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PREFACE

Proposition 65* requires the publication of a list of chemicals “known to the state” to
cause cancer or reproductive toxicity. The Office of Environmental Health Hazard
Assessment (OEHHA) of the California Environmental Protection Agency maintains this
list in its role as lead agency for implementing Proposition 65. The Carcinogen
Identification Committee (CIC) advises and assists OEHHA, and adds chemicals to the
Proposition 65 list of chemicals that cause cancer, as required by Health and Safety
Code section 25249.8. The Committee serves as the state’s qualified experts for
determining whether a chemical has been clearly shown to cause cancer.

The Committee also provides advice and consultation regarding which chemicals
should receive their review. At their meeting in October 2011, the CIC recommended
that acetaminophen be placed in a ‘high’ priority group for future listing consideration.
OEHHA selected acetaminophen for consideration for listing by the CIC, and in March
2019 OEHHA solicited from the public information relevant to the assessment of the
evidence on its carcinogenicity. OEHHA reviewed and considered those submissions in
preparing this document.

On December 5, 2019, the CIC is scheduled to deliberate on the carcinogenicity of
acetaminophen. OEHHA developed this hazard identification document with
information on the evidence of carcinogenicity of acetaminophen to assist the CIC in its
deliberations. This document and the original papers discussed in the document will be
provided to the CIC as part of the hazard identification materials.

OEHHA announced a public-comment period on this document upon its release. Public
comments received on this document also form part of the hazard identification
materials, and are provided to the CIC members prior to their formal deliberations.

1 The Safe Drinking Water and Toxic Enforcement Act of 1986 (California Health and Safety Code
252495 et seq.)
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1. EXECUTIVE SUMMARY

Acetaminophen (N-(4-hydroxyphenyl)acetamide) is a synthetic chemical that is mainly
used as an analgesic and antipyretic drug, and also has some minor industrial uses.
Acetaminophen was first approved by the US Food and Drug Administration as a
prescription drug in 1951, and became available without a prescription in 1955. The
recommended maximum daily dose of acetaminophen is 4,000 mg.

Human exposure to acetaminophen mainly comes from the use of over-the-counter and
prescription medications. In utero exposure and exposure via breastmilk from maternal
use of this medication also occurs. There is also the potential for occupational
exposure during production and use in the manufacture of other chemicals.

Epidemiological studies

A number of human epidemiological studies have investigated the relationship between
acetaminophen and cancer for various cancer sites.

Kidney cancer

The association between the use of acetaminophen and kidney cancer was assessed in
four cohort studies, two nested case-control studies, 12 publications from case-control
studies, and two meta-analyses. Twelve case-control studies reported on renal cell
carcinoma (RCC), and four assessed cancer of the renal pelvis, a rare subtype of
kidney cancer.

A Danish cohort study that assessed acetaminophen use through prescription records
found a non-statistically signficant increased risk of RCC, but was not able to account
for important potential confounders (Friis et al. 2002). An American cohort study that
collected acetaminophen use prospectively through self-report observed a statistically
significant increased risk of RCC with regular and less than 10 years of use, but not with
10 or more years of use, after adjustment for body mass index (BMI), smoking, and
other potential confounders (Karami et al. 2016). A cohort study from Washington state
(Walter et al. 2011a) showed no significant increase in risk, and a study combining data
from two large American prospective studies showed positive, but not statistically
significant, increases in RCC in men and women associated with regular
acetaminophen use (Cho et al. 2011).

The two most informative studies were large case-control studies nested in health
databases in the US and UK. Acetaminophen prescriptions were recorded
prospectively, and therefore the exposure assessment method was less subject to
information bias as compared to self-report (Derby and Jick 1996; Kaye et al. 2001).

Acetaminophen 1 OEHHA
September 2019



Both of these studies reported a statistically significant increasing risk of RCC with an
increasing number of acetaminophen prescriptions filled. Kaye et al. (2001) adjusted for
smoking and BMI.

The case-control studies generally reported small or modest but non-statistically
significant increases in risk for both RCC (Cho et al. 2011; Gago-Dominguez et al.
1999; Karami et al. 2016; McCredie et al. 1988; McCredie and Stewart 1988; McCredie
et al. 1995; McLaughlin et al. 1985; Rosenberg et al. 1998) and cancer of the renal
pelvis (McCredie and Stewart 1988; McCredie et al. 1993; McLaughlin et al. 1985;
Pommer et al. 1999). Several of the individual studies were not informative on their own
because of limited statistical power due to the rarity of kidney cancer, small numbers of
exposed cases and/or crude exposure assessments. The exceptions were the two
largest case-control studies (Gago-Dominguez et al. 1999; Karami et al. 2016) and a
large pooled analysis of case-control studies (McCredie et al. 1995), which reported
roughly two-fold increased risk of RCC (either borderline significant or statistically
significant) or positive dose response relationships.

Two meta-analyses also found a statistically significant increased risk between
acetaminophen use and kidney cancer (Choueiri et al. 2014; Karami et al. 2016) and
RCC specifically (Karami et al. 2016), although both analyses had some limitations.

Urinary bladder cancer

Three cohort studies, two nested case-control studies and six case-control studies
examined the association of acetaminophen with bladder cancer. The three most
informative studies assessed acetaminophen use prospectively through medical
records; two reported a non-significant increased risk of bladder cancer with low to
moderate use and no dose-response trend (Friis et al. 2002; Kaye et al. 2001), and the
third reported a non-statistically significant increase with high use (Derby and Jick
1996). Of the two cohort studies that assessed acetaminophen use through self-report,
one reported non-significant increased risks with use (Walter et al. 2011a).

The case-control studies had a mix of positive and null findings. A case-control study
from Spain (Fortuny et al. 2006) observed no cancer association with acetaminophen
overall, but found an increased risk of bladder cancer among acetaminophen users with
a genotype (GSTP1 Val/Val) encoding for a decrease in GSTP1 (glutathione S-
transferase Pi 1) function and hence reduced capacity for glutathione conjugation with
acetaminophen metabolites, such as N-acetyl-p-benzoquinone imine (NAPQI). In those
with the GSTP1 Val/Val genotype, bladder cancer risk was increased roughly two-fold in
acetaminophen users and in those who used acetaminophen regularly for more than
four years (though not statistically significant), suggesting that this GST genotype may
be important to consider in studies assessing the carcinogenicity of acetaminophen.
Three of the case-control studies observed no association between bladder cancer and
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various metrics of acetaminophen intake (Fortuny et al. 2007; McCredie and Stewart
1988; Pommer et al. 1999), three reported non-statistically significant elevated risks of
bladder cancer (Castelao et al. 2000; Fortuny et al. 2006; Piper et al. 1985), and one
reported a statistically significant increase in risk of bladder cancer (Baris et al. 2013).

Urinary tract cancers

In addition to kidney and bladder cancer, there were two cohort and six case-control
studies that assessed the association between acetaminophen use and cancer of other
sites in the urinary tract or combined several sites of the urinary tract (three studies of
renal pelvis and ureter, two studies of transitional cell cancers that included multiple
sites within the urinary tract, and one study of ureter cancer).

Significant increases were not observed in the cohort studies of urinary tract cancer
(Friis et al. 2002; Walter et al. 2011a). The population-based case-control study of
transitional cell cancer had a statistically significant increase in risk with any
acetaminophen use (Steineck et al. 1995), whereas the findings from the hospital-based
case-control study were not statistically significant (Rosenberg et al. 1998). Both
studies had significant limitations. The only study specifically of ureter cancer reported
a statistically significant two-fold increased risk for greater than 0.1 kg of lifetime
acetaminophen intake (McCredie and Stewart 1988).

Lymphohematopoietic system cancers

The association between acetaminophen use and several types of LH cancers has
been studied in a number of cohort and case-control studies. For all LH cancers
combined, significantly increased risks of LH cancer-related deaths were found in the
one cohort study in Danish North Jutland County (Lipworth et al. 2003) but not in
another in the same geographic area for incidence of LH cancer (Friis et al. 2002). A
US cohort study reporting on “hematologic malignancies” found statistically significant
increases in women that were high users through self-report on a questionnaire (Walter
et al. 2011b).

For myeloid leukemia, statistically significant increases were reported for one cohort in
men and women combined (Walter et al. 2011b) and for women but not men in one
case-control study (Ross et al. 2011), with significant trends observed in terms of
duration of use and tablets per week. A second case-control study reported a non-
significant elevation in risk (Friedman 1982).

AML was assessed in two case-control studies: a borderline significant increase was
reported in one study (Weiss et al. 2006) and a statistically significant increase in
women with a dose-response trend was reported in the second study (Ross et al. 2011).
CML was assessed in one case-control study that reported non-significant elevations in
risk in men and women (Ross et al. 2011).
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For lymphoma, a statistically significant increase was reported in one case-control study
(Becker et al. 2009). A statistically significant increase in risk of two types of B-cell
lymphoma was observed in a cohort study (Walter et al. 2011b), with a dose-response
trend in one type. For total NHL, a non-significant elevation in risk was observed in one
cohort (Friis et al. 2002). Elevations were observed in two case-control studies, which
were statistically significant in women but not men in one study (Baker et al. 2005) and
not significant in women the other study (Kato et al. 2002). There were increases in the
risk of three cell types of NHL, but not one cell type.

Two studies reported an increased risk of multiple myeloma, which was not significant in
the cohort study (Friis et al. 2002). The case-control study reported a significantly
increased risk with several metrics of exposure (regular use, times per week, years of
use), with a significant dose-response trend (Moysich et al. 2007).

Two studies reported on the risk in Hodgkin’s lymphoma. A cohort study reported a
non-significant elevation but contained only one case (Friis et al. 2002). A case-control
study found significantly increased risks with significant trends by several metrics of
exposure (Chang et al. 2004).

Potential confounding by smoking was possible for some of these LH cancers since it
was adjusted for in only three studies (Chang et al. 2004; Moysich et al. 2007; Walter et
al. 2011b).

Liver cancer

The association between acetaminophen use and liver cancer was examined in two
large independent cohorts that assessed acetaminophen use through prescription
records databases, one from Denmark (Friis et al. 2002; Lipworth et al. 2003) and the
other from the UK (McGlynn et al. 2015; Yang et al. 2016). In the Danish cohort,
elevations in mortality and incidence risk were observed that were statistically significant
for mortality from liver cancer (Lipworth et al. 2003) but not incidence of liver cancer
(Friis et al. 2002). This cohort could not control for potential confounders such as
smoking and alcohol use. In the UK database, statistically significant elevations in the
risk of liver cancer were reported, after adjusting for several covariates including
smoking status, alcohol-related disorders, hepatitis B or C virus infection, and use of
non-steroidal anti-inflammatory drugs (Yang et al. 2016). Dose-response analyses
showed increasing risk with increasing acetaminophen prescriptions overall and when
restricted to individuals without liver disease.

Other cancers

For cancers of the breast, ovary, uterine endometrium, prostate, skin, and colorectum,
the association with acetaminophen use was either decreased, null, or inconsistent.
The data from cohort and case-control studies from a number of other cancer sites were
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too sparse to evaluate thoroughly, namely the brain, respiratory tract, gastrointestinal
tract (stomach, esophagus, oral/pharyngeal cancer), pancreas, cervix, and all cancers
combined.

Animal studies

Long-term carcinogenicity studies of acetaminophen have been conducted in mice and
rats. Significant tumor findings were observed in three of ten studies in mice and in
three of seven studies in rats. The positive findings are as follows:

Liver tumors

In the female B6C3F1 mice exposed to acetaminophen in feed for up to 134
weeks (Amo and Matsuyama 1985), the incidence of hepatocellular adenoma or
carcinoma combined was significantly increased in the high-dose group by
pairwise comparison with controls, with a significant dose-related trend.

In the male as well as the female IF mice exposed to acetaminophen in feed for
up to 18 months (Flaks and Flaks 1983), the incidences of hepatocellular
adenoma, and adenoma or carcinoma combined were significantly increased in
the high-dose groups by pairwise comparison with controls, with significant dose-
related trends. Carcinoma was also similarly increased in male mice.

In the male as well as the female Leeds rats exposed to acetaminophen in feed
for up to 18 months (Flaks et al. 1985), the incidences of hepatocellular
adenomas were significantly increased in the high-dose groups by pairwise
comparison with controls, with significant dose-related trends.

Pituitary gland

In the female B6C3F1 mice exposed to acetaminophen in feed for up to 134
weeks (Amo and Matsuyama 1985), the incidence of pituitary gland adenoma
was significantly increased in the high-dose group by pairwise comparison with
controls, with a significant dose-related trend.

Urinary bladder

In the male Leeds rats exposed to acetaminophen in feed for up to 18 months
(Flaks et al. 1985), the incidences of rare urinary bladder papilloma and
papilloma or carcinoma combined were significantly increased in the high-dose
group by pairwise comparison with controls, with significant dose-related trends.
In the female Leeds rats similarly exposed, the incidence of urinary bladder
papilloma or carcinoma combined was significantly increased in the low-dose
group by pairwise comparison with controls.
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Mononuclear cell leukemia (MNCL)

¢ In the female F344/N rats exposed to acetaminophen in feed for up to 103 weeks
(NTP 1993), the incidence of MNCL was significantly increased in the high-dose
group by pairwise comparison with controls, with a significant dose-related trend.

Significant tumor findings were not observed in long-term carcinogenicity studies of
acetaminophen in male and female B6C3F1 mice exposed for 103 weeks (NTP 1993),
male B6C3F1 mice exposed for either 134 weeks (Amo and Matsuyama 1985) or 70
weeks (Hagiwara and Ward 1986), male and female Swiss mice exposed for 11 months
(Weisburger et al. 1973), female ABC-A mice exposed for life (mean survival < 40
weeks) (Wright 1967), male F344 rats exposed for 103 weeks (NTP 1993), male and
female F344/DuCirj rats exposed for 104 weeks (Hiraga and Fujii 1985), or male
Sprague-Dawley rats exposed for 117 weeks (Johansson 1981).

Pharmacokinetic and Mechanistic Data
Pharmacokinetics

Metabolism of acetaminophen leads to the formation of electrophilic and genotoxic
metabolites, including NAPQI, N-acetyl-p-benzosemiquinone imine (NAPSQI), p-
aminophenol (PAP), p-benzoquinone imine, p-benzoquinone, and the N-acetyl-p-
aminophenoxy and p-aminophenoxy free radicals. Reactive oxygen species (ROS) can
be formed during the metabolism of acetaminophen via either redox cycling or oxidative
reactions involving various metabolic intermediates. The generation of electrophilic and
genotoxic metabolites of acetaminophen can vary among individuals, due to variability
in genetic factors, such as GSTP1, and non-genetic factors, such as nutritional status.

Genotoxicity data

Acetaminophen was not mutagenic in bacteria. Acetaminophen has tested positive for
a number of other genotoxicity endpoints:
e Mutations in rodent cells in vitro
e DNA strand breaks in mouse liver, and in mussels in vivo; in human cells in vitro
e DNA adducts in mouse liver and kidney in vivo; in human granulocytes in vitro; in
acellular systems
e DNA oxidation in mouse in vivo, and in rat cells in vitro
¢ Impairment of DNA repair in rat and mouse in vivo, and in human and rodent
cells in vitro
e Aneuploidy in rat embryos in vivo
e Micronuclei (MN) formation in human lymphocytes, rat, mouse bone marrow,
mouse peripheral blood and mussels in vivo; in human and rodent cells in vitro
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e Chromosome aberrations (CAs) in human lymphocytes and mouse bone marrow
in vivo; in human and rodent cells in vitro

e Sister chromatid exchanges (SCEs) in human lymphocytes and mouse bone
marrow in vivo; in human and rodent cells in vitro

Genotoxicity of acetaminophen metabolites

There is also evidence for the genotoxicity of three metabolites of acetaminophen:

e NAPQI, which tests positive for DNA strand breaks in human and rodent cells in
vitro and in acellular systems, and which is observed to form DNA adducts in
multiple acellular systems.

e PAP, which tests positive for mutations in mice sperm in vivo, rodent cells in
vitro, and in E. coli and Drosophila. PAP also forms DNA strand breaks in
human and rodent cells in vitro and DNA adducts in human granulocytes in vitro.
It also tests positive for chromosomal effects - MN in mouse in vivo; CAs in
human and rodent cells in vitro, mouse and plants in vivo; SCEs in human and
rodent cells in vitro; and intra-chromosomal recombination in yeast.

e p-Benzoquinone, which tests positive for mutations in Salmonella, and in rodent
cells in vitro, DNA strand breaks in human and rodent cells in vitro, and DNA
adducts in human cells and in acellular systems. Chromosomal effects include
MN in human and rodent cells in vitro, and in mouse bone marrow and liver cells
in vivo; CAs in mouse bone marrow in vivo; SCEs in human lymphocytes in vivo,
and in rodent cells in vitro. p-Benzoquinone also inhibits topoisomerase lla in
human cells in vitro, and in an acellular system. It also induced effects
associated with genomic instability in mouse and human cells, and decreased
0Oggl expression in rodent cells in vitro.

Structure activity comparisons

The biological activity of acetaminophen was compared to five structurally related
compounds: phenacetin, aniline, PAP, 2,4-diaminophenol dihydrochloride, and 3-amino-
4-ethoxyacetanilide. Of these five comparison chemicals, two (phenacetin and aniline)
are listed as Proposition 65 carcinogens.

Common target tumor types observed between acetaminophen and some of the
comparison chemicals are urinary bladder tumors (observed for phenacetin), and
pituitary tumors (observed for 3-amino-4-ethoyacetanilide). All five structurally related
comparison chemicals have genotoxic activity.

Key characteristics

The key characteristics of carcinogens (IARC 2019a; Smith et al. 2016) were used to
organize the data relevant to carcinogenicity from mechanistic studies of
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acetaminophen. These studies provide evidence on four of the 10 key characteristics of
carcinogens enumerated below.

e Is electrophilic or can be metabolically activated

Acetaminophen can be metabolized by CYP enzymes, prostaglandin
endoperoxide synthase (PGES), and other peroxidases to form electrophilic
compounds. Electrophilic metabolites of acetaminophen include NAPQI,
NAPSQI, p-benzoquinone imine, p-benzoquinone and the N-acetyl-p-
aminophenoxy and p-aminophenoxy free radicals.

e IS genotoxic

There is evidence on the genotoxicity of acetaminophen and its metabolites,
NAPQI, PAP, and p-benzoquinone, as outlined above.

e Alters DNA repair or causes genomic instability

There is evidence that acetaminophen alters DNA repair and causes genomic
instability. The evidence includes (i) inhibition of ribonucleotide reductase
(which results in impairment of nucleotide excision repair) by acetaminophen;
(ii) decreased protein expression and activity of the DNA repair enzyme Oggl
by acetaminophen and decreased gene expression of Oggl by
p-benzoquinone; (iii) increased levels of y-H2AX (indication of DNA double-
strand breaks) by acetaminophen and p-benzoquinone; and (iv) inhibition of
human topoisomerase lla (leading to DNA double-strand breaks) by NAPQI
and p-benzoquinone.

e Induces oxidative stress

Evidence for induction of oxidative stress comes from in vivo and in vitro
studies of acetaminophen conducted in both humans and animals, and
includes observations of markers of oxidative stress in adults and children
taking therapeutic doses, and in rats and mice administered doses of 150
mg/kg and 200 mg/kg, respectively. Transcriptomic studies have reported
that acetaminophen can regulate genes in biological pathways related to
oxidative stress, including in a study in humans exposed to therapeutic doses
and a study in mice exposed to 151 mg/kg acetaminophen.
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2. INTRODUCTION

2.1 Identity of Acetaminophen

Acetaminophen is a synthetic chemical that exists as a white crystalline powder.
Acetaminophen consists of a benzene ring with one hydroxyl group and an acetamide
group at the para position (Figure 1). It is a derivative of acetanilide and a member of
the class of phenols. Selected chemical properties are listed in Table 1.

Figure 1. Structure of acetaminophen

Table 1. Selected chemical properties of acetaminophen

Name

Acetaminophen

IUPAC Systematic Name

N-(4-Hydroxyphenyl)acetamide

CAS Registry Number 103-90-2
Molecular Formula CsHsNO:
Molecular Weight 151.16 g/mol
Melting Point 169°C

pKa Dissociation Constant 9.50

log P (Octanol-water) 0.46

Water Solubility 0.0926 mol/L

Selected Additional
Synonyms

Paracetamol; acetyl-p-amino-phenol; 4-
acetamidophenaol,
N-(4-hydroxyphenyl)acetamide;
p-hydroxyacetanilide; p-acetaminophenol;
p-acetylaminophenol

(Data source: Computational Toxicology (CompTox) Chemicals Dashboard,

https://comptox.epa.gov/dashboard/dsstoxdb/results?search=DTXSID2020006#properties; accessed May

29, 2019)
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2.2 Uses

Acetaminophen is mainly used as an analgesic and antipyretic drug, and also has some
minor industrial uses (IARC 1999a). Current industrial uses of acetaminophen include
the manufacture of azo dyes and photographic chemicals (O'Neil MJ. 2006).

Acetaminophen was first available as a US FDA (Food and Drug Administration)
approved prescription drug in the US in 1951, and became available without a
prescription in 1955 (IARC 1990). Currently, acetaminophen is available in more than
600 different prescription and over-the-counter (OTC) medications in the US for adults
and children. In some of these medications, acetaminophen is the sole active
ingredient while in many others it is present in combination with other active ingredients
(US FDA 2019). Common prescription and OTC medicines containing acetaminophen
include medications that treat fever, allergy, colds, flu, and various aches and pains.

2.3 Occurrence and Exposure

Because of its wide use, acetaminophen is commonly detected in septic tank effluent
(Godfrey et al. 2007) and wastewater (Kolpin et al. 2002; Yang et al. 2011).
Acetaminophen has also been detected in groundwater (Fram and Belitz 2011), surface
water (Carmona et al. 2017; Wu et al. 2012), sea water (Brumovsky et al. 2017; Napier
et al. 2018), and soil and sediment (Carmona et al. 2017). It has also been found in
wildlife — e.qg., fish and osprey nestlings (Bean et al. 2018).

Human exposure to acetaminophen mainly comes from the use of OTC and prescription
medications by the oral, intravenous injection, and rectal routes. Fifty million Americans
use medicines containing acetaminophen each week (Acetaminophen Awareness
Coalition 2019). In addition, in utero exposure and exposure via breastmilk from
maternal use of this medication also occurs, since acetaminophen crosses the placenta
(Nitsche et al. 2017) and is excreted in breast milk (Berlin et al. 1980; Bitzen et al.
1981). There is also the potential for occupational exposure during production and use
in the manufacture of other chemicals. In 1999, it was estimated that 65,000 US
workers were potentially exposed to acetaminophen (IARC 1999a).

Overdose of acetaminophen containing products accounted for over 78,000 emergency
department visits in the US between 2006-2007 (Budnitz et al. 2011). It has been
estimated that in the US, acetaminophen toxicity causes about 30,000 hospitalizations
each year (Blieden et al. 2014). Inadvertent overdoses from medications containing
acetaminophen in combination with other active ingredients accounts for nearly half of
the 1,600 acetaminophen-related cases of liver failure each year in the US (McCarthy
2014). To prevent unintentional hepatotoxicity, US FDA limited the amount of
acetaminophen permitted in prescription medications with multiple active ingredients to
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325 milligrams (mg) acetaminophen per dosage unit (e.g., tablet, capsule or other
dosage unit) (US FDA 2014). OTC medications with multiple active ingredients can
contain 325, 500 or 650 mg acetaminophen per dosage. The recommended maximum
daily dose of acetaminophen is 4,000 mg (US FDA 2009).
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3. DATA ON CARCINOGENICITY

3.1 Carcinogenicity Studies in Humans

Background

Acetaminophen was previously evaluated for its carcinogenicity in the International
Agency for Research on Cancer (IARC) Monographs in 1990 and 1999. Concerns over
the carcinogenicity of acetaminophen arose because it is the major metabolite of
phenacetin, a recognized carcinogen that causes cancer of the renal pelvis (IARC
2012). In both of the previous IARC evaluations of acetaminophen, it was classified in
Group 3 (not classifiable as to its carcinogenicity to humans) and the epidemiologic data
on carcinogenicity were judged to be inadequate. In the 1999 IARC evaluation, the
epidemiologic data on the carcinogenicity of acetaminophen was judged either
inadequate or inconsistent by target organ. Several cohort and case-control studies
examining the association of cancers at various sites with acetaminophen exposure
have been published since the IARC review. Also, two overlapping meta-analyses
published since the 1999 IARC evaluation included several of these case-control
studies, as well as cohort studies, and reported an increased risk of kidney cancer
associated with use of acetaminophen (Choueiri et al. 2014; Karami et al. 2016). This
chapter reviews the full body of epidemiological evidence on acetaminophen.

There are several issues to consider when evaluating the epidemiological data that may
affect the interpretation of the risk estimates presented in the individual studies,
including confounding, various types of bias, reverse causation, and misclassification of
exposure. In addition, it is important to understand risk factors for a particular cancer
site in order to identify confounders. A brief discussion of these issues is presented
below.

Confounding

Confounding is an important consideration when evaluating the results of
epidemiological studies. A confounder is a variable that may distort the association
between the exposure and outcome of interest. It is related to the exposure and
causally related to the outcome. A variable is considered as a confounder when
evaluating the relationship between an exposure (e.g., acetaminophen) and outcome
(e.g., cancer) when three requirements are met:

e The variable can cause or prevent the outcome of interest.
¢ Itis not an intermediate variable in the causal pathway between exposure and
the outcome.
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e |tis associated with the exposure under investigation (Porta 2014; Rothman
et al. 2008).

These are illustrated in this directed acyclic graph (Figure 2), in which the straight line
represents a potential association and the arrows represent causal paths:

Confounder

N

Exposure |— | Outcome

Figure 2. Directed acyclic graph (DAG), i.e., a graphical presentation of
confounding

The correct identification of confounders “requires substantive knowledge about the
causal network of which exposure and outcome are part (e.g., pathophysiological and
clinical knowledge). Attempts to select confounders solely based on observed statistical
associations may lead to bias” (Porta 2014).

Furthermore, over-adjustment can introduce bias (a systematic error) where none was
present to begin with. As explained in Greenland and Rothman (2008),

“Adjustment for variables that violate any of these criteria is sometimes called
overadjustment and is the analytic parallel of the design error of overmatching...If
a variable violates any of these criteria [referring back to the three requirements
of a confounding factor described above], its use in conventional stratified
analysis...can reduce the efficiency (increase the variance) of the estimation
process, without reducing bias. If the variable violates the third criterion, such
use can even increase bias”.

Potential confounders in the association between acetaminophen and cancer, by target
organ

Subsequent sections show that the most consistent results on the published
epidemiologic evidence on the carcinogenicity of acetaminophen comes from reports of
cancers of the:

e urinary tract
o kidney (n=12 case-control studies, 2 nested case-control studies, 4 cohort

studies),
o urinary tract/ureter/renal pelvis (n=6 case-control studies, 2 cohort
studies),
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o bladder (n=6 case-control studies, 2 nested case-control studies, 3 cohort
studies) and

e lymphohematopoietic (LH) system (n=11 case-control studies, 3 cohort studies).

The discussion of confounders here focuses on these sites. For these select cancer
sites, Table 2 below lists the established risk factors, as identified by IARC (2019b) and
the American Cancer Society (ACS 2019d). This table may help the consideration of
potential confounders when evaluating acetaminophen/cancer associations reported in
studies. Of the risk factors for cancer listed in the table, several are also associated with
acetaminophen exposure, thereby meeting the definition of a confounder. There is
evidence that acetaminophen use is associated with smoking (Curhan et al. 2002;
Ersboll et al. 2015), hypertension (Curhan et al. 2002), education/socioeconomic status
(Ersboll et al. 2015; Paulose-Ram et al. 2005), race/ethnicity (Paulose-Ram et al. 2005;
Yang et al. 2012), sex (Backryd 2018; Dale et al. 2015; Jawahar et al. 2012; Paulose-
Ram et al. 2005; Sarganas et al. 2015), age (Backryd 2018; Paulose-Ram et al. 2005;
Samuelsen et al. 2015; Sarganas et al. 2015) and body mass index (BMI)/obesity
(Curhan et al. 2002; Ersboll et al. 2015).
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Table 2. Risk factors and potential confounders for selected cancer sites (IARC
2019b; ACS 2019d)

Cancer Risk factors Potential
site confounders
Kidney Tobacco smoking, X-radiation, gamma-radiation, Tobacco
trichloroethylene, obesity (BMI), high blood pressure smoking, BMI,
(hypertension), family history of kidney cancer, advanced kidney | hypertension,
disease, race, a number of hereditary diseases age, sex
Renal Plants containing aristolochic acid, phenacetin, analgesic Phenacetin,
pelvis mixtures containing phenacetin, tobacco smoking tobacco
and smoking, age,
ureter sex
Bladder | Aluminum production, 4-aminobiphenyl, arsenic and inorganic Tobacco
arsenic compounds, auramine production, benzidine, smoking, age,
chlornaphazine, cyclophosphamide, magenta production, 2- sex
naphthylamine, painting, rubber production industry,
Schistosoma haematobium, tobacco smoking, o-toluidine, X-
radiation, gamma-radiation, ethnicity, age, gender (male),
personal history of bladder/urothelial cancer, bladder birth
defects, genetics/family history of bladder cancer,
cyclophosphamide
Lympho- | Azathioprine, benzene, busulfan, 1,3-butadiene, chlorambucil, Tobacco
hemato- | cyclophosphamide, cyclosporine, Epstein-Barr virus, etoposide smoking, BMI,
poietic with cisplatin and bleomycin, fission products (including age, sex
system Strontium-90), formaldehyde, Helicobacter pylori, hepatitis C
virus, human immunodeficiency virus type 1, human T-cell
lymphotropic virus type 1, Kaposi sarcoma herpes virus, lindane,
melphalan, MOPP (vincristine-prednisone-nitrogen mustard-
procarbazine mixture, pentachlorophenol, phosphorus-32, rubber
production industry, semustine (methyl-CCNU), thiotepa,
thorium-232 and its decay products, tobacco smoking,
treosulfan, X-radiation, gamma-radiation, chemotherapy, Agent
Orange, Chlamydophila psittaci, Campylobacter jejuni, genetic
syndromes, ethnicity, gender (males), family history, immune
system suppression, geography, body weight, diet, breast
implants, organ transplants
Liver Sex, race/ethnicity, chronic viral hepatitis, cirrhosis, alcohol use, | Tobacco
tobacco use, BMI, type 2 diabetes, certain rare diseases, smoking, BMI,
aflatoxins, vinyl chloride and thorium dioxide (Thorotrast), age, sex
anabolic steroids, estrogen-progestogen contraceptives,
plutonium, thorium-232 and its decay products
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Protopathic Bias

Studies investigating the association between acetaminophen exposure and risk of
cancer can be subject to protopathic bias, commonly referred to as reverse causation
(Salas et al. 1999). It occurs when drugs are prescribed to treat symptoms that are
actually early manifestations of the outcome of interest (or manifestations of precursors
to the outcome of interest) (Signorello et al. 2002). Signorello et al. (2002) goes on to
explain,

“Technically, this type of bias is not true confounding, but a reversal of cause and
effect, in which the outcome precedes the exposure of interest. Because
analgesics are used to treat aches and pains, which are frequently the
harbingers of more serious disease, epidemiologic studies relating analgesic use
to disease outcomes are especially vulnerable to protopathic bias.”

This type of bias can be controlled by adding a lag time, i.e., by excluding the exposure
in a specified time period before the occurrence of the outcome (Arfe and Corrao 2016).
A number of the epidemiological studies described below included a lag time of one or
more years in their analysis.

Confounding by Indication

Several studies refer to the issue of confounding by indication, which occurs when the
indication for selecting a particular treatment also affects the outcome (Kyriacou and
Lewis 2016; Salas et al. 1999; Schneeweiss and Suissa 2013). In this situation, “the
indication is a confounder because it correlates with the intervention and is a risk
indicator for the iliness” (Salas et al. 1999). It can occur when the risk of an adverse
event is related to the indication for medication use; thus, those who are actually
exposed are at higher or lower risk of the adverse event than those unexposed
(Schneeweiss and Suissa 2013).

An example is described in a study that found positive associations between
acetaminophen prescriptions and liver cancer in a large medical records database in the
UK, the Clinical Practice Research Datalink (CPRD) (McGlynn et al. 2015; Yang et al.
2016) (See Section 3.1.2.3 on liver cancer). Confounding by indication was assessed
as a possible explanation for the increase in risk. Patients with liver disease (e.g.,
cirrhosis, portal hypertension, thrombocytopenia) may be advised to avoid NSAID use
due to risk of gastrointestinal bleeding and renal failure. These patients may be
channeled towards receiving acetaminophen and may also be at a higher risk for liver
cancer. Therefore the indication of liver disease may confound the association between
acetaminophen use and liver cancer. However, results did not change materially when
restricting the analyses to individuals without chronic liver disease.
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The term “confounding by indication” is sometimes incorrectly used synonymously with
other terms such as confounding by disease severity and protopathic bias (Joseph et al.
2014; Salas et al. 1999; Schneeweiss and Suissa 2013; Signorello et al. 2002).

Information Bias and Misclassification of Exposure

Information bias is “a flaw in measuring exposure or outcome data that results in
different quality (accuracy) of information between comparison groups” (Last 2001).
The misclassification of exposure or outcome measurements can be either differential
(varies between study groups) or non-differential (is the same in all study groups).

Recall bias is a type of information bias, which is especially a concern in case-control
studies in which cases differentially report higher drug use than controls. However,
recall bias is not expected to be of concern in interpreting case-control studies of cancer
and acetaminophen use because acetaminophen has not been perceived by the public
to be a risk factor for cancer.

The tools used to measure acetaminophen intake fall into two main types: self-reported
questionnaire or prescription database. Self-reported recall may be an issue in
observational studies, and may lead to information bias and potential misclassification
of exposure from inaccurate reporting. As cancer cases are not expected to
differentially report higher acetaminophen exposure compared to controls (see above),
any misclassification of exposure would likely occur in both cases and controls and be
non-differential (unrelated to disease status), and bias risk estimates toward the null
value of 1.0, signifying no association. Some case-control studies did try to validate
self-reported acetaminophen use against medical records, which would alleviate some
of the uncertainty in the exposure assessment.

The other method of measuring exposure is via patient prescription records. It is not a
perfect measure of exposure because a prescription does not necessarily guarantee
that the patient took the medication containing the chemical of interest (e.g.,
acetaminophen), and the patient may take additional medication obtained over-the-
counter (OTC) that also contains the chemical of interest. While some studies
assessed both prescription records and self-reported use of the chemical of interest,
most did not account for OTC medication use that also contains the chemical of interest;
this could underestimate the amount of exposure. However, the use of prescription
records greatly reduces the risk of recall bias; further, non-compliance would reduce the
amount of exposure and bias the risk estimates towards the null value of 1.0, signifying
no association (Olsen et al. 2008). A validation study in the UK of patient prescription
records for aspirin-containing prescriptions suggested that the potential impact of
misclassification of aspirin use due to unrecorded OTC use was low; a similar
assumption for acetaminophen can be made since it can also be obtained in the UK via
a prescription or OTC (Cea Soriano et al. 2016a, b). A previous study within the UK
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General Practice Research Database (GPRD) found that women were unlikely to use
acetaminophen regularly or chronically without a prescription from their doctor (general
practitioner) (Meier et al. 2002).

Methods

We searched several databases and identified 133 epidemiologic studies published in
peer-reviewed journals on the carcinogenicity of acetaminophen for this review.
Epidemiologic studies were included if they were of cohort, nested case-control, case-
control, or meta-analysis study design and presented a risk estimate for the association
between consumption of acetaminophen and risk of cancer (incidence or mortality), or
provided enough data to calculate a crude risk estimate. We also searched reviews of
the carcinogenicity of acetaminophen (e.g., Weiss 2016) for additional publications. We
excluded the following types of studies:

e Those that reported on a broad category of analgesics (e.g., nonsteroidal anti-
inflammatory drugs [NSAIDs], all analgesics) as these studies would not be
specific enough to adequately assess the association between acetaminophen
exposure and cancer risk.

e Those of cancer patients or survivors, as they were not able to investigate
acetaminophen as a cause of cancer.

e Those reported only as conference abstracts since the results reported in such
abstracts are considered preliminary and subject to change, as they have not
been peer-reviewed for publication.

Appendix A provides a description of the details of our literature search strategy,
including the search question, literature search terms by database searched, inclusion
and exclusion criteria, and the literature tree.

Below we provide a review of the published epidemiological studies on the
carcinogenicity of acetaminophen, by target organ site and study design. The text
presents an expanded synthesis of the findings to enhance readability, whereas the
details of the studies are mostly presented in the tables. Study details are highlighted in
both text and table only when they are remarkable or key for interpretation. To facilitate
comparison of the results across studies, the acetaminophen dose is noted if it was
available from the publication. Issues concerning the dose of acetaminophen
consumed in the study populations are also discussed.

3.1.1 Description of cohort studies that present results on multiple cancers

The risks of cancer associated with acetaminophen use have been investigated in a
number of cohort studies. The two main types of exposure assessment methods are
prescription databases and self-reported questionnaires. As discussed earlier,
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prescription databases are generally considered more informative because they collect
data on prescriptions prospectively and therefore are less subject to information bias.
Unlike questionnaires, they do not rely on patient recall or interviews to obtain data and
there is no opportunity for recall and interviewer bias (Strom 2013). They can also be
linked to other electronic databases, such as medical records or mortality records. A
disadvantage of this method is that data on use of over-the-counter (OTC) medications
is often lacking (resulting in under-ascertainment of exposure). Furthermore, not every
dispensing indicates exposure (this would result in over-ascertainment of exposure).
However, a previous study within the UK GPRD prescription database found that
women were unlikely to use acetaminophen regularly or chronically without a
prescription (Meier et al. 2002).

Another disadvantage of relying exclusively on databases for both exposure and
outcome assessment can be lack of information on potential confounding variables. On
the other hand, questionnaires include any exposure to acetaminophen, but are subject
to recall bias. Study participants may not accurately remember which medications they
took in the years prior. In cohort studies, however, exposure misclassification is
expected to be non-differential because exposure is assessed prospectively; this would
bias the risk estimate toward the null. The accuracy of self-reporting can be influenced
by the type of medication, drug use patterns, design of the data collection materials, and
respondent characteristics (Strom 2013).

The following describes the cohorts that reported on multiple cancers, by exposure
assessment method.

Cohorts with exposure assessment through prescription databases
The Danish North Jutland County cohort

Friis et al. (2002) was a cohort study conducted in North Jutland County in Denmark
from 1989 to 1997 that compared cancer incidence among 39,946 individuals receiving
prescriptions for acetaminophen with expected incidence based on the population.
Acetaminophen exposure was ascertained through the population-based
Pharmacoepidemiologic Prescription Database, a system maintained by Danish
pharmacies. Cases were identified through linkage to the Danish Cancer Registry,
which has recorded cancer incident cases since 1943 in Denmark. Expected numbers
of first primary cancers were calculated by multiplying the number of person-years of
the cohort members with the sex, 5-year age group, and 5-year calendar-year specific
incidence rates of first primary cancers of all residents of North Jutland county who did
not receive a prescription for acetaminophen (Friis et al. 2002). Follow-up time began
one year after the first recorded prescription and ended on the date of the first primary
cancer diagnosis, date of death, or December 31, 1997. The study calculated
standardized incidence ratios (SIRs), or the ratio of the observed cases to the expected
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number of cancers based on the incidence rates in the population; cancers investigated
were all malignant neoplasms, cancers of the buccal cavity and pharynx, esophagus,
stomach, colon, rectum, liver, pancreas, lung, breast, cervix uteri, corpus uteri, ovary,
prostate, urinary tract, renal parenchyma (including “renal cell carcinoma” and “kidney
cancer, not otherwise specified”), renal pelvis/ureter, urinary bladder, melanoma,
nonmelanoma skin cancer, brain, “lymphatic and haematopoietic tissue”, non-Hodgkin’s
lymphoma, Hodgkin’s disease, multiple myeloma, and leukemia (Friis et al. 2002). Two
cohorts were analyzed: the total cohort comprising subjects meeting the eligibility
criteria who had ever had an acetaminophen prescription and an acetaminophen-only
cohort that excluded individuals who received a prescription for aspirin or NSAIDs, to
disentangle the effects of acetaminophen from other analgesics.

The study found that acetaminophen use in the acetaminophen-only cohort was
associated with statistically significantly increased risks of all malignant neoplasms
combined, all malignant neoplasms in men only, and esophagus, lung, and
nonmelanoma skin cancer. In the total cohort, acetaminophen use was associated with
increased risk of cancers of the renal parenchyma (e.g., renal cell carcinoma), renal
pelvis/ureter, urinary bladder, and urinary tract.

By restricting the analysis to five or more years after the first recorded acetaminophen
prescription, the authors reported statistically significant elevations in the SIRs for
cancers of the esophagus (SIR, 2.5; 95% CI, 1.1-5.0), lung (SIR, 1.8; 95% CI, 1.4-2.2),
and renal pelvis/ureter (SIR, 3.0; 95% CI, 1.2—6.2), but not for cancer of the renal
parenchyma (SIR, 1.0; 95% CI, 0.4-2.1). Liver cancer was elevated but not statistically
significant (SIR, 2.0; 95% CI, 0.8—4.1). Additional analyses stratified by the number of
prescriptions for some cancer sites.

The strengths of this study are that exposure was assessed through prospectively
collected prescription records, captured for virtually the entire population of North
Jutland county. The study also began follow-up one year after the first recorded
prescription to reduce the possibility of protopathic bias. This study also had some
limitations. Analyses did not adjust for any confounders besides age, sex, and calendar
year. Additionally, the study did not have information on OTC acetaminophen or other
analgesic use, degree of compliance with acetaminophen-containing prescriptions, or
use of analgesics prior to the start of the prescription database. However, the fact that
insurance in Denmark reimburses up to 75% of the cost of prescriptions decreases the
chance that OTC acetaminophen is also being used, particularly in long-term users.
The filling of many repeat prescriptions suggests that the medications are routinely
taken until completed (Friis et al. 2002). Additionally, this prescription database has
been shown to have good validity in pharmacoepidemiologic research (Friis et al. 2002;
Nielsen et al. 1997; Sorensen and Larsen 1994).
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Lipworth et al. (2003) evaluated cancer mortality due to specific causes in 49,890
individuals prescribed acetaminophen in this population in North Jutland county during
the same time period. Mortality was evaluated through 1996. The mean follow-up time
since first prescription was 3.5 years, and 31% of the cohort members died during the
follow-up period. Standardized mortality ratios (SMR) were calculated as the ratio of the
observed to the expected number of deaths. The expected number of deaths was
calculated based on the death rates in the general population of North Jutland county,
stratified by sex, five-year age groups, and one-year calendar periods. Additional
analyses were stratified by latency period (i.e., time since initial prescription) and
number of prescriptions. Results were presented for mortality caused by cancers of the
digestive tract, respiratory tract, liver, ovary, breast, prostate, LH, and ‘other and
unspecified’ malignant neoplasms. All sites found significantly increased risks of death
with acetaminophen use in the overall cohort. SMRs decreased with longer latency
periods. The authors hypothesize that a reason for elevated SMRs that decline with
increasing latency is that individuals are prescribed acetaminophen for pain relief during
the year or more prior to death due to illness, which is described as a common practice
in Denmark. The authors refer to this as “confounding by indication” (Lipworth et al.
2003). However, as explained in the introduction of Section 3.1, the pattern of
association by duration of use and the attenuated OR for a longer latency period is
consistent with protopathic bias. The underlying condition for which the drug is
prescribed, rather than the drug itself, results in increased mortality risk. However, this
study is of limited use because the cause of death may not necessarily be an indication
of cancer incidence. It is probable that many cancer cases were missed because they
were not the primary cause of death. Additionally, there may be overlap with Friis et al.
(2002), which assessed cancer incidence in the same population.

The Danish Diet, Cancer and Health Cohort

The prospective Danish Diet, Cancer and Health cohort study was conducted in
Copenhagen and Aarhus, Denmark between 1993 and 1997 with 29,875 women and
27,177 men. Acetaminophen use was assessed through a combination of both the
Danish Prescription Database and a self-reported baseline questionnaire. Information
on cancer diagnoses was identified through the Danish Cancer Registry and the Danish
Pathology Register. The three studies that utilized data from this cohort study did not
find an association with breast cancer (Friis et al. 2008) or colorectal cancer (Friis et al.
2009). Olsen et al. (2008) found an increased risk of lung cancer with acetaminophen
use.

The General Practice Research Database (GPRD)

The General Practice Research Database (GPRD), which was formerly known as the
Clinical Practice Research Database (CPRD), contains information entered by general
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practitioners (GPs) in the UK. This database has been used to examine cancer risks
associated with acetaminophen use in several cohort and/or nested case-control
studies (Garcia Rodriguez and Huerta-Alvarez 2001; Garcia Rodriguez and Gonzalez-
Perez 2004a, b; Kaye et al. 2001; Ronquist et al. 2004). This database collects
information on 2-3 million patients. Both acetaminophen prescriptions and cancer
cases were identified through the GPRD. A previous study validating a large number of
cancer cases documented a high reliability of cancer diagnoses recorded in the GPRD
(Jick 1997).

The use of this database has several advantages. The UK population is covered by
universal health coverage: in 1998, this database had covered a representative subset
of the UK population in excess of three million persons with routinely collected
computerized medical data, representing 25 million person-years of information (Garcia
Rodriguez and Perez Gutthann 1998; Walley and Mantgani 1997). The GPs are the
center of healthcare delivery in the UK and collect information on demographics and
other variables, including smoking, weight, and height (available for >70% of the
population). Therefore data are less subject to information bias as it did not rely on
participants’ recall. Although occasional use of non-prescription acetaminophen was
not assessed, such use is considered to be infrequent. Therefore it is likely that
exposure was not underestimated. A previous study within the GPRD found that
women were unlikely to use acetaminophen regularly or chronically without a
prescription from their GP (Meier et al. 2002). A limitation of this database is that there
were no links to other databases or cancer registries to verify the diagnoses or
completeness of outcome ascertainment. Acetaminophen use was associated with
increased risk of kidney cancer (Kaye et al. 2001). Other studies using this cohort did
not find an association between acetaminophen use and cancer. Garcia Rodriguez and
Gonzalez-Perez (2004a) found a reduced risk of breast cancer. Acetaminophen use
was associated with either no association (Ronquist et al. 2004) or a reduced
association (Garcia Rodriguez and Gonzalez-Perez 2004b) of prostate cancer. Garcia
Rodriguez and Huerta-Alvarez (2001) found no association with colorectal cancer.

Cohorts with exposure assessment through self-reported or interviewer-based
guestionnaires

The VITamins And Lifestyle (VITAL) cohort study

Walter et al. (2011a) assessed acetaminophen use and risk of several cancers in the
VITamins And Lifestyle (VITAL) cohort in western Washington State of 62,841 men and
women, with a mean age of 61.5 years. Exposure was assessed through a self-
administered questionnaire at baseline that included questions on regular use of
acetaminophen and other analgesics, defined as at least one day per week for at least
one year over the previous 10 years (“low use” defined as less than four days per week
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or less than four years; “high use” defined as four or more days per week and four or
more years). After a mean follow-up of 6.5 (x1.7) years, incident cases of invasive
malignancy (other than nonmelanoma skin cancer) were identified by linkage to the
Surveillance, Epidemiology, and End Results (SEER) cancer registry. Participants who
did not develop cancer were censored at date of withdrawal from study, emigration from
the SEER region, death, or December 31, 2008.

Hazard ratios (HRs) were calculated with Cox proportional hazards models, using
participants’ age as the time metric, for the associations between acetaminophen use
and incident cancer malignancies. All reported results were stratified by no use, low
use, and high use. HRs were calculated for total cancer incidence, gastrointestinal
cancer (includes colon, rectum, pancreas, esophagus, stomach, liver, small intestine,
anus and anal canal, gall bladder, biliary tract, and ‘other or ill-defined digestive
organs’), colon and rectum cancer, pancreatic cancer, lung cancer, urinary tract cancer
(includes kidney, renal pelvis, ureter, bladder, and ‘other or unspecified urinary organs’),
kidney cancer, bladder cancer, melanoma, female cancers (includes breast, uterus,
ovary, vulva, and ‘other or unspecified female genital organs’), breast cancer, uterine
cancer, prostate cancer, and aggressive prostate cancer. Positive associations with
acetaminophen use, although not statistically significant, were found for some cancers;
however, there were no significant dose-response relationships. Although this was a
large cohort, there were some limitations to this study. There was limited power to
detect significant associations due to small numbers of cases in individual cancer types.
Additionally, this study may have over-adjusted their multivariable regression models,
and no sensitivity analyses were conducted to exclude acetaminophen use in the year
prior to cancer diagnosis.

