in mice have been verified in patients, and in human hepatocytes, including 

GSH depletion, and extensive protein adduct formation, oxidant stress, activation of c-jun N-

terminal kinase (JNK), mitochondrial dysfunction and damage, nuclear DNA fragmentation, 

and ultimately necrotic cell death (Antoine et al., 2012; Davern et al., 2006; McGill et al., 

2011, 2012, 2014; Xie et al., 2014). The newer insight into the pathophysiology of APAP 

toxicity in humans led to the consideration of fomepizole (4-methylpyrazole) as an adjunct 

therapy to NAC (Akakpo et al., 2022).

Cellular necrosis is characterized by cell and organelle swelling and the release of cell 

contents. Among the cellular constituents passively released by hepatocytes are a class 

of endogenous macromolecules termed damage-associated molecular patterns (DAMPs), 

that can bind to pattern recognition receptors (e.g., toll-like receptors) on macrophages, 

and trigger the transcriptional activation of pro-inflammatory genes (Kubes and Mehal, 

2012; Woolbright and Jaeschke, 2017). During APAP-induced liver injury, the release of 

DAMPs such as high mobility group box 1 (HMGB1) protein, nuclear DNA fragments, 

and mitochondrial DNA (mtDNA) has been reported in the mouse model (Antoine et 

al., 2009; Martin-Murphy et al., 2010; McGill et al., 2012). APAP overdose triggers 

formation of cytokines (James et al., 2003b; Lawson et al., 2000), which was suggested 

to involve signaling through toll-like receptors (TLRs) by DAMPS, and activation of 

the inflammasome in mice (Imaeda et al., 2009; Williams et al., 2010b). As such, 

APAP-induced cellular necrosis triggers formation of pro-inflammatory mediators, and 

consequently, initiates recruitment of neutrophils and monocytes into the liver (Cover et 

al., 2006; Dambach et al., 2002; Holt et al., 2008; Lawson et al., 2000). Because of the 

cytotoxic potential of these infiltrating phagocytes (Jaeschke, 2006; Laskin et al., 2011), it 

is not surprising that this has triggered a controversial discussion about the relevance of 

this inflammatory response, with one side arguing that inflammation aggravates the initial 

injury and the other side concluding that the recruitment of inflammatory cells is important 

for tissue repair and removal of necrotic debris (Jaeschke et al., 2012b; Jaeschke and 

Ramachandran, 2020). Although there is clear evidence for release of DAMPs, including 

HMGB1, nuclear DNA fragments, and mtDNA in humans after APAP (Antoine et al., 

2012; McGill et al., 2012), there is only very limited information on cytokine formation 

(Bonkovsky et al., 2018; James et al., 2005). In particular, the potential roles of the 
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inflammasome and importance of IL-1β versus IL-1α, which are controversial in the murine 

model (Imaeda et al., 2009; Williams et al., 2010b, 2011; Zhang et al., 2018), remain unclear 

in the human pathophysiology. In addition, information about activation of complement is 

unknown in humans despite information in the mouse that suggests it may be a relevant 

event (Kataoka et al., 2014; Singhal et al., 2012). Prior data in humans demonstrate early 

differences between control patients and APAP overdose patients in cytokines such as 

IL-6, IL-10 and CCL2, but there are limited data outside the first 48 h of hospitalization 

(Antoniades et al., 2006; Berry et al., 2010; James et al., 2005). Because many of these 

cytokines remain elevated during this period, it is poorly understood which cytokines are 

increased during the extended resolution phase of the injury. Thus, the primary objective of 

this study was to assess cytokine and complement levels over an extended period of time 

and compare these data to animal studies and previous patient data. Recognizing the limited 

number of patients per group, a secondary objective was to compare data of survivors and 

non-survivors to identify potential candidates for predictive biomarkers of negative outcome.

