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Short-Term Safety of Repeated
Acetaminophen Use in Patients With
Compensated Cirrhosis
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Current guidelines recommend restricting acetaminophen (APAP) use in patients with cirrhosis, but evidence to sup-
port that recommendation is lacking. Prior studies focused on pharmacokinetics (PK) of APAP in cirrhosis but did not
rigorously examine clinical outcomes, sensitive biomarkers of liver damage, or serum APAP-protein adducts, which are
a specific marker of toxic bioactivation. Hence, the goal of this pilot study was to test the effects of regularly scheduled
APAP dosing in a well-defined compensated cirrhosis group compared to control subjects without cirrhosis, using the
abovementioned outcomes. After a 2-week washout, 12 subjects with and 12 subjects without cirrhosis received 650 mg
APAP twice per day (1.3 g/day) for 4 days, followed by 650 mg on the morning of day 5. Patients were assessed in-
person at study initiation (day 1) and on days 3 and 5. APAP-protein adducts and both conventional (alanine ami-
notransferase) and sensitive (glutamate dehydrogenase [GLDH], full-length keratin 18 [K18], and total high-mobility
group box 1 protein) biomarkers of liver injury were measured in serum on the mornings of days 1, 3, and 5, with
detailed PK analysis of APAP, metabolites, and APAP-protein adducts throughout day 5. No subject experienced ad-
verse clinical outcomes. GLDH and K18 were significantly different at baseline but did not change in either group
during APAP administration. In contrast, clearance of APAP-protein adducts was dramatically delayed in the cirrhosis
group. Minor differences for other APAP metabolites were also detected. Conclusion: Short-term administration of low-
dose APAP (650 mg twice per day, <1 week) is likely safe in patients with compensated cirrhosis. These data provide a
foundation for future studies to test higher doses, longer treatment, and subjects who are decompensated, especially in

light of the remarkably delayed adduct clearance in subjects with cirrhosis. (Hepatology Communications 2022;6:361-373).

cetaminophen (APAP) is the most com-
monly used analgesic in the United States
and throughout much of the world. However,
overdose of APAP causes massive centrilobular
hepatocyte necrosis that can lead to acute liver failure
(ALF) and death. It is overwhelmingly the most com-
mon cause of drug-induced ALF in the United States

and similarly developed countries, accounting for at
least 45%-65% of all cases™ and possibly even more
that go undiagnosed.(z) Although mortality is gener-
ally lower in APAP-induced ALF compared to other
etiologies, the large number of cases makes APAP
overdose the most common cause of ALF-related
deaths as well.

Abbreviations: ALF, acute liver failure; ALT, alanine aminotransferase; APAP, acetaminophen; APAP-Gluc, acetaminophen-glucuronide;
APAP-Sulf; APAP-sulfate; AUC, area under the curve; BMI, body mass index; CAR controlled attenuation parameter; CLD, chronic liver disease;
Cmax, serum concentration maximum; E, elastic modulus; ELISA, enzyme-linked immunosorbent assay; GLDH, glutamate debydrogenase; GSH,
glutathione; HMGBI, high-mobility group box 1 protein; HPLC-EC, high-pressure liquid chromatography with electrochemical detection; K18,
keratin 18; LC-MS/MS, liquid chromatography with tandem mass spectrometry; NAPQI, N-acetyl-p-benzoquinone imine; PK, pharmacokinetics;
t,,» terminal-phase elimination serum half~life; Tmax, time to maximum serum concentration; UMAS, University of Arkansas for Medical Sciences.
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Chronic liver disease (CLD) and cirrhosis are
enormous global public health problems. Roughly
1.5 billion people suffer from some form of CLD.G¥
Determining the prevalence of cirrhosis specifically
is more challenging due to limited data from many
countries, but estimates from North America and
Europe range from 270 to 1,100 per 100,000 pop-
ulation or roughly 15 million to 60 million when
extrapolated to all adults worldwide.*) Pain is a fre-
quent complaint among patients with CLD and cir-
rhosis,(s_n and managing their pain is challenging
due to unique adverse events associated with anal-
gesics in patients with cirrhosis. Nonsteroidal anti-
inflammatory drugs can compromise renal function
and thereby worsen portal hypertension, leading to
complications of cirrhosis, such as variceal and muco-
sal bleeding,®” while opioids can precipitate or exac-
erbate hepatic encephalopathy. 1)) APAP is the last
major option, but many clinicians worry that patients
with underlying liver disease are more susceptible to
APAP hepatotoxicity. As a result, published recom-
mendations suggest reducing the dose of APAP given
to patients with cirrhosis. "2 Consistent with that
recommendation, survey studies have revealed that
the vast majority (>80%) of physicians recommend
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reducing APAP dose in patients with compensated
cirrhosis and completely avoiding it in the context of
decompensated cirrhosis. "