A separate publication reported the risk of hematologic malignancies in this cohort with
64,839 men and women (Walter et al. 2011b). High use of acetaminophen was
associated with an increased risk of combined hematologic malignancies, myeloid
neoplasms, plasma cell disorders, and “mature B-cell neoplasms other than CLL/SLL
[small lymphocytic leukemia/chronic lymphocytic leukemia] or plasma cell disorders”.
Users were defined as those who used the drug for at least 4 years prior to
categorization to exclude the possibility of reverse causation (disease and/or symptoms
that could lead to acetaminophen use). Most patients with hematologic malignancies
are diagnosed within one year of symptom onset. Additionally, results were significant
for acetaminophen but not for other analgesics (Walter et al. 2011b). Control for
confounders in these analyses was appropriate.

The Nurses’ Health Studies (NHS and NHSII)

The Nurses’ Health Study (NHS) and Nurses’ Health Study Il (NHSII) are large
prospective cohort studies conducted in the US (NHS 2016). In 1976, the NHS enrolled
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121,700 female registered nurses aged 30-55 years. The NHSII enrolled a similar
cohort of 116,429 women aged 25-42 years in 1989. All women receive mailed
questionnaires every two years to collect data on demographics, lifestyle factors,
medical history, and disease outcomes. Questions regarding acetaminophen use were
queried biennially in the NHS starting in 1990 and in the NHSII starting in 1989. Cancer
cases were identified through self-report on the questionnaires or when a participant
was reported deceased. Cancer cases were confirmed through medical records and
causes of death were identified via linkage to the National Death Index. Strengths of
this large prospective cohort include adequate power and detailed exposure data to
evaluate timing and patterns of analgesic use. The frequently updated exposure data
and prospective study design limit the potential for exposure misclassification and recall
bias (Barnard et al. 2018). Additionally, many studies were able to incorporate latency
periods between exposure assessment and outcome onset in order to reduce the
possibility of reverse causation. A limitation of the cohort is the lack of data on
medication quantity and indication for use.

Cho et al. (2011) found an increased risk of kidney cancer with acetaminophen use in
this cohort. No associations with acetaminophen use were observed in these cohorts
for breast (Eliassen et al. 2009; Zhang et al. 2012) and ovarian (Barnard et al. 2018;
Fairfield et al. 2002; Merritt et al. 2018; Pinheiro et al. 2009) cancers, or basal cell
carcinoma, squamous cell carcinoma or melanoma (Jeter et al. 2011; Jeter et al. 2012).

The Health Professionals Follow-up Study (HPFS)

In the HPFS from 1986 through 2004, acetaminophen exposure was assessed through
biennial questionnaires that were administered starting in 1986 (Cho et al. 2011;
Genkinger et al. 2007). Eighty-seven percent of the self-reported cases were confirmed
by medical records. Those that were not confirmed by medical record were
corroborated with additional information from the participant, next of kin, or death
certificate. Genkinger et al. (2007) did not find an association of acetaminophen use
with bladder cancer. This study was a well-conducted analysis of an established cohort;
however, there was less data for acetaminophen exposure compared to aspirin and
other analgesics in Genkinger et al. (2007). Cho et al. (2011) found an increased risk of
kidney cancer with acetaminophen use in this cohort.

The US Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial study

The US Prostate, Lung, Colorectal and Ovarian (PLCO) Cancer Screening Trial was a
well-conducted prospective cohort study that included 98,807 participants, aged 55-74
years at enrollment, from 10 screening centers throughout the US (Karami et al. 2016).
Enrollment was conducted between 1993 and 2001, and study participants were
followed for up to 16 years. A baseline questionnaire collected medical and lifestyle
data, and a supplemental questionnaire was sent in 2006—2007, which collected
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information on the number of years participants took acetaminophen, aspirin, and non-
aspirin NSAIDs at least once per week. The questionnaire did not distinguish between
OTC and prescription forms. Cases were identified by annually mailed questionnaires,
with confirmation through medical records. An increased risk of renal cell carcinoma
was observed with regular use of acetaminophen (use for at least once per week prior
to the supplemental questionnaire). Analyses that were restricted to participants
diagnosed greater than two years after completing the supplemental questionnaire
suggests that protopathic bias is unlikely. Limitations of this study include possible
recall bias from self-reported questionnaires and the use of only a single questionnaire
(i.e., the supplemental questionnaire) evaluating drug use.

The Multiethnic Cohort Study

Three studies examined cancer risk associated with acetaminophen use in the
Multiethnic Cohort (MEC) Study. The MEC is a prospective cohort study that consists
of 215,251 men and women between the ages of 45 and 75 years selected from five
racial/ethnic populations (African American, Japanese American, Latino, Native
Hawaiian, and white) from Los Angeles County, CA and the state of Hawaii. Exposure
assessment was conducted through a baseline questionnaire, and cancer outcomes
were identified through linkages to the Los Angeles County Cancer Surveillance
Program, the State of California Cancer Registry, and the Hawaii Tumor Registry (all
members of the Surveillance, Epidemiology, and End Results Program supported by the
National Cancer Institute). The three studies that assessed acetaminophen use did not
find an association with stomach cancer (Epplein et al. 2009), breast cancer (Gill et al.
2007), or ovarian cancer (Setiawan et al. 2012).

The Women’s Health Initiative Observational Study

Three studies examined cancer risk associated with acetaminophen use in the
Women'’s Health Initiative (WHI) Observational Study (OS) cohort. From 1993 to 1998,
the WHI-OS enrolled 93,676 postmenopausal women (50-79 years old) at 40 sites
across the US. Medication intake was collected at baseline via an interview-
administered questionnaire. Medication data were validated by checking prescription
records and pill bottle labels during the interview process. A second clinical visit after 3
years collected additional medication data. Participants reported medical outcomes in
annual questionnaires, and cancer cases were confirmed through pathology and
medical records. Three studies that used the WHI-OS did not find an association
between acetaminophen use and skin cancer (Gamba et al. 2013; Wysong et al. 2014)
or breast cancer (Harris et al. 2003).
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Cancer Prevention Study Il

Three studies examined cancer risk in association with acetaminophen use in the
Cancer Prevention Study Il (CPS-Il). This prospective mortality study of approximately
1.2 million adults was started in 1982 by the American Cancer Society. Enroliment took
place in all states in the US, as well as Puerto Rico and the District of Columbia. At
baseline, participants completed a questionnaire that included questions about
medications. In the early years of the CPS-Il study, mortality was assessed every two
years via follow-up with volunteers of the ACS. Death certificates were then obtained to
ascertain cancer deaths. Later the study was linked to the National Death Index and
state cancer registries to identify cancer cases. Three studies utilized this cohort to
investigate associations with acetaminophen use: Thun et al. (1993) found an increased
risk of rectum cancer mortality; Rodriguez et al. (1998) did not find an association with
ovarian cancer mortality; and Jacobs et al. (2011) did not find an association with risk of
prostate cancer incidence.

3.1.2 Human epidemiology studies by cancer site

3.1.2.1 Cancers of the urinary tract

The urinary tract consists of the kidneys, renal pelvis, ureters, bladder, and urethra.
The kidney forms urine in the nephrons of the renal parenchyma, empties through the
minor calyces to the major calyces to the renal pelvis, and into the narrow tubes called
ureters. The ureters connect the kidneys to the bladder, which empties via the urethra.
Studies that report associations for the urinary tract will thus include kidney cancer
cases, as well as other cancers of the urinary tract.

Transitional cell cancer (TCC), also known as urothelial carcinoma, is the most common
type of urinary tract cancer (>90%). It arises from cells called transitional cells that
make up the lining of the renal pelvis (where the ureters meet the kidneys), ureters,
bladder and urethra. Other more rare types of cancer include squamous cell
carcinoma, small cell carcinoma, and adenocarcinoma (Yaxley 2016).

Several cohort and case-control studies report the International Classification of
Diseases (ICD) codes, which help to identify the specific type of cancer. The ICD-9
codes for urinary tract cancers are shown in Table 3 (ICD9Data). ICD versions 8 and
10 have similar groupings.
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Table 3. ICD-9 codes for cancers of the urinary tract

ICD Code Diagnosis

188 Malignant neoplasm of bladder

189 Malignant neoplasm of kidney and other and unspecified urinary organs
189.0 Malignant neoplasm of kidney, except pelvis

189.1 Malignant neoplasm of renal pelvis

189.2 Malignant neoplasm of ureter

189.3 Malignant neoplasm of urethra

189.4 Malignant neoplasm of paraurethral glands

189.8 Malignant neoplasm of other specified sites of urinary organs

189.9 Malignant neoplasm of urinary organ, site unspecified

3.1.2.1.1 Urinary tract cancer (combined or not specified)

Several studies reported associations for the urinary tract; these studies can include
kidney cancer cases, as well as other cancers of the urinary tract. The specific organs
included are given as reported by the individual study, or are reported as ‘not specified.’

Cohort studies

Two cohort studies examined the association between acetaminophen use and cancer
of the urinary tract (Friis et al. 2002; Walter et al. 2011a) (Table 4).

Friis et al. (2002) compared cancer incidence among individuals receiving prescriptions
for acetaminophen with expected incidence. Details of the study design and cohort are
given in Section 3.1.1 above. This study found no association with prescriptions for
acetaminophen only (excluding persons with prescriptions for aspirin or other NSAIDs)
and cancers of the renal pelvis/ureter (ICD-7, 180.1/180.2)? or cancers of the urinary
tract combined (ICD-7, 180—181), which included the renal parenchyma, pelvis/ureter,
and urinary bladder. The study reported no association of acetaminophen prescription
with renal pelvis/ureter when stratified by number of prescriptions; however there were
only two exposed cases, which limits the ability of the study to detect an association.

Walter et al. (2011a) assessed acetaminophen use and risk of several cancers in the
VITAL cohort (details are given above in Section 3.1.1). Exposure was assessed
through a baseline questionnaire and the cohort was followed for a mean of 6.5 years.
This study assessed acetaminophen use and risk of urinary tract cancers combined,
which included cancers of the kidney, bladder, renal pelvis, ureter, or unspecified

2 The study used the older ICD-7 codes, which are slightly different than ICD 8-10 codes.
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urinary organs. There were no statistically significant associations in men and women
combined or in women. High use of acetaminophen was associated with an increased
risk of urinary tract cancer in men for low use (HR, 1.17; 95% CI, 0.73-1.87; 29 cases)
and high use (HR, 1.15; 95% CI, 0.54-2.41; 10 cases), although neither were
statistically significant.

Case-control studies

Six case-control studies were conducted on urinary tract cancers and acetaminophen
use: three studies of the renal pelvis and ureter (Linet et al. 1995; Pommer et al. 1999;
Ross et al. 1989), two studies of transitional cell cancers that included multiple sites
within the urinary tract (Rosenberg et al. 1998; Steineck et al. 1995), and one study of
ureter cancer (McCredie and Stewart 1988) (Table 4).

For cancers of the renal pelvis and ureter, all three of the case-control studies reported
increased risks associated with acetaminophen use, but none were statistically
significant. The highest OR in the study by Linet et al. (1995) was 1.4 (95% CI, 0.5-4.1;
9 exposed cases) for 10 or more years duration of acetaminophen use. Other
categories/exposure metrics analyzed (cumulative lifetime use, regular or only use of
acetaminophen) reported lower ORs.

For the two studies of transitional cell cancers of the urinary tract, both reported
increased risks associated with self-reported acetaminophen use. A population-based
case-control study reported an OR of 1.6 (95% ClI, 1.1-2.3) with any acetaminophen
use (Steineck et al. 1995). The results from a hospital-based case-control study were
inconsistent (Rosenberg et al. 1998); a non-statistically significant increase in risk was
reported for regular acetaminophen use that began less than one year previously (OR,
1.4; 95% ClI, 0.7-2.8; 13 exposed cases). Lower risks were reported for the exposure
categories representing higher acetaminophen exposure (regular use that began at
least one year previously or regular use that began at least one year previously with at
least five years duration).

For ureter cancer, acetaminophen use was associated with a two-fold increased risk for
>0.1 and >1 kg of acetaminophen intake that was statistically significant (McCredie and
Stewart 1988).

These results for urinary tract cancers, which occur in proximity to kidney cancers, are
in accord with the body of literature reporting an increased risk of RCC, kidney cancer,
and cancer of the renal pelvis associated with acetaminophen use.

Summary of urinary tract cancer findings

The association between acetaminophen use and cancer of the urinary tract has been
assessed in two cohort studies (Friis et al. 2002; Walter et al. 2011a) and six case-
control studies: three studies of the renal pelvis and ureter (Linet et al. 1995; Pommer et
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al. 1999; Ross et al. 1989), two studies of transitional cell cancers that included multiple
sites within the urinary tract (Rosenberg et al. 1998; Steineck et al. 1995), and one
study of ureter cancer (McCredie and Stewart 1988).

Significant increases were not observed in the cohort studies of urinary tract cancer
(Friis et al. 2002; Walter et al. 2011a). The population-based case-control study of
transitional cell cancer had a statistically significant increase in risk with any
acetaminophen use (Steineck et al. 1995), whereas the findings from the hospital-based
case-control study were not statistically significant (Rosenberg et al. 1998). Both
studies had significant limitations. The only study specifically of ureter cancer reported
a statistically significant two-fold increased risk for greater than 0.1 kg of lifetime
acetaminophen intake (McCredie and Stewart 1988).
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Table 4. Cohort and case-control studies of urinary tract cancer and acetaminophen use

Reference, Population Exposure category or Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses

study-design, description & level (95% ClI) deaths  controlled

location, and exposure

year assessment method

Urinary Tract — Cohort

Friis et al. Population: Urinary tract (all), ICD-7, 180-181: SIR, Prescription Age, sex, calendar Exposure information:

(2002) Danish Cancer paracetamol (acetaminophen) year Exposure level: ever prescribed acetaminophen and

Cohort registry and — number of prescriptions

Denmark prescription database. Any. 1(0.7-14) 34 Strengths:

Enrollment or  Cases excluded Pelvis/ureter, ICD-7, 180.1/180.2: SIR, Number of Excluded person-time and cancer experience in the first

follow-up: because of residency acetaminophen prescriptions year of follow-up after first acetaminophen prescription.

1989-1997 outside the county at  any prescription 0.9 (0.1-3.2) 2 Use of prescription database and linked to cancer registry.
the date of Almost complete capture of the population of North
prescription, parent 1 1.3 (0-7) 1 Jutland county.
(of patient) registered 2.4 1.7 (0-9.7) 1 Limitations:

as customer, error in
the personal
identification number,
death prior to or at the
date of prescription,

Multiple comparisons performed, no adjustment for
confounders such as tobacco smoking or alcohol
consumption, lack of data on use of analgesic agents prior
to start of prescription database and use of OTC
analgesics, degree of compliance, or indications for use.

age younger than 16 Confidence in evidence:

years, subjects who This study had some limitations, but is still fairly

had a cancer informative. The primary strength is the use of the
diagnosis (except prescription database for exposure assessment and
nonmelanoma skin linkage to the cancer registry. The main concern is the
cancer) prior to date lack of control for confounders other than matching for
of first recorded age, year, and sex.

prescription, or died
within the first year of
follow-up

N = 39,946
Exposure
assessment
method: records
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Reference, Population Exposure category or Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, description & level (95% ClI) deaths  controlled

location, and exposure

year assessment method

Walter et al. Population: Urinary tract (all): HR, 10-yr use prior to baseline in Age, education, Exposure information:

(2011a) VITAL (VITamins And men and women combined race, marital status, Regular use defined as =1 d/wk for 21 yrs
Cohort Lifestyle) study No use 1 214 height, BMI, physical Strengths:

US, 13 counties 62,841 activity, pack-years  Large sample size.

of the Seattle-  Exposure Low use (<4 d/wkor<4 1.1 (0.76-1.59) 50 of smoking, alcohol ~ Limitations:

Puget Sound assessment yrs) intake at 45 yrs, fruit  Limited power in detecting associations between
area method: and vegetable acetaminophen use and risk of individual cancers or

Enrollment or
follow-up:
2000-2008;
mean follow-up
of 6.5+ 1.7 yrs

guestionnaire

High use (24 d/wk and 24 1.05 (0.6-1.83) 18

yrs)

Trend-test p-value: 0.72

intake, red meat
intake, multivitamin
use, self-rated
health, family history
of colon, lung, and
hematologic
cancers,
sigmoidoscopy in
past 10 yrs,
diabetes,
osteoarthritis/chronic
joint pain,
migraine/chronic
headaches, use of
NSAIDs

cancer subtypes. Analyses were overadjusted, reducing
precision to detect a significant effect.

Confidence in evidence:

This study had some limitations, mainly that they over-
adjusted for confounding and that there were small group
sizes for some of the subgroup analyses. Self-reported
exposure, not validated. However, this is a well-
established cohort study that was overall well-conducted
and is considered informative.

Urinary tract (all): HR, 10-yr use prior to baseline in Confounders

women controlled for in men

No use 1 57 and women
combined, in

Low use (<4 d/wk or <4 1.07 (0.58- 21 addition to: family

yrs) 1.97) history of breast

High use (24 d/wk and 24  0.89 (0.38- 8 cancer, _

yrs) 2.11) mammogram in past
2 yrs, age at

Trend-test p-value: 0.89 menarche, age at
menopause, age at
first birth, years of
estrogen therapy,
years of combined
hormone therapy,
hysterectomy
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Reference, Population Exposure category or Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, description & level (95% ClI) deaths  controlled
location, and exposure
year assessment method

Urinary tract (all): HR, 10-yr use prior to baseline in Confounders

men controlled for in men

No use 1 157 and women

combined, in

Low use (<4 d/wk or <4 1.17 (0.73- 29 addition to: family

yrs) 1.87) history of prostate

High use (24 d/wk and 24 1.15 (0.54— 10 cancer, history of

yrs) 2.41) prostate specific

antigen (PSA)

Trend-test p-value: 0.53 testing
Urinary Tract (combined as specified) — Case-Control
Ross et al. Population: Renal pelvis and ureter: Unadjusted OR, None Exposure information:
(1989) Cases: 187; Controls: Analgesics containing acetaminophen Regular use defined as >30 d/yr or >30 consecutive days
Case-Control 187 Limitations:
Los Angeles Exposure >30 diyr 1.26[(2‘.89 36 No confidence intervals calculated.
Enrollment or assessment 1.86)]
follow-up: method: interview >30 consecutive days 2 [(0.74- 22
1978-1982 2.47)2
Linet et al. Population: Renal pelvis and ureter: OR, Duration (yr) Age, gender, Exposure information:
(1995) Cases: 502 (308 renal acetaminophen use geographic area, Regular use defined as =2 doses/week for 21 month
Case-Control pelvis, 194 ureter); smoking Strengths:
USA: New Controls: 496 No regular use ! 385 Cases histologically confirmed. Population-based controls.
Jersey, lowa, Exposure Regular acetaminophen 1(0.6-1.8) 35
Los Angeles assessment use
onrNSJ\I,r?J;r-]t or method: interview Only acetaminophen use 0.8 (0.3-2.3) 9
1983-1QSé <4 yrs 0.9 (0.4-2) 13

5-9 yrs 1(0.4-2.5) 10

210 yrs 1.4(05-41) 9

Renal pelvis and ureter: OR, Cumulative lifetime
use (kg)

No regular use 1 385

<1 kg 1.1(05-2.1) 22

>1 kg 1(0.4-2.3) 13
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Reference, Population
study-design, description &
location, and exposure

year assessment method

Exposure category or

level (95% ClI)

Risk estimate Cases/
deaths

Co-variates
controlled

Comments, strengths, and weaknesses

Steineck et al. Population:

Squamous or transitional cell carcinoma in the

Gender, year of

Exposure information:

(1995) Cases: 325; Controls: urinary tract (renal pelvis, ureter, urinary bladder,  birth, smoking, other Ever use

Case-Control 393 urethra): OR, Acetaminophen use analgesic use Strengths:

Stockholm, Exposure No use 1 NR Population-based controls.

Sweden assessment

Enrollment or  method: Use 1.6 (1.1-2.3) 119

follow-up: guestionnaire

1985-1987

Rosenberg et al. Population: Transitional cell cancer (urinary bladder, renal Age, gender, Exposure information:

(1998) Cases: 498 cases; pelvis, and ureter or urethra): OR, Acetaminophen interview year, Regular use defined as 22 d/wk for 21 month

Controls: 8,149
noncancer controls,

Case-Control
several Eastern

US cities 6,499 cancer controls
Enrollment or  Exposure
follow-up: assessment
1976-1996 method: interview

use compared to noncancer controls

Never used 1 348
Nonregular use 1.1 (0.9-1.4) 122
Regular use that began 21 1.1 (0.6-1.9) 15
yr previously

<5 yrs duration, regular 1.1 (0.5-2.3) 8
use 21 yr

=5 yrs duration, regular 1.1 (0.5-2.6) 7
use 21 yr

Regular use that began <1 1.4 (0.7-2.8) 13

yr previously

geographic area

Strengths:

Cases confirmed by pathology reports.

Limitations:

Hospital-based controls.

Additional results:

There was no evidence of reverse causation. The authors
examined regular use of acetaminophen at least two
years before admission: the RR was 1.1 with noncancer
controls and 0.9 with cancer controls, and the Cls
included 1.0, based on 13 case users. To assess whether
more intense acetaminophen use was related to the risk
of transitional cell cancer, with daily use for at least a
month starting at least a year before admission: the RR
was 1.2 with noncancer controls and 0.9 with cancer
controls, based on 11 case users.

Pommer et al. Population:

(1999) Cases: 647 (51 renal
Case-Control pelvis, 25 ureter);
West Berlin, Controls: 647
Germany Exposure
Enrollment or assessment
follow-up: method: interview
1990-1994

Cancer of renal pelvis (ICD-9, 189.1) or ureter (ICD-
9, 189.2): OR, Any paracetamol (acetaminophen)

use

No/rare analgesic use 1 31

Acetaminophen use 1.64 (0.21—- 6
12.49)

Smoking, former
smoking,
socioeconomic
status

Cancer of renal pelvis (ICD-9, 189.1) or ureter (ICD-

9, 189.2): OR, Any acetaminophen use

Smoking, former
smoking,
socioeconomic

Exposure information:

Regular intake >1 dose/month

Strengths:

Use of population-based controls.

Limitations:

This study can't separate the effect of previous phenacetin
intake (banned 1986 in west Germany) and subsequent
use of acetaminophen in heavy analgesic users. Methods
of control selection were not described in detail.
Confidence in evidence:

No/rare analgesic use 1 31 status, laxative NOTE: Partial overlap with McCredie et al. 1995 which
Acetaminophen use 2.25 (0.28— 6 intake enrolled subjects 1989-1991
17.96)
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Reference, Population Exposure category or Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses

study-design, description & level (95% ClI) deaths  controlled

location, and exposure

year assessment method

Ureter — Case-Control

McCredie and Population: Ureter cancer (ICD-8 189.2): OR, Lifetime Sex, tobacco, Exposure information:

Stewart (1988) Cases: 55; Controls:  paracetamol (acetaminophen) consumption phenacetin Use considered = 0.1 kg lifetime consumption
Case-Control 688 None 1 NR Strengths:

New South Exposure _ The use of population controls; adjustment for phenacetin
Wales, Australia assessment 2 1 kg acetaminophen 2 (0.8-4.5) NR use.

Enrolimentor ~ method: >0.1 kg acetaminophen 2.5 (1.1-5.9) NR Limitations:

follow-up: guestionnaire Quantitative exposure data (e.g. dose-response) was not
1980-1982 presented. There may not have been sufficient latency

between collection of exposure data (calculated up to the
year of case diagnosis) and onset of disease.
Confidence in evidence:

Potential for information bias: exposure to acetaminophen
assessed via self-report, lack of detail on presented the
exposure assessment strategy or analysis. The OR
associated with 0.1 kg of lifetime acetaminophen use was
higher than that for 1 kg of use, and the confidence
intervals were wide and not statistically significant.

a Confidence intervals were calculated by OEHHA.
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3.1.2.1.2 Kidney cancer

Kidney cancer is reported in the epidemiologic literature as kidney cancer, renal cell
carcinoma (RCC) (including cancer of the renal parenchyma according to the ICD
codes), transitional cell carcinoma (TCC) of the kidney, and cancer of the renal pelvis
(see Table 3 for ICD codes). The American Cancer Society (ACS) estimates that
approximately 73,820 new cases of kidney and renal pelvis cancer will occur in the US
(44,120 in men and 29,700 in women), and about 14,770 people (9,820 men and 4,950
women) will die from the disease in 2019 (ACS 2018b). Kidney/renal pelvis cancer
makes up about 4.2% of all new cancer cases in the US (NCI 2019c).

RCC (ICD-8,9 code 189.0) is the most common type of kidney cancer; it can be
distinguished by its subtypes. Clear cell is the most common subtype of RCC (~70%),
followed by papillary, chromophobe, other rare subtypes, and unclassified. A rarer type
of kidney cancer is TCC of the renal pelvis (ICD-8,9 code 189.1), which accounts for 7%
of all kidney tumors. Cancers of the renal pelvis can also be squamous cell carcinoma
or adenocarcinoma, which are rarer than TCC (NCI 2019c).

Potential confounders in the association between kidney cancer (specifically RCC) and
acetaminophen use are tobacco smoking and obesity/body mass index (ACS 2017;
Curhan et al. 2002; IARC 2019b). Additionally, phenacetin is an important potential
confounder when assessing cancer of the renal pelvis (See Table 2).

Phenacetin is an analgesic that causes cancer of the renal pelvis and ureter, although
its role in RCC is less clear (IARC 2012). OTC sales have been banned in most
countries, and phenacetin was withdrawn from many analgesic compounds worldwide
long before the legal bans, which occurred in 1977 in Australia, 1985 in Denmark, 1986
in Germany, and 1987 in Belgium. Phenacetin was withdrawn from the market in 1978
in Canada, 1980 in the UK and 1983 in the USA (IARC 2012). The latency period
between phenacetin exposure and renal pelvis cancer appears to be at least 10 years
(McCredie et al. 1993).

In studies of cancer of the renal pelvis, we reported the risk estimates associated with
phenacetin intake, when available. Failure to detect an increased risk could indicate
methodologic deficiencies in a study, such as the exposure assessment strategy or an
insufficient latency time between exposure and ascertainment of cancer outcome. This
is identified in the study descriptions below.

Details of studies are presented in the tables and are described briefly below.
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Cohort studies

Four cohort studies reported on the association between acetaminophen and cancer of
the kidney (Cho et al. 2011; Friis et al. 2002; Karami et al. 2016; Walter et al. 2011a)
(Table 5).

The study design and limitations of Friis et al. (2002) are discussed above in Section
3.1.1. The study did not find an association between any prescription of acetaminophen
and cancer of the “renal parenchyma”, which the study specified as “including ‘renal cell
carcinoma’ (ICD-7, 180.3) and ‘kidney cancer, not otherwise specified’ (ICD-7, 180.0)”
(SIR, 1.0; 95% ClI, 0.4-2.1; 7 exposed cases). When stratified by number of
prescriptions during the study period, the risk was non-significantly increased in
individuals with 10 or more prescriptions (SIR, 2.5; 95% CI, 0.7—-6.4; 4 exposed cases),
and there was a dose response trend with number of increasing prescriptions (p value
for trend: 0.04). The small number of exposed cases limits the ability of the study to
detect an association.

Cho et al. (2011) used data from two large prospective studies, the NHS and the HPFS,
to examine acetaminophen use and risk of RCC. Exposure was assessed through
biennial questionnaires. This study found positive, but not statistically significant,
increases in RCC in men (RR, 1.47; 95% CI, 0.84-2.56), women (RR, 1.26; 95% ClI,
0.84-1.88), and men and women combined (RR, 1.32; 95% CI, 0.96-1.84) who
reported regular use of acetaminophen at the time of the first interview in the 1990 NHS
and 1986 HPFS cohorts. Analyses of duration of acetaminophen use did not
demonstrate increases in RCC. However, statistical power was limited since many
subgroup analyses were comprised of few cases per group. The authors also
conducted subgroup analyses with only clear cell carcinoma, the major histologic
subtype of RCC, and found similar results to those for all histologic types of RCC.

Walter et al. (2011a) is discussed above in Section 3.1.1. After a mean follow-up of 6.5
years, this study did not find an increase in kidney cancer in men and women combined
for either low (30 cases) or high (11 cases) users of acetaminophen. The histologic
subtype of kidney cancer was not specified. The latency period may have been too
short to detect an association.

The PLCO Screening Trial was conducted in centers throughout the US, and collected
information on acetaminophen use via a supplemental questionnaire (Karami et al.
2016). A statistically significant increase RCC was observed with regular use of
acetaminophen (use for at least once per week for three months or longer, at least two
years prior to the interview) (HR, 1.68; 95% ClI, 1.19-2.39). Analyses that were
restricted to participants diagnosed greater than two years after completing the
supplementary questionnaire suggests that protopathic bias is unlikely. In subgroup
analyses by duration of use, there was an increase in participants with less than 10
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years of regular use (HR, 2.09; 95% CI, 1.39-3.14). There was no increase in long-
term use (10 or more years) (HR, 1.08; 95% CI, 0.55-2.10); however, statistical power
was limited in this group given there were only 10 cases. The trend test p-value for
duration of use was 0.06. Results did not differ by clear cell histologic subtype.

Nested case-control studies

Two case-control studies nested in health databases, one in the US (Derby and Jick
1996) and one in the UK (Kaye et al. 2001), reported increasing risk of RCC with an
increasing number of acetaminophen prescriptions filled (Table 5). Both studies
adjusted for smoking and BMI and recorded acetaminophen prescriptions prospectively
in the database.

Derby and Jick (1996) conducted a case-control study within the Group Health
Cooperative (GHC) Database of Puget Sound, WA USA that enrolled 222 incident
cases of renal cancer (ICD-8, 189) diagnosed during the period 1980-1991 and 885
controls matched on sex, age within 1 year, and duration of GHC membership. The
GHC was a consumer-owned cooperative health maintenance organization (founded in
1945) that was acquired by Kaiser Permanente in 2015. The GHC maintained its own
tumor registry and routinely followed up with the SEER registry. The GHC plan, with
roughly 380,000 members in 1994, provided virtually complete prepaid medical
coverage for drugs, outpatient care and services in GHC-maintained hospitals, where
most of its members sought hospital care. Information captured during GHC members’
clinical visits, which included height, weight, occupation and smoking status were
available from computer files and clinical records.

Information on all OTC and prescription drugs, including acetaminophen, were obtained
from GHC pharmacy files for all cases and controls. GHC pharmacies were free, until
1986 when a small co-payment was required. A previous validation study from the
GHC reported 92% agreement in the information obtained from pharmacy files and
interviews (Jick 1997). Therefore, the GHC records were a good proxy for
acetaminophen use. Being exposed to acetaminophen was defined as having a
prescription for acetaminophen or any combination drug that contained acetaminophen.
The acetaminophen dose for each category of prescription filled was estimated from the
average acetaminophen prescription amount most frequently filled at GHC during the
study period, and was as follows: none, 1, 2-9 (<0.2 kg), 10-19 (0.2-0.4 kg), 20-39 (0.5-
0.9 kg), and 240 (=1 kg) prescriptions. To account for protopathic bias, exposure to
acetaminophen use in the year before diagnosis was not considered in the analysis, as
analgesics may have been prescribed to relieve pain symptoms caused by the onset of
disease.

Compared to non-users, heavy acetaminophen users (40 or more filled prescriptions

per lifetime) experienced a significantly elevated risk of kidney cancer (OR, 2.6; 95% CI,

Acetaminophen 37 OEHHA
September 2019



1.1-6.0; 9 exposed cases) and there was a positive dose-response relationship (p-value
for trend = 0.01). These results were from an unadjusted analysis and could be biased
due to potential confounding by tobacco smoking and BMI. When adjusted for smoking,
BMI, and history of urinary tract infections, the increased risk persisted among heavy
acetaminophen users, although the confidence intervals were wide and not statistically
significant (OR, 4.5; 95% ClI, 0.7-29.9; three exposed cases).

To explore the possibility of protopathic bias, an analysis was conducted by the timing
of onset of acetaminophen use as well as the indication for use. Heavy users first took
acetaminophen five to 15 years before the case index date, which makes it unlikely that
acetaminophen was being used to treat early symptoms of renal cancer. The
indications for use (arthritis, lumbar disc, trigeminal neuralgia, and bone disease) of the
heavily exposed cases were unrelated to the symptoms of, nor risk factors for, renal
cancer.

This study also reported results on bladder cancer (see Section 3.1.2.1.3). The
strengths of this study are that it was a large study within a well-defined cohort that
prospectively collected information on several variables. The exposure assessment
was prospective and likely to be accurate and virtually complete, although it is possible
that the records of prescriptions filled or purchase of OTC analgesics may not fully
reflect the amount of acetaminophen taken.

Kaye et al. (2001) replicated the results of the American GHC study within the UK
GPRD. Details, strengths, and limitations of this database are described above.
Acetaminophen exposure was ascertained from routinely collected prescription records
and analyzed for the period one to five years before diagnosis. There was a 2-fold
increase in the risk of renal cancer (OR, 2.3; 95% CI, 1.0-5.3; 12 exposed cases)
associated with 20 or more prescriptions of acetaminophen, after adjusting for smoking,
BMI, history of hypertension, and diuretic use. A dose-response relationship of
increasing OR with an increasing number of prescriptions was also observed in a linear
spline model as well as a categorical data analysis, although a formal test for trend was
not conducted. The indication of acetaminophen use was also assessed; none were
early symptoms of kidney disease. This study also reported a slightly increased risk of
renal pelvis/transitional cell cancer that was not statistically significant (OR, 1.2; 95% ClI,
0.4-3.1; 20 exposed cases) and did not adjust for any confounders.

This study had several strengths. The study was large and well suited to study a rare
outcome such as kidney cancer; it was population-based, acetaminophen exposure and
several key variables were recorded prospectively and routinely into a large database,
and it was able to adjust for several important confounders.
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Case-control studies

There have been 12 published reports from case-control studies on the association
between acetaminophen use and kidney cancer (Chow et al. 1994; Gago-Dominguez et
al. 1999; Karami et al. 2016; Kreiger et al. 1993; McCredie et al. 1988; McCredie and
Stewart 1988; McCredie et al. 1993; McCredie et al. 1995; McLaughlin et al. 1985;
Mellemgaard et al. 1994; Pommer et al. 1999; Rosenberg et al. 1998) (Table 5),
including a large pooled analysis of case-control studies of RCC conducted
internationally (McCredie et al. 1995) (Table 6). Two case-control studies assessed
acetaminophen use through records collected prospectively; they were conducted within
a well-defined cohort (Derby and Jick 1996; Kaye et al. 2001) and are reviewed as
nested case-control studies above. In the remainder of the case-control studies, cases
were verified for diagnosis and acetaminophen exposure was assessed through self-
report. Three studies used prompts to aid recall (Gago-Dominguez et al. 1999;
McCredie et al. 1995; McLaughlin et al. 1985) and only one study attempted to verify
data from self-report (Gago-Dominguez et al. 1999). Population-based controls were
enrolled in all but one study, which enrolled hospital-based controls (Rosenberg et al.
1998). Although there may be errors in the data due to self-report that could result in
misclassification of exposure, this is expected to be non-differential as acetaminophen
has not previously been linked to renal pelvis cancer. There were 10 studies of RCC
(Chow et al. 1994; Gago-Dominguez et al. 1999; Karami et al. 2016; Kreiger et al. 1993;
McCredie et al. 1988; McCredie et al. 1993; McCredie et al. 1995; McLaughlin et al.
1985; Mellemgaard et al. 1994; Rosenberg et al. 1998), three studies of cancer of the
renal pelvis (McCredie et al. 1993; McLaughlin et al. 1985; Pommer et al. 1999), one
study of kidney cancer not further specified (McCredie and Stewart 1988) and one study
that assessed transitional cell carcinoma, which included kidney cancer (Rosenberg et
al. 1998).

The largest case-control analysis, which pooled data from 1732 RCC cases and 2309
controls, was conducted by McCredie et al. (1995). This study pooled data from three
previously published studies conducted in Australia (McCredie et al. 1993), Denmark
(Mellemgaard et al. 1994), and Minnesota, USA (Chow et al. 1994) as well as additional
data from Germany and Sweden. Most of these individual studies are not presented in
detail because the results have been superseded by the larger, pooled analysis, with
the exception of McCredie et al. (1993), which additionally presented results for cancer
of the renal pelvis. Select characteristics of the studies included in this analysis are
presented in Table 6.

In McCredie et al. (1995), cases with a verified diagnosis of RCC during the period
1989-1991 were identified through population-based registries in four study areas
(Sydney, Australia; Denmark; Uppsala, Sweden; and Minnesota, USA) and through
hospitals/pathologists in Germany. Controls were frequency matched by age and
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gender and selected from the same study bases as the cases using various methods.
Controls were identified through registers covering the entire population (Denmark and
Uppsala), electoral rolls (Sydney), residential lists (Germany) or Health Care Financing
Administration lists (Minnesota, ages 65-79 years) or random digit dialing (Minnesota,
ages 20-64 years).

Although acetaminophen use was assessed through self-report, the exposure
assessment strategy was detailed. During an interview using a standardized
guestionnaire, participants were asked if they had ever taken analgesics (by brand
name) 20 or more times in their lives before 1987. An extensive checklist of country-
specific brand names was available. For “regular” acetaminophen use (i.e., at least
twice a week for one month or longer), further information was sought on age at starting
and stopping, and the amount, frequency and duration of consumption. A drug matrix
was created, using information from drug compendia and pharmaceutical companies for
the amount in milligrams of active ingredient per tablet or sachet of each brand of
analgesic and any changes in its composition over time. The matrix was used to
calculate each subject’s lifetime total consumption of analgesic (e.g. grams of
acetaminophen).

Acetaminophen use was generally not associated with RCC in men, but there was a
non-statistically significant increased risk in women (OR for 20.1 kg acetaminophen,
1.3; 95% CI: 0.9-2.0), with the highest OR observed in the category of highest use (OR
>5.0 kg acetaminophen, 2.5; 95% ClI, 1.0-6.2; p-value for trend not presented).
Phenacetin was not associated with RCC in this study. Limitations of this study were
that the reference category included non-regular analgesic users and exposure
information was heterogeneous despite significant efforts to harmonize the
guestionnaires across centers. This study included subjects from five centers in four
countries with varying patterns of analgesic use. Country-specific brand names of
analgesics were compiled, but different criteria were used to construct the drug lists
across the various centers.

McLaughlin et al. (1985) conducted the first case-control study published on the
association between acetaminophen and RCC (ICD-8, 189.0) and renal pelvis cancer
(ICD-8, 189.1) in an area of Minnesota where incidence and mortality from kidney
cancer in the US were unusually high (McLaughlin et al. 1985). Analyses were adjusted
for age and cigarette smoking. For RCC, there were some positive associations with
acetaminophen use in women but the confidence intervals were wide and not
statistically significant. The results were less consistent for men: a non-statistically
significant increased risk of RCC was noted in men with <36 months regular use (OR,
3.1; 95% CI, 0.9-11.8), but not with more than 36 months of regular use (OR, 0.7; 95%
Cl, 0.1-3.4). However, It should be noted that this study also reported that phenacetin
use was associated with RCC risk in both men and women, with a trend in increasing
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risk with increasing exposure, and the highest ORs observed in the highest category of
phenacetin use (regular use >36 months). For cancer of the renal pelvis, positive
associations, although not statistically significant, were observed for use of
acetaminophen-containing analgesics in men and women, although the confidence
intervals were too wide to permit a conclusion. This study further attempted to analyze
the independent effects of acetaminophen and phenacetin, but the results were not
informative because there were too few exposed cases. No conclusion could be
reached on the association between acetaminophen use and kidney cancer from this
study because:

1) The associations with acetaminophen use were inconsistent. (However,
phenacetin use was associated with increased risks of RCC and renal pelvis
cancers.)

2) There were few cases that used acetaminophen containing products, and even
fewer that used acetaminophen only; thus, there was limited power to detect an
effect in this study. Strengths were the detailed exposure assessment, including
guestions on frequency and duration of analgesic use, and the use of prompts to aid
recall. A follow-up case-control study in this area was conducted (Chow et al. 1994)
and included in the pooled analysis (McCredie et al. 1995).

A series of case-control studies from Australia were published shortly after the
McLaughlin et al. (1985) study, with some overlap of the populations (McCredie et al.
1988; McCredie and Stewart 1988; McCredie et al. 1993; McCredie et al. 1995). These
studies reported elevated ORSs, not statistically significant, for the association between
acetaminophen use and kidney cancer.

Acetaminophen use was associated with a non-statistically significant elevated risk of
RCC [reported as cancer of the renal parenchyma (ICD-8 189.0)] in a case-control
study using cases reported to the New South Wales Central Cancer Registry between
July 1977 and February 1982 (McCredie et al. 1988) (OR, 1.2; 95% CI, 0.8-1.8).

Acetaminophen use was not significantly associated with an increased risk of cancer of
the renal pelvis (ICD-8 189.1), nor was there a trend in increasing risk with increasing
use (>0.1 kg acetaminophen: OR, 1.24 (95% CI, 0.6-2.3); >1 kg acetaminophen: OR,
0.80 (95% ClI, 0.4-1.7)) in a case-control study (McCredie and Stewart 1988) that
included cases diagnosed between August 1980 and February 1982 from the New
South Wales Central Cancer Registry. ORs for acetaminophen use were adjusted for
exposure to phenacetin and tobacco smoking. Kidney disease controls may have been
included in these analyses (it is not clearly stated in the paper). Although these controls
were selected for conditions unrelated to analgesic use, they may have been similar to
cases with respect to risk factors for kidney disease. This could lead to an
underestimation of the odds ratio.
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A non-significant increased risk associated with acetaminophen use and renal pelvis
cancer (OR, 3.27; 95% CI, 0.25-43.02) (ICD-9, 189.1) was reported in a case-control
study conducted in Berlin, Germany (Pommer et al. 1999). The methods of control
selection were not described in detail in this study and the confidence intervals were
very wide, limiting interpretation of these findings. A case-control study of RCC (ICD-9,
189.0) from Ontario, Canada (Kreiger et al. 1993) also found no association with
acetaminophen use in women (OR, 0.9; 95% CI, 0.5-2.0) or men (OR, 0.8; 95% ClI,
0.3-1.7).

There was also a slight elevation in the risk of RCC associated with acetaminophen use
in two other studies, one of which was statistically significant. In a hospital-based case-
control study from several eastern US cities, regular acetaminophen use that began
less than one year before diagnosis had an OR of 1.8 (95% ClI, 0.9-3.5 using non-
cancer controls); although there were too few exposed cases and no clear pattern to
assess whether there was a trend in increasing risk with increasing use (Rosenberg et
al. 1998). In this study, there was concern over whether the control group was
appropriate for this study, as they had similar acetaminophen use as cases
(approximately 30%). In a large case-control study from Los Angeles, regular
acetaminophen use was associated with a statistically significant increased risk of RCC
(OR, 1.7; 95% ClI, 1.3-2.1) with a significant dose-response relationship (p-value for
linear trend not reported) (Gago-Dominguez et al. 1999). Although acetaminophen use
was self-reported, a validation study in this population found concordance between self-
report and physician records, minimizing concerns over information bias.

Karami et al. (2016) investigated the association between RCC and acetaminophen use
in three analyses: 1) a large population-based case-control study (US Kidney Cancer
Study), 2) a post-trial observational cohort study (PLCO; discussed above), and 3) a
meta-analysis including these data and other publications (discussed below). Among
case-control participants of the US Kidney Cancer Study, RCC risk was statistically
significantly associated with OTC acetaminophen use (OR, 1.35; 95% CI, 1.01-1.83).
There was a positive trend with increasing duration (p-value for trend = 0.01), with a
two-fold risk for 10 or more years of use (OR, 2.01; 95% ClI, 1.30-3.12). No association
with prescription acetaminophen use was detected.

Meta-analyses

There have been two meta-analyses reporting on the association between RCC and
acetaminophen use (Figures 3 and 4) (Choueiri et al. 2014; Karami et al. 2016). Both
meta-analyses reported an increased risk between acetaminophen use and kidney
cancer (meta-relative risk [mnRR] for Choueiri et al. (2014), 1.28; 95% CI, 1.15-1.44;
mRR for Karami et al. (2016), 1.25; 95% Cl, 1.10-1.41; 1> = 37.73% for case-control and
cohort studies), although both studies were limited by either the studies they included or
the analyses that were conducted (Figures 3 and 4) (I-squared is a measure of
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inconsistency or heterogeneity between studies?). Karami et al. (2016) did not include
the study by McCredie et al. (1988) on RCC. Choueiri et al. (2014) double counted
subjects: it included the McCredie et al. (1995) international pooled analysis, as well as
the individual studies that overlapped with the pooled analysis: McCredie et al. (1993),
Chow et al. (1994), and Mellemgaard et al. (1994). The only sensitivity analysis
conducted by Karami et al. (2016) was restricting the analysis to RCC.

Study
ID

RR (95% ClI)

Case—control studies :

McLaughlin et al, 1985 —_—— 0.90 (0.52, 1.56)
McCredie et al, 1988 — 1.20 (0.80, 1.80)
Kreiger et al, 1993 — 0.90 (0.52, 1.56)
McCredie et al, 1993 e 1.60 (0.96, 2.68)
Chow et al, 1994 — 1.50 (0.71, 3.16)
Mellemgaard et al, 1994 — 1.10 (0.60, 2.01)
McCredie et al., 1995 = 1.10 (0.85, 1.42)
Derby and Jick, 1996 ——— 1.30 (0.80, 2.11)
Rosenberg et al, 1998 — 1.20 (0.69, 2.08)
Gago-Dominguez et al, 1999 |—— 1.70 (1.34, 2.16)
Kaye et al, 2001 —— 1.60 (1.06, 2.41)
Subtotal (I-squared = 17.6%, p = 0.276) <> 1.30 (1.13, 1.49)
Cohort studies E

Friis et al, 2002 —_— 1.00 (0.44, 2.29)
Cho et al, 2011 1—— 1.32 (0.95, 1.83)
Walter et al, 2011 — 1.06 (0.71, 1.58)
Subtotal (I-squared = 0.0%, p = 0.644) <<‘> 1.19 (0.93, 1.52)
Overall (I-squared = 4.0%, p = 0.407) Q 1.28 (1.15, 1.44)
NOTE: Weights are from random effects analysis 3
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Figure 3. Forest plot from the meta-analysis on acetaminophen use and kidney
cancer by Choueiri et al. (2014)

3 The 12 statistic describes the percentage of variation across studies that is due to heterogeneity instead
of chance and can be directly compared between meta-analyses with different numbers of studies and
different types of outcome data (Higgins et al. 2003).
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Figure 4. Forest plot from the meta-analysis on acetaminophen use and kidney
cancer by Karami et al. (2016)

Summary of kidney cancer findings

Several epidemiological studies have assessed the hypothesis of whether
acetaminophen, a metabolite of the analgesic phenacetin, causes cancer of the kidney.
Phenacetin has been identified as a cause of cancer of the renal pelvis and ureter,
although its role in RCC is less clear (IARC 2012). Kidney cancer is fairly uncommon;
RCC is the most common subtype, while cancer of the renal pelvis is rare.

The association between the use of the analgesic acetaminophen and kidney cancer
was assessed in four cohort studies (Cho et al. 2011; Friis et al. 2002; Karami et al.
2016; Walter et al. 2011a), two nested case-control studies (Derby and Jick 1996; Kaye
et al. 2001), and 12 publications from case-control studies (Chow et al. 1994; Gago-
Dominguez et al. 1999; Karami et al. 2016; Kreiger et al. 1993; McCredie et al. 1988;
McCredie and Stewart 1988; McCredie et al. 1993; McCredie et al. 1995; McLaughlin et
al. 1985; Mellemgaard et al. 1994; Pommer et al. 1999; Rosenberg et al. 1998). Twelve
studies reported on RCC (Cho et al. 2011; Chow et al. 1994; Gago-Dominguez et al.
1999; Karami et al. 2016; Kreiger et al. 1993; McCredie et al. 1988; McCredie et al.
1993; McCredie et al. 1995; McLaughlin et al. 1985; Mellemgaard et al. 1994,
Rosenberg et al. 1998), and only four assessed cancer of the renal pelvis (Kaye et al.
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2001; McCredie et al. 1993; McLaughlin et al. 1985; Pommer et al. 1999), reflecting the
rarity of this subtype of kidney cancer.

Tobacco smoking and BMI are important confounders in the association between
kidney cancer (particularly RCC) and acetaminophen use. Phenacetin is an analgesic
that was largely discontinued in the 1970s and 1980s as it was found to cause cancer of
the renal pelvis and ureter (IARC 2012); it is therefore an important factor to adjust for in
analyses of cancer of the renal pelvis in studies that assessed exposure during the
years that phenacetin was available.

A Danish cohort study that assessed acetaminophen use through prescription records
found a non-statistically signficant increased risk of RCC (Friis et al. 2002). However,
this study presented SIRs that were calculated using the general population from the
same Danish region as the cases as a reference, and thus may differ from cases in the
profile of important potential confounders, such as tobacco smoking or BMI, for which
this study was unable to account. An American cohort study that collected
acetaminophen use prospectively through self-report observed a statistically significant
increased risk of RCC with regular and less than 10 years of use, but not with 10 or
more years of use, after adjustment for BMI, smoking, and other potential confounders
(Karami et al. 2016). A cohort study from Washington state (Walter et al. 2011a)
showed no significant increase in risk, and a study combining data from two large
American prospective studies showed positive, but not statistically significant, increases
in RCC in men and women associated with regular acetaminophen use (Cho et al.
2011).