2. Materials and methods

2.1. Acetaminophen-induced acute liver injury patients

Patient samples and data for all studies were acquired under informed consent and approved 

by Institutional Review Boards and adhere to the 1975 Declaration of Helsinki. Plasma 

samples were obtained from APAP overdose patients at the University of Kansas Hospital 

in Kansas City, KS, USA, and the Banner Good Samaritan Medical Center in Phoenix, AZ, 

USA. APAP overdose as a diagnosis was made by a physician based on standard clinical 

criteria including reported history of APAP overdose, detectable serum APAP levels, and/or 

peak amino-transferase level of ≥ 1000 IU/L. For the majority of patients, same sample ALT 

values were used, but in the cases where same sample ALT was not available, the nearest 

ALT value was used instead, which was typically < 8 h from the sample in question. One 

patient was missing ALT values in the SV group and not all patients had a complete time 

course with some starting 1–2 days into their hospitalization. The no liver transaminase 
group (NLT) was defined as a subgroup with limited ALT elevation after APAP overdose 

(ALT<100) but confirmed APAP overdose. These were patients who presented early after 

an overdose (Xie et al., 2015). Blood samples were collected in heparinized collection tubes 

at the time of study admission by hospital staff and approximately every 24 h thereafter to 

establish a time course, until patient death or discharge. The whole blood was centrifuged 

(1000 x g for 10 min) to obtain plasma. Control samples were collected from a population of 

randomly selected healthy volunteers around the University of Kansas Medical Center. ALT 

was measured in a subset of these patients and found to be within normal ranges. Informed 

written consent was obtained from each patient or next of kin.

2.2. Clinical data

All clinical parameters (ALT, bilirubin, creatinine) were measured in clinical laboratories 

at the participating hospitals using standardized clinical methods. While measurements for 

either INR or PT times were performed in these patients, the standard operating procedure 

of each site was different, and thus neither INR nor PT times were available for all patients. 
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As such, we report the PT and INR values for each site separately. See Table 1 for definitive 

clinical data.

2.3. Cytokine analysis

Plasma cytokine levels were measured using a Millipore (Billerica, MA, USA) custom 

multi-plex cytokine array according to manufacturer’s instruction on a Luminex 200 

(Austin, TX, USA) using 25 μL of sample as suggested by the assay. The limit of 

detection for each of the cytokines based on the lowest point of the calibration curve was 

3.2 pg/ml. All sample values were within the range of the calibration curve. Values for 

Gro-alpha were not obtained for a small subset of patients. All values measured performed 

within expectations of manufacturer provided quality control standards. Concentrations 

of each analyte were determined by comparing samples to a standard curve of known 

concentrations.

2.4. Complement ELISA

Complement C3 was measured using a commercially available ELISA from Abcam 

(Abcam, Cambridge, United Kingdom) according to manufacturer’s instructions. Briefly, 

selected samples or standards were incubated with a biotinylated antibody against 

complement C3 and incubated for 2 h. A streptavidin conjugate was added after washing and 

the samples were visualized using a chromogen provided in the kit. Samples were measured 

on a Bio-Tek microplate reader using Gen 3 Software (Bio-Tek, Winooski, VT).

2.5. Statistics

Normality was assessed using the Shapiro-Wilk test and all patient data were found to 

be non-normal. For cytokine analysis, differences between paired groups were tested with 

the Mann-Whitney U test. Time course data across all groups was assessed using one-

way ANOVA on ranks with Dunn’s post hoc test against control values, or against no 

liver transaminase increase patient group values in the case of ALT. Receiver operating 

characteristic (ROC) curve analysis was used to associate values with outcome. For 

complement C3 analysis, Student’s t-test or the Mann-Whitney U test were used depending 

on whether data was found to be normal or not. In all cases, p < 0.05 was considered 

significant. Table 2.