Although the practice of limiting APAP use in
patients with CLD or cirrhosis is widespread, it

is highly controversial. Most studies to date have

focused on the pharmacokinetics (PK) of APAP in

patients with CLD or cirrhosis after a single dose.1”

These studies have revealed delayed APAP clearance
in patients with CLD that may lead to accumulation
of the drug and greater risk of hepatotoxicity. On the
other hand, administration of APAP to patients with
cirrhosis over a 13-day period did not result in alter-
ation of aminotransferases in one seminal study that
has become a classic in the field."®

We undertook a pilot study to begin to address
this discrepancy. We performed detailed analyses of
advanced, sensitive, liver-injury biomarkers as well as
the PK of APAP, the major phase II APAP metab-
olites, and APAP-protein adducts (a highly specific
and sensitive marker of phase I oxidative APAP
metabolism) in patients with compensated cirrho-
sis and in noncirrhotic controls. These two groups
were administered therapeutic doses of APAP over a
5-day period. We included both conventional (alanine
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aminotransferase [ALT']) and more sensitive (keratin
18 [K18], total high mobility group box 1 protein
[HMGB1], and glutamate dehydrogenase [GLDH])

serum biomarkers of liver injury.

Patients and Methods
PATIENT SELECTION AND SAFETY

This was a prospective, parallel, controlled study
to assess the safety of short-term low-dose APAP
use by patients with cirrhosis. Patients with com-
pensated cirrhosis were recruited from the outpatient
Gastroenterology Clinic at the University of Arkansas
for Medical Sciences (UAMS) in Little Rock, AR.
Inclusion criteria were individuals 18-65 years of age,
a body mass index (BMI) of 18 to 45, and a diagnosis
of cirrhosis with confirmation by biopsy or transient
elastography within the past 2 years. Those with evi-
dence of decompensation or severe portal hyperten-
sion (jaundice, ascites, variceal bleeding, or hepatic
encephalopathy) were excluded. Noncirrhotic control
volunteers were recruited from the UAMS community
using the same inclusion criteria except that those with
a history of CLD and/or evidence of advanced (meta-
vir stage >3) fibrosis were excluded. All subjects were
informed of the study purpose and risks and signed a
consent form before participation. For each subject, a
brief history was obtained and a physical examination
was performed to collect data regarding age, sex, race,
ethnicity, BMI, and current medication use. The study
was approved by the UAMS Institutional Review
Board and conformed to the ethical guidelines of the
1975 Declaration of Helsinki.

APAP ADMINISTRATION
PROTOCOL

The study protocol is shown as a schematic in
Fig. 1. Subjects were required to abstain from APAP
use for 2 weeks before study initiation and to abstain
from alcohol use for the duration of the study. On the
morning of study day 1, subjects received a childproof
medication bottle containing 18 APAP tablets (325 mg
each) and a medication diary and were instructed to
take two tablets in the morning and two in the eve-
ning (approximately 12 hours apart) each day for
4 days. The total daily dose was 1.3 g. Most published

MCGILL ET AL.

APAP dosing

*

* *
[ 2 week washout |[][2][3]
* = Blood

FIG. 1. Study protocol. Schematic of the study design. Further
details can be found in the Patients and Methods section.

recommendations recommend limiting APAP dose
to 2-3 g/day in patients with cirrhosis, "> but some
recommend <2 g/ day.(ls) We selected 1.3 g/day for this
pilot study to maintain consistency with these recom-
mendations and to minimize risk to our subjects. The
subjects were required to record the time of dosing in
a medication diary, and dosing compliance was verified
by review of medication diaries and pill counts at each
study visit. A blood sample was collected before the
first APAP dose on day 1 and again before dosing on
the mornings of days 3 and 5 to measure liver injury
biomarkers. On the morning of day 5 after an over-
night fast, subjects returned to the study site where a
peripheral venous line was placed for serial blood sam-
pling and two 325-mg APAP tablets were adminis-
tered orally under the supervision of study personnel.
Blood was collected in red-top serum tubes immedi-
ately before dosing (0 hours) and at 0.25, 0.5, 1, 2, 4,
8, 12, and 24 hours after APAP for detailed PK anal-
ysis. The samples were allowed to clot before centrif-
ugation at 1,500¢ and 4°C for 5 minutes to separate
serum from cells. Twelve-hour total urine specimens
were also collected for measurement of major APAP
metabolites, and total urine volume was recorded.