The two most informative studies were large case-control studies nested in health
databases in the US and UK. Acetaminophen prescriptions were recorded
prospectively, and therefore the exposure assessment method was less subject to
information bias as compared to self-report (Derby and Jick 1996; Kaye et al. 2001).
Both of these studies reported a statistically significant increasing risk of RCC with an
increasing number of acetaminophen prescriptions filled. Kaye et al. (2001) adjusted for
smoking and BMI.

The case-control studies generally reported small or modest but non-statistically
significant increases in risk for both RCC (Cho et al. 2011; Gago-Dominguez et al.
1999; Karami et al. 2016; McCredie et al. 1988; McCredie and Stewart 1988; McCredie
et al. 1995; McLaughlin et al. 1985; Rosenberg et al. 1998) and cancer of the renal
pelvis (McCredie and Stewart 1988; McCredie et al. 1993; McLaughlin et al. 1985;
Pommer et al. 1999). Several of the individual studies were not informative on their own
because of limited statistical power due to the rarity of kidney cancer, small numbers of
exposed cases and/or crude exposure assessments. The exceptions were the two
largest case-control studies (Gago-Dominguez et al. 1999; Karami et al. 2016) and a
large pooled analysis of case-control studies (McCredie et al. 1995), which reported
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roughly two-fold increased risk of RCC (either borderline significant or statistically
significant) or positive dose response relationships.

Two meta-analyses also found a statistically significant increased risk between
acetaminophen use and kidney cancer (Choueiri et al. 2014; Karami et al. 2016) and
RCC specifically (Karami et al. 2016), although both analyses had their limitations.

The studies were conducted in different geographic regions, with different designs, and
different time periods, which can minimize the possibility of chance. Most studies
accounted for protopathic bias by excluding the year before case diagnosis from the
analysis. Population-based controls were enrolled in all but one case-control study
(Rosenberg et al. 1998), which helps to minimize the possibility of selection bias. Cases
were generally verified for diagnosis, minimizing concerns of outcome misclassification.
Acetaminophen exposure was assessed through self-report in the (non-nested) case-
control studies and although errors in recall may result in misclassification of exposure,
this is expected to be non-differential (as acetaminophen has not previously been linked
to renal pelvis cancer) and bias the risk estimates towards the null. The most
informative studies adjusted for the important confounders, tobacco smoking and BMI.
Several studies additionally assessed confounding by indication by stratifying on the
indications for acetaminophen use.

All of the four cohort studies that reported on the association between acetaminophen
and cancer of the kidney found an increased risk, which was statistically significant in
Karami et al. (2016). All but the Danish cohort adjusted for tobacco smoking and BMI.
Several studies (Derby and Jick 1996; Gago-Dominguez et al. 1999; Karami et al. 2016;
Kaye et al. 2001) also reported dose-response relationships, strengthening the
credibility of these findings. The most informative studies prospectively collected data
on acetaminophen use in pharmaceutical records databases, ensuring that exposure
occurred before cancer onset (Derby and Jick 1996; Friis et al. 2002; Kaye et al. 2001).

Acetaminophen 46 OEHHA
September 2019



Table 5. Cohort and case-control studies of kidney cancer and acetaminophen use

Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, & exposure level (95% ClI) deaths controlled
location, and assessment method
year
Kidney (renal cell carcinoma, RCC) — Cohort
Friis et al. Population: ICD-7, 180.0/180.3%: SIR, Number of acetaminophen Age, sex, Exposure information:
(2002) Danish Cancer registry  prescriptions calendar year Exposure level: ever prescribed acetaminophen
Cohort and prescription — and number of prescriptions
Denmark database. Cases Any prescription 1(0.4-2.1) ’ Strengths:
Enrollment or  excluded because of 2-4 0.6 (0-3.2) 1 Excluded person-time and cancer experience in the
follow-up: residency outside the 5.9 1.8 (0.2-6.4) 5 first year of follow-up after first acetaminophen
1989-1997 county at the date of : il prescription. Use of prescription database and
prescription, parent (of 210 2.5(0.7-6.4) 4 linked to cancer registry. Almost complete capture
patient) registert_ad as Trend-test p-value: 0.04 of the p_opulgtion of North Jutland county.
customer, error in the Limitations:
personal identification Multiple comparisons performed, no adjustment for
number, death prior to or confounders such as tobacco smoking or alcohol
at the date of consumption, lack of data on use of analgesic
prescription, age younger agents prior to start of prescription database and
than 16 years, subjects use of OTC analgesics, degree of compliance, or
who had a cancer indications for use.
diagnosis (except Confidence in evidence:
nonmelanoma skin This study had some limitations, but is still fairly
cancer) prior to date of informative. The primary strength is the use of the
first recorded prescription database for exposure assessment and
prescription, or died linkage to the cancer registry. The main concern is
within the first year of the lack of control for confounders other than
follow-up matching for age, year, and sex.
N = 39,946
Exposure assessment
method: records
Cho et al. Population: RR, Baseline medication use in women & men pooled Age in months, Exposure information:
(2011) Nurses' HeaIth_Study and No regular use 1 289 calen_dar year, Expogure level: Regular use (=2 times/wk) at
Cohort Health Professionals smoking baseline
us Follow-up Study Regular use 1.32(0.96-1.84) 44 status, BMI, Strengths:
Enrollment or ~ N=77,525 women; RR, Cumulative duration of regular use in women &  history of Information on use of analgesics ascertained
follow-up: 49,403 men men hypertension,  multiple times during follow-up. High follow-up rates
1990-2006 Exposure assessment physical (97% in NHS; 91% in HPFS).
(NHS), 1986-  method: questionnaire N regular use 1 231 activity, fruit ~ Limitations:
2006 (HPFS); >0to <4y 0.94 (0.69-1.3) 50 intake, Confounding by indication (eg, patients with RCC
16 (women), 20 vegetable started to take analgesics before diagnosis to treat
(men) yrs 4t0<10y 1.03 (0.61-1.74) 16 intake, alcohol the symptoms) may have been an issue for these
follow-up time 210y 1.05 (0.65-1.69) 21 intake widely used drugs. Because phenacetin was
Trend-test p-value: 0.90 available in the US up to the mid-1980s, results with
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses

study-design, & exposure level (95% ClI) deaths controlled
location, and assessment method
year
RR, Baseline medication use in women Smoking follow-up started in 1986 and 1990 might have been
status, BMI, confounded by past use of phenacetin. Small
No regular use 1 123 history of number of cases in some subgroup analyses.
Regular use 1.26 (0.84-1.88) 30 hypertension, ~ Confidence in evidence: o
: : : physical Low concerns about most potential biases. The
RR, Cumulative duration of regular use in women activity, fruit, NHS and HPES are well-established cohorts:
No regular use 1 93 vegetable multiple follow-up questionnaires were
>0 to <4y 0.93 (0.62-1.41) 31 intake, alcohol, administered. The main concern is the use of self-
. . . age in months, reported data. Overall, this is an informative study.
4to<10y 0.86 (0.44-1.68) 10 calendar year,
210y 1.12 (0.65-1.93) 17 parity
Trend-test p-value: 0.87
RR, Baseline medication use in men Age in months,
No regular use 1 166 calen_dar year,
smoking
Regular use 1.47 (0.84-2.56) 14 status, BMI,
RR, Cumulative duration of regular use in men history of
hypertension,
No regular use 1 138 physical
>0to <4y 0.97 (0.59-1.57) 19 activityblfruit,
vegetable
4to<10y 1.37 (0.59-3.17) 6 intake, alcohol

210y 0.83 (0.3-2.29) 4
Trend-test p-value: 0.98

Acetaminophen 48 OEHHA
September 2019



Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, & exposure level (95% ClI) deaths controlled

location, and assessment method

year

Walter et al. Population: HR, 10-yr use prior to baseline in men and women Age, Exposure information:

(2011a) VITAL (VITamins And combined education, Regular use defined as =1 d/wk for 21 yrs
Cohort Lifestyle) study race, marital Strengths:

US, 13 counties 62,841 No use ! 120 status, height, Large sample size.

of the Seattle-  Exposure assessment Low use (<4 d/wkor<4 1.11(0.69-1.79) 30 BMI, physical  Limitations:

Puget Sound method: questionnaire  Yrs) activity, pack-  Limited power in detecting associations between
area High use (=4 d/wk and 0.96 (0.46-1.98) 11 years of acetaminophen use and risk of individugl cancers or
Enrollment or >4 yrs) smoking, cancer subtypes. Analyses were overadjusted,
follow-up: alcohol intake, reducing precision to detect a significant effect.
2000-2008; Trend-test p-value: 0.91 fruit, vegetable, Confidence in evidence:

mean follow-up
of 6.5+ 1.7 yrs

red meat
intake,
multivitamin
use, self-rated
health, family
history of
colon, lung,
hematologic
cancers,
sigmoidoscopy
in past 10 yrs,
diabetes,
osteoarthritis/
chronic joint
pain, migraine/
chronic

This study had some limitations, mainly that they
over-adjusted for confounding, there were small
group sizes for some of the subgroup analyses, and
the follow-up time was fairly short (6.5 yrs). Self-
reported exposure, not validated. However, this is a
well-established cohort study that was overall well-
conducted and is considered informative.

headaches,

NSAIDs
Karami et al. Population: ICD-0-2, 649: HR, Regular use Sex, BMI, Exposure information:
(2016) Participants in the US No 1 73 education, Regular use defined as =once per week
Cohort Prostate, Lung, race, smoking Strengths:

us Colorectal and Ovarian
Enrollment or  Cancer Screening Trial
follow-up: (PLCO), aged 55-74 yr
1993-2009; up  N=98,807

to 16 yrs follow- Exposure assessment
up time method: questionnaire

Yes 1.68 (1.19-2.39) 59
<10 yr 2.09 (1.39-3.14) 36
210 yrs 1.08 (0.55-2.1) 10

Trend-test p-value: 0.06

status,
hypertension,
study center

Large cohort size. Conducted sensitivity analyses.
Limitations:

Small group size in some subgroups of long-term
users.

Confidence in evidence:

The main limitation was that exposure was
assessed through self-reported questionnaire.
Otherwise it is a well-conducted study and can be
considered informative overall.
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, & exposure level (95% ClI) deaths controlled

location, and assessment method

year

Kidney (RCC) — Nested Case-Control

Derby and Jick Population: ICD-8, 189; Malignant neoplasm of other and None Exposure information:

(1996) Group Health

Nested Case- Cooperative (GHC)
Control Cases: 222; Controls:
Puget Sound, 885

WA USA Exposure assessment
Enrollment or method: records
follow-up:

1980-1991

unspecified urinary organs: Unadjusted OR,
Acetaminophen - number prescriptions filled
(Lifetime consumption)

None 1 84

User at entry (<40 1.3(0.8-2.1) 28
prescriptions &
prescription filled in the

year of GHC entry)

1 0.9 (0.6-1.5) 26
2-9 (<0.2 kg) 1.3 (0.9-1.9) 61
10-19 (0.2-0.4 kg) 1.3 (0.6-2.8)

20-39 (0.5-0.9 kg) 1.9 (0.7-5.6)

240 (21 kg) 2.6 (1.1-6) 9

Trend-test p-value: 0.01

NR

Strengths:

Exposure information routinely collected
prospectively in pharmacy records of both
prescription and OTC use. For each subject, the
number of prescriptions filled is known. Population-
based within a well-defined cohort.

Limitations:

Information on confounding factors was complete
for less than half of the participants.

Additional results:

The risk patterns within strata of age and sex were
similar to those in the unstratified population.
Results of the crude analyses were similar to that in
the total population.

The risk patterns within strata of age and sex were
similar to those in the unstratified population.
Confidence in evidence:

ICD-8, 189; Malignant neoplasm of other and Smoking, BMI, Well-designed study, strong exposure assessment,
unspecified urinary organs: Adjusted OR, history of data collected prospectively from records with 92%
Acetaminophen - number prescriptions filled urinary tract correlation with data obtained from interview. Data
(Lifetime consumption) infection on duration of acetaminophen use were available,
None 1 84 but not analyzed to reflect cumulative exposure.

Information on confounding was available for only
240 4.5 (0.7-29.9) 3 three cases in the highest exposure category.
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, & exposure level (95% ClI) deaths controlled
location, and assessment method
year
Kaye et al. Population: OR, Acetaminophen - number prescriptions filled BMI, history of Exposure information:
(2001) Cases: 109; Controls: None 1 55 hypertension, NR
Nested Case- 434 diuretic use, Strengths:
Control Exposure assessment  1-5 1.4 (0.9-2.4) 31 smoking, age, Population based design, acetaminophen
UK method: records 6-19 2.1(0.9-4.6) 11 sex, general prescriptions and demographic variables were
Enrollment or practice, prospectively and routinely collected, dose-
follow-up: 220 2.3 (1-5.3) 12 duration of response analyses conducted through two
1995-1998 prescription in  modelling strategies (p-value for trend not
the database, reported).
index date Limitations:
OTC use was not collected, although a previous
study showed that women in the GPRD were
unlikely to take acetaminophen without a
prescription.
Confidence in evidence:
Prospectively collected data, population-based
design, adequate control for potential confounders,
thorough analysis to rule out confounding by
indication. Exposure assessed by medical records.
Kidney (RCC) — Case-Control
McCredie et al. Population: OR, Men and women pooled - lifetime intake before Center, age, Exposure information:
(1995) Cases: 1732; Controls: 1987 BMI, pack Reference group included those who had never
Case-C_ontroI 2309 Reference group 1 1313 years tobacco, taken analgesics, those who had never b_eer_w
International Exposure assessment gender regular takers, and regular takers with a lifetime
(Sydney, method: interview <0.1kg 0.7 (0.5-1.2) 34 total of < 0.1 kg of any analgesic. Intake of
Australia; 20.1 kg 1.1 (0.9-1.5) 119 acetaminophen self-reported.
Denmark; Strengths:
Uppsala, 0.1-1.0 kg 1.1 (0.8-1.6) 68 Large sample size, dose-response analysis, highly
Sweden; 1.1-5.0 kg 0.9 (0.6-1.5) 31 exposure category.
Minnesota, Limitations:
USA,; Berlin, >5.0 kg 1.9 (0.9-3.9) 20 Reference category included persons potentially
Heidelberg, Trend-test p-value: 0.2 exposed to acetaminophen at a level of two 500 mg
Germany) ST acetaminophen tablets 2X/week for 1 year.
Enrollment or OR, Women - lifetime intake before 1987 gmter’ alge, Sensitivity analyses excluding these exposed
follow-up: Reference group 1 474 » pac persons from the reference group were not
years tobacco
1989-1991 <0.1 kg 1(0.5-1.9) 19 conducted. The exposure data were
heterogeneous: subjects were included from 5
20.1 kg 1.3(0.9-2) 64 centers in4 countries with varying patterns of
0.1-1.0 kg 1.3 (0.8-2.1) 32 analgesic use. Different criteria were used to
construct the drug lists across the various centers.
1.1-5.0kg 1.1(0.6--2.0) 18 No visual aid was offered to the respondents during
>5.0 kg 2.5(1-6.2) 14 the interviews to assist in recall and there was no
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, & exposure level (95% ClI) deaths controlled
location, and assessment method
year
OR, Men - lifetime intake before 1987 Center, age,  attempt to validate self-reported usage of
BMI, pack prescription medications.
Reference group 1 839 years tobacco  Confidence in evidence:
<0.1 kg 0.6 (0.3-1.1) 15 This study overlapped partially with previously
published studies (McCredie et al. 1993, Chow et
20.1kg 1(0.7-1.4) 55 al. 1994, Mellemgaard et al.1994, Pommer et al.
0.1-1.0 kg 1.1 (0.7-1.7) 36 1999). No concerns for selection bias, although
1.1-5.0 kg 0.8 (0.4-1.6) 13 non-differential exposure misclassification due to
self-report was possible. Reference group included
>5.0 kg 1.1(0.3-4.0) 6 users for reasons described in the paper and

sensitivity analysis including reference group of
nonusers was not reported.

McLaughlin et
al. (1985)
Case-Control
Minnesota, USA
(Minneapolis-St
Paul 7-county
metropolitan
area)
Enrollment or
follow-up:
1974-1979

Population:

Cases: 495 RCC (313
men, 182 women);
Controls: 697 (428 men,
269 women)

Exposure assessment
method: interview

RCC (ICD-8, 189.0): OR, Women - acetaminophen-

containing analgesics

Never 1 122
Ever 1.2 (0.8-1.9) 60
Irregular use 1.4 (0.8-2.2) 53
Regular use, <36mo 0.4 (0.1-2.8) 2
Regular use, >36mo 1.2 (0.3-4.6) 5

RCC (ICD-8, 189.0): OR, Men - acetaminophen-
containing analgesics

Never 1 230

Ever 0.7 (0.5-1) 83

Irregular use 0.7 (0.5-1) 70

Regular use, <36mo 3.1(0.9-11.8) 10

Regular use, >36mo 0.7 (0.1-3.4) 3

Age, cigarette
smoking

Exposure information:

NR

Strengths:

Population-based. High response rates for cases
and controls. Information sought on frequency and
duration of analgesic use.

Limitations:

Few subjects took acetaminophen only (4 cases, 7
controls). Small number of renal pelvis cancers.
Confidence in evidence:

This study alone does not permit a conclusion on
the association between acetaminophen use and
kidney cancer. There was limited power to detect
an effect of acetaminophen; few cases used
acetaminophen containing products, and even
fewer used acetaminophen only. The confidence
intervals were wide. In exposure-responses
analyses, there was no clear trend for
acetaminophen containing products (even after
control for phenacetin use) for RCC or renal pelvis
cancer in men, whereas, as expected, increasing
phenacetin use was associated with increased risks
of RCC and renal pelvis cancers. No major
concerns about selection bias, outcome
misclassification, differential exposure
misclassification/recall bias, or confounding,
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, & exposure level (95% ClI) deaths controlled

location, and assessment method

year

McCredie et al. Population: RCC (ICD-8, 189.0): OR, Any paracetamol Age, sex Exposure information:

(1988) Cases: 360; Controls: (acetaminophen) use in men and women combined Users considered those who took =0.1 kg
Case-Control 985 > — Strengths:

New South Exposure assessment 20.1kg 1.2(08-18) 55 Population-based, histologically verified diagnoses.

Wales, Australia
Enrollment or

method: questionnaire

Limitations:
Dose-response analyses not presented for

follow-up: acetaminophen even though quantitative data were

1977-1982 collected. Potential confounding by tobacco
smoking.
Confidence in evidence:
Information bias/non-differential exposure
misclassification is possible due to self-report of
analgesic use. Potential confounding due to lack of
adjustment for tobacco smoking.

Kreiger et al. Population: RCC (ICD-9, 189.0): OR, Women - acetaminophen use Age, active Exposure information:

(1993) Cases: 518 (312 men, - cigarette Exposed defined as use = every other day for = 1

Case-Control 202 women); Controls: gge?;;?nagf;gnor 1 166 smoking month prior to 1980

Ontario, Canada 1381 (664 men, 705 status, Strengths:

Enroliment or  women) Acetaminophen only 0.9 (0.5-2) 10 combined Population-based.

follow-up: Exposure assessment Any acetaminophen 0.6 (0.4-1.6) 10 Queteletindex Limitations:

1986-1987 method: questionnaire (BMI) Few acetaminophen users, dose-response

RCC (ICD-9, 189.0): OR, Men - acetaminophen use

analyses were not conducted.

No phenacetin or 1 265 Confidence in evidence:
acetaminophen Quantitative data were not reported and number of
- exposed cases may have been too low to detect an
Acetaminophen only 08(0.3-1.7) 8 effect. Study design and analyses were adequate.
Any acetaminophen 0.9 (0.4-1.8) 11
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses
study-design, & exposure level (95% ClI) deaths controlled
location, and assessment method
year
Rosenberg et al. Population: OR, Acetaminophen use Age, gender, Exposure information:
(1998) Cases: 383; Controls: Never used 1 254 interview year, Regular use defined as =2 days/wk for 21 month
Case-Control 8149 noncancer controls, geographic Strengths:
several Eastern 6499 cancer controls Nonregular use (<2 1.1(0.9-1.4) 103 area Thorough analyses were conducted to rule out
US cities Exposure assessment  days/week for a month) confounding by indication.
Enrollment or method: interview Regular use that began 1.8 (0.9-3.5) 11 Limitations:
follow-up: <1 yr previously Hospital controls have higher prevalence of
1976-1996 acetaminophen use than the general population,
Regular use that began 1.2 (0.7-2.1) 14 roughly equal to the prevalence in cases (~30%)
21 yr previously (risk estimates not reported here).
Regularuse 21yr,<5 1.3 (0.6-2.7) 8 Confidence in evidence:
yrs duration, Exposure was self-reported and the assessment
strategy was not described in detail, the hospital
Regular use 21 yr, 25 yrs 1.1 (0.5-2.6) 6 controls had a higher exposure to acetaminophen
duration than the general population and roughly the same
as cases, ~30%.
Gago- Population: OR, Acetaminophen use Education, Exposure information:
Dominguez et Cases: 1276; Controls: : BMI, history of Regular use defined as =2 times/week for 21 month
al. (1999) 1204 lc\)lfoarr:agjlgfsrilclsr'regular use 1 616 hypertension,  Strengths:
Case-Control Exposure assessment cigarettes Attempted to validate self-reported usage of
Los Angeles, method: interview Regular use 1.7 (1.3-21) 300 smoked per prescription analgesics with physician records. No
USA Exclusive 1.6 (1.1-2.4) NR day, current difference in concordance between physician
Enrollment or acetaminophen use smoking records and self-reports between the case and the
follow-up: - - status, regular control groups. Visual aids were used to assist self-
1986-1994 OR, Acetaminophen maximum weekly dose (g) use reported recall. Interviewer bias was minimized

<2 1.3 (0.9-1.9) 67 amphetamines because virtually all matched case—control pairs
were interviewed by the same interviewer.

2-<4 1.7 (1.1-2.6) 63 Phenacetin use was adjusted for.

4-<8 1.8 (1.2-2.6) 83 Confidence in evidence:

>8 2.1(1.3-33) 79 Exposure was self-reported but validation of self-

B ' o report found concordance between physician
records and self-report.
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses

study-design, & exposure level (95% ClI) deaths controlled

location, and assessment method

year

Karami et al. Population: ICD-0-3, 64.9: OR, OTC acetaminophen use and Sex, race, Exposure information:

(2016) US Kidney Cancer Study duration hypertension,  Regular use defined a 21 time/wk for 23 months, =2

Case-Control Cases: 1217; Controls: No 1 1081 BMI, smoking  years prior to interview

US Kidney 1235 status, age, Strengths:

Cancer Study:  Exposure assessment  Ever 1.35(1.01-1.83) 133 education, Population-based design, inclusion of only

Def[roit, Ml and method: interview <1yr 1.08 (0.44-2.64) 12 stud_y ce_nter, hi_st(_)log_ically confirmed RCC cancers

Chicago, IL family history ~ Limitations:

Enrollment or 1-<5yr 0.79 (0.41-1.53) 24 of cancer and  Not possible to assess intensity or consistency of

follow-up: 5-<10yr 1.37 (0.71-2.65) 27 dialysis use, and exposure misclassification in defining

2002-2007 210 yr 2.01 (1.3-3.12) 63 treatment :ﬁﬁﬁlar use may have biased results towards the

Trend-test p-value: 0.01 Confidence in evidence:

Plausible that those who take OTC acetaminophen
consume more than those who are prescribed -
therefore higher OR for OTC than prescription.
Combining both OTC and Rx could dilute these
results.

Kidney (urinary pelvis/UUT) — Nested Case-Control

Kaye et al. Population: Renal pelvis/transitional cell cancer: Unadjusted OR, None Exposure information:

(2001) Cases: 20; Controls: 434 Acetaminophen use NR

Nested Case- Exposure assessment Strengths:

Control method: records 1-5years before the 1.2(04-3.0) 20 Population based design, acetaminophen

index date S . .

UK prescriptions and demographic variables were

Enrollment or prospectively and routinely collected, dose-

follow-up: response analyses conducted through two

1995-1998 modelling strategies (p-value for trend not
reported).
Limitations:
OTC use was not collected, although a previous
study showed that women in the GPRD were
unlikely to take acetaminophen without a
prescription.
Confidence in evidence:
Prospectively collected data, population-based
design, adequate control for potential confounders,
thorough analysis to rule out confounding by
indication. Exposure assessed by medical records.
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses

study-design, & exposure level (95% ClI) deaths controlled

location, and assessment method

year

Kidney (urinary pelvis/UUT) — Case-Control

McLaughlinet  Population: Renal pelvis (ICD-8, 189.1): OR, Women - Age, cigarette  Exposure information:

al. (1985) Cases: 74 renal pelvis acetaminophen-containing analgesics smoking NR

Case-Control cancer (50 men, 24 Never 1 13 Strengths:

Minnesota, USA women); Controls: 697 Population-based. High response rates for cases

(Minneapolis-St (428 men, 269 women)  Ever 2.2 (0.8-5.8) 11 and controls. Information sought on frequency and

Paul 7-county Exposure assessment Irregular use 1.8 (0.6-5.4) 7 duration of analgesic use.

metropolitan method: interview Limitations:

area) Regular use < 36 mo 2.4 (0.1-35.6) 1 Few subjects took acetaminophen only (4 cases, 7

Enroliment or Regular use = 36 mo 5.8 (0.8-40) 3 controls). Small number of renal pelvis cancers.

follow-up: X Confidence in evidence:

1974-1979 Trend-test p-value: <0.05 This study alone does not permit a conclusion on
Renal pelvis (ICD-8, 189.1): OR, Women - long-term the association between acetaminophen use and
use of acetaminophen-containing analgesics kidney cancer. There was limited power to detect
No phenacetin or 1 9 an eﬁeqt of ﬁcetaminqphen; feév cases lésed
acetaminophen acetaminophen containing products, and even

fewer used acetaminophen only. The confidence
No phenacetin, > 36 mo 10.4 (0.2-768.3) 1 intervals were wide. In exposure-responses

acetaminophen

Renal pelvis (ICD-8, 189.1): OR, Men - acetaminophen-

containing analgesics

Never 1 33
Ever 1.2 (0.6-2.5) 17
Irregular use 1(0.5-2.2) 13
Regular use < 36 mo 4.7 (0.5-43.7) 2
Regular use = 36 mo 2.5(0.3-17.7) 2

Renal pelvis (ICD-8, 189.1): OR, Men - long-term use

of acetaminophen-containing analgesics

analyses, there was no clear trend for
acetaminophen containing products (even after
control for phenacetin use) for RCC or renal pelvis
cancer in men, whereas, as expected, increasing
phenacetin use was associated with increased risks
of RCC and renal pelvis cancers. No major
concerns about selection bias, outcome
misclassification, differential exposure
misclassification/recall bias, or confounding,

No phenacetin or 1 23
acetaminophen
No phenacetin, >36 mo - 0
acetaminophen
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses

study-design, & exposure level (95% ClI) deaths controlled
location, and assessment method
year
McCredie and Population: Renal pelvis (ICD 8, 189.1): OR, Lifetime Sex, tobacco, Exposure information:
Stewart (1988) Cases: 73; Controls: 688 acetaminophen consumption phenacetin Use considered = 0.1 kg lifetime consumption
Case-Control Exposure assessment None 1 NR Strengths:
New South method: questionnaire Population-based; adjustment for phenacetin use.
Wales, Australia 2 1 kg acetaminophen 0.8 (0.4-1.7) NR Limitations:
Enrollment or > 0.1 kg acetaminophen  1.24 (0.6-2.3) NR _ExpOSL_Jre assessment strategy was not described
follow-up: in detail. Quantitative exposure data (e.g. dose-
1980-1982 response) was not presented. There may not have
been sufficient latency between collection of
exposure data (calculated up to the year of case
diagnosis) and onset of disease
Confidence in evidence:
Potential for information bias: exposure to
acetaminophen assessed via self-report, lack of
detail on presented the exposure assessment
strategy or analysis. The OR associated with 0.1
kg of lifetime acetaminophen use was higher than
that for 1 kg of use, and the confidence intervals
were wide and not statistically significant.
McCredie et al. Population: Renal pelvis (ICD-9, 189.1): OR, Paracetamol Age, sex, Exposure information:
(1993) Cases: 147; Controls: (acetaminophen) only interview Ever exposure defined as = 20 times in their lifetime
Case-Control 523 . method, Strengths:
New South Exposure assessment Acetaminophen only 1.3(06-2.7) 21 cigarette The diagnoses were confirmed through histology or
Wales, Australia method: questionnaire smoking, other methods. A single interviewer obtained data.
Enrollment or educational Frequency and duration of analgesic use were
follow-up: level queried.
1989-1990 Renal pelvis (ICD-9, 189.1): OR, Amount of Age, sex, Iélmltatlons.
acetaminophen in any form interview Xposure-response analy.ses were not conducted.
method Conf_ldence in evidence:
Non-consumers 1 106 cigaretté Detailed exposure and outcome assessment and
Acetaminophen inany 1.3 (0.7-2.4) 40 smoking, analyses.
form educational
<0.48 kg 0.9 (0.2-3) 5 level,
phenacetin/
0.49 - 1.36 kg 0.9 (0.3-2.5) 10 aspirin
>1.37 kg 2 (0.9-4.4) 26 compounds
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Reference, Population description Exposure category or  Risk estimate Cases/ Co-variates Comments, strengths, and weaknesses

study-design, & exposure level (95% ClI) deaths controlled

location, and assessment method

year

Pommer et al. Population: Renal pelvis cancer (ICD-9, 189.1): OR, Smoking, Exposure information:

(1999) Cases: 51 renal pelvis; acetaminophen use former Intake defined as 21 dose/month

Case-ControI Controls: 647 No/rare analgesic intake 1 20 smqkmg, . Strengths: .

West Berlin, Exposure assessment _ socioeconomic Use of population-based controls.

Germany method: interview Acetaminophen use 4.76 (0.38-59.37) 6 status Limitations:

Enrollment or ; . ; This study can't separate the effect of previous
Renal pelvis cancer (ICD-9, 189.1): OR, , 7 = A

follow-up: petv! ( ) Smoking phenacetin intake (banned 1986 in west Germany)
acetaminophen use former ) -

1990-1994 — smoking and subsequent use of acetaminophen in heavy
No/rare analgesic intake 1 20 socioeconomic  analgesic users. Methods of control selection were
Acetaminophen use 3.27 (0.25-43.02) 6 status, laxative "t described in detail.

intake

aCases included both “renal cell carcinoma” (ICD-7, 180.3) and “kidney cancer, not otherwise specified” (ICD-7, 180.0)
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Table 6. Case-control studies of kidney cancer and acetaminophen use included in pooled study by McCredie et al. (1995)

Reference, Population Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses
study-design, description & (95% CI) deaths controlled
location, and exposure
year assessment
method
McCredie et al. Population: ICD-9, 189.0 (RCC): RR, acetaminophen use Age, sex, Exposure information:
(1993) Cases: 503 _ - : interview Regular use defined as 220 times during lifetime
Case-Control RCC, 149 mggn::g)nsumer (<20 times in 1 411 method, Strengths:
New South renal pelvis - cigarette The diagnoses were confirmed through histology or other
Wales, Australia cancer; Acetaminophen only 1.5(0.9-2.4) 55 smoking, methods. A single interviewer obtained data. Frequency and
Enrollment or  Controls: 523 Acetaminophen in any form 1.5 (1-2.3) 73 obesity, _ dyra_ttior_l of analgesic use were queried.
follow-up: Exposure phenacetin/  Limitations:
1989-1990 assessment  <0.48 kg 1.9 (1-3.6) 26 aspirin Exposure-response analyses were not conducted.
method: 0.49-1.36 kg 0.9 (0.4-1.9) 16 compounds  Confidence in evidence:
interview Detailed exposure and outcome assessment and analyses.
>1.37 kg 17(09-33) 31 P y
ICD-9, 189.0 (RCC): RR, Use in subjects who never took Age, sex,
phenacetin/aspirin compounds interview
Non-consumer (<20 times in 1 411 method,
lifetime) cigarette
smoking,
Ever regularly 1.6 (1-2.8) 38 obesity
<0.36 kg 1.3 (0.6-3.2) 12
0.36-1.94 kg 1.6 (0.7-3.8) 14
>1.94 kg 2.1 (0.8-5.2) 12
ICD-9, 189.0 (RCC): RR, Duration of use in subjects who Age, sex,
never took phenacetin/aspirin compounds interview
Non-consumer (<20 times in 1 411 ".‘eth"d'
lifetime) cigarette
smoking,
<1 yr acetaminophen use 0.9 (0.3-3.3) 5 obesity
1-7 yr acetaminophen use 1.5(0.7-3.2) 18
>7 yr acetaminophen use 2.3 (1-5.4) 15
ICD-9, 189.0 (RCC): RR, Years first started use in subjects Age, sex,
who never took phenacetin/ aspirin interview
Non-consumer (<20x in lifetime) 1 411 "?e”“’d'
cigarette
1982-1987 1.4 (0.6-3.7) 11 smoking,
1972-1983 1.3 (0.6-3) 14 obesity
Before 1972 2.3(0.9-5.6) 13
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Reference, Population Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses

study-design, description & (95% CI) deaths controlled

location, and exposure

year assessment

method

Chow et al. Population: RCC (ICD-9, 189.0): OR Women - Lifetime cumulative Age, Exposure information:

(1994) Cases: 690; intake (kg) smoking, Regular use defined as =2 times/wk for 21 month before 1987

Case-Control Controls: 707 "\ on-user 1 101 BMI Strengths:

Minnesota Exposure Exposure assessment was detailed and quantitative. Information

Enrollment or assessment  Acetaminophen only 2.1(0.6-6.9) sought on frequency and duration of analgesic use.

follow-up: method: <01 1.1 (0.2-5.7) Pharmaceutical records were used to ascertain content of

1988-1990 interview acetaminophen from self-reported medications used regularly by
0.1-1 1(0.3-2.8) study subjects. Lifetime cumulative exposure (in kg) was sought
1.1-5 0.9 (0.4-2.1) 10 for acetaminophen use; annual exposure to acetaminophen was
-5 0.9 (0.2-4.6) 3 estimated from the subject’s dose and the ingredient amount in

RCC (ICD-9, 189.0): OR, Men - Lifetime cumulative intake
(kg)

Non-user 1 195

Acetaminophen only 1.2 (0.5-3.2)

<0.1 1.2 (0.4-3.6)

0.1-1 0.7 (0.3-1.9)

1.1-5 0.7 (0.2-1.8)

PO N|[O |0

>5 0.4 (0-4.2)

the drug reported during the year of exposure. Response rates
were high (>80%) for cases and population-based controls.
Limitations:

There was limited power to detect an association between
acetaminophen use and RCC (8 male and 7 female cases
reported acetaminophen use), especially since the analyses
were stratified by sex.

Additional results:

P-value for trend was not reported. Further adjustment for other
factors associated with RCC in the present study, ie., protein
intake and a history of kidney diseases, did not alter the findings
with lifetime consumption of analgesics. Examination by age
started, usual amount and duration of use of aspirin-containing
and aspirin-free medications also did not produce consistent
associations. Moreover, RCC was not associated with analgesic
use among next of kin (NOK) cases.

Confidence in evidence:

There was limited power to detect an effect due to few
acetaminophen exposed cases, even though the study was
conducted in an area with high incidence of kidney cancer. There
were no significant concerns with the assessment of exposure or
outcome, the analysis, nor the selection of study participants.
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Reference, Population Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses
study-design, description & (95% CI) deaths controlled
location, and exposure
year assessment
method
Mellemgaard et Population: OR, Women-Paracetamol (acetaminophen) use Age, BMI, Exposure information:
al. (1994) Cases: 368 : history of Use defined as 22 times/wk for 21 month
Case-Control (226 men, 142 Never used analgesics ! 105 hypertension, Strengths:
Denmark women); Ever 1(0.4-2.5) 11 SES Little potential for selection bias as cases and controls were
Enrollment or  Controls: 396 <1000g lifetime use 2 (0.6-6.5) ) identi_fied fror_n the_entire Danish population.
follow-up: (237 men and — Confidence in evidence:
1989-1991 159 women) ~>1000g lifetime use 0.5(0.1-1.8) 3 Complete overlap with McCredie et al. 1995.
Exposure OR, Men-Acetaminophen use Age,
assessment i
method: Never used analgesics 1 181 zg&)ﬁ;‘gf
interview Ever 1.1 (0.5-3) 11 hypertension,
<1000g lifetime use 1.4 (0.5-4.3) 16 SES
>1000g lifetime use 0.9 (0.2-4) 7
Acetaminophen 61 OEHHA

September 2019



3.1.21.3 Bladder cancer

Several studies examined the association of acetaminophen use and risk of bladder
cancer. Bladder cancer accounts for approximately 4.6% of all new cancer cases in the
US (SEER 2019). About 80,470 new cases of bladder cancer will occur in the US
(61,700 in men and 18,770 in women), and about 17,670 people (12,870 men and
4,800 women) will die from the disease (ACS 2019a). Risk factors for bladder cancer
include smoking; occupational exposure to aromatic amines, polycyclic aromatic
hydrocarbons, and chlorinated hydrocarbons; Schistosoma haematobium and other
chronic bladder infections; and genetic predisposition (Burger et al. 2013; Pelucchi et al.
2006; WCRF/AICR 2018). The main potential confounder to account for in the
association between bladder cancer and acetaminophen use is tobacco smoking.
Details of studies are presented in Table 7 and are described below.

Cohort studies

Three cohort studies examined the association of acetaminophen with bladder cancer
(Friis et al. 2002; Genkinger et al. 2007; Walter et al. 2011a) (Table 7).

Friis et al. (2002) did not find an association with any prescription for acetaminophen
only and cancer of the urinary bladder (ICD-7, 181) overall. It found a non-statistically
significant increased risk for two-four prescriptions (SIR, 1.8; 95% CI, 0.9 — 3.2; 11
exposed cases), but did not find an association in other groups stratified by number of
prescriptions. However, there was limited power to detect an effect, since a number of
subgroups were small. Other details and limitations of this study are discussed above
in Section 3.1.1.

Genkinger et al. (2007) assessed acetaminophen and bladder cancer risk in a cohort of
men from the HPFS. The study did not find an association between regular
acetaminophen use and bladder cancer from 1986 to 2002 using 1986 analgesic
information (RR, 0.96; 95% ClI, 0.67-1.39). There was also no association from 1988 to
2002 for 1986 and 1988 analgesic information (RR, 0.90; 95% CI, 0.49-1.65). The
study reports that findings were similar when participants were stratified by smoking
status, age, pack years of cigarette smoking, geographic region, and fluid intake (data
not shown in publication). Study details can be found above in Section 3.1.1.

Walter et al. (2011a) found that use of acetaminophen was associated with an
increased risk of bladder cancer in men and women combined, but the risk estimate
was not statistically significant (HR, 1.39; 95% CI, 0.74-2.60 and HR, 1.50; 95% CI,
0.57-3.89 for low and high use, respectively). There were 19 and 6 cases in the low
and high use groups, respectively; thus, the statistical power to detect an effect was
limited. Study details can be found above in Section 3.1.1.
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Nested case-control studies

Two case-control studies nested in health databases reported increased risks of bladder
cancer with acetaminophen use (Derby and Jick 1996; Kaye et al. 2001) (Table 7).
Derby and Jick (1996) enrolled 504 incident cases of bladder cancer (ICD-8, 188) and
2009 controls matched on sex, age within 1 year, and duration of GHC membership.
The study reported an OR of 1.3 (95% CI, 0.6-2.8; 9 exposed cases) for those who
filled 40 or more acetaminophen prescriptions per lifetime. When stratified by age, the
OR associated with filling 40 or more acetaminophen prescriptions was 3.3 (95% ClI,
0.9-12.6; 4 exposed cases) in those younger than 65 years, but there was no
association in those 65 years or older (OR, 0.9; 95% ClI, 0.3-2.4; 5 exposed cases).
Kaye et al. (2001) identified 189 bladder cancer cases and 744 controls matched on
age, sex, general practice, year of first prescription, and index date within the GPRD in
the UK. The study found a non-statistically significant increased risk of bladder cancer
in those who filled 6-19 prescriptions (OR, 1.3; 95% ClI, 0.8-2.2; 26 exposed cases)
after adjusting for smoking and BMI, but not in those filling 1-5 or greater than 20
prescriptions.

Case-control studies

The evidence was inconsistent for the association between acetaminophen use and risk
of bladder cancer in the six case-control studies published on this topic (Table 7).

Three of these studies observed no association between bladder cancer and various
metrics of acetaminophen intake (Fortuny et al. 2007; McCredie and Stewart 1988;
Pommer et al. 1999), whereas three studies reported non-statistically elevated risks of
bladder cancer (Castelao et al. 2000; Fortuny et al. 2006; Piper et al. 1985). Baris et al.
(2013) reported a statistically significant increase in risk with regular use.

Of the four case-control studies reporting elevations in bladder cancer, three controlled
for tobacco smoking in the analyses (Baris et al. 2013; Castelao et al. 2000; Fortuny et
al. 2006), which is a risk factor for bladder cancer and may also be associated with
acetaminophen use. Castelao et al. (2000) reported an OR of 1.43 (95% ClI, 0.87-2.35;
90 exposed cases) in the highest category of cumulative acetaminophen intake (>8869),
after adjusting for education, smoking, years employed as hairdresser/barber, NSAID
use, and phenacetin use. Piper et al. (1985) reported an OR of 1.5 (95% CI, 0.4-7.2; 6
exposed cases) for use of acetaminophen only. In a case-control study from Spain,
regular use of acetaminophen was not associated with bladder cancer overall (OR, 0.8;
95% ClI, 0.4-1.3); however, there was a significant interaction of acetaminophen use
with the glutathione S-transferase Pi 1 (GSTP1) 1105V genotype (p = 0.008 for
interaction) (Fortuny et al. 2006). Among the individuals with homozygous decrease-of-
function alleles (GSTP1 Val/Val), the use of acetaminophen was non-statistically
significantly associated with increased risk of bladder cancer compared to non-users of
the same genotype (OR, 1.8; 95% CI, 0.9-3.6). Subjects who were homozygous for
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this mutant allele and used acetaminophen regularly for more than four years had an
increased risk of bladder cancer (OR, 2.5; 95% CI, 0.4-15.6). Baris et al. (2013)
reported an increase in risk with regular use (OR, 1.3; 95% CI, 1.1-1.7).
Acetaminophen use was not statistically significantly associated with any category of
duration of use and there was no dose-response trend.

Meta-analyses

In a meta-analysis of two cohort and eight case-control studies, acetaminophen use
was not associated with bladder cancer (meta-RR, 1.01; 95% CI, 0.88-1.17) (Zhang et
al. 2013).

Summary of bladder cancer findings

Three cohort studies, two nested case-control studies and six case-control studies
examined the association of acetaminophen with bladder cancer. The three most
informative studies assessed acetaminophen use prospectively through medical
records; two reported a non-significant increased risk of bladder cancer with low to
moderate use and no dose-response trend (Friis et al. 2002; Kaye et al. 2001), and the
third reported a non-statistically significant increase with high use (Derby and Jick
1996). Of the two cohort studies that assessed acetaminophen use through self-report,
one reported non-significant increases with use (Walter et al. 2011a).

The case-control studies had a mix of positive and null findings. A case-control study
from Spain (Fortuny et al. 2006) observed no cancer association with acetaminophen
overall, but found an increased risk of bladder cancer among acetaminophen users with
a genotype (GSTP1 Val/Val) encoding for a decrease in GSTP1 function and hence
reduced capacity for glutathione conjugation with acetaminophen metabolites, such as
N-acetyl-p-benzoquinone imine (NAPQI). In those with the GSTP1 Val/Val genotype,
bladder cancer risk was increased roughly two-fold in acetaminophen users and in
those who used acetaminophen regularly for more than four years (though not
statistically significant), suggesting that this GST genotype may be important to consider
in studies assessing the carcinogenicity of acetaminophen. Three of the case-control
studies observed no association between bladder cancer and various metrics of
acetaminophen intake (Fortuny et al. 2007; McCredie and Stewart 1988; Pommer et al.
1999), three reported non-statistically significant elevated risks of bladder cancer
(Castelao et al. 2000; Fortuny et al. 2006; Piper et al. 1985), and one reported a
statistically significant increase in risk of bladder cancer (Baris et al. 2013).
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Table 7. Cohort and case-control studies of bladder cancer and acetaminophen use

Reference, study- Population Exposure category or Risk estimate  Cases/  Co-variates Comments, strengths, and weaknesses
design, location, description & level (95% ClI) deaths controlled
and year exposure
assessment method
Bladder — Cohort
Friis et al. (2002) Population: ICD-7, 181: SIR, Number of acetaminophen Age, sex, Exposure information:

Cohort

Danish Cancer registry

prescriptions

calendar year

Exposure level: ever prescribed acetaminophen and

Denmark and prescription - number of prescriptions
Enroliment or database. Cases Any prescription 1(0.7-1.5) 25 Strengths:
follow-up: excluded because of 1 0.9 (0.4-1.8) 8 Excluded person-time and cancer experience in the
1989-1997 residency outside the  5_4 1.8 (0.9-3.2) 11 first ye_ar_of follow-up after_fir_st acetaminophen _
county at the date of prescription. Use of prescription database and linked
prescription, parent (of 99 1(0.3-2.5) 4 to cancer registry. Aimost complete capture of the
patient) registered as  >10 0.4 (0-1.3) 2 population of North Jutland county.
customer, error in the Limitations:
personal identification Multiple comparisons performed, no adjustment for
number, death prior to confounders such as tobacco smoking or alcohol
or at the date of consumption, lack of data on use of analgesic agents
prescription, age prior to start of prescription database and use of OTC
younger than 16 years, analgesics, degree of compliance, or indications for
subjects who had a use.
cancer diagnosis Confidence in evidence:
(except nonmelanoma This study had some limitations, but is still fairly
skin cancer) prior to informative. The primary strength is the use of the
date of first recorded prescription database for exposure assessment and
prescription, or died linkage to the cancer registry. The main concern is
within the first year of the lack of control for confounders other than
follow-up; N = 39,946 matching for age, year, and sex.
Exposure
assessment method:
records
Genkinger et al. Population: RR, Regular use in 1986 Age, period, Exposure information:
(2007) Men in the Health Nonusers 1 575 pack-years of Exposure levels: no use, regular use (=1 time/week
Cohort Professionals Follow- smoking, current for 23 months for =2 yrs prior to interview)
us Up Study Regular use 0.96 (0.67-1.39) 32 smoking status, ~ Strengths:
Enrollment or N=49,448 RR, Regular use in 1986 and 1988 geographic area, Exposure reassessed every two years, long follow-up
follow-up: Exposure fluid intake time (18 years).
1986-2004 assessment method: Nonusers 1 406 Limitations:
questionnaire Regular use 0.9 (0.49-1.65) 12 Small number of acetaminophen-exposed cases.