3. Results

To assess cytokine formation over time in APAP overdose patients, a small array of 

cytokines that were previously indicated to have a potential role in APAP toxicity 

in animals were selected and measured simultaneously on day of admission and 

for the 5 days following patient admittance. These cytokines included interleukin-1ß 

(IL-1ß), interleukin-1α (IL-1α), tumor necrosis factor-α (TNF-α), CXC chemokine 

ligand 1 (CXCL1, GRO), CXC chemokine ligand 8 (CXCL8, IL-8), interleukin-6 

(IL-6), interleukin-10 (IL-10), monocyte chemoattractant protein-1 (CCL2, MCP-1), and 

granulocyte colony stimulating factor (G-CSF). Day 0 (D0) refers to the day the patient was 

initially admitted into the study. Patient data are present in Table 1. The time course of injury 

as measured by ALT is depicted in Fig. 1. Of note, non-surviving patients presented with 
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a substantial shift in the injury profile with peak injury occurring on the day after study 

admission, whereas, surviving patients presented with peak ALT at day of admission (Fig. 

1).

Plasma levels of IL-1α, IL-1ß, and TNF-α were measured in surviving and non-surviving 

APAP overdose patients with liver injury over six days to determine if there was an 

increase in classical pro-inflammatory cytokines (Fig. 2). The patients with liver injury were 

compared to control patients not exposed to APAP, and overdose patients with no increase in 

liver transaminases (McGill et al., 2012). TNF-α, IL-1α, and IL-1ß levels were not different 

between any group at any point over the first six days of the study (Fig. 2) indicating that 

any potential inflammatory infiltrate occurs independent of these mediators, consistent with 

prior results in children and adolescents with APAP overdose (James et al., 2001).

CXCL8 and CXCL1 are potent neutrophil chemoattractants in humans (Yoshimura et al., 

1987; Matsushima et al., 2022). These cytokines were measured over the first six days 

following admission in these patients. CXCL8 levels were elevated over both control and 

patients with no increase in liver transaminase values for the first six days following APAP 

overdose but did not reach statistical significance (Fig. 3A). This was more pronounced in 

the non-surviving group, although non-surviving values were not significantly greater than 

their surviving counterparts. CXCL1 levels were not differently elevated at any point as 

assessed by ANOVA analysis across all time points (Fig. 3B), however, direct comparison 

of surviving and non-surviving groups only indicated a trend to higher levels in the first 

two days of the time course, similar to other studies (James et al., 2005). Neutrophil 

recruitment in the mouse model occurs largely during these periods (Lawson et al., 2000), 

and neutrophil activation in blood is observed during this time (Williams et al., 2014); 

thus, these data support a model where neutrophil recruitment after APAP overdose may be 

mediated partially through CXCL8, the primary chemoattractant for neutrophils in humans.

CCL2 and IL-10 levels were dramatically elevated above both controls and patients with no 

increase in liver transaminases at both the initial point and throughout the time course in the 

non-surviving patients (Fig. 4). Non-surviving patients’ IL-10 levels were also significantly 

elevated above surviving patients at Day 1, and non-surviving patients’ CCL2 levels were 

elevated above surviving patients at Day 2. Of note, values at Day 2 (Fig. 4) were highly 

indicative of future outcome (area under the ROC curve = 0.88) for CCL2 and at Day-1 

for IL-10 (area under the ROC curve = 0.91 (Table 3). Differences were not observed at 

other time points and thus AUROC was not performed for these time points. Thus, there is 

a sustained increase in CCL2 in both surviving and non-surviving APAP overdose patients 

that likely stimulates monocyte recruitment throughout the later points of injury and during 

recovery. IL-10 levels are elevated more specifically in non-surviving patients.