BIOMARKERS OF LIVER INJURY

All samples were collected and analyzed as a batch
for measurement of liver-injury biomarkers. ALT
was measured using reagents from MedTest Dx
(Canton, MI). Full-length K18 was measured using
an enzyme-linked immunosorbent assay (ELISA) kit
from Diapharma (West Chester, OH). HMGB1 was
measured using an ELISA kit from G-Biosciences
(St. Louis, MO). GLDH was measured using a kinetic
assay, as described."” All biomarkers were measured
according to the manufacturer’s instructions, using a
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96-well ultraviolet/visible plate reader from Molecular

Devices (San Jose, CA).

APAP-PROTEIN ADDUCTS

Protein-derived APAP-cysteine was measured by
high-pressure liquid chromatography with electro-
chemical detection (HPLC-EC), as described,(zo)
with modifications. Briefly, 100 pL of serum was
filtered through a size-exclusion column to remove
APAP, free APAP-cysteine, and other small mole-
cules with potential to interfere in the assay. The fil-
trate was then incubated with a mixture of proteases
at 50°C for 1 hour to liberate APAP-cysteine. The
proteases were then precipitated by mixing the sample
1:1 with 40% trichloroacetic acid, and the precipitate
was pelleted by centrifugation. The supernatant was
then filtered through a 0.22-pm-cut-oft membrane to
ensure complete removal of the protease protein pel-
let. Finally, APAP-cysteine was separated by HPLC
with a reverse-phase C18 column and detected by
oxidation at 155 and 280 mV.

APAP AND MAJOR APAP
METABOLITES

APAP, APAP-glucuronide (APAP-Gluc), and
APAP-sulfate (APAP-Sulf) were measured using
HPLC with detection by triple quadrupole tandem mass
spectrometry (LC-MS/MS). Briefly, standards and con-
trols were prepared in charcoal-stripped human plasma
with certified reference solutions. Calibration curves
were established over the range 250-10,000 ng/mL
(APAP, APAP-Sulf) and 250-35,000 ng/mL (APAP-
Gluc), with N-(4-hydroxyphenyl-2,3,5,6-d4)-acetamide
(D4-APAP) used as the internal standard. We extracted
50-pL aliquots of standards, controls, and samples by a
liquid-liquid protocol. All reagents were prepared with
type 1 water and LC-MS-grade chemicals and solvents,
as appropriate. Analysis was performed on an Agilent
6920 Triple Quadrupole LC/MS, and data analysis was
accomplished with Agilent MassHunter software, ver-
sion B.08.00 (Santa Clara, CA).

PK ANALYSIS

APAP and APAP metabolites serum concentration
versus time data from each patient were analyzed by
noncompartmental analysis in WinNonlin Phoenix
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software (version 8.3; Certara, Princeton, NJ), and
PK parameters (e.g., serum concentration maximum
[Cmax], time to Cmax [Tmax], area under the curve
[AUC], total body serum clearance, terminal-phase
elimination serum half-life [t, ], and volume of dis-
tribution [V,]) were determined.

STATISTICAL METHODS

Medians and interquartile ranges were used to
summarize continuous demographic, PK, and daily
measures of the study groups. Wilcoxon rank-sum
tests were used to compare the demographics, PK
parameters, and daily biomarker data among the cir-
rhotic and noncirrhotic groups. Biomarker time pro-
files were compared using nonparametric longitudinal
data analysis methods as described by Brunner et
al.?!) Strengths of association between PK parame-
ters and other values were estimated using Kendall’s
tau correlation coefficient. Because this was a pilot
study, no adjustments for multiple comparisons were
performed. We considered P < 0.05 indicative of asso-
ciations or differences worthy of further study.