Confidence in evidence:

Study was well-conducted but there was not as much
data for acetaminophen exposure compared to
aspirin and other analgesics, which limited the ability
of the study to detect an association between bladder
cancer and acetaminophen.
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Reference, study- Population Exposure category or Risk estimate  Cases/  Co-variates Comments, strengths, and weaknesses
design, location, description & level (95% ClI) deaths  controlled
and year exposure
assessment method
Walter et al. Population: HR, 10-yr use prior to baseline in men and women Age, education, Exposure information:
(2011a) VITAL (VITamins And combined race, marital Regular use defined as =1 d/wk for 21 yrs
Cohort Lifestyle) study No use 1 76 status, height, Strengths:
US, 13 counties of 62,841 BMI, physical Large sample size.
the Seattle-Puget  Exposure Low use (<4 d/wk or<4  1.39(0.74-2.6) 19 activity, smoking, Limitations:

Sound area
Enrollment or
follow-up:
2000-2008; mean
follow-up of 6.5 £
1.7 yrs

assessment method:

questionnaire

yrs)

High use (24 d/wk and 24 1.5 (0.57-3.89) 6
yrs)

Trend-test p-value: 0.24

alcohol intake,
fruit, vegetable,
red meat intake,
multivitamin use,
self-rated health,
family history of
colon, lung,
hematologic
cancers,
sigmoidoscopy in
past 10 yrs,
diabetes,
osteoarthritis/
chronic joint pain,
migraine/ chronic
headaches, use

Limited power in detecting associations between
acetaminophen use and risk of individual cancers or
cancer subtypes. Analyses were overadjusted,
reducing precision to detect a significant effect.
Confidence in evidence:

This study had some limitations, mainly that they
over-adjusted for confounding and that there were
small group sizes for some of the subgroup analyses.
Self-reported exposure, not validated. However, this
is a well-established cohort study that was overall
well-conducted and is considered informative.

of NSAIDs
Bladder — Nested Case-Control
Derby and Jick Population: (ICD 8, 188): Unadjusted RR, Acetaminophen —no.  None Exposure information:
(1996) Group Health prescriptions filled (lifetime consumption) NR
Nested Case- Cooperative (GHC) None 1 205 Strengths:
Control Cases: 504; Controls: Exposure information routinely collected prospectively
Puget Sound, WA 2009 User atentry (<40 1.4(1-1.9) 76 in pharmacy records of both prescription and OTC
USA Exposure prescriptions & filled in the use. For each subject, the number of prescriptions
Enrollment or assessment method: Yyear of GHC entry filled is known. Population-based within a well-defined
follow-up: records 1 1(0.8-1.4) 63 cohort.
1980-1991 Limitations:
2-9 (<0.2 kg) 1(0.8-1.3) 125 Information on confounding factors was complete for
10-19 (0.2-0.4 kg) 1.1 (0.6-2) 16 less than half of the participants.
Confidence in evidence:
20-39 (0.5-0.9 kg) 1.1 (0.6-2.3) 10 Well-designed study, strong exposure assessment,
240 (21 kg) 1.3 (0.6-2.8) 9 data collected prospectively from records with 92%
(ICD 8, 188): Unadjusted RR, <65 years old, None correlation with data obtained from interview. Data

Acetaminophen — no. prescriptions filled (lifetime
consumption)

None 1 78

240 3.3(0.9-12.6) 4

on duration of acetaminophen use were available, but
not analyzed to reflect cumulative exposure.
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Reference, study- Population Exposure category or Risk estimate  Cases/  Co-variates Comments, strengths, and weaknesses
design, location, description & level (95% ClI) deaths  controlled
and year exposure
assessment method
(ICD 8, 188): Unadjusted RR, 265 years old, None
Acetaminophen — no. prescriptions filled (lifetime
consumption)
None 1 127
240 0.9 (0.3-2.4) 5
Kaye et al. (2001) Population: OR, Acetaminophen - number prescriptions filled BMI, smoking, Exposure information:

Nested Case- Cases: 189; Controls; None 1 102 age, sex, general NR
Control 744 practice, duration Strengths:
UK Exposure 15 0.8 (0.5-1.2) 48 of prescription in  Population based design, acetaminophen
Enrollment or assessment method: g 19 1.3 (0.8-2.2) 26 _the database, prescript?ons and dem_ographic variables were
follow-up: records index date prospectively and routinely collected, dose-response
1995-1998 220 0.7 (0.4-1.4) 13 analyses conducted through two modelling strategies
(p-value for trend not reported).
Limitations:
OTC use was not collected, although a previous
study showed that women in the GPRD were unlikely
to take acetaminophen without a prescription.
Confidence in evidence:
Prospectively collected data, population-based
design, adequate control for potential confounders,
thorough analysis to rule out confounding by
indication. Exposure assessed by medical records.
Bladder — Case-Control
Piper et al. (1985) Population: Unadjusted OR, Acetaminophen use None Exposure information:

Case-Control Cases: 173; Controls: =30 d/yr

NY, US 173 No regu.lar use ! NR Limitations:

Enrollment or Exposure Acetaminophen only 1.5(04-7.2) 6 conditional logistic regression analysis was not
follow-up: assessment method:  phenacetin or 3.8 (1.4-13) 19 appropriate given that pairs were matched on a wide
1975-1980 interview acetaminophen or both age range (+/- 10 yrs)

McCredie and Population: (ICD 8, 188): OR, Lifetime consumption Sex, tobacco, Exposure information:

Stewart (1988) Cases: 162 women; None 1 NR phenacetin Use considered = 0.1 kg lifetime consumption

Case-Control Controls: 381 women Strengths:

New South Wales, Exposure 2 1 kg acetaminophen 0.7 (0.4-1.3) NR The use of population controls; adjustment for

Australia assessment method: > g 1 kg acetaminophen 0.7 (0.4-1.3) NR phenacetin use.

Enroliment or guestionnaire Limitations:

follow-up: Quantitative exposure data (e.g. dose-response) was

1980-1982 not presented. There may not have been sufficient
latency between collection of exposure data
(calculated up to the year of case diagnosis) and
onset of disease
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Reference, study- Population Exposure category or Risk estimate  Cases/  Co-variates Comments, strengths, and weaknesses
design, location, description & level (95% ClI) deaths  controlled
and year exposure

assessment method
Pommer et al. Population: OR, Intake 21 kg acetaminophen Smoking, former Exposure information:
(1999) Cases: 571; Controls: No analgesic use 1 286 smqklng, . Intake defined as >1 dose/month
Case-Control 647 _ socioeconomic Strengths:
West Berlin, Exposure Acetaminophen use 0.77 (0.31-1.9) 11 status Use of population-based controls.
Germany gsses_sment method: OR, Intake 21 kg acetaminophen Smoking, former leltatlons: . .
Enrollment or interview - smoking This study can't separate the effect of previous
follow-up: No analgesic use 1 286 socioeconomic  Phenacetin intake (banned 1986 in west Germany)
1990-1994 and subsequent use of acetaminophen in heavy

Acetaminophen use 0.83(0.33-2.07) 11

status, laxative
intake

analgesic users. Methods of control selection were
not described in detail.

Confidence in evidence:

NOTE: Partial overlap with McCredie1995 which
enrolled subjects 1989-1991

Castelao et al.
(2000)
Case-Control
Los Angeles, CA
USA
Enrollment or
follow-up:
1987-1996

Population:

Cases: 1514; Controls:
1514

Exposure
assessment method:
interview

Exposure information:

Regular use defined as =2 times/wk for 21 month
Strengths:

Population-based controls.

Fortuny et al.
(2006)
Case-Control
Spain (Barcelona,
Valles/Bages,
Alacant, Tenerife,
Asturias)
Enrollment or
follow-up:
1997-2000

Population:

Cases: 958; Controls:
1029

Exposure
assessment method:
interview

OR, Exclusive users - Acetaminophen - Cumulative Education,
lifetime exposure (g) smoking, years
Regular use 1.03 (0.67-1.58) 60 employed as
hairdresser/
<114 1.07 (0.56-2.04) 27 barber
114-885 0.82 (0.39-1.72) 17
>886 1.93 (0.73-5.11) 15
OR, Any users - Acetaminophen - Cumulative Education,
lifetime exposure (g) smoking, years
Regular use 0.85(0.6-1.19) 224 e”?p'oyed as
hairdresser/
<114 0.75 (0.47-1.2) 62 barber, NSAID
114-885 0.68 (0.43-1.09) 57 use, phenacetin
use
>886 1.43 (0.87-2.35) 90
OR, Paracetamol (acetaminophen) use Age, gender,
Nonusers (<20 times 1 664 region, smoking
lifelong) status, use of
other NSAID/
Ever users 0.8 (0.6-1) 243 analgesics
Non-regular (<20 times 0.8 (0.6-1.1) 204

lifelong, 2 times/wk for 1
month

Regular (2 times/wk for 21 0.8 (0.4-1.3) 39
month)

Exposure information:

Regular use defined as 22 times/wk for 21 month
Strengths:

high participation rates, large sample size, high
quality exposure and genotype information, and
detailed assessment of drug composition and dose.
Thorough sensitivity analyses were conducted to rule
out that hospital controls would have higher drug
consumption than the general population.
Limitations:

Limited statistical power particularly for stratified
analyses, and possible selection bias
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Reference, study- Population Exposure category or Risk estimate  Cases/  Co-variates Comments, strengths, and weaknesses
design, location, description & level (95% ClI) deaths  controlled
and year exposure
assessment method

OR, Acetaminophen - Duration of use (y)

Never users 1 664

<25 0.6 (0.3-1.5) 9

2.6-6.08 1 (0.4-2.3) 14

>6.09 1(0.4-2.7) 11

Trend-test p-value: 0.13

OR, Acetaminophen - Cumulative dose (g)

Never users 1 664

1-709 0.7 (0.3-1.7) 10

710-1,386 0.7 (0.3-2.1) 8

>1,387 1.1 (0.5-2.5) 14

Trend-test p-value: 0.13

OR, Use of acetaminophen and GSTP1 [105V

polymorphisms

Homozygous for wild-type 0.5 (0.4-0.8) NR

(leflle)

Heterozygous (lle/Val) 1(0.7-1.4) NR

Homozygous for variant 1.8 (0.9-3.6) NR

(Val/val)

Homozygous for variant 2.5(0.4-15.6) NR

(Val/val), >4 yrs of use
Fortuny et al. Population: OR, Exclusive acetaminophen use, duration (yrs) Age, sex, Exposure information:
(2007) Cases: 376; Controls: Never use 1 211 smoking Regular us.e defined as 24 times/wk for 21 month
Case-Control 463 Strengths:
New Hampshire, Exposure Ever use 0.8 (0.5-1.6) 21 Population controls. Verified cases by
USA assessment method: <4 5 yrs 0.8 (0.3-2) histopathological review.
Enroliment or interview
1998-2001 0.8 (0.2-3.1) 4

>16 yrs

Trend-test p-value: 0.672
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Reference, study- Population Exposure category or Risk estimate  Cases/  Co-variates Comments, strengths, and weaknesses
design, location, description & level (95% ClI) deaths  controlled
and year exposure
assessment method
Invasive: OR, acetaminophen use, stratified by Age, sex,
tumor invasion, tumor grade, TP53 IHC intensity smoking, use of
Noninvasive 0.6 (0.3-1.1) NR NSAlDS. and
analgesics
Invasive 1.1 (0.5-2.2) NR
Noninvasive, low grade 0.5 (0.2-0.9) NR
Noninvasive, high grade 2 (0.6-6.4) NR
TP53 IHC intensity <3 0.4 (0.2-0.8) NR
TP53 IHC intensity 23 1.7 (0.8-3.5) NR
Baris et al. (2013)  Population: OR, Acetaminophen use Age, gender, Exposure information:
Case-Control Cases: 1,171; Never use 1 314 race, Hispanic Regular use defined as =2 times/wk for 21 month
New England, US  Controls: 1,418 status, state, Strengths:
Enrollment or Exposure Regular use 1.3(1.1-1.7) 293 smoking status  Cases histologically confirmed. Population-based
follow-up: assessment method: g VIS 1.5 (1.1-2) 142 controls.
2001-2004 interview
5-9 yrs 1.1 (0.7-1.8) 48
10-19 yrs 1.1 (0.7-1.7) 42
220 yrs 1.1 (0.6-2) 27
Trend-test p-value: 0.966
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3.1.2.2 Lymphohematopoietic cancers

The association between acetaminophen and cancer of the lymphohematopoietic (LH)
system has been assessed in three cohort studies (Friis et al. 2002; Lipworth et al.

2003; Walter et al. 2011b) and 10 case-control studies (Baker et al. 2005; Becker et al.
2009; Chang et al. 2004; Couto et al. 2015; Friedman 1982; Kato et al. 2002; Moysich
et al. 2007; Ognjanovic et al. 2011; Ross et al. 2011; Weiss et al. 2006). One study that
assessed acetaminophen with several outcomes among a cohort of acute myeloid

leukemia (AML) patients was excluded because it did not investigate acetaminophen as
a cause of AML (Finn et al. 2015). Some of the studies assessed multiple cancer sites,

as shown in Table 8 below.

Table 8. Types of LH cancer investigated in each study

Reference

Combined
LH
cancers

Leukemia,
NOS

Myeloid
leukemia,
NOS

AML

CML

ALL

Childhood
leukemia

Lymphoma,
NOS

NHL MM

HL

Cohort

Friis et al. (2002)

Lipworth et al.
(2003)

Walter et al.
(2011b)

\/a

Case-control

Baker et al.
(2005)

Becker et al.
(2009)

Chang et al.
(2004)

Couto et al.
(2015)

Friedman (1982)

Kato et al. (2002)

Moysich et al.
(2007)

Ognjanovic et al.
(2011)

Ross et al.
(2011)

v

Weiss et al.
(2006)

v

v

v

LH, lymphohematopoietic; NOS, not otherwise specified; AML, acute myeloid leukemia; CML, chronic
myeloid leukemia; ALL, acute lymphocytic leukemia; NHL, non-Hodgkin lymphoma; MM, multiple

myeloma; HL, Hodgkin’s lymphoma
aWalter et al. (2011b) specifically examined CLL/SLL, a type of NHL
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LH cancers are a heterogeneous group of cancers that can be divided into the main
types of lymphoid neoplasms, and myeloid neoplasms and acute leukemias. According
to the WHO Classification of Hematologic Malignancies 2016, myeloid neoplasms and
acute leukemias can be divided into the following classifications: myeloproliferative
neoplasms; myeloid/lymphoid neoplasms with eosinophilia and rearrangement of
PDGFRA, PDGFRB, or FGFR1, or with PCM1-JAK2; myelodysplastic/myeloproliferative
neoplasms; myelodysplastic syndromes; AML and related neoplasms; blastic
plasmacytoid dendritic cell neoplasm; acute leukemias of ambiguous lineage; B-
lymphoblastic leukemia/lymphoma; and T-lymphoblastic leukemia/lymphoma (Arber et
al. 2016). Lymphoid neoplasms can be classified as mature B-cell neoplasms, mature
T and NK neoplasms, Hodgkin lymphoma, post-transplant lymphoproliferative disorders,
and histiocytic and dendritic cell neoplasms (Swerdlow et al. 2016).

Of the potential risk factors for LH cancers, tobacco smoking and BMI are considered
potential confounders in the association with acetaminophen. Details of studies are
presented in Tables 9-12 and are described below.

Cohort studies

Three cohort studies examined risk of lymphohematopoietic cancers with
acetaminophen use.

Friis et al. (2002) found that any acetaminophen prescription was associated with a non-
statistically significantly increased risk of total LH cancers (ICD-7, 200-205) (SIR, 1.2;
95% Cl, 0.8-1.6) (Table 9), non-Hodgkin lymphoma (ICD-7, 200, 202) (SIR, 1.2; 95%
Cl, 0.7-2.0) (Table 12), and multiple myeloma (ICD-7, 203) (SIR, 1.6; 95% ClI, 0.6-3.2)
(Table 12) compared to expected rates in the population of North Jutland county in
Denmark from 1989-1997. Any acetaminophen prescription was not associated with
risk of leukemia (ICD-7, 204) (SIR, 0.9; 95% CI, 0.5-1.6) (Table 11). The study
reported the risk associated with Hodgkin lymphoma, but found only one case that was
exposed to acetaminophen (Table 12). Limitations of the study were lack of control for
important covariates and limited power to detect significant associations (details are
discussed in Section 3.1.1).

In the same Danish population, Lipworth et al. (2003) found a two-fold significantly
increased risk of mortality from LH cancers with any acetaminophen prescription in men
and women combined. The SMRs were attenuated with longer follow-up times, but
remained significant with a five-year or longer latency period (Table 9). The results of
this study should be interpreted with caution because not all LH cancers are highly fatal
and therefore ascertainment of cases may not be accurately reflected on death
certificates. See Section 3.1.1 for study details.
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The details of Walter et al. (2011b) are described above in Section 3.1.1. Exposure was
assessed through a self-administered questionnaire at baseline. This study found a
statistically significant increased risk of LH cancers with high use of acetaminophen
(HR, 1.84; 95% CI, 1.35-2.50, p trend: 0.004) (Table 9). In order to assess the
possibility of reverse causation, incident cases that occurred within two years of
baseline were excluded from analyses, and the risk remained significantly increased
with high use (HR, 1.50; 95% ClI, 1.04-2.18). When stratified by sex, risk was higher in
women (HR, 2.15; 95% CI, 1.41-3.28; p trend: 0.001) than men (HR, 1.55; 95% CI,
0.97-2.50; p trend: 0.549) for total LH cancers. High use of acetaminophen was also
associated with an increased risk of myeloid neoplasms (HR, 2.26; 95% CI, 1.24-4.12;
p trend, 0.10) (Table 11), plasma cell disorders (HR, 2.42; 95% CI, 1.08-5.41; p trend,
0.007), and “mature B-cell neoplasms other than CLL/SLL or plasma cell disorders”
(HR, 1.81; 95% ClI, 1.12-2.93; p trend, 0.055) (Table 12) in men and women combined.
Acetaminophen use was not associated with risk of chronic lymphocytic leukemia/small
lymphocytic lymphoma (CLL/SLL).

Case-control studies

Leukemia (childhood)

In the two case-control studies of infant leukemia, one population-based from the US
and Canada (Ognjanovic et al. 2011) and another hospital-based from Brazil (Couto et
al. 2015), maternal acetaminophen use was not associated with AML, ALL, or acute
leukemia with MLL rearrangements (Table 10). Acetaminophen exposure was self-
reported through interview.

Leukemia (adult)

Three case-control studies assessed acetaminophen use in relation to adult leukemia
and its subtypes (Friedman 1982; Ross et al. 2011; Weiss et al. 2006) (Table 11).

Friedman (1982) conducted a case-control study of leukemia and its subtypes nested
within members of the Kaiser Permanente health plan of Northern California.
Acetaminophen use was obtained through review of physicians’ records, which were
collected prospectively. Analyses using hospital controls were attenuated compared to
the results using member controls. In the analyses using member controls,
acetaminophen use was positively associated with all leukemias combined and myeloid
leukemia, but the confidence intervals were wide and the results were not statistically
significant. No associations were seen when using hospital controls.

In a hospital-based case-control study in Buffalo, NY (Weiss et al. 2006),
acetaminophen use at least once per week was significantly associated with leukemia
(OR, 1.75; 95% CI, 1.06—-2.88; 39 exposed cases); non-statistically significant positive
associations were also observed for AML and ALL. For leukemia overall, risk increases
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were also observed for the metrics of frequency (times per week), years of use and
cumulative use but the risk estimates and tests for trend were not statistically significant.

In a population-based case-control study in Minnesota (Ross et al. 2011), statistically
significant increased risks of myeloid leukemia was observed in women, but not men,
who regularly used acetaminophen (2weekly for 21 yr) (OR, 1.60; 95% CI, 1.04-2.47).
In women, significant dose-response associations (p-value for trend < 0.05) were
observed with increasing years of use and tablets per week taken. Positive associations
with AML and chronic myeloid leukemia (CML) were also observed in women but not in
men (most were not statistically significant). Increasing number of tablets per week was
associated with statistically significant increasing risk of AML (p trend = 0.03) and
suggestive for CML (p trend = 0.10) in women.

Lymphoma, Non-Hodgkin Lymphoma (NHL), NOS and its subtypes

The only case-control study of lymphoma, NOS reported a statistically signficant OR of
2.29 (95% CI, 1.49-3.51) associated with acetaminophen use (Becker et al. 2009)
(Table 12). There have been two case-control studies of NHL and acetaminophen use
published to date (Baker et al. 2005; Kato et al. 2002). Kato et al. (2002) reported on
total NHL in women while Baker et al. (2005) reported on NHL and its cellular subtypes:
NHL (diffuse large B-cell ymphoma, DLBCL), NHL (follicular), NHL (small lymphocytic
leukemia/chronic lymphocytic leukemia, SLL/CLL), NHL (T-cell lymphoma) in men and
women. In both studies, consistently women who had ever used acetaminophen had
odds ratios above one (some of which were statistically significant), while there was no
association observed in men for NHL (DLBCL), NHL (follicular) and NHL (SLL/CLL).
Kato et al. (2002) reported increased risks of NHL that were not statistically significant
associated with three or more years of acetaminophen use. For NHL (all types
combined), Baker et al. (2005) reported some statistically significant increased risks
associated with acetaminophen use in women, but not in men. When the exposure
metrics were categorized into no, moderate, high use or duration, statistically significant
increased risks in women were noted in the lower category of use compared to no use,
but not in the high use category (Table 12). Women had a higher prevalence of higher
acetaminophen use than men.

Multiple Myeloma (MM)

Multiple myeloma is a mature B cell neoplasm (Swerdlow et al. 2016). The only case-
control study of multiple myeloma (Moysich et al. 2007) reported a roughly three-fold
increased risk that was statistically significant with regular use of acetaminophen
compared to those who did not use regularly (OR, 2.95; 95% CI, 1.72-5.08) (Table 12).
All of the risk estimates were statistically significant in all of the categories of
acetaminophen use analyzed, regardless of exposure metric. The ORs were highest in
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the highest categories of use: >7 times/wk (4.36; 95% CI, 1.7-11.23) and >10 yrs (3.26;
95% CI, 1.52—7.02). This study adjusted for tobacco smoking.

Hodgkin Lymphoma (HL)

Only one case-control study reported on the association between acetaminophen intake
and Hodgkin lymphoma (HL) (Chang et al. 2004); this study stratified by a number of
variables to determine which factors are associated with acetaminophen intake (i.e.,
age, education, income, ethnicity, gender, religion, and state of residence) (Table 12).
The statistically significant OR for regular acetaminophen use was 1.72 (95% CI, 1.29—
2.31) compared to non-regular use. This association persisted regardless of gender
and cigarette smoking.

Summary of lymphohematopoietic cancer findings

The association between acetaminophen use and several types of LH cancers has
been studied in a number of cohort and case-control studies. For all LH cancers
combined, significantly increased risks of LH cancer-related deaths were found in the
one cohort study in Danish North Jutland County (Lipworth et al. 2003) but not in
another in the same geographic area for incidence of LH cancer (Friis et al. 2002). A
US cohort study reporting on “hematologic malignancies” found statistically significant
increases in women that were high users through self-report on a questionnaire (Walter
et al. 2011b).

For myeloid leukemia, statistically significant increases were reported for one cohort in
men and women combined (Walter et al. 2011b) and for women but not men in one
case-control study (Ross et al. 2011), with significant trends observed in terms of
duration of use and tablets per week. A second case-control study reported a non-
significant elevation in risk (Friedman 1982).

AML was assessed in two case-control studies: a borderline significant increase was
reported in one study (Weiss et al. 2006) and a statistically significant increase in
women with a dose-response trend was reported in the second study (Ross et al. 2011).
CML was assessed in one case-control study that reported non-significant elevations in
risk in men and women (Ross et al. 2011).

For lymphoma, a statistically significant increase was reported in one case-control study
(Becker et al. 2009). A statistically significant increase in risk of two types of B-cell
lymphoma was observed in a cohort study (Walter et al. 2011b), with a dose-response
trend in one type. For total NHL, a non-significant elevation in risk was observed in one
cohort (Friis et al. 2002). Elevations were observed in two case-control studies, which
were statistically significant in women but not men in one study (Baker et al. 2005) and
not significant in women the other study (Kato et al. 2002). There were increases in the
risk of three cell types of NHL, but not one cell type.
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Two studies reported an increased risk of multiple myeloma, which was not significant in
the cohort study (Friis et al. 2002). The case-control study reported a significantly
increased risk with several metrics of exposure (regular use, times per week, years of
use), with a significant dose-response trend (Moysich et al. 2007).

Two studies reported on the risk in Hodgkin’s lymphoma. A cohort study reported a
non-significant elevation but contained only one case (Friis et al. 2002). A case-control
study found significantly increased risks with significant trends by several metrics of
exposure (Chang et al. 2004).

Potential confounding by smoking was possible for some of these LH cancers since it
was adjusted for in only three studies (Chang et al. 2004; Moysich et al. 2007; Walter et
al. 2011b).
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Table 9. Cohort studies of lymphohematopoietic cancers combined and acetaminophen use

Reference, Population Exposure category or Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses
study-design, description & level (95% CI) deaths controlled
location, and exposure
year assessment method
Friis et al. Population: ICD-7, 200-205: SIR, Prescribed acetaminophen (1989- Age, sex, calendar Exposure information:
(2002) Danish Cancer 1997) year Exposure level: ever prescribed acetaminophen and
Cohort registry/prescription - number of prescriptions
Denmark database. Cases Prescription 1.2(08-16) 33 Strengths:
Enrollment or  excluded because of Excluded person-time and cancer experience in the
follow-up: residency outside first year of follow-up after first acetaminophen
1989-1997 county at date of prescription. Use of prescription database and linked
prescription, parent to cancer registry. Almost complete capture of the
(of patient) registered population of North Jutland county.
as customer, error in Limitations:
personal identification Multiple comparisons performed, no adjustment for
number, death prior confounders such as tobacco smoking or alcohol
to/at date of consumption, lack of data on use of analgesic
prescription, age <16 agents prior to start of prescription database and
yrs, subjects who had use of OTC analgesics, degree of compliance, or
a cancer diagnosis indications for use.
(except Confidence in evidence:
nonmelanoma skin This study had some limitations, but is still fairly
cancer) prior to date informative. The primary strength is the use of the
of first recorded prescription database for exposure assessment and
prescription, or died linkage to the cancer registry. The main concern is
within the first year of the lack of control for confounders other than
follow-up; N = 39,946 matching for age, year, and sex.
Exposure
assessment
method: records
Lipworth et al. Population: Mortality: SMR, Prescribed paracetamol Age, sex, calendar Strengths:
(2003) Individuals who filled  (acetaminophen) (1989-1996) year Conducted latency analyses.
Cohort prescriptions — Limitations:
Denmark identified through the Total 2:3(2-2.6) 286 The main limitation is that cause of death would
Enrollment or  Pharmacoepidemiolo Men 2.8 (2.4-3.3) 140 miss cancer incidences. Also, there was no
follow-up: gical Prescription Women 2 (1.6-2.3) 146 ir!formation on indication_ for use, likely protopathic
1989-1996 Database bias, short follow-up period, limited control for

N =17,760 men;

Mortality: SMR, Prescribed acetaminophen, stratified by Age, sex, calendar

confounding.

32,130 women latency period year Confidence in evidence:
Exposure <1lyr 4.1 (3.4-4.8) 135 This study is not considered informative because
assessment 5 5 cause of death likely does not reflect cancer
method: records 1-2yrs 1.9(15-2.3) 94 incidence. Additionally, this study uses the same
3-4 yrs 1.2 (0.8-1.7) 33 population as Friis et al. 2002 and it is possible there
25 yrs 1.8 (1.1-2.6) o4 was some double-counting of cases.
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Reference, Population Exposure category or Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses
study-design, description & level (95% CI) deaths controlled
location, and exposure
year assessment method
Mortality: SMR, Number of prescriptions Age, sex, calendar
1 2.9 (2.4-3.4) 120 year
2-4 1.9 (1.4-2.4) 65
5-9 2.4(1.8-3.2) 51
210 1.8 (1.4-2.4) 50
Walter et al. Population: "Hematologic malignancies": HR, 10-yr use prior to Age, sex, Exposure information:
(2011b) Men and women in baseline in men and women combined race/ethnicity, Exposure level: “no use,” “low use” (<4 d/wk or <4
Cohort the Vitamins and Nonuser 1 405 education, yrs), and “high use” (=4 d/wk and 24 yrs).
us Lifestyle (VITAL) smoking, self-rated Strengths:
Enrollment or  study Low use (<4 d/iwk or <4 yrs) 1.16 (0.92-1.47) 96 health, history of ~ Large cohort study
follow-up: N=64,839 High use (24 d/wk and 24 1.84 (1.35-2.5) 52 rheumatmd arthritis, L|m_|tat|ons_: _
2000-2008 Exposure yrs) history of No information on dosage, possible reverse
assessment nonrheumatoid causation
method: Trend-test p-value: 0.004 arthritis or chronic ~ Confidence in evidence:

questionnaire

"Hematologic malignancies": HR, 10-yr use prior to

baseline in men and women combined, excluding cases

occurring within 2 yrs of baseline

Nonuser 1 NR

High use (24 d/wk and 24 1.5 (1.04-2.18) NR
yrs)

"Hematologic malignancies": HR, 10-yr use prior to
baseline in men

Nonuser 1 265

Low use (<4 d/wk or <4 yrs) 1.12 (0.81-1.54) 48

High use (24 d/wk and 24 1.55 (0.97-2.5) 19
yrs)

Trend-test p-value: 0.549

"Hematologic malignancies": HR, 10-yr use prior to
baseline in women

Nonuser 1 140

Low use (<4 d/wk or <4 yrs) 1.22 (0.87-1.73) 48

High use (24 d/wk and 24  2.15 (1.41-3.28) 33
yrs)

Trend-test p-value: 0.001

neck/back/joint
pain, history of
migraines or
frequent
headaches, history
of fatigue/lack of
energy, family
history of leukemia/
lymphoma

Some limitations, but overall considered informative.
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Table 10. Case-control studies of childhood leukemia and acetaminophen use

Reference, Population
study-design, description
location, and & exposure

Exposure category or level

Risk estimate
(95% ClI)

Cases/ deaths

Co-variates
controlled

Comments, strengths,
and weaknesses

year assessment
method
Ognjanovic et Population:
al. (2011) Cases: 441;
Case-Control Controls:

US and Canada 323
Enrollment or  Exposure

ALL (Acute lymphoblastic leukemia): OR Regular use before knowledge of pregnancy
No regular use 1 215
Regular use (=5 times) 1.11 (0.7-1.78) 46

ALL (Acute lymphoblastic leukemia): OR Regular use after knowledge of pregnancy

Maternal
age, race,
alcohol
consumption
during

Exposure information:
Regular use defined as 25
and 210 times before and
after knowledge of
pregnancy, respectively

follow-up: assessment pregnancy, Strengths:
1996-2006 method: No regular use 1 191 household  Population-based controls.
interview Regular use 1.27 (0.85-1.9) 70 income Additional results:
- . Also evaluated any use of
AML (Acute myeloid leukemia): OR Regular use before knowledge of preghancy acetaminophen; results
No regular use 1 146 were similar to regular use.
Regular use (=5 times) 0.83 (0.45-1.52) 22
AML (Acute myeloid leukemia): OR Regular use after knowledge of pregnancy
No regular use 1 137
Regular use 0.77 (0.46-1.3) 31
Couto et al. Population: ALL (Acute lymphocytic leukemia): OR Maternal exposure during pregnancy, children <2 yrs Child skin Exposure information:
(2015) Cases: 231, color, Use not defined
Case-Control Controls: No reported exposure ! 4 maternal Limitations:
Brazil 411 Reported exposure 0.56 (0.28-1.1) 17 age, Hospital-based controls.
Enrolimentor  Exposure  ap| (Acute lymphocytic leukemia): OR Maternal exposure during pregnancy, children 0-11 mo ~ Maternal
follow-up: assessment education,
1999-2007 method: No reported exposure 1 25 birth weight,
interview Reported exposure 0.69 (0.27-1.74) 10 pesticide
ALL (Acute lymphocytic leukemia): OR, Maternal exposure during pregnancy, children 12-23 mo ﬁé?r?%l;‘r:’
No reported exposure 1 49 intake during
Reported exposure 0.41 (0.15-1.15) 7 pregnancy

AML (Acute myeloid leukemia): OR, Maternal exposure during pregnancy, children <2 yrs

No reported exposure

1

23

Reported exposure

0.48 (0.15-1.48)

6

Acute leukemia with MLL rearrangements: OR, Maternal exposure during pregnancy, children

<lyr
No reported exposure 1 10
Reported exposure 1.55 (0.49-4.94) 6
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Table 11. Cohort and case-control studies of adult leukemia and its subtypes and acetaminophen use

Reference, Population
study-design, description &
location, and exposure

year assessment method

Exposure category or
level

Risk estimate

(95% Cl)

Cases/
deaths

Co-variates controlled

Comments, strengths, and weaknesses

Leukemia (combined) — Cohort

Friis et al. (2002)  See Friis et al. (2002)
Cohort above in Table 9.
Denmark

Enrollment or

follow-up:

1989-1997

ICD-7, 204: SIR, Prescribed acetaminophen (1989-1997)

Prescription

0.9 (0.5-1.6)

11

Age, sex, calendar year

See Friis et al. (2002) above in Table 9.

Leukemia (combined) — Case-Control

Friedman (1982)
Case-Control

Population:
Cases: 409; Controls:

CA, USA 409 hospital; 409
Enrollment or Kaiser member
follow-up: Exposure
1971-1976 assessment

method: records

ICD 8, Codes 200, 204, 205: RR, Use of acetaminophen,

hospital controls

Any use

0.44 (0.2-1)

8

ICD 8, Codes 200, 204, 205: RR, Use of acetaminophen,

member controls

Year of admission, sex,
year of birth, duration of
membership

Exposure information:

Any prescription

Strengths:

Exposure assessed through prescription
records.

Limitations:

Hospital-based and member-based

Any use 1.13 (0.43-2.91) 9
controls.

Weiss et al. (2006) Population: OR Frequency of use Year of survey, age, sex Exposure information:
Case-Control Cases: 169; Controls: Never 1 95 Regular use defined as = once per week for
Buffalo NY 676 = 6 months
Enrollment or Exposure Ever 1.53 (1.03-2.26) 74 Strengths:
follow-up: assessment <1 time/wk 1.74 (1.06-2.86) 34 Case§ confirr_ne_d through a tumor registry
1981-1998 method: - and diagnostic index.

Trend-test p-value: 0.23 Hospital controls.

OR Duration of use

Never 1 95

<10 yrs 1.42 (0.85-2.39) 30

>10 yrs 1.44 (0.83-2.52) 27

Trend-test p-value: 0.22

OR Cumulative use

Never 1 95

Mod. use (=2 tablet-yrs) 1.86 (1.11-3.12) 33

High use (>2 tablet-yrs) 1.3 (0.73-2.34) 23

Trend-test p-value: 0.30
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Reference, Population Exposure category or Risk estimate Cases/ Co-variates controlled Comments, strengths, and weaknesses
study-design, description & level (95% ClI) deaths

location, and exposure

year assessment method

Leukemia (ALL (Acute lymphoblastic/lymphocytic leukemia)) — Case-Control

Weiss et al. (2006) Population: OR Acetaminophen use Year of survey, age, sex Exposure information:

Case-Control Cases: 169; Controls: Never 1 18 Regular use defined as = once per week for
Buffalo NY 676 = 6 months

Enrollment or Exposure Ever 1.73 (0.79-3.78) 18 Strengths:

follow-up: assessment Cases confirmed through a tumor registry
1981-1998 method: and diagnostic index.

questionnaire

Limitations:
Hospital controls.

Leukemia (Myeloid) — Cohort

Walter et al. Population:
(2011b) Men and women in
Cohort the Vitamins and
us Lifestyle (VITAL)
Enrollment or study
follow-up: N=64,839
2000-2008 Exposure
assessment
method:

questionnaire

HR, 10-yr use prior to baseline in men and women
combined

Nonuser 1 88
Low use (<4 d/wk or <4 1.55 (0.98-2.43) 28
yrs)

High use (24 d/wk and  2.26 (1.24-4.12) 14
24 yrs)

Trend-test p-value: 0.10

Restricted to myelodysplastic syndrome or AML: HR, 10-

yr use prior to baseline in men and women combined

Nonuser 1 NR

High use (24 d/wk and 2.3 (1.12-4.73) NR
24 yrs)

Age, sex, race/ethnicity,

education, smoking,
self-reported health,
history of rheumatoid
arthritis, history of
nonrheumatoid arthritis
or chronic
neck/back/joint pain,
history of migraines or

frequent headaches,
history of fatigue/lack of
energy, family history of

leukemia/lymphoma

Exposure information:

Exposure level: “no use,” “low use” (<4
d/wk or <4 yrs), and “high use” (=4 d/wk
and 24 yrs).

Strengths:

Large cohort study

Limitations:

No information on dosage, possible reverse
causation

Confidence in evidence:

Some limitations, but overall considered
informative.

Leukemia (Myeloid) — Case-Control

Friedman (1982)
Case-Control

Population:
Cases: 409; Controls:

ICD 8, 205: RR, Use of acetaminophen, hospital controls

Any use 0.67 (0.19-2.34) 4

Year of admission, sex,
year of birth, duration of

Exposure information:
Any prescription

CA, USA 409 hospital; 409 : membership Strengths:
Enrollment or Kaiser member ICD 8, 205: RR, Use of acetaminophen, member controls Exposure assessed through prescription
follow-up: Exposure Any use 1.67 (0.4-6.87) 5 rgco_rds_.
1971-1976 assessment Limitations:
method: records Hospital-based and member-based
controls.
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Reference, Population Exposure category or Risk estimate Cases/ Co-variates controlled Comments, strengths, and weaknesses

study-design, description & level (95% ClI) deaths
location, and exposure
year assessment method
Ross et al. (2011) Population: OR Duration of use in women Age, BMI, other Exposure information:
Case-Control Cases: 670 (278 analgesic use Regular use defined as =1 time/wk for =21 yr
- Nonuser 1 209
Minnesota women, 392 men); Strengths:
Enrollment or Controls: 701 (358 1-5yrs 1.7 (0.87-3.29) 21 Population-based controls. Cases reviewed
follow-up: women, 343 men) 6-10 yrs 1.24 (0.63-2.44) 19 by pathologists.
2005-2009 Exposure
assessment >10 yrs 1.96 (1-3.84) 23
method: Trend-test p-value: 0.04

uestionnaire - -
q OR Duration of use in men

Nonuser 1 341
1-5yrs 1.66 (0.77-3.59) 20
6-10 yrs 1.44 (0.6-3.47) 14
>10 yrs 0.55 (0.25-1.21) 11

Trend-test p-value: 0.32

OR Tablets per week in women

Nonuser 1 209
User 1.6 (1.04-2.47) 63
<7 1.06 (0.59-1.89) 24
>7 2.37 (1.34-4.18) 39

Trend-test p-value: 0.003

OR Tablets per week in men

Nonuser 1 341
User 1.09 (0.67-1.77) 45
<7 1.08 (0.56-2.07) 22
>7 1.09 (0.57-2.12) 23

Trend-test p-value: 0.77
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Reference, Population Exposure category or Risk estimate Cases/ Co-variates controlled Comments, strengths, and weaknesses
study-design, description & level (95% ClI) deaths
location, and exposure
year assessment method
Leukemia (AML (Acute myeloid leukemia)) — Case-Control
Weiss et al. (2006) Population: OR Acetaminophen use Year of survey, age, sex Exposure information:
Case-Control Cases: 169; Controls: Never 1 77 Regular use defined as = once per week for
Buffalo NY 676 = 6 months
Enrollment or Exposure Ever 1.5(0.98-2.3) 56 Strengths:
follow-up: assessment Cases confirmed through a tumor registry
1981-1998 method: and diagnostic index.
guestionnaire Limitations:
Hospital controls.
Ross et al. (2011) Population: OR Tablets per week in women Age, BMI, other Exposure information:
Case-Control Cases: 670 (278 analgesic use Regular use defined as 21 time/wk for 21 yr
- . Nonuser 1 133 )
Minnesota women, 392 men); Strengths:
Enrollment or Controls: 701 (358 User 1.46 (0.87-2.44) 35 Population-based controls. Cases reviewed
follow-up: women, 343 men) <7 0.98 (0.49-1.96) 14 by pathologists.
2005-2009 Exposure
assessment 7 2.16 (1.11-4.23) 21
method: Trend-test p-value: 0.03
questionnaire OR, Tablets per week in men
Nonuser 1 217
User 1.06 (0.61-1.83) 28
<7 1.29 (0.64-2.61) 17
>7 0.82 (0.37-1.84) 11

Trend-test p-value: 0.44
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Reference, Population Exposure category or Risk estimate Cases/ Co-variates controlled Comments, strengths, and weaknesses

study-design, description & level (95% ClI) deaths
location, and exposure
year assessment method

Leukemia (CML (Chronic myeloid leukemia)) — Case-Control

Ross et al. (2011) Population: OR Tablets per week in women Age, BMI, other Exposure information:
Case-Control Cases: 670 (278 N analgesic use Regular use defined as 21 time/wk for 21 yr
. onuser 1 59
Minnesota women, 392 men); Strengths:
Enrollment or Controls: 701 (358 User 1.24 (0.64-2.42) 17 Population-based controls. Cases reviewed
follow-up: women, 343 men) <7 0.66 (0.24-1.86) 5 by pathologists.
2005-2009 Exposure
assessment =7 1.98 (0.88-4.45) 12
method: Trend-test p-value: 0.10

uestionnaire -
q OR Tablets per week in men

Nonuser 1 94
User 1.07 (0.51-2.23) 12
<7 0.54 (0.15-1.92)
>7 1.64 (0.67—4.05)

Trend-test p-value: 0.36
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Table 12. Cohort and case-control studies of lymphoma and its subtypes and acetaminophen use

Reference, Population description Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses
study-design, & exposure (95% ClI) deaths  controlled

location, and assessment method

year

Lymphoma (type not specified) — Case-Control

Becker et al. Population: OR, Acetaminophen use Center, age, Exposure information:

(2009) Cases: 2362; Controls: sex Exposure levels: any use

Case-Control 2458 No use ! 374 Strengths:

Europe Exposure assessment Use 2.29 (1.49-3.51) NR Large dataset

Enrollment or method: questionnaire Limitations:

follow-up: Possible selection bias as the controls were selected
1998-2004 from hospital-based studies. Self-reported medical

history. Non-specific lymphoma and no pathological
review. Limited analysis of analgesics.

Total NHL (Non-Hodgkin’s lymphoma) (all subtypes combined) — Cohort

Friis et al. (2002) See Friis et al. (2002)

ICD-7, 200, 202: SIR, Prescribed acetaminophen (1989- Age, sex,

See Friis et al. (2002) above in Table 9.

Cohort above in Table 9. 1997) calendar year
Denmark _
Enrollment or Prescription 1.2 (0.7-2) 14
follow-up:
1989-1997
Total NHL (Non-Hodgkin’s lymphoma) (all subtypes combined) — Case-Control
Baker et al. Population: OR, Men - regular acetaminophen use Age, race, year Exposure information:
(2005) Hospital-based controls No 1 290 of survey Regular use defined as =once/wk for 6 consecutive
Case-Control Cases: 625; Controls: months
Buffalo, NY 2512 Yes 0.75(0.48-1.17) 29 Strengths:
Enrollment or Exposure asse_zssm_ent OR, Men - frequency of acetaminophen use C_on_duc_ted pathology review of the diagnosis.
follow-up: method: questionnaire - Limitations:
1982-1998 1-6 times/wk 0.62 (0.37-1.03) 21 Hospital-based controls- possible selection bias as
>7 times/wk 1.54 (0.65-3.67) 8 the controls were selected from the hospital getting
OR M durati f ami h treatment for non-neoplastic conditions. Controls
» Vién - duration of acetaminophen use were using analgesics and this may dilute the
1-10 yrs 0.63 (0.34-1.15) 14 acetaminophen use between cases and controls. It
>10 yrs 0.92 (0.5-1.7) 15 may not represent unbiased measure of association.
OR, Men - cumulative acetaminophen use
Moderate use (<10 tablet- 0.72 (0.44-1.16) 25
yrs)
High use (>10 tablet-yrs) 1 (0.32-3.15) 4
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Reference, Population description Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses

study-design, & exposure (95% ClI) deaths  controlled
location, and assessment method
year

OR, Women - regular use

No 1 186
Yes 1.71 (1.18-2.5) 64
OR, Women - frequency of acetaminophen use
1-6 times/wk 1.8 (1.2-2.7) 53
27 times/wk 1.38 (0.65-2.93) 11
OR, Women - duration of acetaminophen use
1-10 yrs 1.78 (1.15-2.76) 42
>10 yrs 1.59 (0.9-2.81) 22

OR, Women - cumulative acetaminophen use
Moderate use (210 tablet- 1.95(1.3-2.92) 56

yrs)
High use (>10 tablet-yrs) 0.95(0.42-2.17) 8
Kato et al. (2002) Population: OR, Acetaminophen use Age at index Exposure information:
Case-Control Women, aged 20-79 yrs No use 1 NR date, family Regular use defined as = 1 time/month for = 6
New York Cases: 376; Controls: history of months
Enrollmentor 463 <3 yrs 0.98 (0.42-2.32) 15 hematologic ~ Strengths:
follow-up: Exposurg assz_assment 3.01-10 yrs 1.26 (0.51-3.09) 15 cancer, college Population-bgsed controls. Diagnosis con_firmed
1995-1998 method: interview education, BMI through medical records and pathology slides.
>10 yrs 1.39 (0.45-4.26) 13 10 yrs before  Limitations:
Trend-test p-value: 0.10 interview, Exposure self-reported.
surrogate
status, year of
interview
NHL (B-cell lymphoma) — Cohort
Walter et al. Population: Plasma cell disorders: HR, 10-yr use prior to baseline See Walter et. Exposure information:
(2011b) Men and women in the in men and women combined (2011b) above Exposure level: “no use,” “low use” (<4 d/wk or <4
Cohort Vitamins and Lifestyle Nonuser 1 a4 in Table 9. yrs), and “high use” (24 d/wk and 24 yrs).
us (VITAL) study Strengths:
Enrollmentor  N=64,839 Low use (<4 diwk or <4 yrs) 1.63(0.88-3.04) 14 Large cohort study
follow-up: Exposure assessment  igh yse (24 d/wk and 24 2.42 (1.08-5.41) 7 Limitations:
2000-2008 method: questionnaire yrs) No information on dosage, possible reverse
causation
Trend-test p-value: 0.007
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Co-variates
controlled

Cases/
deaths

Risk estimate
(95% ClI)

Reference,
study-design,
location, and
year

Population description Exposure category or level
& exposure
assessment method

Comments, strengths, and weaknesses

Mature B-cell neoplasms other than CLL/SLL or
plasma cell disorders: HR, 10-yr use prior to baseline
in men and women combined

Nonuser 1 169
0.84 (0.56-1.26) 30
1.81(1.12-2.93) 23

Low use (<4 d/wk or <4 yrs)

High use (24 d/wk and 24
yrs)
Trend-test p-value: 0.055

Confidence in evidence:
Some limitations, but overall considered informative.

NHL (DLBCL (Diffuse large B-cell ymphoma)) — Case-Control

Baker et al. Population: OR, Men - regular use

(2005) Hospital-based controls No 1 290 of survey
Case-Control Cases: 625; Controls:

Buffalo, NY 2512 Yes 0.68 (0.3-1.53) 84

Enrollment or Exposure assessment  oRr \women - regular use

follow-up: method: questionnaire

1982-1998 No 1 186

Yes 2.51 (1.23-5.14) 50

Age, race, year See Baker et al. (2005) above.

NHL (Follicular B cell ymphoma) — Case-Control

Baker et al. Population: OR, Men - regular use

(2005) Hospital-based controls No 1 290 of survey
Case-Control Cases: 625; Controls:

Buffalo, NY 2512 Yes 0.77 (0.37-1.59) 107

Enrollment or Exposure assessment OR, Women - regular use

follow-up: method: questionnaire

1982-1998 No 1 186

Yes 1.6 (0.9-2.86) 94

Age, race, year See Baker et al. (2005) above.

NHL (SLL/CLL) - Cohort

Walter et al. Population: HR, 10-yr use prior to baseline in men and women See Walter et.
(2011b) Men and women inthe combined (2011b) above
Cohort Vitamins and Lifestyle in Table 9.

us (VITAL) study Nonuser ! 70

Enrollment or N=64,839 Low use (<4 d/wk or <4 yrs) 0.93 (0.5-1.73) 13

follow-up: Exposure assessment pjigh yse (24 diwk and 24 0.84 (0.31-2.28) 4

2000-2008 method: questionnaire

yrs)
Trend-test p-value: 0.261

Exposure information:

Exposure level: “no use,” “low use” (<4 d/wk or <4
yrs), and “high use” (24 d/wk and 24 yrs).
Strengths:

Large cohort study

Limitations:

No information on dosage, possible reverse
causation

Confidence in evidence:

Some limitations, but overall considered informative.
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Reference, Population description Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses

study-design, & exposure (95% ClI) deaths  controlled
location, and assessment method
year
NHL (SLL) — Case-Control
Baker et al. Population: OR, Men - regular use Age, race, year See Baker et al. (2005) above.
(2005) Hospital-based controls No 1 200 of survey
Case-Control Cases: 625; Controls:
Buffalo, NY 2512 Yes 0.23 (0.03-1.77) 36
Enrollment or Exposure assgssmgnt OR, Women - regular use
follow-up: method: questionnaire
1982-1998 No 1 186
Yes 2.41 (1.08-5.41) 39
NHL (T-cell lymphoma) — Case-Control
Baker et al. Population: OR, Men - regular use Age, race, year See Baker et al. (2005) above.
(2005) Hospital-based controls No 1 290 of survey
Case-Control Cases: 625; Controls:
Buffalo, NY 2512 Yes 0.73 (0.16-3.24) 32
Enrollment or Exposure assgssmgnt OR, Women - regular use
follow-up: method: questionnaire
1982-1998 No 1 186
Yes 0.54 (0.11-2.76) 17
MM (Multiple myeloma) — Cohort
Friis et al. (2002) See Friis et al. (2002) ICD-7, 203: SIR, Prescribed acetaminophen (1989- Age, sex, See Friis et al. (2002) above in Table 9.
Cohort above in Table 9. 1997) calendar year
Denmark .
Enrollment or Prescription 1.6 (0.6-3.2) 7
follow-up:
1989-1997
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Reference, Population description Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses
study-design, & exposure (95% ClI) deaths  controlled
location, and assessment method
year
MM (Multiple myeloma) — Case-Control
Moysich et al. Population: OR, Acetaminophen use Age, smoking  Exposure information:
(2007) Cases: 117; Controls: No regular use 1 82 status, year of Regylar use'deﬂned as 21/wk for 26 months
Case-Control 483 questionnaire  Limitations:
Buffalo, NY Exposure assessment Regular use 2.95 (1.72-5.08) 30 completion Hospital controls. Exposure self-reported.
Enroliment or method: questionnaire 1 _g times/wk 2.57 (1.39-4.76) 21
follow-up: : : :
1982-1998 >7 times/wk 4.36 (1.7-11.23) 9
Trend-test p-value: <0.001
OR, Duration of use
No regular use 1 82
1-10 yrs 2.75(1.41-5.38) 16
>10 yrs 3.26 (1.52-7.02) 14
Trend-test p-value: <0.001
HL (Hodgkin's lymphoma) — Cohort
Friis et al. (2002) See Friis et al. (2002) ICD-7, 201: SIR, Prescribed acetaminophen (1989- Age, sex, See Friis et al. (2002) above in Table 9.