IL-6 and G-CSF levels were elevated in non-surviving patients over both controls and the 

no increase in liver transaminase patient groups in this study during the first 3 days but 

did not reach statistical significance (Fig. 5). Largely due to the high variability in these 

samples, these values were not significantly elevated above patients with no increase in 

liver transaminase except D1 (IL-6). Furthermore, values in non-surviving patients were 

predictive of outcome at D0 and D1 (G-CSF) (Table 3). The increases in these cytokines 

Woolbright et al. Page 5

Toxicol Lett. Author manuscript; available in PMC 2023 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were largely mediated by extreme changes in a small subset of patients, indicating larger 

sample sizes may be necessary to fully understand these changes though as this may be more 

related to active infection or other factors underlying the primary liver dysfunction.

Previous studies have shown that complement C3 depletion in the murine model of APAP 

overdose resulted in a reduced neutrophil infiltrate, although there is conflicting information 

over whether this is also associated with protection (Kataoka et al., 2014; Singhal et al., 

2012). APAP overdose in the mouse is also associated with depletion of complement C3 

from plasma (Singhal et al., 2012). To assess whether there were differences in complement 

levels we measured complement C3 depletion in these patients. Complement C3 was 

depleted versus control patients or patients with no increase in liver transaminases at earlier 

time points in both surviving and non-surviving APAP overdose patients (Fig. 6). Of note, 

this value recovered over time in surviving patients, but did not recover in non-surviving 

patients. As such, complement C3 might be a valuable indicator of liver function recovery in 

patients with APAP overdose.

In total, these data support the idea that non-surviving patients have a significant increase 

in the formation of specific cytokines. This altered cytokine response extends for multiple 

days in the case of a majority of cytokines, and potentially up to a week in some patients’ 

cytokine levels, such as CCL2. As such, cytokine levels may have the potential for being 

prognostic biomarkers in APAP overdose patients, and further studies may lead to a better 

understanding of the role of inflammation in APAP overdose patients.

4. Discussion

The pathophysiological relevance of the sterile inflammatory response that occurs after the 

onset of necrosis during APAP-induced liver injury has been the subject of considerable 

debate in the mouse model (Jaeschke et al., 2012b; Jaeschke and Ramachandran, 2020). 

This study was initiated to better determine which cytokines were present during the first 

week after APAP overdose in humans, and if there were sustained differences between 

surviving and non-surviving patients. In addition, we also measured complement C3 to 

determine if it might also be involved in APAP induced liver injury. Moreover, we sought 

to determine if the inflammatory infiltrate was largely pro-inflammatory, consistent with 

a secondary inflammatory injury phase, or anti-inflammatory, consistent with a secondary 

phase of inflammation to promote regeneration. Studies in mice have led to conflicting 

results with some studies pointing towards a pathological inflammatory component (Cai 

et al., 2014; Huebener et al., 2015; Imaeda et al., 2009; Liu et al., 2006) and other 

studies pointing towards inflammation being a requisite component of the resolution and 

regeneration phase (Chauhan et al., 2020; Nguyen et al., 2022; Stutchfield et al., 2015; 

Williams et al., 2010a; b, 2014; Yang et al., 2019). Results from this study indicate that 

there are minimal increases in traditional pro-inflammatory cytokines such as IL-1α, IL-1ß, 

CXCL1, and TNF-α. In contrast, significant increases were found in IL-6, CXCL8, IL-10, 

and CCL2 in non-surviving patients compared to surviving patients. Some of these values 

may be predictive of future outcome in patients, particularly Day 1 IL-10 values and Day 

2 CCL2 values. Given these data, future studies investigating the role of these cytokines in 

larger cohorts of human patients may be warranted.
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4.1. Inflammasome activation in APAP overdose patients

One of the central questions remaining in APAP toxicity is what role inflammation plays 

in the toxicity in patients. Necrotic hepatocytes in the murine APAP overdose model 

release several DAMPs that could potentially prime or activate the inflammasome including 

HMGB1, nuclear DNA fragments, mitochondrial DNA and ATP (Antoine et al., 2009; 

Hoque et al., 2012; Marques et al., 2012; Martin-Murphy et al., 2010; McGill et al., 