Results
PATIENT DEMOGRAPHICS

Patient demographics, clinical laboratory values, and
concurrent medication use are shown in Tables 1-3.
All subjects in the compensated cirrhosis group had a
current diagnosis with recent confirmation by biopsy
or transient elastography and no evidence of decom-
pensation, while the noncirrhotic group consisted of
healthy volunteers with no history of liver disease.
The most common etiology of cirrhosis was nonal-
coholic steatohepatitis (42%), followed by primary
biliary cholangitis (33%) (Table 2). Two subjects
(17%) had a history of hepatitis C virus infection (1
with a concomitant history of alcohol abuse), and 1
(8%) had a history of alcohol abuse only. All sub-
jects were required to abstain from alcohol use for
the duration of the study. There were no significant
differences in demographics or polypharmacy rates
between the noncirrhotic and cirrhotic groups, except
that mean age was higher (P = 0.012) in the subjects
with cirrhosis compared to the noncirrhotic controls

(Table 1).
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TABLE 1. SUBJECT DEMOGRAPHICS

Group n Age, years (Median, Range) Sex (F/M) Race BMI (Median, Range)

No cirrhosis 12 40,22-61 7/5 White, non-Hispanic 10 29.5,22.5-41.3
White, Hispanic O
Black 2

Cirrhosis 12 60, 44- 66 6/6 White, non-Hispanic 11 33.3,24.6-44.6
White, Hispanic 1,
Black 0

Abbreviations: F, female; M, male.

TABLE 2. DETAILED INFORMATION FOR SUBJECTS WITH CIRRHOSIS

Subject Etiology CTP MELD-Na ALT (U/L) TBili (mg/dL) Serum Cre (mg/dL)

1 NASH 5(A) 10 28 20 0.8

2 NASH 6 (A) 11 25 1.1 1.7

3 NASH 5 (A) 7 15 0.6 1.5

4 HCV/alcohol 5(®) 8 16 0.8 1.1

5 NASH 7 (B) 14 23 1.1 1.1

6 AIH/PBC 5(A) 8 11 08 0.9

7 Alcohol 6 (A) 12 35 1.1 1.0

8 HeV 5 (A) 7 17 0.7 1.1

9 PBC 5 (A) 8 21 0.9 0.9

10 NASH 5 (A) 7 20 1.6 08

11 PBC 5(A) 6 38 0.5 1.3

12 PBC 6 (A 7 25 0.6 1.2

Abbreviations: AIH, autoimmune hepatitis; CTP, Child-Turcotte-Pugh; HCV, hepatitis C virus; MELD-Na, Model for End-Stage Liver
Disease with sodium; NASH, nonalcoholic steatohepatitis; PBC, primary biliary cholangitis; Serum Cre, serum creatinine; TBili, total

bilirubin.

EFFECT OF APAP ON
CONVENTIONAL AND ADVANCED
BIOMARKERS OF LIVER INJURY

To explore the safety of regularly dosed APAP in
patients with cirrhosis, we administered 1.3 g APAP
per day to the subjects with cirrhosis and the non-
cirrhotic controls and measured both conventional
(ALT) and more sensitive (full-length K18, total
HMGB1, GLDH) serum biomarkers of liver injury
before (day 1) and during (days 3 and 5) APAP use.
The latter biomarkers were chosen because they have
been shown to be earlier more sensitive markers of
drug-induced liver injury than ALT.#** Importantly,
while baseline ALT' values were similar between sub-
jects with cirrhosis and noncirrhotic controls overall
(Fig. 2A), both GLDH and K18 were consistently
higher in the cirrhosis group (Fig. 2B,C). These data

are consistent with earlier work showing improved

sensitivity of these novel biomarkers to detect liver
damage compared to ALT. However, no changes were
detected over time during APAP dosing for any of the
biomarkers in either group (Fig. 2A-D), confirming
that short-term repeated dosing with APAP does not
result in biomarker evidence of liver injury in subjects
with cirrhosis.

PK OF APAP IN SUBJECTS WITH
CIRRHOSIS AND NONCIRRHOTIC
CONTROLS

To determine if there were major differences
between groups in the PK of APAP and the major
phase II metabolites APAP-Gluc and APAP-Sulf, we
performed a detailed PK analysis after the final dose
of APAP on day 5. The mean time course data are
shown in Fig. 3, and comparisons of the resulting PK
parameters are displayed in Table 4. The median time

365



MCGILL ET AL.