Cohort above in Table 9. 1997) calendar year

Denmark .

Enrollment or Prescription 1.4 (0-8) 1

follow-up:

1989-1997

HL (Hodgkin's lymphoma) — Case-Control

Chang et al. Population: OR, Acetaminophen use Age, sex, state Exposure information:

(2004) Cases: 565; Controls: Non-regular use 1 NR of res'ldence, E_xp(_)su_re IeyeI: regular use (22 times/wk)
Case-Control 679 smoking Limitations:

Boston, MA and
CT

Enrollment or
follow-up:
1997-2000

Exposure assessment
method: questionnaire

Regular use 1.72 (1.29-2.31) NR
OR, Acetaminophen use

Never 1 NR
Occasional 1.88 (1.4-2.53) NR
Regular 2.17 (1.58-2.98) NR

Trend-test p-value: 0.001

history, use of
other
analgesics

Possible selection bias because controls were often
of higher educational level and SES.
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Reference, Population description Exposure category or level Risk estimate Cases/  Co-variates Comments, strengths, and weaknesses

study-design, & exposure (95% ClI) deaths  controlled
location, and assessment method
year

OR, Regular use, stratified by age

No regular use 1 NR
Regular use, 15-54 y 1.75 (1.27-2.41) NR
Regular use, 55-79 y 1.55(0.74-3.21) NR
OR, Regular use, stratified by sex
No regular use 1 NR
Regular use, men 1.74 (1.13-2.68) NR
Regular use, women 1.7 (1.14-2.53) NR
OR, Regular use, stratified by histologic subtype
No regular use 1 NR
Regular use, nodular 1.63 (1.16-2.29) NR
sclerosis
Regular use, mixed 1.42 (0.72-2.8) NR
cellularity
OR, Regular use, stratified by tumor EBV genome
status
No regular use 1 NR
Regular use, positive 1.81 (1.06-3.08) NR
Regular use, negative 1.58 (1.11-2.24) NR
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3.1.2.3 Liver cancer

In the US, liver cancer (liver and intrahepatic bile duct cancer) was the fifth and eighth
leading cause of cancer death in men and women, respectively, accounting for
approximately 41,000 cancer cases and 29,000 deaths in 2017 (Islami et al. 2017).
Risk factors for liver cancer that are also associated with acetaminophen use are
tobacco smoking, obesity and alcoholic beverages (ACS 2019b; IARC 2019b).

The association between acetaminophen use and liver cancer has been assessed in
two independent cohorts; there were no case-control studies (Table 13). Both cohorts
noted positive associations.

In a Danish study that compared cancer incidence in an acetaminophen exposed cohort
to the general population, Friis et al. (2002) did not find a signficant association of
acetaminophen prescription with liver cancer (SIR, 1.8; 95% CI, 0.7-3.6; 7 exposed
cases) (see Section 3.1.1 for study details). However, a mortality analysis of this cohort
(Lipworth et al. 2003) found a statistically significant increased risk of liver cancer
mortality in men (SMR, 2.6; 95% ClI, 1.8-3.8) who were prescribed acetaminophen.
Mortality from liver cancer in women was not statistically significant (SMR, 1.6; 95% ClI,
0.9-2.6). The risk was similar after a latency period of 5 or more years in men and
women combined (SMR, 2.6; 95% CI, 1.1-5.2; 8 cases). However, this study did not
control for confounders such as smoking and alcohol use. This study was limited by the
use of death certificates to ascertain outcome, which may not reflect cancer incidence,
particularly for low fatality diseases.

Two publications from a nested case-control study of liver cancer conducted within a
large medical records database in the UK, the Clinical Practice Research Datalink
(CPRD) (previously the GPRD), reported some positive associations between
acetaminophen prescriptions and liver cancer (McGlynn et al. 2015; Yang et al. 2016).
CPRD is a large, automated population-based medical record database that contains
prospectively collected information both on prescribed medications and clinical
diagnoses for approximately 8.5% of the population of the UK. Cases and controls
were drawn from the database from 1988 to 2011 who were 10-90 years old. Controls
were selected from individuals who were in the database at the case’s index date and
had no cancer diagnosis prior to that date, and were matched based on age, sex,
general practice, and number of prior years in the CPRD.

McGlynn et al. (2015) had the primary objective of assessing statin use; acetaminophen
use was modelled only as a covariate, and the study reported a univariate OR of 1.52
(95% CI 1.31-1.75). Yang et al. (2016) further explored these findings in a more
detailed analysis of acetaminophen use. Acetaminophen use was associated with an
increased risk of liver cancer that was, in general, more pronounced in heavy and long-

Acetaminophen 91 OEHHA
September 2019



term users. Dose-response trends were observed in some analyses. The authors
presented several sensitivity analyses. For example, they stratified by the presence of
liver disease to assess confounding by indication (OR, 1.24; 95% CI, 1.05-1.47) and
also omitted acetaminophen use two years prior to diagnosis from the analysis to
assess the possibility of protopathic bias (OR, 1.20; 95% CI, 1.02-1.42). Analyses were
adjusted for several covariates including BMI, smoking status, alcohol-related disorders,
hepatitis B or C virus infection, diabetes, rare metabolic disorders, use of NSAIDs,
antidiabetic medications, and statins. In general, the adjusted ORs were attenuated
from the crude ORs. In the tables in this report, only the most informative analyses are
presented.

Increasing risk was observed with increasing acetaminophen prescriptions overall and
when restricted to individuals without liver disease (p-value for trend < 0.01). This trend
was also present in individuals without liver disease with the highest intensity of
acetaminophen use (time between first and last prescriptions >5 years).

Confounding by indication was assessed as a possible explanation for the increase in
risk. The authors state that patients at highest liver cancer risk (e.g., cirrhosis, portal
hypertension with thrombocytopenia) may be advised to avoid NSAID use due to risk of
gastrointestinal bleeding and renal failure and suggest these patients may be channeled
towards receiving acetaminophen. Therefore these indications may confound the
association between acetaminophen use and liver cancer (Yang et al. 2016). However,
results did not change materially when restricting the analyses to individuals without
chronic liver disease, supporting that confounding by indication was not an explanation
for these positive findings.

Protopathic bias, or reverse causation, was examined as a potential explanation for the
risk increases. Because acetaminophen may be used to treat pain in early stages of
liver cancer before diagnosis, one might expect the association to be attenuated when
changing the index date from one year to two years prior to the date of diagnosis.
However, the statistically significant results were essentially unchanged in this
sensitivity analysis (OR 1.20, 95% CI 1.02-1.42 for ever-use of acetaminophen 2 years
prior to diagnosis vs. OR 1.18, 95% CI 1.00-1.39 for ever-use of acetaminophen 1 year
prior to diagnosis), arguing against protopathic bias as an explanation. Nevertheless,
potential reverse causation could not be ruled out as it is unknown whether these
persons had pre-clinical liver cancer.

This study had several strengths. Several validation studies have been conducted
within the CPRD, increasing the reliability of the data. It is population-based and is
representative of the population in terms of age, sex, most diseases, and prescriptions
written; thus minimizing the potential for selection bias and improving validity and
generalizability of the findings (Strom 2013). Prescription records to assess
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acetaminophen use were prospectively collected, minimizing the potential for
information bias and exposure misclassification (see beginning of Section 3.1).
Additionally, these analyses adjusted for alcohol-related disorders, accounting for
potential confounding of alcohol use.

Summary of liver cancer findings

The association between acetaminophen use and liver cancer was examined in two
large independent cohorts that assessed acetaminophen use through prescription
records databases, one from Denmark (Friis et al. 2002; Lipworth et al. 2003) and the
other from the UK (McGlynn et al. 2015; Yang et al. 2016). In the Danish cohort,
elevations in mortality and incidence risk were observed that were statistically significant
for mortality from liver cancer (Lipworth et al. 2003) but not incidence of liver cancer
(Friis et al. 2002). This cohort could not control for potential confounders such as
smoking and alcohol use. In the UK database, statistically significant elevations in the
risk of liver cancer were reported, after adjusting for several covariates including
smoking status, alcohol-related disorders, hepatitis B or C virus infection, and use of
NSAIDs (Yang et al. 2016). Dose-response analyses showed increasing risk with
increasing acetaminophen prescriptions overall and when restricted to individuals
without liver disease.
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Table 13. Cohort and nested case-control studies of liver cancer and acetaminophen use

Reference, Population description & Exposure category Risk estimate Cases/ deaths Co-variates Comments, strengths, and weaknesses
study-design, exposure assessment or level (95% CI) controlled
location, and method
year
Cohort
Friis et al. Population: ICD-7, 155: SIR, Prescribed acetaminophen (1989-1997) Age, sex, calendar  Exposure information:
(2002) Danish Cancer registry and . — year Exposure level: ever prescribed
Cohort prescription database. Cases Prescription 1.8 (0.7-36) ! acetaminophen and number of
Denmark excluded because of prescriptions
Enrollment or  residency outside the county Strengths:
follow-up: at the date of prescription, Excluded person-time and cancer
1989-1997 parent (of patient) registered experience in the first year of follow-up after
as customer, error in the first acetaminophen prescription. Use of
personal identification prescription database and linked to cancer
number, death prior to or at registry. Almost complete capture of the
the date of prescription, age population of North Jutland county.
younger than 16 years, Limitations:
subjects who had a cancer Multiple comparisons performed, no
diagnosis (except adjustment for confounders such as
nonmelanoma skin cancer) tobacco smoking or alcohol consumption,
prior to date of first recorded lack of data on use of analgesic agents
prescription, or died within prior to start of prescription database and
the first year of follow-up use of OTC analgesics, degree of
N = 39,946 compliance, or indications for use.
Exposure assessment Confidence in evidence:
method: records This study had some limitations, but is still
fairly informative. The primary strength is
the use of the prescription database for
exposure assessment and linkage to the
cancer registry. The main concern is the
lack of control for confounders other than
matching for age, year, and sex.
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Reference, Population description & Exposure category Risk estimate Cases/ deaths Co-variates Comments, strengths, and weaknesses

study-design, exposure assessment or level (95% CI) controlled
location, and method
year
Lipworth et al. Population: Mortality: SMR, Prescribed acetaminophen (1989-1996) Age, sex, calendar  Exposure information:
(2003) Individuals who filled — year NR
Cohort prescriptions identified Al 2.2 (1.6-2.9) 48 Strengths:
Denmark through the Men 2.6 (1.8-3.8) 31 Conducted latency analyses.
Enrollment or ~ Pharmacoepidemiological Women 1.6 (0.9-2.6) 17 Limitations:
follow-up: Prescription Database — - - — The main limitation is that cause of death
1989-1996 N = 17,760 men; 32,130 Mortality: SMR, Prescribed acetaminophen, stratified by would miss cancer incidences. Also, there
women latency period was no information on indication for use,
Exposure assessment <lyr 3.8 (2.3-5.9) 19 likely protopathic bias, short follow-up
method: records period, limited control for confounding.
1-2yrs 1.7(0.97-2.9) 15 Confidence in evidence:
3-4 yrs 1.1(0.4-2.4) 6 This study is not considered informative
because cause of death likely does not
25 yrs - 26(1.1-5.2) — 8 reflect cancer incidence. Additionally, this
Mortality: SMR, Number of prescriptions study uses the same population as Friis et
1 2.7 (1.6-4.1) 20 al. 2002 and it is possible there was some
double-counting of cases.
2-4 2.1 (1.1-3.6) 13
5-9 1.9 (0.8-3.9) 7
210 1.6 (0.7-3.1) 8
Nested Case-Control
McGlynn etal.  Population: Univariate OR, Paracetamol (acetaminophen) use None Exposure information:
(2015) A nested case-control study NO use 1 404 Exposure levels: any use
Nested Case- was conducted within the _ Limitations:
Control Clinical Practice Research ~ Acetaminophen use  1.52 (1.31-1.75) 791 Limited assessment of acetaminophen use
UK Datalink (CPRD) of the and liver cancer. Possible that some
Enrollment or  United Kingdom (UK). secondary liver cancers were included.
follow-up: Cases: 1195; Controls: 4640
1988-2011 Exposure assessment

method: records
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Reference, Population description & Exposure category Risk estimate Cases/ deaths Co-variates Comments, strengths, and weaknesses

study-design, exposure assessment or level (95% CI) controlled

location, and method

year

Yang et al. Population: OR, Excluding exposure 2 years prior to case BMI, smoking Exposure information:

(2016) In addition to the full case- diagnosis. Any paracetamol (acetaminophen) use (no. status, alcohol- Ever use defined as 22 prescriptions

Nested Case- control match, we completed of prescriptions) related disorders, Strengths:

Control an additional match based 0-1 1 620 hepatitis B or C virus Conducted several sensitivity tests to rule

United Kingdom on the presence of chronic infection, diabetes,  out confounding by indication and

Enrollment or  liver disease. For the 170 22 1.2 (1.02-1.42) 575 rare metabolic protopathic bias. Analyses were adjusted

follow-up: cases with a history of 2.9 1.14 (0.94-1.37) 271 disorders, use of for alcohol-related disorders, collected

1988 to 2011 chronic liver disease, 680 NSAIDs, antidiabetic prospectively, to rule out confounding by
controls selected among 10-19 1.14 (0.84-1.53) 86 medications, and alcohol use. Reliability of the data were
individuals with liver disease 20-39 1.47 (1.09-1.98) 94 statins ensured through several validation studies
in the CPRD were matched within CPRD. The study was population-
to these cases at a four-to- 240 1.3 (0.98-1.73) 124 based, representative of the general
one ratio using the same Trend-test p-value: 0.07 population, thus minimizing the potential for

matching factors as in the
primary match. Similarly, the

selection bias, and improving the validity

Individuals without liver disease: OR, acetaminophen and generalizability of the findings.

use (no. of prescriptions)

remaining 1025 cases Limitations:

without liver disease were 0-1 1 501 None.

matched to 4100 controls >2 1.24 (1.05-1.47) 524 Confidence in evidence:

without chronic liver disease. No concerns of selection or information bias
This approach allows 2-9 1.09 (0.89-1.33) 224 or confounding.

sufficient sample size for 10-19 1.54 (1.14-2.08) 91

stratified analyses by chronic

liver disease. 20-39 1.21 (0.88-1.66) 75

Cases: 1195; Controls: 4640 =40 1.61 (1.22-2.12) 134

Exposure assessment

method: records Trend-test p-value: <0.01

Individuals without liver disease: OR, 2-5 years between
first and last prescription (no. of prescriptions)

0-1 1 501
>2 1.15 (0.89—1.49) 114
2-9 1.15 (0.83-1.61) 58
10-19 1.7 (1.02-2.83) 29
20-39 0.87 (0.5-1.54) 18
> 40 0.9 (0.39-2.11) 9

Trend-test p-value: 0.99
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Reference, Population description &
study-design, exposure assessment
location, and method

year

Exposure category Risk estimate

or level

(95% Cl)

Cases/ deaths Co-variates
controlled

Comments, strengths, and weaknesses

Individuals without liver disease: OR, >5 years between
first and last prescription (number of prescriptions)

0-1 1 501
=2 1.35 (1.09-1.67) 307
2-9 1.06 (0.78-1.44) 79

10-19 1.4 (0.95-2.05) 49

20-39 1.35 (0.93-1.97) 54

240 1.71 (1.28-2.29) 125
Trend-test p-value: <0.01
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3.1.2.4 Hormone-related cancers

Breast cancer

In the US, it is estimated that breast cancer will be responsible for approximately
268,600 new diagnoses of invasive cancer cases, 62,930 new cases of carcinoma in
situ, and 41,760 deaths in women in 2019 (ACS 2019c; Torre et al. 2017). Risk factors
for breast cancer that are also associated with acetaminophen use are obesity and
alcoholic beverages. Female hormone use, menopausal status, and reproductive
factors are important risk factors for breast cancer, although their association with
acetaminophen exposure is unknown (ACS 2019b; IARC 2019b).

Cohort studies

Eighteen cohort studies evaluated the use of acetaminophen and risk of breast cancer
in women (Bosco et al. 2011; Clarke et al. 2017; Eliassen et al. 2009; Friis et al. 2002;
Friis et al. 2008; Gallicchio et al. 2006; Gallicchio et al. 2007; Garcia Rodriguez and
Gonzalez-Perez 2004a; Gill et al. 2007; Harris et al. 1999; Harris et al. 2003; Kehm et
al. 2019; Kwan et al. 2007; Lipworth et al. 2003; Marshall et al. 2005; Rahme et al.
2005; Walter et al. 2011a; Zhang et al. 2012) (Appendix Table B1). Lipworth et al.
(2003) included two male breast cancer cases. Most studies found either no
association or decreases, mostly non-statistically significant, in the risk of breast cancer,
(Bosco et al. 2011; Clarke et al. 2017; Friis et al. 2002; Friis et al. 2008; Garcia
Rodriguez and Gonzalez-Perez 2004a; Gill et al. 2007; Harris et al. 1999; Harris et al.
2003; Kehm et al. 2019; Walter et al. 2011a), localized and non-localized breast cancer
(Marshall et al. 2005), invasive breast cancer (Gallicchio et al. 2007; Marshall et al.
2005), breast carcinoma (Gallicchio et al. 2006), or breast cancer recurrence (Kwan et
al. 2007). Eliassen et al. (2009) found no association of acetaminophen use with
invasive breast cancer in premenopausal women, and Zhang et al. (2012) and Rahme
et al. (2005) found no or decreased association of breast cancer in postmenopausal
women. Most studies adjusted for several risk factors for breast cancer, but the
covariates used differed by study. More than half of the studies assessed dose-
response and only one study found a statistically inverse association with longer
duration of acetaminophen use (p-value for trend = 0.03) (Bosco et al. 2011).

The only study that found statistically significant positive associations was a Danish
mortality study (Lipworth et al. 2003). However, this study was limited by the use of
death certificates to ascertain outcome, which may not reflect cancer incidence,
particularly for low fatality disease.
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Case-control studies

The five case-control studies of breast cancer were consistent in finding no association
with acetaminophen use (Ashok et al. 2011; Brasky et al. 2010; Harris et al. 2006; Meier
et al. 2002; Terry et al. 2004) or a small decrease in risk with higher use (Meier et al.
2002) (Appendix Table B2). Three of these studies adjusted for BMI (Harris et al. 2006;
Meier et al. 2002; Terry et al. 2004) and one study additionally adjusted for alcohol use
(Harris et al. 2006). Of the two studies that assessed dose-response, neither observed
an association (Brasky et al. 2010; Meier et al. 2002).

Meta-analyses

A meta-analysis that included unpublished data found a reduced risk of breast cancer
with acetaminophen use (meta-OR for case control studies, 0.85, 95% CI 0.76-0.95;
meta-RR for cohort studies 0.95, 95% CI, 0.88-1.01; meta-RR for estrogen positive
tumors, 0.92; 95% CI, 0.85-1.00) (de Pedro et al. 2015).

Summary of breast cancer findings

Overall, acetaminophen use was associated with either no association or a mostly non-
significant reduced risk of breast cancer in women in 18 cohort and five case-control
studies, even after adjustment for important potential confounders such as BMI and
alcohol use in several of these studies. The one exception was the cohort study of
Lipworth et al. (2003) that used death certificates to assess outcome. Many of these
studies assessed dose-response and found no association. These null/negative
findings were consistent over different time periods, geographic locations, and study
design, minimizing the possibility of chance as an explanation.

Ovarian cancer

Ovarian cancer is rare, representing 1.3% of all new cancer cases in the U.S. In 2019,
it is estimated that there will be 22,530 new cases and 13,980 deaths in the US from
ovarian cancer (NCI 2019a). Ovaries are composed of three main types of cells; each
cell type can develop into a different tumor type, namely epithelial, germ cell, and
stromal. Epithelial tumors can be benign, borderline or malignant. Malignant epithelial
tumors can be further classified as serous, clear cell, mucinous, or endometroid (ACS
2018c). BMl is the main potential confounder in the association between
acetaminophen use and ovarian cancer. Hormone therapy is also a risk factor,
although its association with acetaminophen exposure is unknown (NCI 2019b).

Cohort studies

Eleven cohort studies evaluated the association between acetaminophen use and
ovarian cancer (Barnard et al. 2018; Fairfield et al. 2002; Friis et al. 2002; Lacey et al.
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2004; Lipworth et al. 2003; Merritt et al. 2018; Nagle et al. 2015; Pinheiro et al. 2009;
Rodriguez et al. 1998; Setiawan et al. 2012; Trabert et al. 2019) (Appendix Table B3).

In the NHS and NHSII studies, Barnard et al. (2018) observed positive but not
statistically significant increases in risk of epithelial ovarian cancer with heavy
acetaminophen use (22500 tablet-days) (HR, 1.41; 95% CI, 0.99-2.00, p for trend =
0.10) and with greater duration of use (=10 years) (HR, 1.12; 95% CI, 0.87-1.46, p for
trend = 0.12) after adjustment for multiple factors. A strength of this study is that it
incorporated a latency period of 2-4 years to limit the potential for reverse causation.
When the latency period was lengthened to 8-10 years, the associations for
acetaminophen were weaker. A limitation was that exposure assessment was
conducted through self-administered questionnaires.

A positive association was observed with ovarian cancer mortality in Lipworth et al.
(2003) (SMR, 2.3; 95% CI, 1.9-2.8). This association was attenuated when stratified by
latency period (SMR, 0.9; 95% ClI, 0.3-2.1 for five or more years of latency), suggesting
the possibility of protopathic bias since women may take acetaminophen for early
symptoms of the disease before knowledge of their cancer status (see Section 3.1 for
additional details).

No associations were observed between acetaminophen use and risk of overall ovarian
cancer in the Breast Cancer Detection Demonstration Project Follow-up Study (Lacey
et al. 2004), NHS (Nurses’ Health Study) cohorts (Pinheiro et al. 2009), Multiethnic
Cohort (MEC) study (Setiawan et al. 2012), or in a Danish cohort (Friis et al. 2002). No
associations were observed between acetaminophen use and risk of invasive ovarian
cancer (Fairfield et al. 2002) or ovarian cancer-specific death (Merritt et al. 2018) in the
NHS cohorts. No associations were observed between acetaminophen use and risk of
ovarian cancer mortality in the Cancer Prevention Study Il (CPS-II) (Rodriguez et al.
1998) or overall mortality in ovarian cancer patients in an Australian study (Nagle et al.
2015). Lacey et al. (2004), Friis et al. (2002) and Fairfield et al. (2002) had limited
power to detect an association due to small numbers of cases.

Trabert et al. (2019) examined the association of acetaminophen with multiple histologic
subtypes of ovarian cancer in the Ovarian Cancer Cohort Consortium, a pooled analysis
comprised of up to 13 prospective cohort studies from North America and Europe.
Acetaminophen exposure was assessed through self-reported questionnaires in all
cohorts, and cancer cases were identified through either cancer registries or medical
record review. Daily use of acetaminophen was associated with an increased risk of
ovarian cancer overall (HR, 1.28; 95% CI, 1.00-1.65, 71 exposed cases) and the
serous subtype (HR, 1.70; 95% CI, 1.14-2.55, 26 exposed cases), and was not
statistically significant in the endometrioid subtype (HR, 1.85; 95% CI, 0.75-4.57, 6
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exposed cases). Non-significant increased risks were observed with the mucinous and
clear cell subtype, but there were very few cases (four or fewer). Dose-response
analyses were conducted for several exposure metrics, but p-values for tests for trend
were not reported. Several of the studies (Brasky et al. 2014; Gallicchio et al. 2007;
Pinheiro et al. 2009) and study populations used in the other cohort studies (e.g., NHS,
VITAL) were included in this pooled analysis.

Case-control studies

Acetaminophen use was assessed in 13 case-control studies of ovarian cancer
(Ammundsen et al. 2012; Baandrup et al. 2014; Cramer et al. 1998; Hannibal et al.
2008; Hannibal et al. 2018; Lo-Ciganic et al. 2012; Meier et al. 2002; Moysich et al.
2001; Peres et al. 2016; Pinheiro et al. 2010; Rosenberg et al. 2000; Schildkraut et al.
2006; Wu et al. 2009) and one pooled analysis of 12 population-based case-control
studies (Trabert et al. 2014) (Appendix Table B4). The pooled analysis (Trabert et al.
2014), which included several previously unpublished results on acetaminophen from
case-control studies of ovarian cancer, reported no association between acetaminophen
use and ovarian cancer overall (OR = 0.99; 95% CI = 0.88-1.12; 1% 40.0%%) nor by
histological subtypes of ovarian cancer, nor by dose, duration, or frequency of
acetaminophen use. In general, these studies, including the large pooled analysis,
showed no or inverse association between acetaminophen use and risk of ovarian
cancer or its histological subtypes. All of these studies adjusted for several covariates,
although the covariates included differed by study. Several of the studies also
assessed dose-response, and found null or inverse associations that were not
statistically significant (p-value for trend >0.05)

Meta-analyses

A now-outdated meta-analysis that included 8 studies (4 cohort studies, 4 case-control
studies) published between 1998 and 2004 showed a protective effect of
acetaminophen on ovarian cancer risk (Bonovas et al. 2006). The meta RR for regular
compared to non-use was 0.70 (95% CI, 0.51-0.95).

Summary of ovarian cancer findings

Eleven cohort studies and 13 case-control studies evaluated the association between
acetaminophen use and ovarian cancer. The results from the cohort studies were
inconsistent, however a pooled analysis comprised of up to 13 prospective cohort
studies from North America and Europe found that daily use of acetaminophen was
associated with increased risk of ovarian cancer overall, serous, endometrioid,
mucinous and clear cell subtypes. In the pooled analysis of cohort studies, dose-

4 See footnote 3 for definition of 12
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response analyses were conducted, but the highest exposed categories had the fewest
exposed subjects and did not observe the highest risks. Generally, the case-control
studies and a large pooled analysis of case-control studies showed no or mostly non-
significant inverse associations between acetaminophen use and risk of ovarian cancer
or its subtypes.

Cervical cancer

Acetaminophen use was not associated with cervical cancer in a cohort study (Friis et
al. 2002) and in a single case-control study of cervical cancer (Friel et al. 2015)
(Appendix Table B5). In the case-control study there was no evidence for a dose-
response association with the number of tablets used per week, the years of use, or
cumulative use (tablets/week and years of use).

Uterine endometrial cancer

Acetaminophen use was not associated with endometrial cancer in three of the four
cohort studies (Setiawan et al. 2012; Viswanathan et al. 2008; Walter et al. 2011a), a
pooled analysis of the Epidemiology of Endometrial Cancer Consortium (Webb et al.
2018), and a meta-analysis (Ding et al. 2017) (Appendix Table B6). A Danish cohort
found a non-significant increase (Friis et al. 2002) (see Section 3.1.1 for study details).
The three case-control studies of endometrial cancer (Bodelon et al. 2009; Moysich et
al. 2005; Neill et al. 2013) showed some increases in some categories of
acetaminophen use, but none of the elevations are statistically significant.

Prostate cancer

Cohort studies

Six independent cohort studies examined the association between acetaminophen use
and prostate cancer (Friis et al. 2002; Garcia Rodriguez and Gonzalez-Perez 2004b;
Jacobs et al. 2011; Lipworth et al. 2003; Murad et al. 2011; Platz et al. 2005; Veitonmaki
et al. 2014; Walter et al. 2011a) (Appendix Table B7).

In a Danish cohort, acetaminophen use was not associated with prostate cancer
incidence (SIR, 0.8; 95% ClI, 0.5-1.3) (Friis et al. 2002; Jacobs et al. 2011, Platz et al.
2005; Walter et al. 2011a) but was associated with increased prostate cancer mortality
(Lipworth et al. 2003) (SMR, 3.7; 95% CI, 3.4-4.1). This association was attenuated
when stratified by latency period (SMR, 1.6; 95% CI, 0.9-2.6 for five or more years of
latency), suggesting there was likely protopathic bias; however the interpretation of this
study is also limited by the use of mortality data (prostate cancer is not always fatal, and
therefore there could be an under-ascertainment of cases) (see Section 3.1.1 for study
details). Veitonmaki et al. (2014) found increased risks of prostate cancer in current
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users of acetaminophen for overall risk, localized cancer, metastatic cancer, and high-
grade cancer. Risks were higher for metastatic and high-grade cancer. This study
found similar associations with other pain relievers, such as prescription NSAIDs and
cox-2 selective inhibitors (coxibs). For these two reasons, the authors hypothesize that
the risk elevation was due to protopathic bias due to treatment of symptoms of
undiagnosed prostate cancer, particularly pain due to metastases.

Other studies found either no association or a decreased risk of prostate cancer with
acetaminophen use (Friis et al. 2002; Jacobs et al. 2011; Platz et al. 2005; Walter et al.
2011a). Walter et al. (2011a) and Jacobs et al. (2011) found decreased risks of
aggressive prostate cancer with acetaminophen use. One nested case-control study
found a non-significantly increased risk with any acetaminophen use (OR, 1.15; 95%CI,
0.86-1.53; 67 exposed cases) (Murad et al. 2011). Another nested-case control study
conducted within the GPRD found an inverse association with increasing years of use
(trend-test p-value: 0.02) and in the highest category of acetaminophen dose (OR, 0.59;
95% CI, 0.38—0.93; 25 exposed cases for >2000 mg/d among current users for more
than a year) (Garcia Rodriguez and Gonzalez-Perez 2004b). Garcia Rodriguez and
Gonzalez-Perez (2004b) assessed acetaminophen use through a prescription
database, while Murad et al. (2011) assessed acetaminophen use through self-report.

Case-control studies

Two case-control studies of prostate cancer found no association with regular
acetaminophen use (Nelson and Harris 2000; Salinas et al. 2010; Wright et al. 2016)
(Appendix Table B7).

Summary of prostate cancer findings

The majority of the cohorts (Friis et al. 2002; Jacobs et al. 2011; Platz et al. 2005;
Walter et al. 2011a), including a nested case-control study (Garcia Rodriguez and
Gonzalez-Perez 2004b), and a single case-control study (Salinas et al. 2010; Wright et
al. 2016) found either no association or a decreased risk of prostate cancer with
acetaminophen use. Three studies found decreased risks of aggressive prostate
cancer with acetaminophen use (Jacobs et al. 2011; Veitonmaki et al. 2014; Walter et
al. 2011a).

3.1.2.6 Skin cancer

Skin cancers are the most common type of cancer. Non-melanoma (squamous cell
carcinoma [SCC], basal cell carcinoma [BCC]) and melanoma are the main types of
skin cancer. Melanoma is much less common than the other types, although it is the
cause of most deaths from skin cancer (NCI 2019d). Exposure to ultraviolet radiation
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and its proxies (e.g. number of sunburns, fair skin, hair, etc.) is a major risk factor (ACS
2016; Canadian Cancer Society 2019).

Cohort studies

Seven cohort studies evaluated the association between acetaminophen use and skin
cancer (Cahoon et al. 2012; Friis et al. 2002; Gamba et al. 2013; Jeter et al. 2012;
Pandeya et al. 2019; Walter et al. 2011a; Wysong et al. 2014) and its subtypes
(Appendix Table B8).

A Danish cohort found an increased risk of ever prescribed acetaminophen with non-
melanoma skin cancer (SIR, 1.3; 95% CI, 1.1-1.6) but no association with malignant
melanoma (SIR, 0.6; 95% CI, 0.2-1.3) (Friis et al. 2002). This study calculated SIRs in
comparison to the general population and did not control for important covariates, such
as sun exposure (see Section 3.1.1 for study details).

Jeter et al. (2012) evaluated risk of skin cancers in 92,125 women in the Nurses’ Health
Study. After multivariable adjustment, current use was associated with a slightly
increased risk of BCC (RR, 1.05; 95% CI, 1.00-1.10), while past use was not (RR, 1.02;
95% ClI, 0.96-1.07). Positive dose-response associations with increasing days per
week and tablets per week of acetaminophen used were observed in some categories,
although trend tests for frequency and duration of use were not statistically significant.
This study also found no or inverse association with current and past acetaminophen
use and SCC and no association with malignant melanoma. Dose-response analyses
also showed no associations or significant trends of increasing risk (p>0.05).

Cahoon et al. (2012) evaluated risk of BCC with use of acetaminophen in 58,213 men
and women in the United States Radiologic Technologists cohort. After a mean follow-
up time of 5.5 years in cases and 8.9 years in non-cases, the study found that any
acetaminophen use was significantly positively associated with BCC after adjustment
for age, sex, and UV exposure (HR, 1.14; 95% CI, 1.04-1.25). When stratified by
average days of use per month, only the lowest category (0-4 days/month) was
significantly associated with BCC (HR, 1.18; 95% CI, 1.07-1.3). Higher days of use per
month (15-21 and 222 days/month) were positively associated with BCC, but were not
statistically significant. The p for trend was 0.08.

In a cohort from Queensland, Australia, Pandeya et al. (2019) did not find an
association with BCC or SCC among infrequent and frequent users of acetaminophen
among low risk participants (no history of skin cancer excision and at most five actinic
lesions treated).

Wysong et al. (2014) was a prospective cohort study of 54,728 postmenopausal
Caucasian women in the Women’s Health Initiative Observational Study (WHI OS)
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between 1993 and 1998. After adjusting for multiple covariates, there was no
association between acetaminophen use and risk of non-melanoma skin cancer.

The details of Walter et al. (2011a) are described in Section 3.1.1. This study found
either no or a decreased association of prior use of acetaminophen with malignant
melanoma in men and women, but did not adjust for UV exposure. Gamba et al. (2013)
evaluated melanoma risk in postmenopausal women in the WHI OS. Regular
acetaminophen use was not associated with risk of melanoma. Only one risk estimate
was reported for acetaminophen use. The primary focus of the study was aspirin and
non-aspirin NSAID use, and no subgroup or sensitivity analyses were conducted with
acetaminophen.

Case-control studies

One case-control study of non-melanoma skin cancer found statistically significant
reduced risks for BCC and SCC with acetaminophen use, adjusted for age, gender,
number of cigarettes smoked per day, skin type, lifelong number of painful sunburns
and lifelong cumulative number of hours of sun exposure (Torti et al. 2011). Risk ratios
were attenuated towards the null for past acetaminophen use and away from the null for
current use. For BCC, a reduced odds ratio was found with acetaminophen use,
especially among current users (OR = 0.56; 95% CI 0.33—-0.97) and those who reported
a longer duration of use (>7 years) (OR = 0.54; 95% CI 0.29-1.03). Similarly,
acetaminophen use was associated with reduced risk of SCC among current users (OR
= 0.56, 95% CI = 0.33—-0.97) and users of >7 years (OR 0.68 95% = Cl 0.37-1.23). P-
values for trend were not presented.

Summary of skin cancer findings

Overall, the associations between acetaminophen use and several types of skin cancer,
including malignant melanoma and non-melanoma skin cancer, were either null or
inconsistent. For non-melanoma skin cancer, a Danish cohort (Friis et al. 2002) found a
significantly increased risk while a prospective cohort from the US (Wysong et al. 2014)
found no association with acetaminophen use. Wysong et al. (2014), but not Friis et al.
(2002), adjusted for UV exposure. Two other cohorts (Cahoon et al. 2012; Jeter et al.
2012) found increased risk of BCC (the majority of which were non-statistically
significant), but dose-response analyses were not consistent. However, another cohort
(Pandeya et al. 2019) did not find an association with BCC among infrequent and
frequent users of acetaminophen. For SCC, two cohorts found null or inverse
associations with acetaminophen use (Jeter et al. 2012; Pandeya et al. 2019). One
case-control study of non-melanoma skin cancer found statistically significant reduced
risks for BCC and SCC with acetaminophen use, adjusted for age, gender, number of
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cigarettes smoked per day, skin type, lifelong number of painful sunburns and lifelong
cumulative number of hours of sun exposure (Torti et al. 2011).

Of the four studies that evaluated the relationship between acetaminophen use and
malignant melanoma, none found an association (Friis et al. 2002; Gamba et al. 2013;
Jeter et al. 2012; Walter et al. 2011a).

The results for skin cancer were inconsistent and there were few studies for each type
of cancer.

3.1.2.8 Colorectal cancer

Colorectal cancer is the third most common cancer diagnosed in both men and women
in the US, with an estimated 101,420 new cases of colon cancer and 44,180 new cases
of rectal cancer to occur in 2019. Potential confounders in the association between
acetaminophen use and colorectal cancer are BMI, smoking, and heavy alcohol use
(ACS 2018a).

Cohort studies

Thun et al. (1993) found an increased risk of rectum cancer mortality with high
frequency of acetaminophen use; however, there were only four exposed cases (RR,
3.08; 95% ClI, 1.11-8.54) (Appendix Table B9). Friis et al. (2002) did not find an
association of acetaminophen prescription with colon or rectal cancer (see Section 3.1.1
for study details), and Friis et al. (2009) did not find an association with colorectal
cancer with any acetaminophen use and with increasing frequency of use. Walter et al.
(2011a) did not find an association of prior use of acetaminophen with colorectal cancer
(see Section 3.1.1 for details). Garcia Rodriguez and Huerta-Alvarez (2001) found a
significant positive association with colorectal cancer for those who used
acetaminophen for less than one year, but no association in those who used the drug
for greater than one year. This suggests that protopathic bias occurred, since the
finding attenuated with a greater period of time between acetaminophen use and
diagnosis of cancer. Cea Soriano et al. (2016a) reported three nested case-control
study designs from a cohort of a UK primary care database. No associations were
observed between acetaminophen use and colorectal cancer in the limited results
pertaining to acetaminophen that were reported.

Case-control studies

Six case-control studies examined the association between acetaminophen use and
colorectal cancer (Hardell et al. 1996; Harris et al. 2008; Logan et al. 1993; Meier et al.
2002; Muscat et al. 1994; Peleg et al. 1996) (Appendix Table B9). All but two of the
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case-control studies of colon/colorectal cancer found no association with
acetaminophen use. A Swedish case-control study (Hardell et al. 1996) reported an OR
of 2.2 (95% ClI, 0.5-9.2) among women who used acetaminophen, after adjustment for
age and job-related physical activity. Peleg et al. (1996) reported an OR of 1.28 (95%
Cl, 0.53-3.09) for adenocarcinoma among men and women who had consumed a
cumulative acetaminophen dose of 500 g or more.

Summary of colorectal cancer findings

The association between acetaminophen use and colorectal cancer was assessed in six
cohort studies and five case-control studies. The majority of studies reported no
association.

3.1.2.9 Other sites

The data from cohort and case-control studies from a number of other cancer sites were
too sparse to draw conclusions. They are presented by organ site below.

Brain cancer

One cohort did not find an association between prescriptions for acetaminophen and
brain cancer (Friis et al. 2002). Two of the three case-control studies of brain cancer
showed some increases with acetaminophen use (Egan et al. 2016; Sivak-Sears et al.
2004; Stalberg et al. 2010). Egan et al. (2016) reported an increase in meningioma
(OR, 1.85; 95% ClI, 1.29-2.65; 72 exposed cases) and a non-statistically significant
increase in risk of glioma (OR, 1.2; 95% CI, 0.93-1.54; 182 exposed cases) associated
with acetaminophen use. Stalberg et al. (2010) observed that prenatal acetaminophen
exposure was associated with an increased risk of childhood brain cancer that was not
statistically significant (OR, 1.7, 95% CI, 0.6-5.4; 8 exposed cases) (Appendix Table
B10).

Respiratory tract cancer

Cohort studies

Acetaminophen prescriptions were associated with lung cancer in Friis et al. (2002)
(SIR, 1.6; 95% ClI, 1.2-2.0) (see Section 3.1.1 for details). Some positive associations
were observed in Walter et al. (2011a), but did not reach statistical significance and
attenuated from low to high use (see Section 3.1.1 for details). Acetaminophen use was
not associated with fatal lung cancer in one study (Bittoni et al. 2017). Lipworth et al.
(2003) found an increased risk of respiratory tract cancer mortality in people who were
prescribed acetaminophen (SMR, 3.4; 95% CI, 3.1-3.6 for men and women combined).
This study did not control for smoking and was limited by the use of death certificates to

Acetaminophen 107 OEHHA
September 2019



ascertain outcome, which may not reflect cancer incidence. One nested case-control
study reported an association between acetaminophen use and lung cancer (RR, 1.34;
95% ClI, 1.07-1.68), which attenuated after controlling for smoking and occupational
training (i.e., unskilled worker; skilled worker; bachelor’s degree; master’s degree or
higher) (RR, 1.11; 95% CI not reported) (Olsen et al. 2008) (Appendix Table B11).

Case-control studies

Four case-control studies of lung cancer and acetaminophen use have been published
to date (Erickson et al. 2018; Harris et al. 2007; Lim et al. 2012; Van Dyke et al. 2008);
all were adjusted for smoking and age (Appendix Table B11). Two studies reported
positive associations with metrics of acetaminophen intake (Erickson et al. 2018; Harris
et al. 2007), one of which was statistically significant, whereas the other two studies
reported no association between acetaminophen intake and lung cancer (Lim et al.
2012; Van Dyke et al. 2008). The study by Lim et al. (2012) stratified by smoking status
and found regular acetaminophen use (at least 2 times a week for at least a month or
more) was not associated with lung cancer risk in nonsmokers (OR, 1.02; 95% ClI,
0.47-2.21; 10 exposed cases), whereas there was a non-statistically significant
elevation in risk only among smokers (OR, 2.58; 95% CI: 0.62-10.78; 10 exposed
cases) (Lim et al. 2012).

Gastrointestinal tract cancer

Cohort studies

Friis et al. (2002) found no association of acetaminophen prescription with
oral/pharyngeal cancer or stomach/gastric cancer, but found an increased risk of
esophageal cancer (SIR, 2.5; 95% CI, 1.2-4.7) (see Section 3.1.1 for study details). In
the Multiethnic Cohort study, Epplein et al. (2009) found no association with duration of
acetaminophen intake and stomach cancer.

Walter et al. (2011a) did not find an association of acetaminophen use with
gastrointestinal cancer overall in men, women, or men and women combined (see
Section 3.1.1 for details). Lipworth et al. (2003) found an increased risk of digestive
tract cancer mortality in people who were prescribed acetaminophen. However, this
study was limited by the use of death certificates to ascertain outcome, which may not
reflect cancer incidence, particularly for low fatality disease (Appendix Table B12).

Case-control studies

Neither of the two case-control studies of esophageal cancer (Anderson et al. 2006;
Sadeghi et al. 2008) observed significant associations with acetaminophen use
(Appendix Table B12). Anderson et al. (2006) observed no significant relationships
between acetaminophen use and Barrett’'s esophagus or esophageal adenocarcinoma
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compared with controls: OR (95% CI), 1.09 (0.63-1.91) and 0.82 (0.45-1.52),
respectively. Sadeghi et al. (2008) also observed no association between frequent use
of acetaminophen and esophageal cancer. There were no case-control studies of
stomach cancer available.

Pancreatic cancer

Two cohort (Friis et al. 2002; Walter et al. 2011a) and two case-control studies (Kho et
al. 2016; Tan et al. 2011) did not find an association of acetaminophen prescription or
use with pancreatic cancer (Appendix Table B13).

All sites

Two cohort studies evaluated the risk of cancer at all sites (Appendix Table B14).
Walter et al. (2011a) did not find an association between high use of acetaminophen
and total cancer risk in men, women, or overall. Low use of acetaminophen was
associated with a non-statistically significant increased risk of total cancer in men (HR,
1.18; 95% ClI, 0.99-1.31) (see Section 3.1.1 for details). Friis et al. (2002) observed an
increased risk of all cancers combined in men (SIR, 1.21; 95% CI, 1.05-1.38) but not
women (SIR, 1.03; 95% CI, 0.92-1.16). A significantly increased risk was observed in
individuals prescribed 5-9 acetaminophen prescriptions (SIR, 1.50; 95% CI, 1.20-1.80).
Individuals prescribed ten or more prescriptions did not have an increased total cancer
risk (SIR, 1.00; 95% ClI, 0.80-1.10) (see Section 3.1.1 for details). There were no case-
control studies of all cancers combined.
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3.2 Carcinogenicity Studies in Animals

A review of the literature on carcinogenicity studies of acetaminophen in experimental
animals identified ten studies conducted in mice, and seven studies conducted in rats.
Acetaminophen was administered in feed in all studies.

There are also a number of additional studies conducted in mice, rats, and hamsters,
utilizing a variety of experimental study designs involving administration of
acetaminophen with carcinogens and other modifying factors to investigate
acetaminophen’s ability to promote or otherwise effect the development of tumors or
pre-neoplastic lesions (e.qg., liver foci). Additional studies investigating effects on tumor
development were limited by short duration, e.g., 25 weeks (one study), 26 weeks (one
study), 30 weeks (two studies), 32 weeks (two studies), 36 (one study), 40 weeks (two
studies), 44 weeks (one study), 47 weeks (one study), 48 weeks (one study), 52 weeks
(three studies), and many were also limited by use of small group sizes. In addition,
some studies were non-informative due to observations of 100% tumor incidence in
both the carcinogen-alone, and carcinogen plus acetaminophen groups. Additional
studies investigating effects on pre-neoplastic lesion development were limited by short
duration, e.g., 3.5 weeks (two studies), 8 weeks (three studies), 9 weeks (two studies),
10 weeks (one study), 13 weeks (one study), 18 weeks (one study), and 24 weeks (one
study), and many were also limited by use of small group sizes. These additional
studies are briefly summarized in Appendix C.

This section is organized as follows:

e An overview of the available carcinogenicity studies in mice and rats is provided
in Table 14, which presents key design elements for each study, organized by
species, strain, and sex.

e Carcinogenicity studies conducted in mice are summarized in Table 15, which
presents information on several aspects of study design, dosing, tumor findings
(site, type, and incidence), and other relevant issues. Findings from the mouse
studies are then briefly discussed in the text.

e Carcinogenicity studies conducted in rats are summarized in Table 16, which
presents information on study design, dosing, tumor findings (site, type, and
incidence), and other relevant issues. Findings from the rat studies are then
briefly discussed in the text.
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Table 14. Overview of acetaminophen animal carcinogenicity studies

Study Dose
: . Sex Number of Route of Exposure
No. Species strain (M,F) animals/group Administration (rggc)(g Duration Reference
1 M 60° 0. ?L%’O?)SO’
103 weeks NTP (1993)
2 F 60° 0, 110,
600, 1200
0, 600, Hagiwara and
3 B6C3F1 M 30-120 1200 70 weeks Ward (1986)
4 M 50-55 Oggg(c) Amo and
0 360 134 weeks Matsuyama
E - ' ' 1985
> Mouse °0-55 Feed 720°¢ ( )
0, 250
6 M 52-60 ’ ’
IF 500 18 months Flaks and Flaks
0, 250, (1983)
7 F 52-60 500
8 . M e 20 0, 1320f Weisburger et
d ’ 11 h
9 Swiss F 20 0, 1430°¢ months al. (1973)
0 130 Lifetime (mean
10 ABC-A F 30 ’ ’ survival < 40 Wright (1967)
615, 1210
weeks) 9
11 M 60° 0, 3??6350’
Rat F344/N Feed 103 weeks NTP (1993)
12 F 60" 0, 35, 160,
320
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Study : . Sex Number of Route of Dose Exposure
No. Species Strain : . . (mg/kg- : Reference
(M,F) animals/group Administration day)? Duration
0, 1954
13 M 50 ’ ’ .
F344 402.1" 104 weeks Hiraga and Fujii
14 /DuCrj n 50 0, 335.7, (1985)
688"
15 M 40-50 0, 300,
600 Flaks et al.
Leeds 0 300 18 months (1985)
16 F 40-50 600
- Johansson
17 -D M 206.6' 117 k
S 30 0, 206.6 weeks (1981)

M: Male; F: Female; mg/kg-day: milligrams per kilogram per day; F344: Fischer 344; S-D: Sprague-Dawley

@ Values are as reported by study authors unless specified.

b Ten animals per group were sacrificed at 15 months.

¢ Doses were calculated by OEHHA using total acetaminophen intake and bodyweight data provided by Amo and Matsuyama (1985).

d Authors identified the mice as “NIH General purpose” mice, which is a strain derived from Swiss mice from the Rockefeller Institute and given to
the NIH in 1935 (Rice and O’Brien 1980).