2012). Mice deficient in inflammasome components or TLRs responsible for promoting 

pro-IL-1ß expression levels (Cai et al., 2014; Cavassani et al., 2013; Imaeda et al., 2009; 

Marques et al., 2012) were reported to be protected against APAP overdose with the 

proposed mechanism in each case being a reduction in associated inflammation, with an 

emphasis on recruited neutrophils. As activation of pro-IL-1ß to IL-1ß by caspase-1 is 

the primary result of inflammasome activation, it was hypothesized that IL-1ß-mediated 

neutrophil recruitment, and thus inhibition of IL-1ß through these varied interventions, was 

the mechanism behind the protection (Cai et al., 2014; Imaeda et al., 2009; Marques et al., 

2012). However, this hypothesis has been challenged at multiple points. First, pan-caspase 

inhibitors, which also effectively inhibit caspase-1, do not reduce neutrophil infiltration 

and do not protect against APAP hepatotoxicity (Jaeschke et al., 2006; Lawson et al., 

1999; Williams et al., 2010b). Second, specific interventions against neutrophils do not 

reduce APAP-induced liver injury (Cover et al., 2006; James et al., 2003a; Lawson et 

al., 2000; Williams et al., 2010a). Third, and most importantly, the absolute formation 

of IL-1β after APAP overdose was very limited in all studies (Cai et al., 2014; Imaeda 

et al., 2009; Williams et al., 2010b; Zhang et al., 2018) with plasma concentrations well 

below levels that would affect neutrophil activation (Williams et al., 2010b). The current 

findings in human APAP overdose patients are consistent with the observations in mice. 

IL-1ß levels were not significantly elevated at any point after APAP overdose in either 

survivors or non-survivors (Fig. 2) versus control patients. Prior studies in children with 

or without liver injury after APAP overdose found a similar lack of increase in IL-1ß 

(James et al., 2001). Thus, the total lack of any consistently measurable increase in IL-1β 
over a week after APAP ingestion reduces the likelihood that inflammasome activation 

plays an important role in human APAP overdose patients. IL-1α, which is generated 

independently of the inflammasome, has also been suggested to be the central mediator of 

the neutrophil-induced injury in the APAP hepatotoxicity model in the mouse (Zhang et 

al., 2018). Similar to IL-1β, there were no relevant increases in IL-1α levels in any APAP 

overdose patient. Furthermore, concentrations of TNF-α, another major pro-inflammatory 

mediator, were not significantly different between groups during the course of the study 

in every patient population (Fig. 2), which largely corroborates prior data indicating near-

admission TNF-α values had no predictive value in APAP-induced ALF patients (Berry et 

al., 2010) and no significant increase in plasma TNF-α levels were detected in children or 

adolescents with APAP overdose (James et al., 2001) or in adults (Bonkovsky et al., 2018). 

However, the previous reports are based mainly on single time points or pooled samples. 

These human data are also consistent with observations in mice where animals deficient in 

TNF-α or TNF receptor-1 did not show any protection against APAP-induced liver injury 

(Boess et al., 1998; Chiu et al., 2003). Thus, the lack of significant pro-inflammatory 

cytokine formation including IL-1β, IL-1α and TNF-α, indicates a limited inflammasome 

activation and a limited pro-inflammatory response. These findings are consistent with the 
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fact that neutrophil activation in peripheral blood of overdose patients occurs after the 

injury phase during regeneration (Williams et al., 2014). Together these data do not support 

the hypothesis that a pro-inflammatory response may aggravate the initial injury in APAP 

overdose patients.