TABLE 3. PREVALENCE OF CONCURRENT

MEDICATION USE BY CLASS
Drug or Class No Cirrhosis Cirrhosis
ACE-| 012 2/12
Alpha-blocker 012 2/12
Analgesic (non-APAP) 112 212
Antibiotic 112 012
Antihistamine 112 2/12
ARB 112 2/12
Beta-blocker 112 112
Ca?* channel blocker 112 2/12
Immunosuppressant 012 112
Levothyroxine 0/12 3/12
Metformin 012 3/12
Proton-pump inhibitor 012 112
Sulfonylurea 0/12 2/12
SSRI/SNRI 512 3/12
Statin 112 5/12
Ursodiol 012 412
Vitamin supplement 2/12 3/12
% taking other medications 58% 100%

Abbreviations: ACE, angiotensin-converting enzyme; ARB, an-
giotensin receptor blocker; SNRI, serotonin-norepinephrine reup-
take inhibitor; SSRI, selective serotonin reuptake inhibitor.

to peak APAP-Gluc (Tmax) was delayed 2 hours in
the cirrhosis group compared to the controls, while
the t;,, of APAP-Sulf was prolonged 0.23 hours.
APAP-Gluc t,,, also displayed a trend toward pro-
longation. No other differences in PK parameters for
these metabolites were observed. Overall, these data
indicate moderately impaired formation and clear-
ance of phase II metabolites in the cirrhosis group.
Despite this, there were no differences in overall phase
IT metabolite distribution in 12-hour urine sam-
ples between the cirrhotic and noncirrhotic groups
(Fig. 3E,F).

In contrast to the phase II metabolites, there was
a striking difference in serum APAP-protein adducts
between groups (Fig. 3D). Not all subjects had detect-
able APAP-protein adducts in serum during the PK
study. This between- and within-subject variation in
APAP-protein adducts was expected as prior studies
have demonstrated considerable variation in serum
adducts at therapeutic doses, even when the APAP
dose was 3-fold greater than what we used.?**
Only 7-8 subjects in each group had detectable
APAP-protein adducts in serum on the morning of
day 5, before the PK study. More subjects (6-10 per

group) had detectable adducts in a sufficient number
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of samples to accurately estimate t,, and AUC, and
even more (9-11 per group) had detectable adducts
in a sufficient number of samples to estimate Cmax.
The results for each individual subject are displayed
in Fig. 4, with analysis of the subjects with detectable
adducts in Fig. 5. The latter revealed that morning
day-5 adduct levels (before the start of the PK study)
and adduct Cmax values were greater in subjects with
cirrhosis (Fig. 5A,B) and that clearance was dramat-
ically delayed in the subjects with cirrhosis compared
to the noncirrhotic controls (Fig. 5C,D). This is con-
cerning because recent data from rodent studies have
revealed that the accumulation of these adducted pro-
teins in hepatocytes due to impaired autophagy or
multiple dosing contributes to the pathophysiology
of APAP hepatotoxicity.?**” Glutathione (GSH)
is an antioxidant and nucleophile that has a critical
function as a scavenger of N-acetyl-p-benzoquinone
imine (NAPQI), the reactive metabolite of APAP,
to prevent it from binding to proteins, and there is
evidence that systemic GSH concentrations decrease
with increasing age.(28_30) Thus, to determine if the
increase in day-5 adducts and Cmax could be a result
of reduced GSH levels in the older cirrhosis group,
we tested for correlations between day-5 adducts or
Cmax and age. Neither day-5 adducts nor Cmax cor-
related significantly with age for all subjects (? = 0.02
and -0.40 for day-5 adducts and Cmax, respectively;
P> 0.05) or in the cirrhosis group alone (* = 0.11 and
0.00037, respectively; P > 0.05).

To identify other factors that may be associated
with altered APAP metabolism, especially delayed
adduct clearance, in patients with cirrhosis, we per-
formed a secondary analysis of correlations between
PK parameters, age, BMI, and concomitant medica-
tion use as well as elastic modulus (E) and controlled
attenuation parameter (CAP) from transient elastog-
raphy (Table 5). E and CAP are well-validated and
widely used measures of liver stiffness/fibrosis and
hepatic fat content, respectively.*'>3 Due to our rel-
atively small sample size, only correlation coefficients
>|0.6] were considered to be of interest for future
investigation. Based on that cutoff, no strong correla-
tions were observed between PK parameters for APAP,
APAP-Gluc, and APAP-Sulf and either age or BMI,
nor were there any clear relationships with concurrent
medication use. However, APAP Tmax increased with
increasing liver stiffness, while Tmax for both APAP
and APAP-Sulf decreased with increasing liver fat.
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FIG. 2. Liver injury biomarkers. ALT, GLDH, K18, and HMGB1 were measured in serum from the morning of days 1, 3, and 5 by
kinetics or ELISA. (A) Serum ALT. (B) Serum GLDH. (C) Serum K18. (D) Serum HMGB1. Data are expressed as mean * standard
error for n = 12 per group. P values for group effects are shown in each panel. No significant differences were found within groups over

time. Abbreviation: Vol, volunteer.