¢ Due to severe mortality due to fighting, the combined tumor data are from three separate experiments.

f Doses were calculated by OEHHA using average body weight and food consumption values in Gold et al. (1997).

9 This study is considered uninformative because of limited study design, conduct, and reporting. In addition, the only tissue examined
histopathologically was the mammary gland.

h Average daily intake during the 104 weeks of exposure was reported by the authors.

i Calculated by OEHHA based on information provided by Johansson (1981).
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3.2.1 Carcinogenicity studies conducted in mice

Ten carcinogenicity studies of acetaminophen have been conducted in mice, all with
administration in feed (Table 15). Five studies were conducted in B6C3F1 mice (two in
females, three in males) (Amo and Matsuyama 1985; Hagiwara and Ward 1986; NTP
1993), two studies in IF mice (one in females, one in males) (Flaks and Flaks 1983), two
studies in Swiss mice (one in females, one in males) (Weisburger et al. 1973), and one
in female ABC-A mice (Wright 1967). The study by Wright (1967) was determined to be
an inadequate test of carcinogenicity due to limited study design, duration, and
reporting. The studies of Weisburger et al. (1973) were determined to have limited
ability to detect carcinogenic effects, based on small group size and less-than-lifetime
duration. In addition, Weisburger et al. (1973) presented combined data from three
separate experiments in male mice, due to severe fighting-related mortality in the study.

As shown in Table 15 and discussed below, increases in tumors were observed in
treated animals in the Amo and Matsuyama (1985) study in female B6C3F1 mice
(hepatocellular adenomas and carcinomas (combined), pituitary adenomas), and in the
Flaks and Flaks (1983) studies in male (hepatocellular adenoma, carcinoma, and
combined adenoma and carcinoma) and female IF mice (hepatocellular adenoma and
combined adenoma and carcinoma); tumors were also observed in treated male Swiss
mice (hepatocellular adenoma and carcinoma (combined) and urinary bladder
papilloma) in the study by Weisburger et al. (1973).

Acetaminophen 113 OEHHA
September 2019



Table 15. Summary of study design, exposure and tumor incidences in mouse bioassays of acetaminophen

Reference and
study design

Exposure

Tumor site

Tumor type

Tumor incidence (%)

Comments

National
Toxicology
Program (1993)

Animal:

Mouse B6C3F1
Male (M)

Age at start of
exposure:

8-9 week (wk)
Study duration:
103 wk

Control:
Concurrent

N = 60 per group
(10 for 15-month
interim sacrifice)

Agent and purity:
Acetaminophen
>99%

Exposure route:
Feed

Exposure
concentrations,
frequency, and
duration:

0, 600, 3,000, or
6,000 ppm for 103
wk (approximately
0, 90, 450, or
1,000 mg/kg-day)

Survival: No significant difference between the
control and treated groups.

Body weight: Body weights of treated mice were
lower than controls but the differences were not
statistically significant.

Other comments: The incidence of thyroid
follicular cell hyperplasia was increased in exposed
mice in a dose-dependent manner (0/49, 6/49,
12/50, 15/50). Follicular cell tumors were not
increased by treatment. Renal tubule hyperplasia
occurred in one low dose and in two high dose
males, and renal tubule adenoma occurred in one
low dose and one high dose male, with none in
controls. NTP concluded there was no evidence of
carcinogenic activity in this study.

National
Toxicology
Program (1993)

Animal:
Mouse B6C3F1
Female (F)

Age at start of
exposure:

8-9 wk

Study duration:
103 wk

Control:
Concurrent

N = 60 per group
(10 for 15-month
interim sacrifice)

Agent and purity:

Acetaminophen
>99%

Exposure route:
Feed

Exposure
concentrations,
frequency, and
duration:

0, 600, 3,000, or
6,000 ppm for 103
wk (approximately
0, 110, 600, or
1,200 mg/kg-day)

Survival: No significant difference between the
control and treated groups.

Body weight: Body weights of treated mice were
lower than controls but the differences were not
statistically significant

Other comments: The incidence of thyroid follicular
cell hyperplasia was increased in exposed mice in a
dose-dependent manner (2/48, 8/50, 11/50, 25/50).
Follicular cell adenomas were seen in treated, but
not control mice (0/48, 1/50, 1/50, 2/50). Laboratory
historical control incidence of follicular cell adenoma
ranged from 0-10%, with a mean of 1.3%. NTP
concluded there was no evidence of carcinogenic
activity in this study.
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Reference and  Exposure Tumor site Tumor type Tumor incidence (%) Comments
study design

Hagiwaraand  Agent and Survival: Almost half of the high dose animals died
Ward (1986) purity: prior to 24 wk. At 72 weeks, survival was 16% in
Animal: Acetaminophen high dose, 94% in low dose, and 100% in controls.

Mouse B6C3F1  Purity not stated Body weight: BW in the treated groups was

M Exposure route: reduced in a dose-dependent manner compared to
Age at start of Feed controls (by 13.1% and 49.5% in the low- and high-
exposure: Exposure dose groups at 72 wk, respectively).

6 wk concentrations,

) ; q Other comments: A significant increase in liver
Study duration:  frequency, an weight/body weight ratio was observed in both

70 wk duration:l treatment groups compared to control. High dose
Control: 0, 5’200’700‘?(0% mice exhibited a high incidence of liver

Concurrent 2831 oorrl 28’2’) ©. hepatocytomegaly, cirrhosis, Iip_ofuscin_, _depos_ition,
N = 30 for mg/i(g de{y) and necrosis. Most low dose mice exhibited mild

heptocytomegaly, and a few low dose mice had
focal cirrhosis or necrosis. No counts were provided
for the nonneoplastic liver lesions.

control; 60 for
low dose; 120 for
high dose
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Reference and study Exposure Tumor site Tumor type Tumor incidence (%) Comments
design
Amo and Agent and purity: Survival: No significant difference between the
Matsuyama (1985) Acetaminophen control and treated groups.
. 0,
Animal: >98% Body weight: After approximately 40 wk, body
Mouse B6C3F1 Exposure route: weights of treated mice were lower than controls but
M Feed the differences were not statistically significant.
Age at sta.lrt of Exposure Other comments: Pneumonia was observed in a
exposkure. fconcentratlonj, number of mice and was not treatment related.
8-9w drequt_enc.y, an Enteritis, or inflammation of the small intestine, was
Study duration: uration. reported in four low dose and five high dose mice,
134 wk 0, 3,000, or 6,000 with none in controls.
ppm for 134 wk (0,

Control: Concurrent 460, or 920
N =50 for control and mg/kg-day) 2
low dose; 55 for high
dose
Amo and Agent and purity: Concentration levels (ppm) Survival: No significant difference between the
Matsuyama (1985) Acetaminophen 0 3,000 6,000 control and treated groups.
Animal: >98% . Hepatocellular 2/49 2/46 8/50* Body weight: No significant difference in bw
Mouse B6C3F1 Exposure route: Liver adenoma ang_ . (4.1%) (4.3%) (16%) between treated and controls.
F Feed carcinoma, combine .
A ‘ £ Trend p-value < 0.05 Other comments: Pneumonia was observed in a

ge at start o Xposure number of mice and was not treatment related.
exposure: fconcentratlonds, Pituitary Adenoma 2/49 3/46 9/50* Enteritis, or inflammation of the small intestine, was
8-9 wk requency, an (4.1%) (6.5%) (18%) observed in one control, one low dose, and four high

Study duration:
134 wk

Control: Concurrent

duration:

0, 3,000, or 6,000
ppm for 134 wk (O,
360, or 720

N = 50 for control and mg/kg-day) 2

low dose; 55 for high

dose

Trend p-value < 0.05

dose animals.

Footnotes for the studies by Amo and Matsuyama (1985):
The denominator is the number of animals alive at the occurrence of the first tumor at any site, which was 51 weeks.
*p < 0.05, pairwise comparison with control by Fisher's exact test (performed by OEHHA)
Trend p-value: exact trend test (performed by OEHHA)
@ Doses in mg/kg-day were calculated by OEHHA using data from Amo and Matsuyama (1985). The authors reported that there was no remarkable difference in food intake
between the treated and control groups, and calculated the total acetaminophen intake to be 863 and 675 g/kg in high-dose male and female mice, respectively.
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Reference and  Exposure Tumor site Tumor type Tumor incidence (%) Comments
study design
Flaks and Flaks Agent and purity: Concentration levels (ppm) Survival: 32 males in the high dose group died with
(1983) Acetaminophen 0 5,000 10,000 severe liver necrosis within the first 48 hours.

; . 298% Thereafter, survival in all groups was good, with no
Animal: Hepatoce||u|ar 1/50 1/54 15/23*** .
Mouse IE Exposure route: ~denoma a 2%) (1.9%) (65.2%) additional treatment-related decreases.
M Feed Trend p-value < 0.0001 Body weight: Dose-related weight loss was
Age at start of Exposure Liver 0/50 0/54 5/23%* observed, this was a decisive factor in determining
exposure: concentrations, Hepatocellular (21.7%) the time of study termination.
young adult Ijrsg:tieonnc'y’ and carcinoma Trend p-value < 0.001 Other comments: Hepatic histologic changes such
Study duration: : as centrilobular cytoplasmic vacuolation, decreased
18 m)c/)nth (mo) 0, 5,000, 10,000 Hepatocellular 1/50 1/54 20723+ glycogen centrilogtjlgr intracellular fat accumulation

ppm for 18 mo adenoma and (2%) (1.9%) (87.0%) ’

Control:
Concurrent

N = 52 controls;
60 per treated
group

(approximately O,
250, 500 mg/kg-day)

carcinoma, combined Trend p-value < 0.0001

and altered liver foci were observed in treated
animals at both doses, but not in controls. Focal
centrilobular necrosis occurred in 0/52, 1/27, and
7/27 control, low- and high-dose animals,
respectively. Foci of cellular alteration were
observed in 0/52, 5/57, and 21/27 control, low- and
high-dose animals, respectively. Biliary hyperplasia
was observed in 6/27 high dose animals only.
Necrosis of the adrenal medulla occurred in 11/57 of
the low dose mice, 12/27 of the high dose, and none
in controls. Focal tubular necrosis of the renal cortex
was observed in two high dose animals with none in
low dose or controls. Focal alveolar epithelialization
in the lungs was found in three low dose animals but
not in high dose or controls.

Footnotes for the studies by Flaks and Flaks (1983):
Incidence reported by the study authors; the denominator is the number of animals alive at 18 months.

a Mice with both adenomas and carcinomas were assigned to the carcinoma category by Flaks and Flaks (1983).

**p < 0.01, pairwise comparison with control by Fisher's exact test (performed by OEHHA)
***n < 0.001, pairwise comparison with control by Fisher’s exact test (performed by OEHHA)
Trend p-value: exact trend test (performed by OEHHA)
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Reference and  Exposure Tumor site Tumor type Tumor incidence (%) Comments

study design

Flaks and Flaks Agent and purity: Concentration levels (ppm) Survival: Five mice died with severe liver necrosis
(1983) Acetaminophen 0 5,000 10,000 within the first 48 hours. Thereafter, subsequent
Animal: =98% Hepatocellular 0/48 0/57 7147% survival in all groups was high.

Mouse IF Exposure route: adenoma @ (14.9%) Body weight: Dose-related weight loss was

F Feed Trend p-value < 0.001 observed, this was a decisive factor in determining
Age at start of  Exposure Liver Hepatocellular  0/48 0/57 2147 the time of study termination.

exposure: concentrations, carcinoma (4.3%) Other comments: Hepatic histologic changes such
young adult ;reqLi.ency, and Test for trend not significant. as centrilobular cytoplasmic vacuolation, decreased
Study duration: duration: glycogen, and centrilobular intracellular fat

18 mo 0, 5,000, 10,000 Hepatocellular 0/48 0/57 9/47*: accumulation were observed in the treated animals
Control: ppm for 18 mo adenoma and (19.1%) at both doses but not in controls. Focal centrilobular
Concurrent (approximately 0, carcinoma, combined Trend p-value < 0.0001 necrosis and altered liver foci occurred in 9/50 and

N = 52 controls;
60 per treated

group

250, 500 mg/kg-day)

10/50 high dose animals, respectively, with none in
the low dose or controls. Non-hepatic pathological
changes were not reported.

Footnotes for the studies by Flaks and Flaks (1983):
Incidence reported by the study authors; the denominator is the number of animals alive at 18 months.

@ Mice with both adenomas and carcinomas were assigned to the carcinoma category by Flaks and Flaks (1983).

**pn < 0.01, pairwise comparison with control by Fisher's exact test (performed by OEHHA)
Trend p-value: exact trend test (performed by OEHHA)
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Reference and study Exposure Tumor site Tumor type Tumor incidence (%) Comments

design

Weisburger et al. Agent and purity: Concentration levels (ppm) Survival: Effect of treatment on survival not

(1973) Acetaminophen reported. Severe mortality in all groups due to

Animal: purity not stated Hepatocellular 0 11,000 fighting.

Mouse Swiss (NIH Exposure route: Liver adenomas or Body weight: Not reported.

general purpose) Feed carcinomas 0/27 3/26

M ) Other comments: The authors identified lesions as
Exposure (11.5%) P :

Ageatstariof  concentaions

exposure: frequ_enc.y, and Urinary bladder Papilloma 0127 (10%) severe fighting-related mortality, the combined tumor

6 wk duration: data from three separate experiments are reported.

Study duration: 0 or 11,000 ppm (0, 11/26 mice treated with acetaminophen exhibited

11 mo 1.1% in feed) daily severe liver cellular degeneration and necrosis, with

Control: Concurrent

N = 30 controls; 20
treated. Because of
severe mortality in all

groups due to fighting,

the experiment was
repeated twice, and
the combined tumor
data from all three
experiments for both
control and treated
groups are reported.

for 11 mo
(approximately 0O,
1320 mg/kg-day)

none in controls.

Weisburger et al.
(1973)

Animal:

Mouse Swiss (NIH
general purpose)
F

Age at start of
exposure:

6 wk

Study duration:
11 mo

Control: Concurrent

N = 30 controls; 20
treated

Agent and purity:
Acetaminophen
purity not stated

Exposure route:
Feed

Exposure
concentrations,
frequency, and
duration:

0 or 11,000 ppm (0O,
1.1% in feed) daily
for 11 mo
(approximately O,
1430 mg/kg-day)

Survival: Not reported.
Body weight: Not reported.

Other comments: No liver or bladder tumors were
observed in control or treated groups. 6/18 mice
treated with acetaminophen exhibited liver cysts with
severe liver cellular degeneration and necrosis, with
none in controls.

Footnotes for the studies by Weisburger et al. (1973): Administered doses were calculated by OEHHA using average body weight and food consumption values in Gold et al. (1997).
Incidence reported by the study authors; the denominator is the number of animals alive at two months, unless otherwise noted. 2Incidence reported in text as 2 out of 20.
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Reference and
study design

Exposure

Tumor type Tumor incidence (%)

Comments

Wright (1967)

Animal:
Mouse albino
ABC-A

F

Age at start of
exposure:
"weaning age”
Study duration:
Lifetime (mean
survival < 40 wks)

Control:
Concurrent

N =131
controls; 30 per
treated group

Agent and purity:
Acetaminophen
US Pharmacopeia
quality

Exposure route:
Feed

Exposure
concentrations,
frequency, and
duration:

0, 1,000, 5,000, or
10,000 ppm (0, 0.1,
0.5, 1% in feed)
daily for lifetime (O,
130, 615, or 1210
mg/kg-day)

Survival: Significant treatment-related mortality at
all doses.

Body weight: Not reported.

Other comments: This study was originally planned
as a five-generation study; however, poor survival in
the treated FO males and females and reduced
fertility resulted in the discontinuation of
acetaminophen studies beyond the F1 generation.
Although males were treated, only mammary tumors
were accessed, and only in female mice. Due to the
survival issues, incidence of female mammary
tumors was reported for all three treatment groups
combined (8%); control female mammary tumor
incidence was 9.2%.
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Discussion of carcinogenicity study findings in mice

Tumors were observed in acetaminophen-treated groups in the carcinogenicity studies
conducted for 134 weeks in female B6C3F1 mice (Amo and Matsuyama 1985), in the
studies conducted for 18 months in male and female IF mice (Flaks and Flaks 1983),
and in the studies conducted for 11 months in male Swiss mice (Weisburger et al.
1973). Tumors were not reported in the studies conducted for 103 weeks in male and
female B6C3F1 mice (NTP 1993), in the studies conducted for 70 (Hagiwara and Ward
1986) and 134 weeks in male B6C3F1 mice (Amo and Matsuyama 1985), in the study
in female Swiss mice with limited ability to detect an effect (Weisburger et al. 1973), or
in the study determined to be an inadequate test of carcinogenicity due to limited study
design, duration and reporting in female ABC-A mice (Wright 1967).

In the 134 week study in B6C3F1 female mice, a statistically significant increase in
hepatocellular adenoma or carcinoma combined was observed in the high-dose group
compared to controls (Amo and Matsuyama 1985). In addition, a statistically significant
increase in pituitary adenomas was observed in the high-dose group, with a significant
dose-related trend (p = 0.01).

In the 18-month study of acetaminophen in IF strain male mice (Flaks and Flaks 1983),
statistically significant increases in hepatocellular adenoma, carcinoma, and adenoma
and carcinoma combined were observed in the high dose group (500 mg/kg-d), with
significant positive trends. Despite significant mortality in the high-dose group within the
first 48 hours of the study, 87% of the surviving high-dose males developed liver tumors
(20/23). In the 18-month study conducted in IF female mice (Flaks and Flaks 1983),
statistically significant increases in hepatocellular adenoma, and adenoma and
carcinoma combined were observed in the high dose group (500 mg/kg-d), with
significant positive trends. Data on the spontaneous liver tumor incidence in IF mice is
sparse. In 12-month studies in IF mice from the same laboratory, no liver tumors were
observed in male or female controls (Flaks 1968) and in 15-month studies in IF mice
from the same university, no carcinomas were observed in male or female controls and
only one adenoma was observed in the male controls (Wood 1969).

In an 11-month study of acetaminophen in male Swiss mice, the incidence of
hepatocellular adenomas and carcinomas (combined) was elevated, but not significantly
different from controls in treated mice (control: 0/27 vs. treated: 3/26), as was the
incidence of urinary bladder papillomas (control: 0/27 vs. treated: 2/20) (Weisburger et
al. 1973). Interpretation of these findings is complicated by not only the short study
duration, but also the fact that these data represent the combined observations from
three experiments (rates of survival were low in each experiment, due to high levels of
fighting-related mortality).
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Non-neoplastic hepatic effects were reported in acetaminophen-treated mice in the
studies by Hagiwara and Ward (1986), Flaks and Flaks (1983), Amo and Matsuyama
(1985), and Weisburger et al. (1973). The lesions included centrilobular
histopathological findings ranging from macroscopic effects such as cysts, necrosis, and
cirrhosis, to foci of cellular alteration and hepatocytomegaly. Cellular effects such as
cytoplasmic vacuolation and intracellular fat accumulation were also reported in
acetaminophen-treated mice. Overall, there seemed to be no correlation between these
non-neoplastic lesions with liver tumor incidence. For example, Flaks and Flaks (1983)
stated that the individual occurrence of focal centrilobular necrosis observed in the high-
dose acetaminophen treated mice “did not appear to parallel the presence of hepatic
neoplasms”. Hagiwara and Ward (1986) reported a high degree of hepatic histologic
changes such as necrosis and hepatocytomegaly in treated male B6C3F1 but no liver
tumors. In the studies by Weisburger et al. (1973), liver cysts with severe liver cellular
degeneration or necrosis were observed in 11/26 male and 6/18 female Swiss mice but
hepatocellular tumors were observed only in the male study, in three treated mice.

3.2.2 Carcinogenicity studies conducted in rats

Seven carcinogenicity studies of acetaminophen have been conducted in rats, all with
administration in feed (Table 16). Three sets of studies (each including one study in
males and one study in females) were conducted in Fischer 344 (F344)/N rats (NTP
1993), F344/DuCrj rats (Hiraga and Fujii 1985), and Leeds rats (Flaks et al. 1985), and
the seventh study was conducted in male Sprague-Dawley (S-D) rats (Johansson
1981).

As shown in Table 16 and discussed below, increases in tumors were observed in
treated animals in the National Toxicology Program (NTP) (1993) study in female
F344/N rats (mononuclear cell leukemia (MNCL)) and in the Flaks et al. (1985) studies
in male (hepatocellular adenoma, and rare urinary bladder papilloma, and combined
urinary bladder papilloma and carcinoma) and female Leeds rats (hepatocellular
adenoma, and combined urinary bladder papilloma and carcinoma).
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Table 16. Summary of study design, exposure and tumor incidences in rat bioassays of acetaminophen

Reference and Exposure Tumor site Tumor type Tumor incidence (%) Comments
study design
NTP 1993 Agent and purity: Survival: No significant difference between the
Animal: Acetaminophen control and treated groups.
Rat F344/N 99.7% Body weight: No significant difference in bw
M Exposure route: between treated and controls.
Qfeoztu?g’_‘rt of Feed Other comments: Zymbal’s gland carcinoma was
7-§wk ' Exposutre y observed in treated animals but not in controls (0/50,
Studv d . ?r%gizrr‘més '2:5‘ 0/50, 4/49, 2/48). NTP historical laboratory
18% vzk uration: duration: ' incidence: 0.3%; range 0-2%. Dose dependent
Control: 0, 600, 3,000, or significant increase in hyperplasia of the parathyroid
oo 6,000 ppm for 103 gland was observed (0/42, 4/45, 6/46, 8/45).

oncurrent wk (approximately
N = 60 per group 0, 30, 150, 300
(20 for 15-month mg/kg-day)
interim sacrifice)
NTP 1993 Agent and purity: . Survival: No significant difference between the
Animal: Acetaminophen Concentration levels (ppm) control and treated groups.
Rat F344/N 99.7% 0 600 3000 6000 Body weight: No significant difference in bw
F Exposure route: between treated and controls.
Adeatstartof | Feod All organs ,“é'f;é’;ﬁ‘:'f@,{,gﬂ') 9/48 17/50  15/48  24/46°

geas a.lr ° (18.8%)  (34%) (31.2%) (52.2%) Other comments: The incidence of MNCL in
exposure: Exposure concurrent controls was within the range of historical
7-8 wk concentrations, Trend p-value <0.01

Study duration:
103 wk

Control:
Concurrent

N = 60 per group
(10 for 15-month
interim sacrifice)

frequency, and
duration:

0, 600, 3,000, or
6,000 ppm for 103
wk (approximately
0, 35, 160, 320
mg/kg-day)

controls from the study laboratory and from NTP
studies conducted in other laboratories.

Footnotes for the studies by NTP (1993):

Tumor incidence is numbers of tumor-bearing animals per numbers of animals alive at time of first occurrence of tumor. *** p < 0.001, pairwise comparison with control by Fisher’s
exact test (performed by OEHHA). Trend p-value: exact trend test (performed by OEHHA).
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Reference and
study design

Exposure

Tumor site

Tumor type

Tumor incidence (%)

Comments

Hiraga and Fujii
(1985)
Animal:

Rat F344/DuCrj

M

Animal age at the
beginning of
exposure:

5 wk

Study duration:
130 wk

Control:
Concurrent

N = 50 per group

Agent and purity:
Acetaminophen
Japanese
pharmacopeia
grade

Exposure route:
feed

Exposure
concentrations,
frequency, and
duration:

0, 4,500 or 9,000
ppm for 104 wk.
plus 26 wk control
diet (0, 195.4,
402.1 mg/kg-day
during the 104 wk
of exposure)

Survival: No significant difference between the
control and treated groups.

Body weight: Significantly lower mean body
weights were observed in low-dose males until wk
12, and high-dose males until wk 21 as compared
with the controls.

Other comments: Two oral cavity tumors were
observed in high dose males (one squamous cell
carcinoma and one undifferentiated carcinoma) and
none in controls. Squamous cell carcinoma of the
oral cavity is rare. In addition, one rare squamous
cell carcinoma of the tongue and one rare
transitional cell carcinoma of the urinary bladder
were observed in the high dose group and none in
controls.

Hiraga and Fujii
(1985)
Animal:

Rat F344/DuCrj

F

Animal age at the
beginning of
exposure:

5 wk

Study duration:
130 wk

Control:
Concurrent

N = 50 per group

Agent and purity:
Acetaminophen
Japanese
pharmacopeia
grade

Exposure route:
feed

Exposure
concentrations,
frequency, and
duration:

0, 6,500 or 13,000
ppm for 104 wk.
plus 26 wk control
diet (0, 335.7, 688
mg/kg-day during
the 104 wk of
exposure)

Survival: No significant difference between the
control and treated groups.

Body weight: Significantly lower mean body
weights were observed in high-dose females
throughout the study as compared with the controls.
No significant difference in bw between low-dose
females and controls.

Other comments: One rare squamous cell
carcinoma of the oral cavity and one rare transitional
cell carcinoma of the renal pelvis were observed in
the high dose group and none in controls.
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Reference and Exposure Tumor site Tumor type Tumor incidence (%) Comments
study design
Flaks et al. (1985) Agent and purity: Concentration levels (ppm) Survival: No significant difference between the
Animal: Acetaminophen 0 5000 10000 control and treated groups.
>98%
II\Q/Iat Leeds Exposure route: Liver Hepatocellular 0/40 1/48 9/45%* Body weight: No significant difference in bw
Fegd : adenoma (2.1%) (20%) between treated and controls.
Age at start of -
e)?posure: Exposure Trend p-value < 0.001 Other comments: Hyperplasia of the bladder
Young adult concentrations, 0/40 3/48 5/45* epithelium was significantly increased in the treated
Study duration:  frequency, and Papilloma (6.2%) (11.1%) animals (0/40, 12/48, 12/49). Bladder calculi were
18 mo duration: Trend p-value < 0.05 increased significantly in a dose-dependent manner
Control: 0, 5,000, or (1/40, 13/48, and 17/49). The author stated there
' 10,000 ppm for 18 . 0/40 0/48 1/45 was no clear correlation between animals with

Concurrent mo (approximately Urinary bladder : (2.2%) . : . L

_ i 0. 300. 600 ma/ka- Carcinoma __ i bladder calculi and animals with bladder epithelial
N = 40 controls; 50 9, 3U9, 9/kg Test for trend not significant. hvperolasia
per treated group ~ day) yperpiasia.

Pailloma and 0/40 3/48 6/45*
P (6.2%) (13.3%)

carcinoma combined

Trend p-value < 0.05
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Reference and Exposure Tumor site Tumor type Tumor incidence (%) Comments
study design
Flaks et al. (1985) Agent and purity: Concentration levels (ppm) Survival: No significant difference between the
Animal: Acetaminophen 0 5000 10000 control and treated groups.
0,
Rat Leeds >98% _ Hepatocellular 0/40 0/49 10/49* Body weight: No significant difference in bw
F Exp((j)sure route: Liver adenoma (20.4%) between treated and controls.
Fee
Age at start of c Trend p-value < 0.0001 Other comments: Hyperplasia of the bladder
eXpOSUf;-I xposutre y epithelium was significantly increased in the treated
Young adult ]E:oncen ra 'Onjl 4/49 2/49 animals (0/40, 12/49, 10/50). There was no
Study duration: drequt_enc.y, an ) 0/40 (8.2%) (4.1%) apparent treatment related increase in bladder
18 mo Ougaolooon o Papilloma ' ' calculi (2/40, 3/49, 3/50). Two rare fallopian tube
Control: 1,0 0'00 ' n for 18 Test for trend not significant. sarcomas were observed in the high-dose group and
G ;00U ppm none in controls.
oncurrent mo (approximately 0/40 1/49 1/49
N = 40 controls; 50 g 3)00‘ 600 mgrkg- Urinary bladder Carcinoma (2.0%) (2.0%)
ay.
per treated group Test for trend not significant.
*
. 0/40 5/49 3/49
Papilloma and (10.2%) (6.1%)

carcinoma combined

Test for trend not significant.

Footnotes for the studies by Flaks et al. (1985):
Tumor incidence is number of tumor bearing animals per number of animals examined. *p < 0.05, ** p < 0.01, pairwise comparison with control by Fisher’s exact test (performed by
OEHHA). Trend p-value: exact trend test (performed by OEHHA).
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Reference and
study design

Exposure

Tumor site

Tumor type

Tumor incidence (%)

Comments

Johansson (1981)

Animal:

Rat Sprague-
Dawley

M

Age at start of
exposure:
6 wk

Study duration:
117 wk

Control:
Concurrent

N = 30 per group

Agent and purity:

Acetaminophen
99.5-99.7%

Exposure route:
Feed

Exposure
concentrations,
frequency, and
duration:

0 or 5,350 for up
to 117 wk (O,
206.6 mg/kg-day)

Survival: No significant difference between the
control and treated groups.

Body weight: No significant difference in bw
between treated and controls.

Other comments: The authors reported the
incidence of urinary bladder tumors (2/30, 4/30) was
associated with severe urinary tract infection in both
the control and treated groups.
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Discussion of carcinogenicity study findings in rats

Tumors were observed in acetaminophen-treated groups in the carcinogenicity studies
conducted for 103 weeks in female F344/N rats (NTP 1993) and for 18 months in male
and female Leeds rats (Flaks et al. 1985), but not in the studies conducted for 103
weeks in male F344 rats (NTP 1993), for 130 weeks in male and female F344/DuCrj
rats (Hiraga and Fujii 1986), or for 117 weeks in male S-D rats (Johansson 1981).

In the NTP two-year studies of acetaminophen (NTP 1993), statistically significant
increases in mononuclear cell leukemia (MNCL) were observed in female F344/N rats in
the high-dose group compared to controls, with a positive dose-related trend. Among
all females with MNCL, the proportion of animals dying before week 100 increased with
dose (2/9 or 22% in controls; 4/17 or 24% in low-dose; 7/15 or 47% in mid-dose; 14/24
or 58% in high-dose group). In controls with MNCL, the leukemia was often observed
only in the spleen and liver, with infrequent involvement of more than one additional
organ, while in treated females with MNCL there was an increase in multiple organ
involvement (defined as spleen and liver, plus two or more additional organs) [3/9 (33%)
in controls; 16/17 (94%) in the low-dose; 12/15 (80%) in the mid-dose; 21/24 (88%) in
the high-dose].

The control incidence of MNCL, 9/48 (18.8%), was similar to the laboratory historical
control incidence of 16.5% (66/399; range 6—28%) and the historical control incidence
reported for all NTP studies available at that time (20.8%, 425/2043; range 6—40%)
(NTP 1993).

NTP (1993) noted the following about the MNCLSs:

“On average, leukemias were detected one month earlier in the high-dose group
than in the controls, suggesting a shortening of neoplasm latency. In addition
there was an increase in the extent of multiple organ involvement in the organ
distribution of mononuclear cell leukemia in groups of exposed female rats
compared to controls.”

NTP concluded that there was “equivocal evidence” of carcinogenic activity in female
rats, “based on increased incidences of MNCL”. In reaching this conclusion, NTP noted
the “generally high and variable background rate of this neoplasm in Fischer rats, and
the lack of concordance of this study result with a lifetime study of acetaminophen in
Fischer rats in Japan” (NTP 1993).

In 18-month feed studies of acetaminophen in Leeds rats, statistically significant
increases in the incidences of hepatocellular adenomas were observed in both the male
rat study, and the female rat study, with positive dose-related trends (Flaks et al. 1985).
In males, statistically significant increases in urinary bladder transitional cell papilloma
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and transitional cell papilloma and carcinoma combined were also seen in the high-dose
group, with positive dose-related trends. In females, a statistically significant increase in
urinary bladder transitional cell papilloma and carcinoma combined was seen in the
mid-dose group.

Flaks et al. (1985) reported that no spontaneous tumors were observed at any site in
the 40 untreated male and 40 untreated female Leeds rats in these 18-month studies.
Other publications from the same laboratory corroborate the extremely low spontaneous
incidence of liver and bladder neoplasms in Leeds rats, e.g. no liver tumors observed
among 40 untreated controls in an 18-month study in male Leeds rats (Flaks and Flaks
1982), no liver tumors reported in untreated controls in a 20-month study in male Leeds
rats (Flaks 1978), Flaks et al. (1985) discussed the reported differences in the rates of
spontaneous liver neoplasms between rats of the Leeds and F344 strains, and
suggested that the differences may be due to metabolic differences.

In order to put the control incidence of hepatocellular adenomas reported for Leeds rats
in context with other strains, OEHHA reviewed information available from NTP on the
historical control incidence of hepatocellular adenomas observed in NTP studies of
F344, Wistar Han, and S-D rats. The review identified studies conducted in males and
females of each strain, in which the control incidence of hepatocellular adenoma was
0% at 2 years. Specifically, among 20 sets of feed studies in F344 rats conducted
between 1984 and 1994, the overall incidence of hepatocellular adenoma was 2.3%
(range 0-10%) in males and 0.4% (range 0-4%) in females (NTP 1999); among seven
sets of studies by any route in Wistar Han rats conducted from 2007 to 2009, the overall
incidence of hepatocellular adenoma was 1.2% (range 0-6%) in males and 1.7% (range
0-6%) in females (NTP 2016a); and among four sets of studies by any route in S-D rats
conducted from 2007 to 2012, the overall incidence of hepatocellular adenoma was
0.4% (range 0-2%) in males and 4.6% (range 0-8%) in females (NTP 2017).

With regard to the control incidence of urinary bladder transitional cell tumors reported
for Leeds rats, it is important to note that regardless of strain, the spontaneous
occurrence of urinary bladder tumors is rare in rats (Frith et al. 1995). In the Flaks et al.
(1985) study, no bladder tumors were observed in controls. In the NTP historical control
database of two-year studies, among 20 sets of feed studies in F344 rats conducted
between 1984 and 1994, the control incidence of bladder papilloma or carcinoma
combined was 0.3% (3/991) in males and 0.2% (2/989) in females; among seven sets of
studies by any route in Wistar Han rats conducted from 2007 to 2009, the combined
incidence was 0.29% in male (1/349) and 0.29% in females (1/349), and among five
studies of male and 13 studies of female S-D rats conducted from 1998 to 2012, the
combined incidence was 0% (0/289) in males and 0.14% (1/705) in females.
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3.3 Other Relevant Data

3.3.1 Pharmacokinetics and metabolism

Hundreds of studies have investigated the pharmacokinetics and metabolism of
acetaminophen in humans and animals, and the subject has been reviewed in depth in
multiple publications over the past 40 years (for example, Prescott (1980), Levy (1981),
Forrest et al. (1982), Hinson (1983), Jackson et al. (1984), NTP (1993), IARC (1999)).
More recent reviews include Bessems and Vermeulen (2001), Hinson et al. (2004),
Josephy (2005), Bond (2009), McGill and Jaeschke (2013), Raffa et al. (2014),
Mazaleuskaya et al. (2015), Ramachandran and Jaeschke (2018), Ramachandran and
Jaeschke (2019), Zhao and Pickering (2011), and several others. OEHHA did not
review all available studies on the pharmacokinetics and metabolism of acetaminophen.
Using review articles as an initial guide, OEHHA focused on human in vivo and in vitro
studies that included data on absorption, disposition, pharmacokinetics, metabolism,
and elimination. OEHHA also reviewed a number of human and animal studies that
provide relevant information on (i) enzymes involved in acetaminophen metabolism, (ii)
human polymorphisms in some of these key enzymes, and (iii) reactive metabolites of
acetaminophen. We excluded clinical studies that exclusively investigated overdoses,
pain management, comparison of drug formulations, and drug-drug interactions. Animal
studies were limited to those conducted in rodents. Since humans and animals share
many of the reported metabolic pathways for and metabolites of acetaminophen, as well
as similar toxic effects, data from animal studies are included when human data are
unavailable or incomplete. Overall, OEHHA reviewed over 400 studies on
acetaminophen pharmacokinetics and metabolism.

3.3.1.1 Absorption

The absorption of acetaminophen is rapid and occurs within 30-60 minutes after oral
ingestion. It has a high oral bioavailability (88%), and reaches the peak blood
concentrations within 90 minutes after ingestion (Mazaleuskaya et al. 2015).
Acetaminophen has been detected in plasma samples from human subjects that
received an oral dose of 20 mg/kg as early as 3 minutes after dosing (Clements et al.
1978). Rectal absorption, measured in infants, is slower and reaches maximum
concentrations in approximately 100 minutes (Hansen et al. 1999). There was no
difference in bioavailability of acetaminophen after oral versus rectal administration
(Forrest et al. 1982).

Acetaminophen is absorbed from the small intestine after oral or intraduodenal

administration, with the majority of absorption occurring in the proximal portion of the
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small intestine (Forrest et al. 1982; Hansen et al. 1999; Holmer Pettersson et al. 2004;
Kennedy and van Rij 2006; Raffa et al. 2014). The rate of absorption depends on
gastric emptying, specific drug formulations, and intake of food. Gastric emptying is the
rate-limiting step, and the intake of food tends to slow the rate of absorption (Clements
et al. 1978; Divoll et al. 1982; Heading et al. 1973; Ibanez et al. 2006; McGilveray and
Mattok 1972; Raffa et al. 2014). Absorption from the small intestine occurs by passive
diffusion (Raffa et al. 2014).

3.3.1.2 Distribution and pharmacokinetics

Following oral absorption, acetaminophen is rapidly and evenly distributed throughout
most tissues and fluids, including saliva, breast milk, and cerebrospinal fluids (Berlin et
al. 1980; Forrest et al. 1982; Prescott 1980; Retaco et al. 1996). Acetaminophen is
detected in the cerebrospinal fluid as early as 20 minutes after a single i.v. dose of 2 g
propacetamol (a pro drug of acetaminophen), reaching a maximum concentration at 4
hours, with an elimination half-life of 3.2 hours (Bannwarth et al. 1992).

Little binding to plasma proteins and a high volume of distribution (0.9 L/kg) (Prescott
1980) suggest that distribution of acetaminophen is uniform throughout tissues and
fluids (Forrest et al. 1982; Graham et al. 2013; Morris and Levy 1984; Prescott 1980).
The peak plasma concentration after a therapeutic dose of 1 g is approximately 20 — 30
mg/L after oral or i.v. administration (Graham et al. 2013). Plasma concentrations
increase with dose and time, and peak plasma concentrations (Cwmax) can be reached
within 25 minutes but can take up to 2 hours; plasma half-life (T12) ranges from 1.5-3
hours (Buniva et al. 1977; Clements et al. 1978; Divoll et al. 1982; Gregoire et al. 2007;
Holmer Pettersson et al. 2004; Kennedy and van Rij 2006; McGill and Jaeschke 2013;
McGilveray and Mattok 1972; Prescott 1980; Rawlins et al. 1977).

Repeated i.v. dosing with acetaminophen over 24 hours (total dose 5 g) resulted in a
plasma Cmax of 67.9 pg/ml and subsequent doses reached maximal plasma
concentrations of 37.8-45 pg/ml (Gregoire et al. 2007). Plasma clearance following i.v.
administration is biphasic, with a rapid decrease during the first 60—90 minutes, followed
by a slower elimination phase over the subsequent 4-5 hours (Prescott 1980; Rawlins
et al. 1977). Overall plasma clearance rates ranged from 264-505 milliliter per minute
(ml/min) (Rawlins et al. 1977).

Acetaminophen crosses the placenta, and levels measured in fetal cord blood closely
mirror maternal levels (Nitsche et al. 2017). After an oral dose of 1 g, the plasma levels
reached a Cwmax of 12.3 pg/ml in maternal and 11.2 pg/ml in fetal blood, with a T12 in
maternal and fetal blood of 84 and 82 minutes respectively, indicating that maternal
blood levels of acetaminophen are predictive of, and correlated with, fetal levels.
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Maternal and fetal levels were comparable at 30 minutes after dosing, indicating rapid
placental transfer.

In lactating women, acetaminophen is distributed into breast milk with a mean Cmax of
27.8 umol/L compared to mean plasma levels of 37 umol/L (Bitzen et al. 1981).
Acetaminophen is present in breast milk within 15 minutes after maternal dosing and
reaches a maximum concentration within 1-2 hours (Berlin et al. 1980; Bitzen et al.
1981). The mean elimination time from breast milk ranges between 1.35-3.35 hours
(Berlin et al. 1980; Bitzen et al. 1981).

3.3.1.3 Metabolism

The metabolism of acetaminophen is largely similar in humans and laboratory animals,
with many of the same metabolites detected in both humans and animals. Some
acetaminophen metabolites identified in animals have not yet been investigated in
humans (Bessems and Vermeulen 2001). In animals, species, strain, and gender
differences in metabolic pathways are thought to account for the observed variability in
susceptibility to acetaminophen toxicity (Gregus et al. 1988; Hoivik et al. 1995; Hu et al.
1993; IARC 1999a). In rodents, susceptibility to acetaminophen is correlated with
guantities of oxidative metabolites produced, with highly susceptible animal species
(mice, hamsters) metabolizing 27-42% of acetaminophen via oxidation, and less
susceptible species oxidizing smaller amounts, about 5-7% (Gregus et al. 1988; IARC
1999a). In humans, factors that affect susceptibility to acetaminophen toxicity include
genetic polymorphisms associated with key enzymes involved in metabolic activation
and detoxification, and a variety of conditions that affect the level of reduced glutathione
(GSH) in the body, including obesity, liver steatosis, starvation, fasting, and alcohol
consumption, all of which lead to depletion of GSH in key tissues and organs
(Caparrotta et al. 2018; Court et al. 2001; Court et al. 2017; de Morais et al. 1992;
Josephy 2005; Mazaleuskaya et al. 2015; Zhao and Pickering 2011).

Metabolism of acetaminophen occurs primarily in the liver, and to a lesser extent in the
kidney and intestine (Bessems and Vermeulen 2001; Prescott 1980). The majority of
acetaminophen is metabolized via conjugation, either glucuronidation or sulfation, and is
catalyzed by uridine 5'-diphospho-glucuronosyltransferase (UDP) -
glucuronosyltransferases and sulfotransferases, respectively (Mazaleuskaya et al.
2015). The conjugated metabolites are rapidly excreted and hence these pathways are
considered detoxification pathways. Other metabolic pathways involve oxidation
catalyzed by cytochrome P450 (CYP) and other enzymes, or deacetylation. Several
genotoxic and electrophilic metabolites are formed during acetaminophen metabolism,
including quinones and semi-quinones, free radicals, and p-aminophenol (PAP).
Several metabolic reactions also lead to the formation of reactive oxygen species
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(ROS). The pathways involved in acetaminophen metabolism are discussed in more
detail below, and shown in Figure 5.

Conjugation pathways

As discussed in numerous reviews (Bessems and Vermeulen 2001; Bond 2009; Forrest
et al. 1982; Hinson et al. 2004; IARC 1999a; Josephy 2005; Mazaleuskaya et al. 2015;
McGill and Jaeschke 2013; NTP 1993; Prescott 1980; Raffa et al. 2014; Ramachandran
and Jaeschke 2018), acetaminophen is extensively metabolized in the liver, primarily
via conjugation of the phenolic group with either glucuronic acid or sulfate, which allows
for fast urinary excretion. Conjugation with either glucuronic acid or sulfate accounts for
approximately 80-85% of acetaminophen metabolites (Mitchell et al. 1974).

Glucuronidation of acetaminophen is carried out by UDP-glucuronosyltransferases
(UGTSs), primarily UGT1A1 and 1A6, resulting in acetaminophen-4-glucuronide, which
accounts for approximately 50-70% of metabolites (Gelotte et al. 2007; Josephy 2005;
McGill and Jaeschke 2013; Mutlib et al. 2006; Zhao and Pickering 2011).
Glucuronidation of acetaminophen has been shown to be inducible by repeated dosing
with acetaminophen (Gelotte et al. 2007). Inter-individual variability of acetaminophen
conjugation by UGTs can be substantial, with a 15-fold difference observed in one study
(Court et al. 2001). Reduced glucuronidation may increase the toxicity of
acetaminophen, possibly by a shift to oxidative metabolism. Humans with reduced
glucuronidation ability (for example, Gilbert’s syndrome) have decreased clearance of
acetaminophen and can have a nearly 5% increase in oxidative acetaminophen
metabolism (de Morais et al. 1992). Homozygous and heterozygous Gunn rats, which
are severely and moderately deficient in glucuronyl transferase, show significant liver
and kidney toxicity after acetaminophen administration (de Morais and Wells 1989).

Sulfation of acetaminophen is carried out by sulfotransferases (SULT) (SULT1A1,
1A3/4, and 1E1, 2A1) to form acetaminophen-4-sulphate (Gelotte et al. 2007; Josephy
2005; McGill and Jaeschke 2013; Zhao and Pickering 2011). Sulfation accounts for
approximately 25-35% of urinary metabolites after a therapeutic dose of
acetaminophen. Sulfation of acetaminophen in fetal liver is carried out by SULT1E1
and 1A3/4; postnatally, sulfation of acetaminophen is primarily carried out by SULT1A1l
and 2A1 (Mazaleuskaya et al. 2015). Sulfation becomes saturated at high
acetaminophen doses due to limited availability of inorganic sulfate and/or reduced
sulfotransferase activity, while glucuronidation may not be saturated even after an
overdose (Gelotte et al. 2007; Josephy 2005; Mazaleuskaya et al. 2015; Xie et al.
2015).
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Oxidation pathways: NAPQI formation and GSH conjugation

About 5-10% of a therapeutic dose of acetaminophen is metabolized via the cytochrome
P-450 (CYP) oxidative pathway (Forrest et al. 1982; Gelotte et al. 2007; IARC 1999a)
leading to the formation of the reactive metabolite, N-acetyl-p-benzoquinone imine
(NAPQI) (Bessems and Vermeulen 2001; Jollow et al. 1973; Miner and Kissinger 1979;
Mitchell et al. 1973; Mitchell et al. 1974; Potter et al. 1973; van de Straat et al. 1988).
NAPQI is an electrophilic and reactive metabolite that forms covalent adducts with
nucleophiles such as glutathione (GSH) and protein thiols (Albano et al. 1985; Bond
2009; Chen et al. 1999). Itis formed via CYP enzymes in a sequential 2-electron
oxidation reaction (Hoffmann et al. 1990; Potter and Hinson 1987a, 1987b, 1989; van
de Straat et al. 1988) and can be reduced back to acetaminophen in the presence of
NADPH in vitro (Dahlin et al. 1984). NAPQI forms DNA adducts and causes DNA
strand breaks in mammalian and nhon-mammalian cells (see Section 3.3.3 Genotoxicity)
(Dybing et al. 1984; Hasegawa et al. 1988; Klopcic et al. 2015; Rogers et al. 1997).

Acetaminophen can also be oxidized in a one-electron reaction to the semiquinone
N-acetyl-p-benzosemiquinone imine (NAPSQI), which can disproportionate into NAPQI
or acetaminophen, or form an acetaminophen dimer (3,3'-biacetaminophen) or larger
polymers (Potter and Hinson 1987a, 1987b, 1989). Other one-electron oxidation
reactions can result in the formation of free radicals, including the N-acetyl-p-
aminophenoxy radical (from acetaminophen) and the p-aminophenoxy radical (from
PAP, another acetaminophen metabolite). Both types of radicals have been observed
in vitro (Fischer et al. 1985; Josephy et al. 1983; Mason and Fischer 1986; Potter and
Hinson 1987a, 1987b; West et al. 1984). In addition, ROS formation has been
observed during these oxidation reactions, suggestive of redox cycling (Fig. 5)
(Foreman and Tarloff 2008; Mirkovic et al. 2011; Rosen et al. 1983).

The formation of the p-aminophenoxy radical is thought to occur via deacetylation of
either acetaminophen or NAPQI to form PAP, which is then further oxidized to form the
radical (Fischer et al. 1985). Further oxidation or disproportionation of the
p-aminophenoxy radical may yield another reactive metabolite, p-benzoquinone imine
(Fowler et al. 1991; Josephy et al. 1983).

Metabolism of NAPQI may also yield the reactive and genotoxic compound
p-benzoquinone (See Section 3.3.3 Genetoxicity) (Dahlin et al. 1984; Eastmond 1993;
IARC 2018; Pascoe et al. 1988). p-Benzoquinone was detected in incubations of
acetaminophen with purified CYPs from phenobarbital treated rats (Dahlin et al. 1984).
Indirect evidence of its formation in vivo comes from studies in mice that identified two
acetaminophen metabolites in urine that are thought to arise from the conjugation of
p-benzoquinone with GSH, namely (S-(2,5-dihydroxyphenyl)-cysteine (hydroquinone
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[HQ]-cysteine) and S-(2,5-dihydroxyphenyl)-N-acetyl-cysteine (HQ-mercapturate)
(Pascoe et al. 1988). Redox cycling reactions involving p-benzoquinone can also
generate ROS (IARC 2018; Song and Buettner 2010).

Several human CYP enzymes can oxidize acetaminophen to NAPQI, including
CYP2EL1L, 1A2, 2A6, and 3A4 (Gelotte et al. 2007; Mazaleuskaya et al. 2015; McGill and
Jaeschke 2013; Patten et al. 1993; Raucy et al. 1989). Two P450 isozymes, CYP2E1
and CYP1AZ2, catalyze the majority of acetaminophen activation in human liver
microsomes. Chronic alcohol consumption and other factors may affect the hepatic
levels of CYP2EL (Raucy et al. 1989).