4.2. Sustained cytokine increases in APAP overdose patients

CCL2, IL-6, and IL-10 have previously been measured in APAP patients at or around 

day of admission (Antoniades et al., 2006; Berry et al., 2010; James et al., 2005) and 

generally found to be more elevated in non-surviving patients. Data in this study largely 

confirm this observation with a few minimal differences likely attributable to the relatively 

small patient population. Because the primary goal of this study was to identify which 

cytokines are significantly elevated during the hospital course, the study has fewer patients 

than some contemporary studies powered to detect differences in survival. Moreover, we 

have found that these values largely remain elevated for two to five days after the initial 

admission. Of note, most of these cytokines are either considered anti-inflammatory as in 

IL-10 (Moore et al., 2001) or promote recruitment of late-stage M2 monocytes as in CCL2 

(Antoniades et al., 2012; Dambach et al., 2002; Holt et al., 2008). Monocytes in patients 

with ALF express a largely anti-inflammatory profile (Antoniades et al., 2012, 2014) 

and are recruited in an CCL2 dependent manner (Antoniades et al., 2012). The sustained 

expression of CCL2 in non-surviving patients present in this study, and the presumed 

subsequent sustained recruitment of type 2 anti-inflammatory macrophages, indicates a 

lack of resolution to the injury in non-surviving patients. A timely start in regeneration is 

critical for recovery in both human patients (Schmidt and Dalhoff, 2005) and overdosed 

mice (Bhushan et al., 2014). This regenerative process is stimulated both by phagocytosis 

of necrotic debris (Chazaud, 2014; Laskin et al., 2011) and production of cytokines from 

recruited inflammatory cells (Antoniades et al., 2014) or damaged hepatocytes (Dambach 

et al., 2002). Notably, there was only a minimal increase in all cytokines in patients with 

no increase in liver transaminases (NLT). These were mainly early presenting patients who 

were treated with NAC within 8 h of an overdose and therefore never developed liver injury 

(Xie et al., 2015). The direct protective effect of NAC prevented the release of DAMPs from 

hepatocytes and thus limited the formation of any cytokines (James et al., 2003b).

One potential weakness of the paper is the lack of any comparator group from another 

liver disease to determine relative increases in cytokines. Previous studies from our lab have 

assessed cytokine values in patients with hypoxic hepatitis, another type of acute liver injury 

that presents similarly to APAP overdose (Weemhoff et al., 2017). The cytokine profiles 

of these patients were similar to APAP overdose patients, with a substantial spike followed 

by normalization. As that study had only a small number of mortalities in the population, 

direct comparisons to this study are difficult to draw with regards to the sustained increase 

in cytokines we observed in non-surviving APAP overdose patients. Moreover, this was a 

pilot study with a small number of patients that took place in multiple settings to acquire a 

prolonged time course. These data should be confirmed in larger trials.
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4.3. Cytokines as predictive biomarkers of survival after APAP overdose

Levels of both IL-6 and IL-10 at presentation have been indicated to be highly predictive 

of outcome (Antoniades et al., 2006; Berry et al., 2010). In this paper, we also looked at 

these levels over time. Of note, while we did not see a predictive capacity at presentation 

with either IL-6 or IL-10, we did see a significant increase in non-surviving patients, and 

we did find that Day 1 IL-10 values were predictive of outcome (area under the ROC = 

0.91, p < 0.05). Our data largely corroborate the fact that IL-6 and IL-10 are significantly 

elevated in non-surviving patients, while also extending this time course significantly. 

Previous studies have indicated that CCL2 levels spike in patients with elevations in ALT 

(James et al., 2005) which also occurred in this population. By separating the surviving 

and non-surviving patients, it was determinable that prolonged formation of CCL2 was 

associated with non-survival. CCL2 levels were predictive of outcome at early time points 

after presentation with substantially elevated levels in non-surviving patients even out to 

6 days. It should be noted that hepatic recruitment of monocyte-derived macrophages in 

APAP overdose patients (Antoniades et al., 2006, 2012) and in animal models of APAP 

hepatotoxicity (Dambach et al., 2002; Holt et al., 2008) is associated with recovery. CCL2 

is generated by hepatocytes in the centrilobular region and by liver-recruited macrophages 

in mice and in humans (Antoniades et al., 2012; Dambach et al., 2002). Thus, the higher 