Only 3 patients had both detectable adducts and avail-
able transient elastography data, which prevented cor-
relation analysis of those factors. However, there was
a modest positive correlation (0.69) between age and
adduct clearance, indicating that age could be a con-
tributor to the prolonged APAP-protein t,,, observed
in the cirrhosis group.

Discussion
The safety of APAP in cirrhosis is highly contro-

versial. On one hand, most physicians recommend that
their patients with CLD and cirrhosis either restrict
APAP use or avoid it altogether.’® These recom-
mendations are based in part on reports of transient
nonprogressive ALT" elevations in healthy volunteers

taking APAP,®¥ the rationale being that this mild

liver damage may be worse or may itself worsen the
underlying disease in patients with preexisting CLD.
On the other hand, expression of the cytochromes
P450 that convert APAP to NAPQI, a necessary
step for the initiation of APAP toxicity,*>® appears
to be suppressed in some patients with CLD.®73%
Furthermore, the few studies of APAP safety in CLD
that have been done to date have failed to find evi-
dence of increased susceptibility to APAP toxicity.1”
Unfortunately, most of those studies suffer from sig-
nificant methodological limitations.

Most prior studies of the safety of APAP in CLD
or cirrhosis have focused on APAP PK after a single
dose, with the major analytes being serum and urine
APAP and phase II metabolites.*”*®) Only three
have included repeated dosing with monitoring of
liver injury using ALT and liver function tests (e.g.,
prothrombin time and serum albumin), and only two
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FIG. 3. PK and excretion of APAP, major APAP metabolites, and APAP-protein adducts. Parent APAP, APAP-Gluc, APAP-Sulf, and
APAP-protein adducts were measured in serial blood samples after the final dose of APAP on day 5 by LC-MS/MS or HPLC-EC.
(A) Serum APAP. (B) Serum APAP-Gluc. (C) Serum APAP-Sulf. (D) Serum APAP-protein adducts. (E) Fractional urinary excretion
of APAP, APAP-Gluc, and APAP-Sulf in control subjects without cirrhosis. (F) Fractional urinary excretion of APAP, APAP-Gluc, and
APAP-Sulf in subjects with cirrhosis. Data are expressed as mean =+ standard error for n = 12 per group. PK parameters with P values are

displayed in Table 4. Abbreviation: Vol, volunteer.

of those have been published.(18’39) In all three stud-
ies, no longitudinal changes in ALT or other test val-
ues were observed during the treatment period. Since
these studies were done, however, more sensitive bio-
markers of APAP hepatotoxicity have become avail-
able. For example, Dear et al.®? recently reported that
total HMGB1, full-length K18, and GLDH are ele-
vated in patients with early presenting APAP overdose
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before an increase in ALT and that they predict later
liver injury. To further test if cirrhosis increases sus-
ceptibility to APAP-induced liver injury during short-
term scheduled dosing, we included those biomarkers
in our study. Although we observed higher baseline
values for GLDH and K18 in the patients with cir-
rhosis, consistent with the greater sensitivity of these
biomarkers for liver damage, there was no increase
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TABLE 4. SUMMARY OF PK DATA FOR APAP AND APAP METABOLITES
Controls Cirrhosis
Variable PK Parameter Median (IQR) Median (1QR) PValue
APAP 1, (hours) 2.69 (2.45,3.08) 2.88(2.68,3.15) 0.3405
AUC (x10%) (hours x ng/mL) 30.55 (25.31, 35.48) 35.53 (26.14, 44.20) 0.4428
Cmax (x10%) (ng/mL) 8.97 (7.71.13.24) 9.22 (7.78,11.03) 1.0000
Tmax (hours) 0.75 (0.50,1.00) 1.00 (0.50, 1.00) 0.5170
APAP-Gluc 1, (hours) 3.99 (3.31,4.42) 4.77 (4.19,7.47) 0.0804
AUC (x10%) (hours x ng/mL) 224.86 (72.30,351.94) 245.89 (104.71,428.30) 0.1432
Cmax (x10%) (ng/mL) 27.65 (12.89, 37.65) 29.18 (9.97, 40.26) 0.9323
Tmax 2.00 (2.00,2.50) 4.00 (2.00,4.00) 0.0336*
APAP-Sulf 1, (hours) 3.40 (3.03,3.74) 4.03 (3.54,4.54) 0.0215*
AUC (x10%) (hours x ng/mL) 0.62 (0.49,0.75) 0.67 (0.49,0.92) 0.7508
Cmax (x10%) (ng/mL) 5.17 (3.75,7.70) 4.59 (3.26,7.08) 0.7125
Tmax (hours) 1.50 (1.00, 2.00) 2.00 (1.00,2.00) 0.3018