While both CYP2E1 and CYP2A6 can catalyze the oxidation of acetaminophen to
NAPQI, they catalyze this reaction at different rates. Based on experiments with
purified human CYP enzymes, CYP2EL is thought to be the main enzyme responsible
for catalyzing this reaction. In these experiments, CYP2E1 selectively oxidized
acetaminophen to the reactive metabolite, NAPQI, whereas CYP2A6 primarily oxidized
acetaminophen to 3-hydroxy-acetaminophen (discussed further, below) (Chen et al.
1998). Support for a prominent role of CYP2E1 also stems from animal studies in which
CypZ2e1l knockout (null) mice were less susceptible to acetaminophen-induced liver
toxicity than wild-type mice, and CYP2E1 humanized mice were susceptible (Cheung et
al. 2005; Lee et al. 1996). The differences in acetaminophen metabolism between wild-
type and Cyp2el null mice were reduced at higher doses of acetaminophen, suggesting
that the relative contribution of CYP2E1 to the formation of NAPQI and its thiol
conjugates decreases with increasing doses (Chen et al. 2008). At therapeutic doses,
NAPQI is detoxified by covalently binding with GSH in the liver to form 3-(glutathionyl)
acetaminophen (acetaminophen-GSH) (Bond 2009; Mazaleuskaya et al. 2015; McGill
and Jaeschke 2013; Mitchell et al. 1974; Moldeus 1978). Conjugation of NAPQI with
GSH can occur either spontaneously or via glutathione-S-transferases (GST), with
GSTPL1 considered the most efficient enzyme to catalyze this reaction (Coles et al.
1988; Dragovic et al. 2014; Mazaleuskaya et al. 2015).

Acetaminophen-GSH is subsequently metabolized to 3-(cysteinyl) acetaminophen
(acetaminophen-CYS), which can then form 3-thiomethyl acetaminophen-4-sulfate,
acetaminophen-3-mercapturate, 3-thiomethylacetaminophen, 3-thiomethyl
acetaminophen-4 glucuronide, and methanesulfinylacetaminophen (Andrews et al.
1976; Gelotte et al. 2007; Klutch et al. 1978; Wilson et al. 1982).

Additional metabolites of the oxidative and GSH conjugation pathways that have been
identified in rodents in vivo include S-(5-acetylamino-2-hydroxyphenyl)mercaptopyruvic
acid (SAMP); 3,3’-biacetaminophen (an acetaminophen-dimer); and an unidentified
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benzothiazine compound (Chen et al. 2008), and S-(2,5-dihydroxyphenyl)-cysteine and
S-(2,5-dihydroxyphenyl)-N-acetyl-cysteine) (Pascoe et al. 1988).

At high enough doses of acetaminophen (e.g., 300 mg/kg bw or greater in some
strains/studies of adult mice and rats) the glucuronidation and sulfation pathways can
become saturated and glutathione can be depleted, resulting in the covalent binding of
NAPQI to cellular proteins, particularly at sulfhydryl groups on cysteine components of
proteins (Albano et al. 1985; Bond 2009; IARC 1999a; Ramachandran and Jaeschke
2017).

Recent evidence from in vitro experiments indicates that NAPQI can bind to, and inhibit,
glutathione synthase, which could lead to an inhibition of GSH synthesis and
compromise the detoxification of this reactive metabolite (Walker et al. 2017).

Other metabolic pathways

Catechol pathway. Oxidative metabolism of acetaminophen by CYP enzymes can also
lead to formation of the catechols 3-hydroxy-acetaminophen (and the sulfate conjugate
3-hydroxy-acetaminophen-3-sulfate) and 3-methoxy-acetaminophen® (and its
glucuronide conjugate 3-methoxy-acetaminophen-4-glucuronide) (Chen et al. 2008;
Chen et al. 1998; Forte et al. 1984; Gelotte et al. 2007; Harvison et al. 1988; Hinson et
al. 1980; Knox and Jurand 1977; Ladds et al. 1987; Wilson et al. 1982). Using purified
human CYP enzymes, Chen et al. (1998) demonstrated that CYP2A6 selectively
oxidized acetaminophen to 3-hydroxy-acetaminophen. Each of the catechols and their
sulfate or glucuronide conjugates have been identified in human urine (Gelotte et al.
2007; Knox and Jurand 1977; Ladds et al. 1987). Formation of these catechols in
humans has been shown to increase with increasing doses of acetaminophen (Jetten et
al. 2012), and both catechols have been shown to be hepatotoxic in mice and in
isolated mouse hepatocytes (Forte et al. 1984; Holme et al. 1991).

Deacetylation pathway. N-deacetylation of acetaminophen results in the formation of
PAP, which has been detected in the urine of humans and rodents, as well as in
incubations with perfused rat kidneys, and in incubations with microbes isolated from
the cecum of rats (Clark et al. 1986; Gemborys and Mudge 1981; Newton et al. 1982b;
Smarr et al. 2017; Smith and Griffiths 1974). PAP is nephrotoxic in rodents (Calder et
al. 1979; Crowe et al. 1979; Gartland et al. 1989; Gartland et al. 1990; Hoivik et al.
1995; Klos et al. 1992; Moller-Hartmann and Siegers 1991; Newton et al. 1982a;
Newton et al. 1983; Newton et al. 1985; Newton et al. 1986) (see Section 3.3.3
Genotoxicity, and section on kidney metabolism below in this section). Sex and species

5 Hydroxylation/methoxylation of the ring carbon at the 2 position has also been reported (Andrews et al.
1976).
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differences exist with regards to PAP’s nephrotoxicity (see section on kidney
metabolism below) (Calder et al. 1979; Gemborys and Mudge 1981; Hu et al. 1993;
Mudge et al. 1978; Mugford CA 1997; Newton et al. 1982a; Newton et al. 1983; Newton
et al. 1985). PAP is genotoxic (see section 3.3.3.2 on genotoxicity) and in vitro studies
have shown that it can be oxidized to the reactive p-aminophenoxy free radical by
horseradish peroxidase (HRP), prostaglandin H synthase (PGES)®, or alkaline auto-
oxidation (Josephy et al. 1983). Further oxidation or disproportionation of the p-
aminophenoxy free radical may yield p-benzoquinone imine (see section on kidney
metabolism below) and may generate ROS by redox cycling and further oxidation
reactions (Josephy et al. 1983).

Arachidonic acid conjugation. Once formed, PAP can also be conjugated with
arachidonic acid via fatty acid amide hydrolase (FAAH) to form the therapeutically active
compound N-arachidonylphenolamine (AMaio4)” (Hogestatt et al. 2005). In these studies
by Hogestatt et al. (2005), AMaos and PAP were detected in the brain and spinal cord of
rats after i.p. injections of acetaminophen. AMaios4 was not detected in mice lacking
FAAH activity. In vitro, AMsosa was detected with rat and mouse liver homogenates but
could not be detected in rat liver in vivo. The authors speculated that AM4os may
undergo rapid metabolism in that tissue under in vivo conditions.

PGES metabolism. PGES, with arachidonic acid as a co-substrate, can catalyze the
metabolism of acetaminophen or PAP to reactive metabolites which bind to protein and
GSH (Moldeus et al. 1982; Potter and Hinson 1987a). The enzyme is present in high
concentrations in the kidney medulla in rodents (Smith and Wilkin 1977). In vitro
experiments have shown that PGES can catalyze one- and two-electron oxidations of
acetaminophen to form NAPSQI and NAPQI, respectively, as well as one-electron
oxidation of acetaminophen to form acetaminophen polymers and, in the presence of
GSH, acetaminophen-GSH (Potter and Hinson 1987a, 1989). As mentioned earlier,
PGES has also been shown to catalyze the oxidation of PAP to form the
p-aminophenoxy free radical (Josephy et al. 1983).

Acetaminophen metabolism in the kidney

In humans, long-term exposure to chronic therapeutic or acute high doses of
acetaminophen is positively correlated with renal toxicity (Berg et al. 1990; Mazer and

6 Prostaglandin H synthase (PGES, also known as prostaglandin endoperoxide synthase) has two distinct
catalytic activities: a cyclooxygenase activity that forms prostaglandin G2 from arachidonic acid; and a
peroxidase activity that reduces prostaglandin G2 to prostaglandin H2 (Marshall and Kulmacz 1988;
Bessems and Vermeulen 2001). The pharmacological activity of acetaminophen is based on its inhibition
of the cyclooxygenase activity (Bessems and Vermeulen 2001; Mazaleuskaya et al. 2015).

7 AMao4 is a potent activator of transient receptor potential vanilloid type 1 (TRPV1), an affinity ligand of
the cannabinoid receptor type 1 (CB1), and an inhibitor of cellular uptake of the endogenous cannabinoid
anandamide. TRPV1 and CBu1 receptors are part of the pain and thermoregulatory pathways.
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Perrone 2008; Sandler et al. 1989). Renal tubular necrosis related to acetaminophen
administration has also been observed in rodents (Emeigh Hart et al. 1991a, b; Emeigh
Hart et al. 1996; Newton et al. 1982a; Newton et al. 1983; Newton et al. 1985). The
exact mechanisms of kidney toxicity are unclear, but may include the direct oxidation of
acetaminophen to a reactive metabolite by CYP enzymes in either kidney or liver, with
possible transport of the reactive metabolite to the kidney, and/or alternatively may
include the deacetylation of acetaminophen to PAP and its further metabolism with GSH
(Calder et al. 1979; Crowe et al. 1979; Fowler et al. 1991; Gartland et al. 1989; Gartland
et al. 1990; Klos et al. 1992). CYP-oxidation, deacetylation, and GSH conjugation, as
well as species, sex, and strain differences, and their respective roles in kidney toxicity
are discussed below.

In CD-1 mice, nephrotoxicity likely involves CYP enzyme activation without prior
deacetylation, and may be sex-specific (Emeigh Hart et al. 1991b). Male but not female
CD-1 mice exhibit CYP-dependent nephrotoxicity and selective protein covalent binding
after acetaminophen exposure. Following pre-treatment with testosterone, female CD-1
mice were also sensitive to acetaminophen-induced nephrotoxicity (Hoivik et al. 1995).
Similarly, castrated male CD-1 mice were more resistant to acetaminophen induced
kidney toxicity compared to intact male controls, but castration did not alter the level of
protein binding or toxicity observed in the liver in these animals (Emeigh Hart et al.
1994). Testosterone treatment resulted in increased activation of renal, but not hepatic,
Cyp2el enzyme in vitro (Hoivik et al. 1995). These studies suggest that Cyp2el activity
may be induced by testosterone in renal, but not liver tissues, in CD-1 mice. Sex-
related differences in kidney toxicity based on Cyp2e1l activity were also observed in
another mouse strain, C3H/HeJ (Hu et al. 1993).

In male CD-1 mice, acetaminophen-CYS, a downstream metabolite of NAPQI and
acetaminophen-GSH, was associated with kidney (but not liver) toxicity when
administered prior to a hon-toxic dose of acetaminophen, but not when administered by
itself (Stern et al. 2005). Furthermore, administration of a single dose of
acetaminophen-CYS resulted in a rapid depletion of renal but not hepatic GSH. Thus,
acetaminophen-CYS acts synergistically with acetaminophen and has organ specific
toxicity in this mouse model (Stern et al. 2005).

In rats, both deacetylation of acetaminophen, as well as oxidation and conjugation
reactions of acetaminophen may be involved in nephrotoxicity (Mugford and Tarloff
1995; Mugford CA 1997; Newton et al. 1985). The association of either type of
metabolic activation, i.e. oxidative metabolic activation of acetaminophen versus
deacetylation of acetaminophen to PAP, was examined in two strains of rats treated
with cycloheximide, a protein synthesis inhibitor. Fischer rats are susceptible to
acetaminophen-induced kidney toxicity, whereas SD rats are less susceptible. Using
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specific 14C acetyl- and ring-labeled acetaminophen, Fischer rats had four times as
much binding of ring-labeled acetaminophen to renal cortical protein than acetyl-labeled
acetaminophen, whereas there was no isotope difference in protein binding in SD rats
(Newton et al. 1985). No difference in hepatic protein labeling with either acetyl- or ring-
labeled acetaminophen was observed in either strain. The authors concluded that
deacetylation of acetaminophen to PAP is a requisite step in kidney toxicity in Fischer
rats (Newton et al. 1985).

Deacetylation of acetaminophen to PAP occurs to some extent in the liver, with
subsequent transport via systemic circulation to the kidney, based on studies in Fischer
rats where biliary cannulation partially protected animals from PAP-induced
nephrotoxicity (Gartland et al. 1990). Formation of urinary PAP increased with
increasing doses of administered acetaminophen (Newton et al. 1982b). PAP may be
accumulated in the kidney by organic cation transport systems which are concentrated
in the proximal tubules in rats. Cellular absorption of PAP may be required for toxicity,
based on a study where co-incubation of PAP with a transport inhibitor
(tetraethylammonium bromide) protected rat kidney cortical cells from PAP-induced
toxicity (Klos et al. 1992).

The extent of acetaminophen deacetylation to PAP may be reduced when oxidative
metabolism of acetaminophen is increased, for example by treatment of animals with
CYP inducers. Pretreatment of Fischer rats with CYP inducers (polybrominated
biphenyls and 3-naphthoflavone) reduced nephrotoxicity, and pretreatment with
3-methylcholanthrene increased hepatic necrosis and covalent binding of metabolites to
hepatic but not renal proteins (McMurtry et al. 1978; Newton et al. 1982a). The authors
concluded that the reduced nephrotoxicity is possibly a result of enhanced oxidative
acetaminophen metabolism in the liver (Newton et al. 1982a). Increased oxidation of
acetaminophen would reduce the amount of substrate available for direct deacetylation
of acetaminophen to PAP.

The nephrotoxicity of and some of its metabolites has been observed in many rodent
studies (Calder et al. 1979; Crowe et al. 1979; Fowler et al. 1991; Fowler et al. 1993,
1994; Gartland et al. 1989; Gartland et al. 1990; Klos et al. 1992; Newton et al. 1982a;
Newton et al. 1983; Newton et al. 1985). PAP induced proximal nephropathy with
elevated urinary enzymes, blood urea nitrogen, glucose, and urine total protein,
indicating functional defects in the proximal tubule of the kidney (Gartland et al. 1989).
PAP, but not its ortho- or meta-analogues, was nephrotoxic, suggesting stereo-
specificity for biological activity (Newton et al. 1982a).

The nephrotoxicity of PAP may be due to the formation of reactive metabolite(s) via
different metabolic mechanisms (Calder et al. 1979; Fowler et al. 1993, 1994; Klos et al.
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1992). PAP depleted GSH levels in the kidney, supporting the formation of a reactive
metabolite that readily binds to GSH (Crowe et al. 1979). Animals treated with
radiolabeled PAP had extensive protein binding of ring-labeled PAP in the kidney but to
a much lesser extent in the liver (Crowe et al. 1979). Protein binding was inhibited with
ascorbate, GSH, N2, and NADPH, suggesting the formation of an oxidative and reactive
PAP metabolite (Calder et al. 1979). Increasing doses of PAP lead to an increased
incidence of kidney lesions where both the cortical and the juxta-glomerular nephrons
are affected (Fowler et al. 1991). Likely reactive metabolites formed from PAP are the
p-aminophenoxy radical and p-benzoquinone imine (Fowler et al. 1993). PAP can
readily undergo oxidation by HRP, PGES, or autoxidation in vitro, forming a
p-aminophenoxy free radical (Josephy et al. 1983). Further oxidation or
disproportionation of the radical is likely to yield p-benzoquinone imine. PAP has been
shown to generate ROS in porcine cell cultures and in a cell-free system (Foreman and
Tarloff 2008; Mirkovic et al. 2011).

In addition to these reactive oxidative metabolites, several glutathione metabolites of
PAP have also been associated with kidney toxicity. While GSH conjugation is
generally considered a detoxification pathway with conversion of the
glutathione-S-conjugates to corresponding mercapturic acids and subsequent excretion,
GSH conjugation and downstream metabolism by y-glutamyltransferase® (GGT) can
also mediate toxicity (Anders et al. 1988; Fowler et al. 1993, 1994, Gartland et al. 1990;
Klos et al. 1992; Stern et al. 2005; van Bladeren 1988). GGT cleaves PAP-GSH to form
cysteinylglycine- and/or cysteinyl-conjugates of PAP (PAP-CYS), which may undergo
further metabolism to form the proximate toxic metabolite(s) (Fowler et al. 1994).

Glutathione-dependent bioactivation of PAP has been observed in multiple studies.
Thus, GSH depletion with buthionine sulphoximine protected rats from nephrotoxicity
caused by PAP, suggesting a reactive PAP-glutathione (PAP-GSH) metabolite may be
responsible for nephrotoxicity (Gartland et al. 1990). Dose-dependent renal necrosis
resulted after ip injections of PAP-GSH (4-amino-3(glutathione-S-yl)phenol) in Fischer
rats, whereas the sulfate conjugate (PAP-o-sulfate) caused no histological or functional
alteration to the kidney (Fowler et al. 1991). PAP-GSH was also shown to increase

8 The name y-glutamyl transferase was preferred by the Nomenclature Committee of the International
Union of Biochemistry and Molecular Biology for this enzyme, E,C.2.3.2.2. Older names include y-
glutamyl transpeptidase or glutathionase. GGT hydrolyzes the y-glutamyl bond of extracellular
glutathione, initiating cleavage into glutamate, cysteine, and glycine and carries out transpeptidation
reactions (Whitfield 2001; Hanigan 2014; Zhang et al. 2005). GGT plays a key role in GSH homeostasis
by breaking down extracellular GSH and providing cysteine, the rate-limiting substrate, for intracellular de
novo synthesis of GSH.

Acetaminophen 140 OEHHA
September 2019



levels of blood urea nitrogen and urinary excretion of glucose, protein and GGT in
Fischer rats (Fowler et al. 1994).

PAP-GSH and two corresponding 3,5-disubstituted and 2,3,6-trisubstituted thio-adducts,
namely 4-amino-2,5-bis(glutathione-S-yl)phenol, and 4-amino-2,3,5 (or-6)-
tris(glutathion-S-yl-)phenol were identified as biliary metabolites after i.p. injection of
PAP (Klos et al. 1992). All three metabolites caused toxicity to isolated rat renal cortical
cells (Fowler et al. 1991; Klos et al. 1992). Prior administration of acivicin, a GGT
inhibitor, greatly reduced nephrotoxicity from PAP-GSH in Fischer rats, suggesting that
PAP nephrotoxicity may be induced via a GGT-dependent pathway (Fowler et al. 1993,
1994). Overall, these results indicate that glutathione conjugation of an oxidative
metabolite of PAP is not a detoxification process.
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3.3.1.4 Elimination

Acetaminophen is extensively metabolized, and the primary route of excretion is via
urine. Other routes of excretion are feces, bile, breast milk, saliva, and expired air.

Urinary excretion

The majority of acetaminophen is excreted in urine, mainly as products from the
glucuronidation, sulfation, and glutathione conjugation pathways. In adults, about 85-
90% of the administered dose of acetaminophen is excreted in urine within 24 hours,
with the majority excreted in the first 8-12 hours (Buniva et al. 1977; Mitchell et al.
1974). Renal excretion of acetaminophen involves glomerular filtration and passive re-
absorption (Morris and Levy 1984). The mean renal clearance rate of acetaminophen in
subjects given 20 mg/kg was 13 mL/min (Prescott 1980). These same authors reported
higher renal clearance rates (normalized by body surface area) for acetaminophen
glucuronide (100 mL/min/1.73 m?) and acetaminophen sulfate (161 mL/min/1.73 m?)
than for acetaminophen (6.32 mL/min/1.73 m?) (Morris and Levy 1984).

The major acetaminophen-related substances excreted in the urine are acetaminophen
(2.8—-4%), acetaminophen glucuronide conjugate (50-66%), and acetaminophen sulfate
conjugate (25-35%). Minor metabolites present in the urine include PAP (Clark et al.
1986; Gemborys and Mudge 1981; Newton et al. 1982b; Smarr et al. 2017), the
catechol pathway metabolites 3-hydroxy-acetaminophen (and its sulfate) and 3-
methoxy-acetaminophen (and its glucuronide) (3.8-5.4%), 2-hydroxy-acetaminophen
sulfate (not shown in Figure 5), and various thiol metabolites (8.8-10.2%) (e.g. 2.6—
3.2% acetaminophen-CYS, and 3—4% acetaminophen-mercapturate,
methanesulfinylacetaminophen and methylthio-acetaminophen combined) (Andrews et
al. 1976; Forrest et al. 1982; Gelotte et al. 2007; IARC 1999a; Kamali et al. 1987; Ladds
et al. 1987; Mrochek et al. 1974; Wilson et al. 1982). Two additional minor metabolites,
the cysteine and the N-acetyl-cysteine conjugates of hydroquinone
(S-(2,5-dihydroxyphenyl)-cysteine and S-(2,5-dihydroxyphenyl)-N-acetyl-cysteine), have
not been assessed in humans, but have been identified in the urine of male BALB/c
mice (Pascoe et al. 1988).

Breastfed infants whose mothers took acetaminophen excrete acetaminophen,
acetaminophen-4-glucuronide, acetaminophen-4-sulfate, acetaminophen-CYS and
mercapturic acid conjugates in urine although only acetaminophen, but not its
metabolites, was detected in breast milk, suggesting that infants can metabolize
acetaminophen (Berlin et al. 1980; Notarianni et al. 1987). Neonates excrete
significantly greater proportions of unchanged acetaminophen and lesser proportions of
acetaminophen-4-sulfate compared to older subjects aged 11-80 years (Notarianni et al.
1987). The rate of glucuronidation in neonates is roughly half that of adults (6.6 L/h/70
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kg versus 11.8 L/h/70 kg). Metabolites of the oxidative pathway (cysteine and
mercapturic acid conjugates) may or may not be present in infant urine (Notarianni et al.
1987; van der Marel et al. 2003).

Fecal excretion

The majority of studies of fecal excretion, which plays a minor role in the elimination of
acetaminophen, have been conducted in laboratory animals, with few studies conducted
in humans.

In one study, a human subject received 650 mg of 13C and '°N radiolabeled
acetaminophen orally; the fecal recovery of 3C and >N was 0.9% and 1.1%,
respectively (Browne et al. 1998). Metabolites observed in feces included the parent
compound acetaminophen, acetaminophen-CYS, acetaminophen-4-glucuronide and 2-
hydroxyacetaminophen sulfate (Goedert et al. 2014).

Experiments in Wistar rats showed that only very small amounts of acetaminophen
(0.2-0.7% of the administered dose) are excreted in feces (Smith and Griffiths 1976). A
study with Balb/c mice identified two fecal metabolites from the oxidative pathway,
acetaminophen-CYS and the mercapturic acid metabolites (Hoffmann et al. 1990).

Biliary excretion

The majority of studies of biliary excretion have been conducted in laboratory animals,
primarily rodents, with few studies conducted in humans.

Bile is a minor excretion pathway for acetaminophen in humans. In one study bile
samples were collected overnight (mean: 11.8 hours) from 10 subjects who had
received 1 g of acetaminophen (Jayasinghe et al. 1986). Only a small amount of
unchanged acetaminophen was recovered in the bile. The metabolites identified in bile
were acetaminophen-4-glucuronide and acetaminophen-CYS. The cysteine conjugate
recovered in bile represented the largest portion; acetaminophen-mercapturate and
acetaminophen-4-sulfate were below the detection level of <1 pg/ml (Jayasinghe et al.
1986).

In another study by Siegers et al. (1984), patients had T-tubes inserted in the common
bile duct, after which they ingested 1 g of acetaminophen. In these patients, biliary
excretion accounted for 2.6% of the oral dose within 8 hours. Substances identified in
bile included the parent molecule acetaminophen (5.7 mg),
acetaminophen-4-glucuronide (3.6 mg), acetaminophen-4-sulfate (3.6 mg), and
acetaminophen-CYS conjugate (16.3 mg). Acetaminophen-GSH was not detected, and
the authors speculated that acetaminophen-GSH may be rapidly metabolized to the
cysteine conjugate by GGT, which metabolizes reduced glutathione.
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Biliary excretion of acetaminophen and its metabolites has been studied in rats, mice,
hamsters, rabbits, and guinea pigs (Ghanem et al. 2005; Gregus et al. 1988; Hinson et
al. 1982; Hjelle and Klaassen 1984; Siegers et al. 1983; Watari et al. 1984). In rats,
28.7% of the total dose was excreted into the bile within 8 hours post i.v. administration
(Siegers et al. 1983). The glucuronide conjugate is the major biliary metabolite in rats
(ranging from 10.5 - 21.4%, depending on dose), whereas biliary excretion of
acetaminophen or acetaminophen-sulfate remains small (0.58 - 1.89% for
acetaminophen and 1.8 - 7% for acetaminophen-sulfate) (Hjelle and Klaassen 1984;
Watari et al. 1983).

When comparing rats, hamster, mice, guinea pigs and rabbits, rats had the highest
biliary excretion of acetaminophen glucuoride and -sulfate, followed by guinea pig,
rabbit, mouse, and hamster, with rat and guinea pig excreting up to 50 fold more
acetaminophen glucuronide compared to the other species. Conversely, mice and
hamster excreted significantly more acetaminophen-CYS compared to the remaining
species (Gregus et al. 1988).

Biliary excretion experiments conducted in rats suggest that reabsorption and
enterohepatic circulation occur, and that some metabolites are hydrolyzed by microflora
prior to enterohepatic circulation (Grafstrom et al. 1979; Siegers et al. 1983; Watari et
al. 1983; Watari et al. 1984). As mentioned earlier, an in vitro study demonstrated that
acetaminophen was deacetylated to PAP by microflora from rat caecum (Smith and
Griffiths 1974).

Excretion into breast milk

Acetaminophen is excreted into breast milk, as shown in nursing mothers who received
oral doses of 650 mg (Berlin et al. 1980) and 1 g (Notarianni et al. 1987). Metabolites of
acetaminophen have not been detected in breast milk (Notarianni et al. 1987).

Salivary excretion

Salivary excretion of acetaminophen occurs, and is dependent on the plasma
concentration, with a correlation coefficient of 0.99 obtained between plasma and saliva
levels (Idkaidek and Arafat 2014). Measured Cmax concentrations of acetaminophen
over a 10 hour period were 6.8 pug/mL in saliva and 5.5 pg/mL in plasma (Berlin et al.
1980; Kamali et al. 1987). Metabolites of acetaminophen have not been assessed in
saliva.

Expired air

Excretion of acetaminophen into expired air has been measured in Wistar rats after oral
administration of acetaminophen, where 5.5-6.5% of [acetyl-1*C]-labeled
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acetaminophen was de-acetylated by microbial microflora in rats and released as CO:2
in expired air (Smith and Griffiths 1976). No human studies regarding expiration of
acetaminophen or its metabolites into air were identified.

3.3.1.5 Summary

In conclusion, acetaminophen is rapidly absorbed and distributed throughout the body
and largely excreted via urine, with some biliary and little fecal excretion occurring.
Metabolism of acetaminophen occurs mainly in the liver and kidney and occurs via
multiple pathways, including glucuronidation, sulfation, oxidation via CYPs and other
enzymes, and deacetylation. Multiple metabolites of acetaminophen may participate in
redox cycling reactions, resulting in the formation of ROS. Acetaminophen-CYS and
PAP have been implicated in acetaminophen’s toxicity to the kidney in mice and rats,
respectively. Several genotoxic and electrophilic metabolites of acetaminophen are
formed, including NAPQI, NAPSQI, p-benzoquinone, p-benzoquinone imine, PAP, and
the N-acetyl-p-aminophenoxy and p-aminophenoxy radicals.

3.3.2 Factors that modulate acetaminophen metabolism

Many of the enzymes that are involved in acetaminophen metabolism are polymorphic
in humans. These include Phase | enzymes, such as CYPs, and Phase Il enzymes,
such as UGTs, SULTs, and GSTs. Besides genetic polymorphisms, non-genetic factors
can also modulate enzyme activity thus affecting acetaminophen metabolism. The
phenotypic variability of these enzymes has been observed in liver samples from human
donors in in vitro experiments. For example, the acetaminophen sulfation activity of
SULTSs ranged from 93.5 to 1720 pmol/mg/min among 20 donors (den Braver-Sewradj
et al. 2018).

This section will mainly focus on factors that can modulate the formation or
detoxification of NAPQI, as data on other toxic acetaminophen metabolites is sparse.

Genetic polymorphisms of Phase | enzymes

Studies with human enzymes have shown that several CYP enzymes (CYP2EL,
CYP1A2, CYP3A4, and CYP2AG6) can carry out the oxidation of acetaminophen to
NAPQI (Chen et al. 1998; Patten et al. 1993; Thummel et al. 1993).

CYP2E1

As discussed in Section 3.3.1, CYP2EL1 is the main enzyme responsible for the
formation of the reactive intermediate NAPQI in the liver.
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The polymorphisms of CYP2E1 have been summarized by the Pharmacogene Variation
Consortium (https://www.pharmvar.org/gene/CYP2E1). As of 2019, 13 allelic variants
have been characterized (Hayashi et al. 1991; Persson et al. 1993; Uematsu et al.
1991). These variants can carry increased, normal, or decreased enzyme activity, and
their prevalence in different human populations can vary (Hayashi et al. 1991; Persson
et al. 1993; Uematsu et al. 1991). One study found that carriers of certain CYP2E1
polymorphisms are more susceptible to acetaminophen toxicity when they are also
exposed to alcohol (ethanol) or obesity (McCarver et al. 1998). A separate study has
shown that CYP2E1-mediated oxidation of acetaminophen is significantly higher in
obese individuals with BMI > 40 (van Rongen et al. 2016).

Besides genetic polymorphisms, the expression of CYP2EL is regulated
transcriptionally by hepatocyte nuclear factor 1a (HNF1a) and its cofactors, and post-
transcriptionally via protein stabilization (Gonzalez 2007). CYP2EL1 activity is also
inducible by a variety of substrates (Gonzalez 2007).

One important player in the modulation of CYP2EL1 activity and acetaminophen
hepatotoxicity is ethanol. Ethanol is known to be an inducer of CYP2E1 (Koop et al.
1982; Lieber and DeCarli 1970), but it can also inhibit this enzyme (Yang et al. 1991).
On the other hand, in the presence of high doses of ethanol, CYP2E1 is thought to be
involved in the metabolic activation of ethanol (Guengerich and Avadhani 2018). These
different actions of ethanol on CYP2EL activity may underlie the reported differences in
acetaminophen toxicity associated with acute versus chronic alcohol consumption
(Banda and Quart 1982; Schiodt et al. 2002).

Caparrotta et al. (2018) reviewed case reports and retrospective case series regarding
alcohol use and acetaminophen toxicity, and stated the following two scenarios for
chronic vs acute alcohol intake:

"Alcohol consumption upregulates the expression of CYP2E1, potentially
increasing the amount of paracetamol oxidized to NAPQI...When alcohol is
acutely presesent in the body it competes for CYP2E1, thereby potentially
reducing the amount of paracetamol oxidized to NAPQI”.

In people consuming alcohol chronically, the main effects are upregulation of CYPs
(both CYP2E1 and CYP1A4), and possibly depletion of glutathione, although the
evidence for the latter has been conflicting (Riordan and Williams 2002). In the acute
setting where an individual takes acetaminophen and alcohol simultaneously, there is
an apparent decrease in NAPQI formation, either by direct or indirect inhibition of
CYP2E1 (Riordan and Williams 2002).

Court et al. (2014) did not find a correlation between two CYP2E1 genetic variants and
acetaminophen-induced acute liver failure (ALF). However, the study is limited because
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it only examined two of the many variants, and the phenotypes (i.e., acetaminophen
oxidation activity) of these two variants have not been adequately characterized. In
mice, Cyp2el, and to a lesser extent Cypla2, seem to be the main enzymes
responsible for the acetaminophen-induced hepatotoxicity, as shown by studies using
Cyp2el and Cypla2 knockout models (Lee et al. 1996; Zaher et al. 1998). In the
kidney, acetaminophen toxicity can be caused by either direct oxidation by Cyp2el to
form NAPQ)I, or deacetylation by N-deacetylase to form PAP, downstream free radicals
and GSH conjugates. In a Cyp2el-null mouse model, 200 and 400 mg/kg
acetaminophen induced significantly less nephrotoxicity than in wild-type mice treated
with the same doses (Chen et al. 2008).

In summary, both genetic and non-genetic factors (e.g., obesity, alcohol) can influence
an individual’s CYP2E1 activity, thus altering one’s susceptibility to acetaminophen-
induced toxicity.

CYP1A2

CYP1A2 is polymorphic in humans (Koonrungsesomboon et al. 2018). Its role in
acetaminophen hepatotoxicity may not be important in the presence of CYP2E1. There
are data showing Cypla2 had an effect when Cyp2el was also knocked out (Zaher et
al. 1998). CyplaZ single knockout offered no protection of acetaminophen
hepatotoxicity in mice, as measured by urinary metabolites and protein adducts (Tonge
et al. 1998).

CYP3A4 and CYP3A5

CYP3A4 activity is highly variable due to genetic polymorphisms and induction by
factors such as diet, medication, or exposure to environmental chemicals (Lamba et al.
2002; Thummel and Wilkinson 1998). Laine et al. (2009) reported that at therapeutic
concentration of acetaminophen, CYP3A4 had the highest bioactivation capacity among
nine CYP enzymes. The inter-individual variability of CYP3A4 was shown in one study
where a CYP3A4 inhibitory antibody reduced acetaminophen oxidative metabolism by
CYP3A4 by as low as 6% and as high as 76% in human liver microsomes from four
donors (Patten et al. 1993). In a study with hepatocytes from 16 human donors,
CYP3A4 activities correlated with acetaminophen cytotoxicity, and the hepatocytes with
the highest CYP3A4 activities were the most sensitive to acetaminophen cytotoxicity
(Utkarsh et al. 2016). Cyp3all (the homologous enzyme in mice of human CYP3A4)
has been shown to be responsible for the acetaminophen-induced liver injury in
C57/BL6 mice (Li et al. 2018).

CYP3AGS shares considerable substrate specificity with CYP3A4, although CYP3A4 is
considered to have higher activity (Smith et al. 2018). CYP3A5 is polymorphic in
humans (Hustert et al. 2001). Among patients with ALF, one CYP3AS5 allele (fast
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metabolizer phenotype) was over-represented in patients who intentionally overdosed
on acetaminophen (OR = 2.3, 95% CI 1.1-4.9; p = 0.034) (Court et al. 2014). Although
the capacity of CYP3AS to oxidize acetaminophen has not been reported, the results
from Court et al. (2014) suggest that CYP3AS5 can also catalyze the formation of
NAPQI, leading to acetaminophen-associated ALF.

CYP2A6

CYP2A6 is a highly polymorphic gene (https://www.pharmvar.org/gene/CYP2A6).
Enzyme inhibition studies in vitro showed that inhibition of CYP2A6 significantly reduced
the amount of NAPQI formation (Hazai et al. 2002). However, it seems CYP2AG6 favors
the 3-hydroxylation pathway over the oxidation with a 3:1 ratio, compared to a 1:6 ratio
for CYP2EL1 (Chen et al. 1998). Both experimental data and computational prediction
for enzyme regioselectivity indicate that acetaminophen 3-hydroxylation is favored over
N-oxidation by CYP2A6 (Yang et al. 2014). Therefore, the impact of CYP2A6
polymorphisms on acetaminophen toxicity in humans may not be significant.

Genetic polymorphisms of Phase Il enzymes

GSTs

GSTs are a superfamily of Phase Il enzymes that can catalyze the conjugation of
acetaminophen metabolites with GSH. Cytosolic GSTs are expressed in the liver and
many other tissues, although more data is needed on the tissue-specific expression for
each class of GST (Hayes and Strange 2000). At low doses, NAPQI is conjugated with
GSH and subsequently excreted as mercapturic acid or cysteine derivatives. In vitro
studies reported that human GSTP1 was the most effective GST isoform in catalyzing
the conjugation of NAPQI with GSH (Coles et al. 1988). The balance between the rate
of NAPQI formation and its inactivation by conjugation (e.g., to GSH) can determine the
rate of protein/DNA adduct formation (Park et al. 2011; Rinaldi et al. 2002). Some
studies have suggested that the GSH conjugation of another acetaminophen
metabolite, PAP, leads to downstream bio-activation and nephrotoxicity (Klos et al.
1992). However, no studies have been conducted to examine what GST isoform(s)
play a role in such conjugation.

Human GSTs are known to be genetically polymorphic (Bolt and Thier 2006; Buchard et
al. 2012; Hayes and Strange 2000). One study found no significant difference in
acetaminophen conjugation activities among several human GSTP1 variants compared
to the wild-type enzyme (Dragovic et al. 2014).

One case-control study identified no association between acetaminophen use and
bladder cancer, but found a significant interaction of acetaminophen use with the
GSTP1 1105V genotype (Fortuny et al. 2006). Among the individuals with homozygous
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decrease-of-function alleles (GSTP1 Val/Val), use of acetaminophen was non-
significantly associated with increased risk of bladder cancer compared to non-users of
the same genotype (OR = 1.8, 95% CI 0.9-3.6, p = 0.008 for interaction between
acetaminophen use and this genotype). Subjects who were homozygous for this
mutant allele and used acetaminophen regularly for more than four years had an
increased risk of bladder cancer (OR = 2.5, 95% CI 0.4-15.6). These results suggest
that GSTP1 is an important detoxifying enzyme for acetaminophen metabolites that are
GSTP1 substrates, and GSTP1 1105V may be an effect modifier for the association
between exposure to acetaminophen and bladder cancer.

UGTs

The UGTs are a superfamily of membrane bound Phase Il enzymes that are found in
the liver, kidney, and intestinal mucosa, and catalyze the conjugation of acetaminophen
with uridine diphosphoglucuronic acid (UDPGA) to form acetaminophen-glucuronide
(Fisher et al. 2000). In individuals with little or slow glucuronidation activity exposed to
acetaminophen, less of the compound will be detoxified via glucuronidation, increasing
the likelihood that acetaminophen undergoes bioactiviation to NAPQI, PAP, or other
reactive metabolites.

UGTs are polymorphic in humans (Hu et al. 2016). The 3"-untranslated region (3"-UTR)
of UGT1A is shared by nine different isoforms (Court et al. 2014). One particular single
nucleotide polymorphism (SNP) in this 3"-UTR was associated with higher
acetaminophen glucuronidation activity and was under-represented in patients with ALF
caused by unintentional acetaminophen overdose, compared to patients with ALF
induced by other causes (Court et al. 2013). In humans, one variant UGT2B15*2 was
associated with significantly lower levels of glucuronidation clearance and higher levels
of acetaminophen-protein adducts compared to wild-type, with the differences stronger
in people who were homozygous for the mutant allele than those that were
heterozygous (Court et al. 2017).

UGT1AG6, and to a lesser extent UGT1A1 and UGT1A9, were found to be the most
active isoforms for acetaminophen glucuronidation (Allegaert et al. 2005). Individuals
who express low-capacity isoforms of UGTs (such as UGT1A3 or UGT2B7) were less
efficient at forming acetaminophen-glucuronide than individuals with the most active
isoforms (Court et al. 2001). The activity of UGT1A6, the main isoform for
acetaminophen glucuronidation, varied by 7-fold among the liver microsomes from 20
donors (Fisher et al. 2000). The overall UGT activity was found to be higher in livers
from male donors than female donors. This was possibly due to the higher UGT1A6
protein content in livers from males.
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SULTs

In humans, approximately 30% of administered acetaminophen is excreted in urine as
the sulfate conjugate (Bessems and Vermeulen 2001). The sulfation of acetaminophen
is carried out by cytosolic SULTSs, with SULT1A1, SULT1A3 and SULT1C4 having the
strongest sulfating activity towards acetaminophen (Yamamoto et al. 2015).
Acetaminophen-sulfation activity has been detected in cytosol preparations of human
intestine, liver, lung, and kidney, in decreasing order (Yamamoto et al. 2015).

SULTSs are polymorphic in humans, and the frequencies of certain polymorphisms differ
by ethnic groups (Nowell and Falany 2006). For example, common SNPs in SULT1Al
occur at different frequencies in Caucasian, African-American, and Chinese groups
(Nagar et al. 2006; Ning et al. 2005). Polymorphisms of SULTs can influence
acetaminophen metabolism, with certain variants showing significantly lower enzyme
activity toward acetaminophen in humans in vitro (Bairam et al. 2018).

Genetic polymorphisms of other enzymes

As mentioned in Section 3.3.1, FAAH is responsible for the formation of
acetaminophen’s therapeutically active metabolite, AM4os. FAAH is polymorphic in
humans, and one SNP (C385A) that exists at 25% frequency in a Caucasian population
correlates with normal catalytic activity but enhanced sensitivity to proteolytic
degradation (Sipe et al. 2002) and phenotypic changes in carriers (Conzelmann et al.
2012; Spagnolo et al. 2016). No studies on the effect of FAAH polymorphisms on
acetaminophen metabolism were identified.

Genetic polymorphisms of sulfate transporters

As mentioned above, sulfate conjugation is a major pathway for acetaminophen
detoxification. This reaction relies not only on the sulfotransferases, but also on a
sufficient supply of the universal sulfate donor, 3"-phosphoadenosine 5" -phosphosulfate
(PAPS). The formation of PAPS from inorganic sulfate (SO4?%) is known as sulfate
activation (Markovich 2001). Sulfate transporters such as NaS1 (gene name:
SLC13A1) and Satl (gene name: SLC26A1) are important for maintaining adequate
concentrations of intracellular SO4%, since this anion is hydrophilic.

NaS1 is a Na*-dependent sulfate transporter expressed on the brush border membrane
of renal proximal tubular epithelial cells (Markovich et al. 1993). The SLC13A1 gene is
polymorphic in humans (Tise et al. 2016). Lee et al. (2006) identified a loss-of-function
SNP (R12X) and a decrease-of-function SNP (N174S) in the human SLC13A1 gene,
indicating certain populations may be more susceptible to acetaminophen hepatotoxicity
due to inadequate sulfate transport. In mice with no expression of NaS1,
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acetaminophen induced more severe hepatotoxicity (e.g., increased Alanine
transaminase or ALT levels, cellular damage, and liver necrosis) than in wild-type mice
(Lee et al. 2006). Since NaSl1 is not expressed in the liver, the authors considered the
hepatotoxicity in the Slc13al-null mice to be due to the exacerbated GSH depletion
caused by hyposulfatemia.

Satl is a Na*-independent sulfate anion transporter expressed on the basolateral
membrane of renal proximal tubules, distal ileum of the small intestine, cecum, and
proximal colon, and the sinusoidal membrane of hepatocytes (Markovich 2012). The
SLC26A1 gene is polymorphic in humans (Dawson and Markovich 2007; Dawson et al.
2013). Similar to NaS1, mice lacking Satl were also more sensitive to acetaminophen-
induced hepatotoxicity (Dawson et al. 2010).

Non-genetic factors that affect acetaminophen metabolism

Besides genetic variability, other factors can also affect acetaminophen metabolism.
These factors may interfere with or alter enzyme activity, deplete GSH, and/or compete
for sulfate conjugation or glucuronidation. For example, malnutrition can lead to
reduced GSH as well as reduced CYP2E1 activity (Rumack 2002). A number of
potential modulating factors have been reviewed by Caparrotta et al. (2018) and
Bessems and Vermeulen (2001). For some of the factors, the evidence is clear, albeit
complicated. For example, ethanol binds to CYP2E1 and blocks access of
acetaminophen to the enzyme’s catalytic site, while long-term alcohol intake induces the
activity of the enzyme. On the other hand, many factors are involved in multiple
pathways of acetaminophen metabolism and they may not be independent of one
another (e.g., bodyweight, calorie intake, and nutritional status), making it difficult to
predict the effect of a single factor. Caparrotta et al. (2018) also examined the effects of
several drugs on acetaminophen metabolism, and found mixed results. For example,
one pharmacokinetic study showed that carbamazepine increases NAPQI formation
while three studies showed no effects; however, several clinical case reports suggest
that carbamazepine potentiates acetaminophen toxicity. Overall, more research is
needed to evaluate many of these factors and their effects on acetaminophen
metabolism.

Besides the factors mentioned above, it is worth mentioning that dimethyl sulfoxide
(DMSO) has been shown to modulate acetaminophen metabolism. DMSO is a solvent
frequently used to deliver chemicals in research because of its unique polar aprotic
nature. Itis also used as a medication and dietary supplement; for example, it is given
intravenously as an prescription medication for interstitial cystitis (bladder pain
syndrome), available for use topically as an OTC gel/cream, and occasionally used as
an oral supplement by consumers (HSDB 2014). DMSO at 2.5% increased the
expression of CYP2EL in cultured human hepatocytes (Nishimura et al. 2003), while at
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concentrations as low as 0.1% DMSO has been shown to inhibit CYP2E1 enzyme
activity in human hepatocytes and human liver microsomes in vitro (Easterbrook et al.
2001; Hickman et al. 1998). DMSO has been used as a vehicle to deliver
acetaminophen both in vivo and in vitro, despite the fact that it has been shown to inhibit
acetaminophen-induced hepatotoxicity in animals (El-Hage et al. 1983; Siegers 1978;
Yoon et al. 2006). Besides inhibiting hepatotoxicity, DMSO also inhibits
acetaminophen-induced GSH depletion and DNA fragmentation in mice (Jaeschke et al.
2006; Yoon et al. 2006). The inhibitory effect of DMSO has led to controversies in
interpreting experimental results (Jaeschke et al. 2006). Earlier proposed mechanisms
of how DMSO protects against acetaminophen-induced hepatotoxicity include directly
scavenging reactive species generated during acetaminophen metabolism, and
inhibiting CYP enzymes. However, the protection by DMSO appeared to be tissue-
specific (Jeffery and Haschek 1988), which made the non-selective mechanism of
radical scavenging less plausible. Yoon et al. (2006) has proposed that DMSO protects
against acetaminophen hepatotoxicity by competitively binding to CYP2E1 and
inhibiting the activation of acetaminophen to NAPQI.

In summary, metabolism of acetaminophen varies among individuals, as a result of
genetic and non-genetic factors. Individuals with altered function of certain enzymes
and transporters discussed above, either caused by genetic or non-genetic factors, may
generate more electrophilic and genotoxic metabolites of acetaminophen than others.
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3.3.3 Genotoxicity

The genotoxicity of acetaminophen has been well studied and reviewed by a number of
research groups and institutions, including IARC (1990, 1999), NTP (1993), Bergman et
al. (1996), and Rannug et al. (1995). OEHHA reviewed these evaluations of the
genotoxicity studies, as well as additional genotoxicity studies published since these
reviews.

Acetaminophen has been tested for a variety of genotoxic endpoints in humans in vivo,
human cells in vitro, animals in vivo, animal cells in vitro, and non-mammalian species
(i.e. mussels, Drosophila, plants, and yeasts). It has also been tested for reverse
mutations in bacteria, and for DNA adduct formation in acellular systems.

Genotoxic effects of acetaminophen have been observed in humans, animals, and a
number of experimental systems over a range of doses, including doses that fall within
the range of those used therapeutically.

Overall, the findings from these genotoxicity studies of acetaminophen include evidence
of (i) induction of chromosomal aberrations (CAs), sister chromatid exchanges (SCES),
and micronuclei formation (MN), and a decrease in unscheduled DNA synthesis (UDS)
in humans in vivo (Table 17), (ii) induction of DNA strand breaks, MN, CAs, and SCEs,
impairment of DNA excision repair, formation of DNA adducts, and a slight increase in
UDS in human cells in vitro (Table 18), (iii) formation of DNA adducts, DNA strand
breaks, impairment of DNA excision repair, oxidative damage to DNA, MN, CAs, SCEs,
and aneuploidy in animals in vivo (Table 19), (iv) formation of mutations, oxidative
damage to DNA, MN, CAs, and SCEs, impairment of DNA repair, and alterations in
UDS in animal cells in vitro (Table 20), and (v) DNA strand breaks and MN in mussels,
CAs in onion roots, and formation of DNA adducts in acellular systems (Table 21).

3.3.3.1 Studies on the genotoxicity of acetaminophen

Humans in vivo

There are six publications reporting on genotoxicity studies of acetaminophen,
conducted in different European populations (See Table 17). All the studies measured
genotoxicity endpoints in peripheral blood lymphocytes (PBL); in addition, one study
assessed effects in buccal mucosa cells. Endpoints measured in these studies included
CAs, SCEs, MN, and UDS. In all but one set of studies individuals served as their own
controls, with markers of genotoxicity assessed before and after treatment with
acetaminophen. The study by Kirkland et al. (1992) used an age- and gender-matched
placebo group as the comparator to the acetaminophen-treated group.
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Overall evidence of acetaminophen genotoxicity in humans in vivo includes some
positive clastogenic effects (i.e., CAs, SCE, and micronuclei formation) and one assay
showing a decrease in UDS (Table 17).