CCL2 levels in non-surviving patient would suggest prolonged CCL2 formation likely due 

to the delayed recovery and impaired regeneration in these patients. On the other hand, the 

rapid removal of dead cells by macrophages and the replacement of necrotic hepatocytes 

by regeneration leads to the gradual resolution of the inflammatory response with declining 

formation of CCL2 and less macrophage recruitment. One shortcoming in this study is the 

lack of traditional measures of outcome in patients, such as the King’s College Criteria 

(KCC). KCC requires the use of clinical scores that were not consistently available for all 

patients. Because of the lack of KCC or other validated outcome-based scores, AUROC 

values should be interpreted cautiously in this study.

Importantly, the primary purpose of this study was not the discovery and validation of 

cytokines as biomarkers for prognosis of patient outcomes, but rather an assessment of the 

relative cytokine levels after an APAP overdose longitudinally. Future studies looking at the 

potential predictive role of cytokines, or cytokine panels will be designed with inclusion of 

these criteria for an accurate assessment and powered sufficiently to more accurately define 

which biomarkers are most relevant. Cytokines may prove as a useful means for patient 

prognosis though, as potential point-of-care assays could be generated that would allow for a 

clinician to make a rapid decision about patient prognosis.

Active components of the complement cascade, e.g., C3a and C5a, the cleaved forms 

of complement factor C3 and C5, are potent neutrophil chemoattractants and activators 

contributing to liver injury after hepatic ischemia (Jaeschke et al., 1993). In addition to 

cytokine formation, declining levels of the complement component C3 were observed early 

after APAP overdose. These observations, which are consistent with findings in the mouse 

model (Singhal et al., 2012), suggest extensive complement activation in these patients. 

It is well established that severe liver damage with release of cell contents can activate 

complement, which contributes to a sterile inflammatory response (Jaeschke et al., 1993). 
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Interestingly, the initial complement activation appears to be similar in surviving and non-

surviving patients, which is consistent with a similar degree of liver injury in both patient 

groups. However, plasma C3 levels started to recover after day 3 in surviving patients but 

not in non-survivors. Since complement components are synthesized in hepatocytes, the 

recovering C3 levels are consistent with a functional recovery of the liver parenchyma 

during the regeneration phase.

4.4. Conclusions

Inflammation during APAP-induced liver injury in patients is likely a pro-resolution, pro-

regenerative event according to data gained in this study. There was minimal evidence 

for increases in plasma cytokines associated with pro-inflammatory liver injury, with 

considerable and sustained increases in cytokines responsible for continued recruitment of 

anti-inflammatory type macrophages. In addition, some of these mediators may be useful as 

early predictors of negative outcome in APAP overdose patients. Thus, future studies should 

be directed at verifying these data in larger patient cohorts with potentially a greater number 

of cytokines.
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Fig. 1. : 
Plasma ALT activities were measured by clinical staff at Kansas University Hospital or 

Banner Good Samaritan Hospital over the course of the patient’s hospital stay. Control 

patients were acquired as in McGill et al. (2012). Data represent mean ± SE. Relevant n 

values for each group and time point are listed in Table 2. *p < 0.05 (compared to control or 

NLT – ANOVA/Dunn). †p < 0.05 (compared to matched SV group sample – t-test).
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Fig. 2. : 
Cytokines TNF-α, IL-1α, and IL-1β were measured in a cohort of surviving (S), and 

non-surviving (NS) patients with APAP overdose, control patients (C), or patients with no 

increase in liver transaminases (NLT) over 6 days (D0 – D5). Data represent mean ± SE. 