*Statistically significant.
Abbreviation: IQR, interquartile range.
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FIG. 4. Time courses of serum APAP-protein adducts in individual subjects. Serum APAP-protein adducts were measured in serial blood
samples collected after the final dose of APAP on day 5 using HPLC-EC. Each line represents 1 individual. (A) Control subjects without

cirrhosis. (B) Subjects with cirrhosis.

over time during the APAP dosing period. Overall,
these data are consistent with the earlier studies indi-
cating that short-term use of low-dose APAP is safe
for patients with cirrhosis. In addition, the elevated
GLDH in cirrhosis may indicate that mitochondrial
dysfunction occurs in patients with cirrhosis as there
is evidence that serum GLDH is specific for mito-
chondrial damage.(19’49)

The most common PK findings from the prior
single-dose studies in patients with CLD have
been prolonged t%n and greater AUC for the par-
ent drug,(39’43’44’ S47) indicating reduced overall

metabolism and clearance of APAP in liver disease.
Consistent with that, several studies have also found
that the proportion of APAP excreted unchanged is
increased in patients with CLD.#043:46) Although we
could not detect a difference in APAP t,, or excreted
APAP, we did observe minor changes in the PK of both
APAP-Gluc and APAP-Sulf. The former may reflect
less severe disease in our CLD cohort compared to
earlier publications as we included only patients with
compensated cirrhosis. Consistent with that, another
study found that APAP t,, was unaffected by mild
CLD despite being significantly prolonged in patients
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adducts. Data are expressed as mean + SE. Dots show individual data points as described in the text. *P < 0.05 versus noncirrhotic controls.

with severe CLD.*¥ The differences in PK in our
study compared to earlier reports may also be due to
differences in etiology of the liver injury. Prior studies
have included mostly patients with CLD secondary
to viral hepatitis or alcohol abuse, while the domi-
nant etiology of cirrhosis in our patients was nonal-
coholic/metabolism-associated fatty liver disease. On
the other hand, the differences that we did observe
(extended Tmax for APAP-Gluc and prolonged t,,,
for APAP-Sulf) may still reflect mildly impaired
metabolism in our cirrhosis group. In addition, the
positive correlation between liver stiffness and APAP
t,/, that we observed is consistent with prolonged t,
with more advanced disease. Overall, it is clear from
our study and from prior work that phase II metabo-
lism and clearance of APAP is moderately impaired in
patients with CLD and cirrhosis, although the clinical

consequences of those changes are less clear.
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The most striking differences between the subjects
with and without cirrhosis in this study were the ele-
vated APAP-protein adducts on day 5 and the dra-
matically delayed clearance of adducts in the subjects
with cirrhosis. Only a few studies of APAP in CLD or
cirrhosis have included measurement of APAP-thiol
conjugates as a marker of phase I oxidative metabo-
lism, and none of these studies have detected signif-
icant changes.(45 A7) However, those studies included
only free APAP-cysteine and APAP-mercapturate,
measured only in urine. This is the first study to
include measurement of serum APAP-protein adducts,
which form from the reactive metabolite of APAP
(NAPQI) binding to free thiol groups on cysteine res-
idues in proteins. The possibility of greater NAPQI
formation in subjects with cirrhosis indicated by the
higher levels in the first sample from day 5 is wor-
risome because NAPQI initiates APAP toxicity.®”
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TABLE 5. KENDALL'S TAU CORRELATION

COEFFICIENTS
Variable Age* BMIT Ef CAPY
APAP1, , 0.1563 0.0909 0.6000 -0.3333
APAP AUC 0.0625 -0.5636 0.3333 -0.3333
APAP Crnax -0.0313 -0.3091  -0.3333 0.3333
APAP Tmax 0.1601 -0.3252 0.7877  -0.9309*
APAP-Gluc 1, , 0.0920 0.2222 0.6000 -0.2000
APAP-Gluc AUC 0.2189 -0.0182  -0.4667 0.2000
APAP-Gluc Cmax 0.0313 -0.2000  -0.3333 0.0667
APAP-Gluc Tmax 0.2644 -0.2180 0.7006 -0.3892
APAP-SuIf 1, , 0.2832 -0.2000 0.0667 0.2000
APAP-Sulf AUC 0.0158 0.0545  -0.4667 0.2000
APAP-Sulf Cmax 0.1563 -0.2727  -0.6000 0.3333
APAP-Sulf Tmax 0.3218 0.1140 0.6025*  -0.7746*
APAP-Prot 1, , 0.6901* 0.0667 NA NA
APAP-Prot AUC -0.4140 -0.2000 NA NA
APAP-Prot Cmax ~ -0.3706 -0.3581 NA NA
APAP-Prot Tmax -0.1612 0.2335 NA NA
*n=12.
Th=7.

:FStatistically significant.
Abbreviations: APAP-Prot, acetaminophen-protein adducts; NA,
not available.

Our observation that the t, , of serum APAP-protein
adducts was delayed in the cirrhosis group is also con-
cerning. Not only does APAP-protein binding initiate
the hepatotoxicity of APAP by damaging proteins®”
but the adducted proteins themselves seem to contrib-
ute to the toxicity. Recent studies have demonstrated
that APAP-protein adducts are cleared by autophagic
degradation within hepatocytes and that blocking or
enhancing autophagy increases or decreases, respec-
tively, both hepatic and serum adduct levels.?® In
addition, accumulation of protein adducts, either due
to reduced autophagic clearance or repeated dosing,
leads to greater injury.?*” While it seems likely that
Kupffer cells also contribute to clearance of adducts
from serum, there is currently no evidence to support
that hypothesis. Furthermore, although one might
expect elimination by urine to be an additional route
of adduct clearance at least for low molecular weight
adducts, that does not appear to be the case. APAP-
protein adducts were undetectable in 70% of urine
samples with matched serum containing high levels
of adducts, and the urine adducts in the remaining
30% were likely derived from renal proximal tubule

MCGILL ET AL.

cells postglomerulus.(so) This is consistent with the
fact that glomerular filtration retains most serum pro-
teins. Thus, degradation in the liver likely represents
the major route of adduct clearance. We also observed
a positive correlation between age and adduct t, , that
requires further investigation. Although that associa-
tion could partially explain the difference in adducts
between our groups, considering the somewhat older
age of the subjects with cirrhosis, this seems unlikely
for two reasons. First, although our data set was lim-
ited, there was no correlation between age and either
day-5 morning APAP-protein adducts or day-5 Cmax
for adducts. Second, prior studies have failed to find a
positive association between age and oxidative APAP
metabolism.®*?  Tmportantly, the differences in
adducts between groups is probably not due to differ-
ences in comedications either as none of the reported
comedications are metabolized by cytochrome P450
2E1 (CYP2E1; Supporting Table S1), which is the pri-
mary enzyme responsible for bioactivation of APAP to
NAPQI. Taken together, our data indicate that while
short-term APAP use is likely safe in the context of
cirrhosis, longer term use, especially at higher doses,
may carry a greater risk of toxicity in patients with cir-
rhosis or possibly even advanced age. This needs to be
carefully explored in future larger studies.

Overall, these pilot results provide a starting point
toward a better understanding of the safe use of
APAP in patients with cirrhosis. Based only on these
data, short-term use of low-dose APAP in patients
with compensated cirrhosis appears to be acceptable.
However, no conclusions can be drawn yet regarding
use of the standard full dose of APAP or long-term
APAP use in such patients, especially considering the
delayed adduct clearance that we observed. Moreover,
no conclusions can be drawn regarding use of any
dose of APAP in patients with decompensated cir-
rhosis based on these data alone. We intend to explore
those questions in the future. Because tools to bet-
ter answer them, such as more sensitive liver injury
biomarkers and methods to measure serum APAP-
protein adducts, have recently become available, the
imperative to address them in future studies is high.

Acknowledgment: 'We are grateful to Cynthia L.
Witkowski, R.N., and Heather L. Moody, R.N., of the
UAMS Translational Research Institute for critical as-
sistance with study subjects.
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