Relevant n values for each group and time point are listed in Table 2.
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Fig. 3. : 
Chemokines CXCL8 (IL-8) (A) and CXCL1 (GRO) (B) were measured in a cohort of 

surviving (S), and non-surviving (NS) patients with APAP overdose, control patients (C), 

or patients with no increase in liver transaminases (NLT) over 6 days. Data represent mean 

± SE. Relevant n values for each group and time point are listed in Table 2. *p < 0.05 

(compared to control or NLT – ANOVA/Dunn).
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Fig. 4. : 
IL-10 (A) and CCL2 (B) were measured in a cohort of surviving (S), and non-surviving 

(NS) patients with APAP overdose, control patients (C), or patients with no increase in 

liver transaminases (NLT) over 6 days. Data represent mean ± SE. Relevant n values for 

each group and time point are listed in Table 2. *p < 0.05 (compared to control or NLT – 

ANOVA/Dunn). †p < 0.05 (compared to matched SV group sample – t-test).
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Fig. 5. : 
Cytokines IL-6 (A) and G-CSF (B) were measured on a cohort of surviving (S), and 

non-surviving (NS) patients with APAP overdose, control patients (C), or patients with no 

increase in liver transaminases (NLT) over 6 days. Data represent mean ± SE. Relevant n 

values for each group and time point are listed in Table 2. *p < 0.05 (compared to control or 

NLT – ANOVA/Dunn). †p < 0.05 (compared to NLT – t-test).
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Fig. 6. : 
Complement C3 levels were measured on a cohort of surviving (S), and non-surviving 

(NS) patients with APAP overdose, control patients (C), or patients with no increase in 

liver transaminases (NLT) over 6 days. Data represent mean ± SE. Relevant n values for 

each group and time point are listed in Table 2. *p < 0.05 (compared to control or NLT – 

ANOVA/Dunn). †p < 0.05 (compared to NS matched pair – t-test).
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Table 1

Patient Data.

Survivors Non-Survivors NLT Controls

Age (years) 38 ± 3 40 ± 6 34 ± 5 34 ± 3

% Female 85 88 80 75

Peak ALT (U/L) 3943 ± 605 5729 ± 741 41 ± 13 35 ± 3

Peak Total Bilirubin (mg/dL) 6.1 ± 1.4 13.1 ± 2.9 N.D. N.D.

Peak Creatinine (mg/dL) 2.4 ± 0.5 2.8 ± 0.4 N.D. N.D.

Peak INR* 4.4 ± 1.0 (n = 9) 9.1 ± 0.7 (n = 3) N.D. N.D.

Peak PT (s)** 66.6 ± 46.9 (n = 3) 84.2 ± 10 (n = 6) N.D. N.D.

INR, international normalized ratio; PT, prothrombin time; N.D. not determined. Data represent mean ± SE of n = 12 survivors, n = 9 non-
survivors, n = 10 NLT (overdose patients with no liver transaminase increase), n = 8 controls (healthy volunteers)

*
Only applicable for KU samples;

**
Only applicable for Phoenix samples
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Table 2

Patient Populations by Day and Group.

Day 0 Day 1 Day 2 Day 3 Day 4 Day 5

HC n = 8

NLT n = 10

SV n = 12 n = 13 n = 14 n = 11 n = 10 n = 9

NS n = 7 n = 7 n = 6 n = 6 n = 5 n = 4

Group sizes for healthy volunteers or APAP overdose patients recruited into the study. Patients were removed upon death, liver transplantation, or 
discharge from the hospital. HC – healthy controls. NLT – overdose patients with no liver transaminase increase. SV – surviving overdose patients. 
NS – non-surviving overdose patients.
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Table 3

Receiver Operator Characteristic Curves for Cytokines.

Time point p value AUROC

IL-10 Day 1 < 0.05 0.91

CCL2 Day 2 < 0.05 0.88

G-CSF Day 1 < 0.05 0.85

G-CSF Day 0 < 0.05 0.78

Area under the receiver operator characteristic curve (AUROC) for a cytokine’s ability to predict mortality. AUROC analysis was assessed 
comparing the capacity of each individual cytokine to predict future mortality over the first three days of stay. No other tested cytokine values were 
found to be statistically significant.

*
p < 0.05.
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