As shown in Table 17, the ability of acetaminophen to induce CAs was assessed in
PBLs of exposed humans in four studies, and the results were positive in two studies
(Hongslo et al. 1991; Kocisova et al. 1988) and negative in the other two studies
(Hantson et al. 1996; Kirkland et al. 1992). Acetaminophen induced SCEs in PBL in
one study (Hongslo et al. 1991) and had no effect in another study (Kirkland et al.
1992). Itis possible that Kirkland et al. (1992) had a reduced ability to detect
acetaminophen-related effects on PBL CAs and SCEs due to inter-individual variability
between the placebo and acetaminophen- treated groups in “baseline” levels of these
markers of clastogenicity.

Additionally, acetaminophen was shown to induce MN in human PBLs (Kocisova and
Sram 1990) and buccal mucosa cells (Kocisova and Sram 1990; Topinka et al. 1989).
Topinka et al. (1989) also reported that acetaminophen decreased UDS in PBLs.
These authors noted that acetaminophen has been shown to interfere with nucleotide
excision repair in several mammalian cell types (Brunborg et al. 1995; Hongslo et al.
1993), and suggested that the decrease in UDS observed following acetaminophen
treatment was the result of reduced DNA excision repair activity.
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Table 17. Genotoxicity studies of acetaminophen in humans

Endpoint

Tissue

Cell type
(if specified)

Description of exposed and controls, e.g., doses, regimens, number of
subjects, and study location

Response
(p-value)*

Reference

Chromosome
aberrations

Blood

Peripheral
lymphocytes

The study included three groups. The first consisted of 5 healthy male volunteers, treated -
with a single oral dose of 3 g acetaminophen, the second consisted of 5 patients that

received i.v. infusions of 1 g acetaminophen every 6 h for 7 d, the third consisted of 5 self-

poisoned female patients that had ingested variable doses of acetaminophen, ranging from

10 g to an unknown amount that was much greater than 15 g. Blood was drawn from each

individual in groups 1 and 2 before the start of acetaminophen treatment, as well as from

individuals in group 1 at 24, 72 and 168 h after the single dose of acetaminophen, from

individuals in group 2 at 168 h after the first acetaminophen infusion, and from individuals in

group 3 after hospital admission. The study was conducted in Louvain, Belgium.

Hantson et al. (1996)

24 non-smoking volunteers aged 29-45 (mainly among the staff of University of York and -
their relatives) were assigned to either a placebo or and a treated group, with 12 subjects in

each group (age- and gender-matched). Individuals in the treated group ingested 3 g of

acetaminophen over 8 h (once every 4 h), while individuals in the placebo group ingested

placebo pills on the same schedule as the treated group. Blood was drawn from each

volunteer after the final dose was administered. The study was conducted in York, Great

Britain.

Kirkland et al. (1992)

10 healthy volunteers ingested 3 g of acetaminophen over 8 h (once every 4 h). Blood was
taken before (as a control) and 24 h after the first dose. The study was conducted in Oslo,
Norway.

(p<0.1)

Hongslo et al. (1991)

11 healthy volunteers (8 women and 3 men with a mean age of 37.7+ 9.7 yrs) ingested 3 g of at
acetaminophen over 8 h (once every 4 h). Blood was taken before (as a control) and 24, 72 (p <0.05)
and 168 h after the first dose. The study was conducted in Prague, Czechoslovakia.

Kocisova et al. (1988)

Sister chromatid
exchanges

Blood

Peripheral
lymphocytes

See study description above, for the chromosome aberrations endpoint. -

Kirkland et al. (1992)

See study description above, for the chromosome aberrations endpoint. T
(p<0.05)

Hongslo et al. (1991)

Micronuclei

Blood

Peripheral
lymphocytes

12 healthy volunteers (9 women and 3 men with a mean age of 37.8+ 8.7 yrs) ingested 3 g of
acetaminophen over 8 h (once every 4 h). Blood was taken before (as a control) and 24, 72,
168 h after the first dose. The study was conducted in Prague, Czechoslovakia.

(1)

Kocisova and Sram (1990)

Oral cavity

Buccal mucosa
cells

11 healthy volunteers (8 women and 3 men with a mean age of 37.7+ 6.1 yrs) ingested 3 g of bT
acetaminophen over 8 h (once every 4 h). Buccal mucosa cells were collected before (as a (p<0.01)
control) and 24, 72, 168 h after the first dose. The study was conducted in Prague,

Czechoslovakia.

Unscheduled DNA  Blood

synthesis

Peripheral
lymphocytes

See study description above, for the micronuclei endpoint. i}
(p<0.01)

Topinka et al. (1989)

1, increased response; (1), weak increased response; —, no effect; |, decreased response; * student’s paired t-test; @ evident only at 24 h; b evident only at 72 h

Acetaminophen

156

OEHHA
September 2019



Human cells in vitro

As summarized in Table 18, acetaminophen at concentrations ranging from 0.05 to 10
mM has been tested with or without metabolic activation for several genotoxic endpoints
related to DNA damage and chromosomal effects in multiple human cell types in vitro.

Overall, the evidence of acetaminophen genotoxicity in human cells in vitro consists of
findings of DNA damage, including increases in DNA strand breaks detected by two
different methods (comet assay, phosphorylated histone 2AX [y-H2AX] staining), one
assay showing DNA adduct formation, and another assay showing a slight increase in
UDS; findings of impairment of DNA repair; and findings of chromosomal damage,
including increases in MN, CAs and SCEs.

Acetaminophen induced DNA strand breaks in a human hepatocellular carcinoma cell
line, as measured by the comet assay and by y-H2AX staining (Bandi et al. 2014), and
in liver slices, as measured by the comet assay (Jetten et al. 2014). Acetaminophen did
not induce DNA single strand breaks in cultured human skin fibroblasts in the presence
of sheep seminal vesicle microsomes (Andersson et al. 1982). In studies with human
granulocytes stimulated to undergo the “respiratory burst” by treatment with phorbol
myristate acetate (PMA) for 30 minutes, 1*C-labelled acetaminophen was incorporated
into cellular DNA and RNA, indicating the formation of DNA and RNA adducts (Corbett
et al. 1989). In one study in human PBLSs, incubation with acetaminophen resulted in a
slight increase in UDS (Binkova et al. 1990).

Acetaminophen inhibits ribonucleotide reductase activity (Hongslo et al. 1991), and so
its ability to impair nucleotide excision repair in human cells was investigated by
Hongslo et al. (1993) and Brunborg et al. (1995). In several different human cell types,
acetaminophen was found to delay the repair of single strand DNA breaks (SSBs)
induced by treatment with either UV light (mononuclear blood cells, T lymphocytes, B
lymphocytes, monocytes, HL-60 cells, fibroblasts) or 4-nitroquinoline n-oxide (NQO)
(mononuclear blood cells). In these studies, the effect of acetaminophen on the repair
of SSBs was abrogated by the addition of deoxyribonucleotides to the cell medium.
Hongslo et al. (1993) and Brunborg et al. (1995) concluded that acetaminophen’s ability
to delay the repair of SSBs in these studies was the result of impaired nucleotide
excision repair due to acetaminophen’s inhibition of ribonucleotide reductase.

Chromosomal effects of acetaminophen in human cells exposed in vitro have been
observed at concentrations ranging from 1 to 1.5 mM. These effects include induction
of MN in human amniotic fluid cells ( Simko et al. 1998), weak induction of MN in human
PBLs (Ibrulj et al. 2007), and induction of CAs and SCEs in human PBLs (Hongslo et al.
1991; Ibrulj et al. 2007; Watanabe 1982).
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Table 18. Genotoxicity studies of acetaminophen in human cells in vitro

Test endpoint Cell type or tissue Concentration Results Results  Reference
(LEC or HIC)  without S-9 with S-9
DNA strand breaks Cultured skin fibroblasts 0.05 mM NT -(SSV)  Andersson et al.
[Alkaline elution] (1982)
DNA strand breaks Liver slices a2.31 mM + NT Jetten et al. (2014)
[Comet assay]
DNA strand breaks Hepatocellular carcinoma cell 10 mM + NT Bandi et al. (2014)
[Comet assay and  line (HuH-7 cells)
y-H2AX staining]
DNA adducts Granulocytes 10 uM (+PMA)e + NT Corbett et al.
(1989)
UV-pretreated Mononuclear 0.1 mM + NT
blood cells
UV-pretreated T lymphocytes 0.3 mM + NT :%ré%s)lo etal.
Impairment of UV-pretreated B lymphocytes 0.3 mM + NT
nucleotide excision UV-pretreated Monocytes 0.3 mM (+) NT
repair UV or 3 mM NQO-pretreated 0.3 mM + NT
mononuclear blood cells Brunborg et al.
UV-pretreated HL-60 cells 0.3mM + NT (1995)
UV-pretreated fibroblast cells 0.3 mM (+) NT
Unscheduled DNA  Peripheral blood lymphocytes 0.05 mM (+) NT Binkova et al.
synthesis (1990)
, , Amniotic fluid cells 1.3 mM + NT Simko et al. (1998)
Micronuclei - :
Peripheral blood lymphocytes 1.3 mM (+) NT lbrulj et al. (2007)
Peripheral blood lymphocytes 1.3 mM + NT Watanabe (1982)
Chromosomal Peripheral blood lymphocytes 1.5 mM + NT Hongslo et al.
aberrations (1991)
Peripheral blood lymphocytes 1.3 mM + NT [brulj et al. (2007)
Sister chromatid Peripheral blood lymphocytes 1 mM + NT Hongslo et al.
exchanges (1991)

+, positive; —, negative; (+), weakly positive; HIC, highest ineffective concentration; LEC, lowest effective
concentration, NT, not tested; SSV: sheep seminal vesicle microsomes; NQO: 4-Nitroquinoline N-oxide.
aThe authors did not report the doses used, instead reporting the “average BMD” observed among liver slices from
five individuals; BMDs varied by 64-fold between individuals.
bWith treatment of granulocytes with phorbol myristate acetate (PMA), which stimulates the respiratory burst.
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Animals in vivo

The genotoxicity of acetaminophen has been tested in a number of studies in rats and
mice of multiple strains through multiple routes (Table 19). Tissues analyzed for
genotoxicity endpoints in these studies include liver, kidney, spleen, bone marrow,
peripheral blood, testes and embryos.

Overall, acetaminophen has been shown to form DNA adducts, induce DNA strand
breaks, impair nucleotide excision repair, and increase multiple types of chromosomal
damage, i.e. MN, CAs, SCEs, and aneuploidy in animal studies in vivo. Acetaminophen
was not found to induce mutations in reporter genes in the livers of transgenic rats
(Kanki et al. 2005; Matsushita et al. 2013; Suzuki et al. 2016) or to induce Pig-a gene
mutations expressed in red blood cells of rats exposed via the oral route (Suzuki et al.
2016).

Acetaminophen was found to form DNA adducts in liver and kidney of mice exposed via
i.p. injection in two studies (Hongslo et al. 1994; Rogers et al. 1997), and a third i.p.
study in mice also reported DNA adduct formation in liver (Dybing et al. 1984). No DNA
adducts were detected in two studies in rats exposed via the oral route (Dybing et al.
1984; Hasegawa et al. 1988; Hongslo and Holme 1994; Rogers et al. 1997; Williams et
al. 2007). An increase in serum levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG, or 8-
oxodG), a marker for oxidative DNA damage, was observed in Kunming mice
administered acetaminophen by the oral route for 10 weeks (Wang et al. 2015).

DNA strand breaks were detected in the livers of acetaminophen-treated male B6 mice
and ICR mice after single i.p. injections of 600 mg/kg bw or 300 mg/kg bw
acetaminophen, respectively (Hongslo et al. 1994; Oshida et al. 2008). DNA strand
breaks were not detected in the kidney or bone marrow in these studies (Hongslo et al.
1994; Oshida et al. 2008). In addition, DNA strand breaks were not detected in the liver
or kidney of acetaminophen-treated male Wistar rats after a single i.p. injection of 600
mg/kg bw acetaminophen (Hongslo et al. 1994).

Acetaminophen can cause impairment of nucleotide excision repair in rodents in vivo.
Hongslo et al. (1994) showed that NQO-induced DNA-repair synthesis was decreased
in the liver, spleen, and kidney of male B6 mice and Wistar rats exposed to
acetaminophen via i.p. injection 5 minutes before treatment with NQO (mice, 50 mg/kg;
rats, 20 mg/kg). Similar to what was observed in in vitro studies with human cells
(Table 18); acetaminophen increased SSBs and delayed the repair of SSBs in livers,
spleens and kidneys of NQO-treated mice and rats. The authors concluded that these
effects were the result of impaired nucleotide excision repair due to acetaminophen’s
inhibition of ribonucleotide reductase.
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In mouse studies, acetaminophen tested positive in several chromosomal damage
assays (e.g., MN, CAs and SCEs) in two strains, BALB/c and Swiss, via multiple
administration routes. Increases in MN were observed in the peripheral blood cells of
BALB/c mice exposed to acetaminophen via i.p. injection or in utero (Markovic et al.
2013). Increases in MN were also observed in the bone marrow cells of Swiss mice
exposed to acetaminophen via i.p. injection (Sicardi et al. 1991). In studies of NMRI
mice administered acetaminophen via gavage or i.p. injection, no increase in MN was
observed in the bone marrow (King et al. 1979). Increases in CAs were observed by
three different research groups in the bone marrow of Swiss mice treated with
acetaminophen either orally or via i.p. injection (Giri et al. 1992; Reddy 1984; Severin
and Beleuta 1995). The CAs induced by acetaminophen in mouse bone marrow
included gaps, chromatid breaks, acentric fragments, and polyploid metaphases. These
types of structural CAs were not statistically significantly increased in the testes of
Swiss mice exposed to acetaminophen via the oral route, although other chromosomal
abnormalities were observed in the testes, such as polyploidy (Reddy and
Subramanyam 1985). A dose-dependent increase in SCEs was observed in the bone
marrow of Swiss mice treated with acetaminophen via i.p. injection (Giri et al. 1992).

Chromosomal damage has also been observed in rats exposed to acetaminophen. In
one oral study acetaminophen increased MN formation in the bone marrow of treated
rats (Hazleton Microtest 1993, as cited by Muller and Kasper 1995). In another oral
study, administration of acetaminophen to female SD rats for two weeks prior to mating
and continuing through the first 11 days after mating resulted in an increase in
chromosomal aneuploidy in the embryos of exposed rats, compared to controls (Muller
and Kasper 1995; Tsuruzaki et al. 1982). Tsuruzaki et al. (1982) reported that the
chromosomal karyotypes of the affected embryos were all mosaics, consisting of
monosomy/normal or trisomy/normal cells.
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Table 19. Genotoxicity studies of acetaminophen in animals in vivo

Endpoint Species, strain, sex Tl Dosa (LED or Rou_te, durgtlon, Results Reference
analyzed HID) dosing regimen
Mutation Rat, gpt delta Liver 10,000 ppm Diet; 13 weeks - Kanki et al.
frequency transgenic Sprague- (2005)
[guanine Dawley, Female
phosphoribosyl-  Rat, gpt delta Liver 6000 ppm Diet; 14 weeks - Matsushita et al.
transferase (gpt)  transgenic F344/NSlc, (2013)
reporter gene] Male
Mutation Rat, Sprague-Dawley, Red blood 2000 mg/kg Gavage; one single - Suzuki et al.
frequency Male cells dose (2016)
[Pig-a gene]a
Mouse, B6, Male Liver 500 mg/kg i.p.; one single (+) Dybing et al.
injection (1984)
Rat, F344, Male Liver 1.5% (diet) or 1 Diet for 1 week or a - Hasegawa et al.
g/kg bw single gavage dose (1988)
(gavage)
Mouse, ICR, Male Liver i.p.; one single + Hongslo et al.
DNA adduct
adauess Kidnoy 300mgkg injection . (1994)
Liver i.p.; one single + Rogers et al.
Mouse, ICR, Male idney 10 mglkg injection N (1997)
Rat, F344, Male Liver 288 mglkg Diet; 9 weeks - Williams et al.
(2007)
Oxidation of DNA  Mouse, Kunming, Serum 400 mg/kg Gavage; two doses + Wang et al.
(8-OHdG)P Male daily for 10 wks (2015)
Liver ip.: ' +
DNA strand Mouse, B6, Male : 600 mg/kg . one single "1%%%3'0 otal.
breaks (single Kidney Injectio - (1994)
strand breaks)  Rat, Wistar, Male Liver i.p.; one single - Hongslo et al.
[Alkaline elution] idney 600 mg/kg injection (1994)
Bone marrow -
DNA strand break Mouse, Crj:CD1(ICR), &= i.p.; one single Oshida et al.
[Comet assay] Male Liver 300 mglkg injection. * (2008)
Kidney -
Liver +
NQO-treated Mouse, —. . i.p.; one single
Imoai of B6, Male Kldneyi 300 mglkg injection !
mpairment o Spleen + Hongslo et al.
nucleotide : (1994)
excision repair NQO—treated Rat, Liver . - +
Wistar, Male Kidney 00mghkg ~ h2onesinge +
injection
Spleen +
Mouse, NMRI, Male ~ Bone marrow 3 mmoles/kg or  i.p. or gavage; - King et al.
. . and female 453 mglkg 2 doses 24 h apart (1979)
Micronuclei : , , ——
Mouse, Swiss, Male ~ Bone marrow 100 mg/kg i.p.; one single + Sicardi et al.
and female injection (1991)
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Endpoint Species, strain, sex e Dosa (LED or Rou.te, durgtlon, Results Reference
analyzed HID) dosing regimen
Rat, no strain Bone marrow 900 mg/kg Oral; (+) Hazleton
specified, NR 3 doses within 8 h Microtest (1993),
as cited by
Muller and
Kasper (1995)
Mouse, BALB/c, Peripheral 60 mgl/kg per i.p.; one per day; 3 (+) Markovic et al.
Female blood day consecutive days (2013)
between days 12 and
14 of pregnancy
Mouse, BALB/c, Peripheral 60 mgl/kg per Transplacental, + Markovic et al.
offspring gender is not  blood day i.p. one per day; 3 (2013)
reported consecutive days
between days 12 and
14 of pregnancy to
dams
Rat, Sprague-Dawley, Embryos 500 mg/kg per  Gavage to dams for2  + Tsuruzaki et al.
Female day wks before mating and (1982)
Aneuploidy continued for 11 days
after
Mouse, Swiss, Male ~ Bone marrow 2.5 mg (single  Oral, + Reddy (1984)
dose series) or  single dose or 3 doses
0.625 mg/day 24 h apart (cumulative)
(cumulative
dose series)
Mouse, Swiss albino,  Testes 2.5mg Oral; - Reddy and
Chromosomal Male single dose or 3 doses Subramanyam
aberrations 24 h apart (cumulative) (1985)c
Mouse, Swiss albino, Bone marrow 200 mg/kg i.p.; one single + Girietal. (1992)
Male and female injection
Mouse, Swiss, Male ~ Bone marrow 800 mg/kg (oral) Oral or i.p.; + Severin and
or 100 mg/kg oral 3 times during 8 h Beleuta (1995)
(i.p.) or one single i.p.
injection
Sister Chromatid ~ Mouse, Swiss albino, Bone marrow 50 mg/kg i.p.; one single + Giri et al. (1992)
Exchange Male and female injection

+, positive; —, negative; (+), weakly positive; HID, highest ineffective dose; LED, lowest effective dose (units as reported); NT, not
tested; NR, not reported; i.p., intraperitoneal injection; NQO: 4-nitroquinoline N-oxide

@ Pig-a gene encodes a catalytic subunit of the N-acetylglucosamine transferase that is involved in the synthesis of
glycosylphosphatidylinositol (GPI), which serves as an anchor of specific protein markers on the surface of red blood cells. The
Pig-a assay detects loss of GPI-anchored protein markers (CD59 in this study) as a measure of mutation frequencies in the Pig-a
gene.

b 8-hydroxy-2'-deoxyguanosine (8-OHdG) is a biomarker of oxidative DNA damage, and can be further converted to 8-oxo-7, 8-
dihydro-2'-deoxyguanosine (8-oxodG) (Lin et al. 2018). Both 8-OHdG and 8-oxodG are used in scientific studies to represent the
same type of DNA damage.

¢ This study also reported induction of polyploidy with both single and cumulative doses.
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Animals in vitro

As shown in Table 20, acetaminophen at concentrations ranging from 0.03 to 33.1 mM
has been tested with or without metabolic activation for several genotoxic endpoints
related to gene mutation, DNA damage and chromosomal effects in multiple rodent cell
types in vitro.

Overall, acetaminophen has been shown using in vitro systems to induce gene
mutations in hamster and mouse cells; DNA damage (e.g., oxidation of DNA, DNA
strand breaks, UDS) in mouse, rat, and hamster cells; impairment of DNA repair in rat
and hamster cells; and chromosomal damage (e.g., MN, CAs, SCESs) in mouse, rat, and
hamster cells.

Acetaminophen increased gene mutations in mouse lymphoma cells (Muller and Kasper
1995; Sasaki 1986; Shimane 1985), and induced small, dose-dependent increases in
mutations associated with ouabain and 6-thioguanine (6TG) resistance in Chinese
hamster lung V79 cells (Shimane 1985). Acetaminophen did not induce mutations in
Chinese hamster ovary K1 (CHO-K1) cells (Sasaki 1986) or C3H/10T12 Clone 8 mouse
embryo cells (Patierno et al. 1989).

Acetaminophen produced oxidative damage in DNA, measured as 8-0xodG, in rat C6
glioma cells (Wan et al. 2004). DNA single strand breaks were slightly increased by
acetaminophen in hamster lung V79 cells (Hongslo et al. 1988) and in CHO-K1 cells
(Sasaki 1986), but not in a study conducted in rat hepatoma cells (Dybing et al. 1984).

Acetaminophen has been shown in several studies to alter UDS in rodent cells in vitro.
Acetaminophen was found to increase UDS in six assays tested in mouse or rat
hepatocytes (Dybing et al. 1984; Holme and Soderlund 1986), to decrease UDS in rat,
hamster, and guinea pig hepatocytes and in hamster lung cells, and to have no effect in
one study of rat primary hepatocytes. UDS assays measure DNA repair synthesis, and
as discussed by Madle et al. (1994), the results of UDS assays can be impacted by
several factors, including detection methods (autoradiography vs. liquid scintillation),
specificity of the blockade of replicative DNA synthesis, metabolic capacity of the test
system (determined by genetic and environmental factors), and the presence of
solvents (DMSO has been shown to affect Cyp2el activity).

Acetaminophen can cause impairment of nucleotide excision repair in rodent cells in
vitro. Hongslo et al. (1988) showed that UV-induced DNA-repair synthesis was
decreased in hamster lung cells exposed to 0.1 mM acetaminophen and completed
blocked at concentrations greater than 1 mM, as a result of the inhibition of nucleotide
excision repair. Similar to what was observed in in vitro studies with human cells (Table
18) and in vivo studies in mice and rats (Table 19), acetaminophen increased SSBs
after UV pre-treatment in rat hepatocytes and in NQO-treated rat testicular cells
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(Brunborg et al. 1995). Brunborg et al. (1995) concluded that acetaminophen’s ability to
delay the repair of SSBs was the result of impaired nucleotide excision repair due to
acetaminophen’s inhibition of ribonucleotide reductase.

In addition, Wan et al. (2004) reported that acetaminophen significantly impaired the
DNA incision activity of 8-oxoguanine DNA glycosylase/AP lyase (Oggl), a DNA repair
enzyme specific for 8-oxodG, in the nuclei of rat glioma cells.

Chromosomal effects of acetaminophen in mouse, rat, and hamster cells exposed in
vitro have been observed at concentrations ranging from 0.1 mM to >1 mM, with
numerous positive findings observed between 0.03 — 0.5 mM. Among twenty-four
chromosomal damage assays, acetaminophen increased either MN, CAs or SCEs in
twenty-three. The one study that did not observe an effect was an assay for MN in rat
primary hepatocytes (Muller-Tegethoff et al. 1995).
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Table 20. Genotoxicity studies of acetaminophen in animals in vitro

Test endpoint  Species/ cell line Concentration (LEC Results Results Reference
or HIC) without  with S-9
S-9
Mutation Chinese hamster/ lung 2.6 mM () NT Shimane (1985)
[Ouabain V79 cells
resistance]
Mutation Chinese hamster/ 0.66 mM NT Sasaki (1986)
[Ouabain ovary cells (CHO-K1)
resistance]
Mutation Mouse/ embryo cells,  13.2 mM (2 mg/ml) NT Patierno et al. (1989)
[Ouabain C3H/10T112 Clone 8
resistance]
Mutation Chinese hamster/lung 2.6 mM () NT Shimane (1985)
[6TG resistance] V79 cells
Mutation Mouse/ lymphoma 3.3mM + NT Hazleton Microtest
[Tk locus gene]  cells (1992), cited Muller and
Kasper (1995)
Oxidation of DNA Rat/ C6 glioma cells 2.5 mM + NT Wan et al. (2004)
(8-0x0dG)e
Rat/ Reuber hepatoma 10 mM NT Dybing et al. (1984)
cells
DNA strand Hamster/ ovary cells 33 mM () NT Sasaki (1986)
breaks (CHO-K1)
[Alkaline elution]
Hamster/ lung V79 1mM (+) NT Hongslo et al. (1988)
cells
Mouse/ | . 5mM NT
ouse/ monolayers o .
primary hepatocytes 2.5mM (PB- NT Dybing et al. (1984)
pretreated)P
5mM NT
Mouse/ monol g 20mM(MC- NT Holme and Soderlund
ouse/ monolayers o c olme and Soderlun
primary hepatocytes pretreated) (1986)
0.5 mM (PCB- 1 NT
pretreated)©
Rat/ monolayer of 7.5 mM ) NT Holme and Soderlund
Unscheduled — primary hepatocytes (1986)
DNA synthesis - -
Rat/ primary 1.66 mM ! NT Sasaki (1986)
hepatocyte cultures
Rat/ primary 7mM No effect NT Milam and Byard (1985)
hepatocyte cultures
Hamster / monolayer 5 mM ! NT Holme and Soderlund
of primary hepatocytes (1986)
Hamster/ lung V79 3mM ! NT Hongslo et al. (1988)
cells
Guinea pig/ monolayer 7.5 mM ! NT Holme and Soderlund
of primary hepatocytes (1986)
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Test endpoint  Species/ cell line Concentration (LEC Results Results Reference
or HIC) without  with S-9
S-9
UV-pretreated 0.1 mM + NT Hongslo et al. (1988)
Hamster/ lung V79
Impairment of cells
nucleotide UV-pretreated rat/ 0.3mM + NT
excision repair  hepatocytes
Brunborg et al. (1995)
NQO-treated rat/ 1TmM + NT
testicular cells
Impairment of Rat/ C6 gliomacells 2.5 mM + NT Wan et al. (2004)¢
DNA repair
[measured as 8-
0x0dG incision
activity]
Rat/ kidney fibroblast 10 mM + NT Dunn et al. (1987)
cell line, NRK-49F
. . Rat/ primary 1mM NT Muller-Tegethoff et al.
Micronuclei hepatocytes (1995)
Chinese hamster/ lung 0.1 mM + NT Matsushima et al. (1999)
CHL/IU cells
Chinese hamster/ lung 0.4 mM + NT Ishidate et al. (1978)
fibroblast cells
Chinese hamster/ 0.5mM + NT Sasaki et al. (1980)
Don-6 (lung) cells
Chinese hamster/ 0.46 mM + NT Sasaki et al. (1983)
ovary cells (CHO-K1)
Chinese hamster/ lung 0.66 mM + e Shimane (1985)
V79 cells
Chromosomal Chinese hamster/ 0.47 mM + NT Sasaki (1986)
. ovary cells (CHO-K1)
aberrations
Chinese hamster/ lung 0.2 mM + NT Ishidate et al. (1988)
cells
Mouse/ mammary 1mM (+) NT Hongslo et al. (1990)
tumor TAzH cells
Hamster/ lung V79 0.32mM (-S9, 6 hr); + + Muller et al. (1991)
cells 3.2mM (+S9, 2 hr)
Chinese hamster/ 8.3 mM (-S9, 8-10 + (+) NTP (1993)
ovary cells (CHO) hr), 33.1 mM (+89, 2
hr)
Chinese hamster/ lung 0.66 mM + e Shimane (1985)
V79 cells
Chinese hamster/ 0.33 mM + NT Sasaki (1986)
Sister Chromatid _ovary cells (CHO-K1)
Exchange Chinese hamster/ lung 1 mM + NT Holme et al. (1988)
V79 cells
Chinese hamster/ lung 3 mM, 10 mM 40 Hongslo et al. (1988)
V79 cells (+hepatocytes)
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Test endpoint  Species/ cell line Concentration (LEC Results Results Reference

or HIC) without  with S-9
S-9
Mouse/ mammary 1mM + NT Hongslo et al. (1990)

tumor TAzH cells

Chinese hamster/ 0.03 mM (-S9, 26 hr), ‘ +)
ovary cells (CHO) 33.1 mM (+S9, 2 hr)
HIC, highest ineffective concentration; LEC, lowest effective concentration, NT, not tested
+, positive; —, negative; (+), weakly positive; 1, significantly increased; (1), slightly increased; |, significantly reduced
6TG: 6-Thioguanine; 8-oxodG: 8-oxo-Deoxyguanosine; NQO: 4-nitroquinoline N-oxide
a 8-hydroxy-2'-deoxyguanosine (8-OHdG) is a biomarker of oxidative DNA damage, and can be further converted to 8-oxo-7, 8-

dihydro-2'-deoxyguanosine (8-oxodG) (Lin et al. 2018). Both 8-OHdG and 8-0xodG are used in scientific studies to represent
the same type of DNA damage.

b For induction purposes, phenobarbital (PB) 75 mg/kg in saline was given i.p. to mice 72, 48 and 24 h before isolation of liver
cells.:

NTP (1993)

¢ Mice were pretreated in the following way: single i.p. injection of 80 mg/kg 3-methylcholanthrene (MC) in corn oil 40 h before
isolation of liver cells or single i.p. injection of 500 mg/kg polychlorinated biphenyls (Aroclor 1254; PCB) in corn oil 5 days
before isolation of liver cells.

d8-Oxoguanine DNA glycosylase (Ogg1) exhibits DNA glycosylase/AP lyase activity, which removes 8-0xodG from damaged
DNA by both base excision repair and nucleotide incision repair. Nuclear extracts were prepared from C6 glioma cells
exposed to DMSO or different concentrations of acetaminophen for 24 h or 48 h. The Ogg1 incision activity assays were
conducted with DMSO or acetaminophen-pretreated nuclear extracts and radiolabbelled-oligonucleotides. In addition, Wan et
al. (2004) found the Ogg1 protein content was decreased by acetaminophen in rat glioma cells. The authors mentioned that
C6 glioma cells contain catalytically active CYP enzymes such as Cyp2e1 and Cyp1a2.

€ Co-cultured with rat liver cells.

Non-mammalian species and acellular systems

Acetaminophen has been tested in multiple non-mammalian species, including zebra
mussels, insects, plants, yeasts, and bacteria, and DNA adduct formation has been
investigated in acellular systems.

Studies conducted in mussels, insects, plants, yeasts, and acellular systems are
summarized in Table 21.

DNA strand breaks were found in Dreissena polymorpha, a freshwater zebra mussel,
treated with acetaminophen at concentrations as low as 5 nM for 24- 96 hours. At 96
hours acetaminophen also induced MN formation in this model (Parolini et al. 2010).

Acetaminophen did not induce sex-linked recessive lethal (SLRL) mutations in a study
in Drosophila (King et al. 1979), or intra-chromosomal recombination in Saccharomyces
cerevisiae (Brennan and Schiestl (1997).

Reddy and Subramanyam (1981) reported that acetaminophen induced CAs in onion
roots treated at room temperature for 2, 6, 12, 18, 24, 48 , or 72 hours.

Using cell-free systems, Rogers et al. (1997) reported the binding of [3H]-
acetaminophen to calf thymus DNA, either in the presence of horseradish peroxide
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(HRP) and hydrogen peroxide (H202), or in the presence of rat liver microsomes. The
level of DNA binding observed with the HRP-H202 system was 200-fold greater than
that observed with rat liver microsomes. These results are consistent with the
hypothesis that peroxidase-mediated metabolism of acetaminophen can produce DNA-
reactive radical intermediates. Additionally, acetaminophen formed adducts with
purified deoxyribonucleic acid (type 1) in the presence, but not the absence of mouse
liver microsomes (Dybing et al. 1984).

Plattner et al. (2012) reported the non-enzymatic formation of covalent adducts of
acetaminophen to guanosine, as detected by electrochemistry/liquid chromatography
/mass spectrometry. These investigators observed that the first step of adduct
formation involved the conversion of both guanosine and acetaminophen into radical
forms via one-electron-one-proton reactions, and showed that these radicals reacted
with each other to form four different guanosine-acetaminophen-2H isomers.

Acetaminophen has been tested in the presence and absence of metabolic activation
(e.g., S9) in Salmonella typhimurium reverse mutation assays in multiple strains (TA 97,
TA 98, TA 100, TA 102, TA 1535, TA 1537 and TA 1538) and in Escherichia coli
reverse mutation assays in three different strains.

As shown in Table 22, acetaminophen tested negative in each of the reverse mutation
assays conducted in S. typhimurium and E. coli.
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Table 21. Genotoxicity studies of acetaminophen in mussels, insects, plants,
yeasts and acellular systems

Test endpoint Test system Concentration Results Reference
(LEC or HIC)
Mussels

DNA strand Dreissena 5nM + Parolini et al. (2010)
breaks [Comet  polymorpha, zebra
assay] mussel
Micronuclei Dreissena 5nM + Parolini et al. (2010)

polymorpha, zebra

mussel

Insects

Mutations Drosophila 40 mM (6040 King et al. (1979)
[Sex-linked melanogaster, Berlin  pg/ml)
recessive lethal] K (wild-type) males

and Basc females

Plants
Chromosomal  Allium cepa roots 05% (5mg/mlor + Reddy and
aberrations 33 mM) Subramanyam (1981)
Yeast
Chromosomal  Saccharomyces ~ 19.6 mg/ml (130 (Brennan and Schiestl
damage cerevisiae RS112  mM) (1997)
[DEL
recombination
assays]
Acellular systems
Deoxyribonucleic 0.5 mM (1.7 x10*  (+) Dybing et al. (1984)
acid, mouse liver cpm/nmole)
microsomes [*H]acetaminophen

Calf thymus DNA,

DNA adducts  HRP H,0, 100 uM (2000 +
’ dpm/pmol) Rogers et al. (1997)

Calf thymus DNA,  psjacetaminophen  *

rat liver microsomes

Guanosine 25 uM + Plattner et al. (2012)

+, positive; —, negative; (+), weakly positive; HIC, highest ineffective concentration; LEC, lowest effective

concentration

HRP, horseradish peroxide
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Table 22. Genotoxicity studies of acetaminophen in bacteria

Endpoint Test system Assay/Test Results Results Concentration  Reference

(species, strain) without with S-9 (LEC or HIC)
S-9

Salmonella typhimurium - - 3,624 g/plate
TA98, TA100, TA1535, King et al. (1979)
TA1537, TA1538
Salmonella typhimurium - - 1,000 pg/plate Wirth et al. (1980)
TA98, TA100
Salmonella typhimurium - - 755 yg/plate Camus et al.
TA98, TA100 (1982)
Salmonella typhimurium - - 10,000 pg/plate  Haworth et al.
TA98, TA100, TA1535, (1983)
TA1537
Salmonella typhimurium NT - 5,000 ug/plate Imamura et al.
TA100 (1983)
Salmonella typhimurium , NT - 3,020 pglplate  Dybing et al.
TA9S, TA100, TA2  Reverse mutation (1984)
Salmonella typhimurium - - 5,000 pg/plate Oldham et al.
TA98, TA100, TA 1535, (1986)
TA1537, TA1538

DNA Mutation  Salmonella typhimurium - - 10,000 pg/plate  Jasiewicz and
TA97, TA98, TA100, TA Richardson
1535, TA1537, TA1538 (1987)
Salmonella typhimurium - - 10,000 pg/plate ~ NTP (1993)
TA98, TA100, TA1535,
TA1357
Salmonella typhimurium NT - 2,500 ug/plate Burke et al.
TA98, TA100, TA1535, (1994)
TA1537, TA1538
Escherichia coli 5-MT resistance, - - 4,530 pg/ml King et al. (1979)
K12/343/113 reverse mutation

assay

Escherichia coli IC188;  Mutotoxitest, - NT 1500 pg/plate Martinez et al.
oxyR* [parent WP2] reverse mutation (2000)
uvrA/jpKM101 assay
Escherichia coli IC203  Mutotoxitest, - NT 1500 ug/plate Martinez et al.
deficient in oxyR [parent reverse mutation (2000)

wP2]

assay

-, negative; HIC, highest ineffective concentration; LEC, lowest effective concentration; NT, not tested; 5-MT, 5-
methyltryptophan
IC203: a new Escherichia coli WP2 tester strain that is highly sensitive to reversion by oxidative mutagens.

Acetaminophen

170

OEHHA
September 2019



3.3.3.2 Studies on the genotoxicity of acetaminophen metabolites

N-Acetyl-p-benzoquinone imine (NAPQI)

N-Acetyl-p-benzoquinone imine (NAPQI) is an electrophilic metabolite of
acetaminophen (See Section 3.3.1 Pharmacokinetics and metabolism). Nucleic acids,
peptides, and proteins are the major macromolecular targets of NAPQI (Bond 2009;
Mazaleuskaya et al. 2015; Ramachandran and Jaeschke 2018).

NAPQI has been tested for genotoxicity in a limited number of assays, and the majority
of genotoxicity endpoints evaluated in these studies are markers of DNA damage.
Specifically, NAPQI has been tested in one in vitro assay for DNA strand breaks in
human cells, in two in vitro assays in animal cells (one for DNA strand breaks and one
for UDS), in one set of reverse mutation assays in bacteria, in multiple assays
measuring DNA adducts in acellular systems, and in one acellular assay for DNA strand
breaks (Table 23).

The findings from these studies include evidence of DNA strand breaks in human
leukemia cells in vitro (Bender et al. 2004), rat hepatoma cells in vitro (Dybing et al.
1984), and purified bacteria plasmid DNA (Bender et al. 2004), and evidence of DNA
adduct formation in multiple acellular systems (Dybing et al. 1984; Hasegawa et al.
1988; Klopcic et al. 2015; Rogers et al. 1997). NAPQI did not induce reverse mutations
in Salmonella or UDS in mouse primary hepatocytes (Dybing et al. 1984).

Bender et al. (2004) reported that 50 uM and 100 uM NAPQI enhanced human
topoisomerase lla-mediated DNA cleavage, a measure of DNA double strand breaks, in
human CEM cells exposed in vitro. Using a cell-free system, these authors
demonstrated that NAPQI is a potent human topoisomerase lla poison, and found that
NAPQI increased the level of topoisomerase lla-mediated DNA double strand breaks in
purified bacteria plasmid DNA in a concentration-dependent manner at concentrations
ranging from 10 - 100 uM. NAPQI also induced DNA strand breaks in rat hepatoma
cells exposed in vitro at concentrations ranging from 0.05 to 0.25 mM (Dybing et al.
1984).

NAPQI did not increase UDS in cultured mouse primary hepatocytes exposed in vitro,
and it did not induce mutations in the Salmonella reverse mutation assay in the two
strains tested, TA 98 and TA 102, in the presence or absence of S-9 (Dybing et al.
1984).

In an acellular system, Hasegawa et al. (1988) detected by 3°P-postlabeling the
formation of at least six different DNA adducts in isolated calf thymus DNA, following
incubation with NAPQI. Using [ring-**C]-labeled NAPQI, Rogers et al. (1997) also
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demonstrated covalent binding of NAPQI to calf thymus DNA. Using [3H] labeled
NAPQI, these authors demonstrated the covalent binding of NAPQI to salmon testes
DNA, mouse liver nuclei preparations, and mouse liver chromatin preparations, and
observed a greater degree of adduct formation occurred in the mouse liver nuclei and
chromatin preparations than in purified salmon testes DNA (Rogers et al. 1997). In a
guantum chemical study of the reactivity of NAPQI with deoxyguanosine (dG), the
formation of a C-N bond between the C3 atom of the quinone imine moiety and the N7
atom of dG with 26.7 kcal/mol estimated binding free energy was reported (Klopcic et al.
2015). The authors suggested that the C3-N7 DNA adduct could be formed under
certain circumstances after acetaminophen treatment, such as conditions of long-term
GSH depletion and low levels of other thiol proteins.
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Table 23. Genotoxicity studies of NAPQI

Test Tissue, cell line Concentration Results Results Reference
(LEC or HIC)  without with S-9
S-9
‘ Human cells in vitro ‘
DNA strand breaks  CEM acute 50 uM + NT  Benderetal. (2004)
[Topoisomerase lla-  lymphoblastic leukemia
DNA complex] cells
Animal cells in vitro
DNA strand breaks  Rat Reuber H4-II-E 0.05 mM + NT
[alkaline elution] hepatoma cells ,
: Dybing et al. (1984)
Unscheduled DNA  Mouse primary 0.25 mM - NT
synthesis hepatocytes
Bacteria
Salmonella typhimurium  0.05 mM (+S9), - - Dybing et al. (1984)
_ TA98 0.03 mM (-S9)
Reverse mutation  ~Sgimonella typhimurium 0.1 m ; NT  Dybing etal. (1984)
TA102
Acellular systems
Calf thymus DNA 0.115mg/0.5 ml + NT  Hasegawaetal.
(1988)
Calf thymus DNA with [ring- 4C]
or without cysteine NAPQI +
18 dpm/pmol
+
DNA adducts Salmc?n testes PNA
Nuclei preparations [BHINAPQI + NT Rogers et al. (1997)
from livers of male ICR 500 dpm/pmol
mice
Chromatin preparations +
from livers of male ICR
mice
Deoxyguanosine Not Reported + NT  Klopcic et al. (2015)
DNA strand breaks  Purified topoisomerase 10 uM + NT  Bender et al. (2004)
[Topoisomerase lla- lla and negatively
DNA complex] supercoiled pBR322
DNA

HIC, highest ineffective concentration; LEC, lowest effective concentration; NT, not tested; +, positive; —, negative
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PAP

PAP is a metabolite of acetaminophen and has been identified in rodents administered
acetaminophen in vivo (Gemborys and Mudge 1981; Newton et al. 1982b; Newton et al.
1985) and rodent cells or organs incubated with acetaminophen in vitro (Miyakawa et al.
2015; Newton et al. 1982b) (See metabolism Section 3.1.1).

The genotoxicity of PAP has been reviewed by Bomhard and Herbold (2005), US EPA
(2005), and EU-SCCS (2011). OEHHA reviewed these reports, as well as additional
genotoxicity studies published since the US EPA and EU reviews.

PAP has been tested for a variety of genotoxic endpoints in human cells in vitro,
animals in vivo, and animal cells in vitro, for reverse mutations in bacteria, for somatic
and sex-linked mutations in Drosophila, and for chromosomal damage in plants and
yeast.

Overall, the findings from these studies include evidence of DNA strand breaks, DNA
adducts, CAs, and SCEs in human cells in vitro (Table 24), germ-cell mutations, MN,
and CAs in animals in vivo (Table 25), forward mutations, DNA strand breaks, CAs, and
SCEs in animal cells in vitro (Table 26), somatic mutations in Drosophila, chromosomal
damage in plants and yeast, and reverse mutations in E. coli (Table 27).

Human cells in vitro (Table 24)

As shown in Table 24, PAP increased DNA strand breaks in a dose-dependent manner
up to 50 uM in cultured human skin fibroblasts incubated with sheep seminal vesicle
microsomes (Andersson et al. 1982). In human lymphoblastic cells, PAP increased
DNA single strand breaks at concentrations ranging from 0.05 mM to 5.0 mM in the
absence of S-9 (Hayward et al. 1982). In studies with human granulocytes, PAP formed
adducts with DNA and RNA, as indicated by incorporation of *C-labelled PAP into
cellular DNA and RNA (Corbett et al. 1989). Stimulation of the cells to undergo the
“respiratory burst” by treatment with phorbol myristate acetate (PMA) for 30 minutes
significantly enhanced DNA binding by PAP.

In a study using lymphocytes drawn from one male volunteer, PAP induced CAs in both
the presence and absence of Aroclor 1254-induced rat liver S-9 fraction from rats (EU-
SCCS 2011). The effect of PAP on SCEs was tested in human peripheral lymphocytes
in two studies, with positive findings observed in one (Takehisa and Kanaya 1982) and
equivocal findings in the other (Kirchner and Bayer 1982), and in human fibroblasts in
one study, with negative findings (Wilmer and Natarajan 1981).
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Animals in vivo (Table 25)

In treated mice, PAP induced sperm head abnormalities (Topham 1980), and was
negative in a dominant lethal test in rats (Burnett et al. 1989).

In studies investigating the ability of PAP to induce MN in rats and mice in vivo,
increases in MN were observed in mice, in bone marrow cells in three studies (EU-
SCCS 2011; Sicardi et al. 1991; Wild et al. 1980), in hepatocytes in one study (Cliet et
al. 1989), and in mouse splenocytes in one study (Benning et al. 1994). In the single
study conducted in the rat no increases in MN were observed in bone marrow cells
(Hossack and Richardson 1977).

PAP was also shown to induce CAs in the bone marrow cells of mice (Mitra and Manna
1971). PAP did not induce SCEs in bone marrow cells of Chinese hamsters following a
single i.p. injection (Kirchner and Bayer 1982).

Animal cells in vitro (Table 26)

In mammalian cells in vitro, PAP tested positive in assays for forward mutations in
mouse lymphoma L5178Y TK+/- (TK locus) cells in three studies, at concentrations
ranging from 1 to 12 ug/ml (Amacher and Turner 1982; Majeska and Holden 1995;
Oberly et al. 1984). Tests for mutagenicity at the HPRT locus were negative in mouse
lymphoma L5178Y TK+/- cells in one study (Majeska and Holden 1995) and in CHO K1-
BH4 cells in two studies (Majeska and Holden 1995; Oberly et al. 1993) at
concentrations ranging from 2.5 to 30 pg/ml.

PAP induced DNA strand breaks in both CHO and mouse lymphoma L5178Y cells in
studies using the Comet assay, with a dose-dependent trend evident at concentrations
ranging from 4 to 30 pyg/ml (Majeska and Holden 1995). Another study using the
alkaline and hydroxyapatite elution method also reported that PAP induced DNA strand
breaks at a concentration of 15 mM in mouse lymphoma L5178Y TK +/- cells in the
presence, but not the absence of S-9 (Garberg et al. 1988).

PAP did not induce UDS in cultured rat primary hepatocytes in two studies, when tested
at concentrations ranging from 0.5 to 1000 nM (Probst et al. 1981; Thompson et al.
1983).

In one set of studies, PAP was found to induce CAs in both CHO and mouse lymphoma
cells in a dose-dependent trend at concentrations ranging from 4-30 pg/ml (Majeska
and Holden 1995). In another set of studies, Oberly et al. (1993) reported that PAP
induced CAs in mouse lymphoma cells, but not in hamster CHO strain A52/XPRT cells.
Assays for sister chromatid exchange (SCE) were positive in Chinese hamster (V79)
cells without S-9 at concentrations from 0.01 to 0.1 mM (Holme et al. 1988).
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Insects, plants, yeasts, and bacteria (Table 27)

In a wing spot test in Drosophila melanogaster (Somatic mutation and recombination
test, SMART), PAP increased the number of mutant spots in two different types of wing
spots. The increase was more than tenfold compared with controls (Eiche et al. 1990).
Eiche et al. (1990) also performed two SLRL assays in Drosophila melanogaster, one
with PAP application via feeding and one via PAP injection. PAP did not induce SLRL
mutations in either assay.

In a study of Vicia faba root cells, PAP increased CAs at concentrations ranging from 1
to 4 mM (Kanaya 1990), and in a study with Saccharomyces cerevisiae, PAP
significantly increased intrachromosomal recombinations at concentrations ranging from
3 to 6 mg/ml (Brennan and Schiestl 1997).

PAP has been tested in several Salmonella typhimurium reverse mutation assays, in
several strains, and reported to be negative in all but one test, which was conducted in
strain TA1535 in the absence of metabolic activation (Wild et al. 1980). PAP has been
tested in several E. coli reverse mutation assays, in several strains, and found to be
positive in three, all in the absence of metabolic activation: WP2 Mutoxitest IC203, WP2
Mutoxitest IC188, and WP2uvrA/pKM101 (EU-SCCS 2011; Martinez et al. 2000).
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Table 24. Genotoxicity studies of PAP in human cells in vitro

Test endpoint Cell type Concentration Results Results  Reference
without S-9  with S-9
Cultured skin 25, 50 uM NT +a Andersson et al.
fibroblasts (1982)
DNA strand breaks :
Lymphoblastic 0.05-5 mM + NT Hayward et al.
cells (1982)
DNA adducts Granulocytes 10 uM (£PMA)P + NT Corbett et al.
(1989)
Without S-9: 13,19 + + Microtest (1990),
Chromosomal Lvmphocvies and 25 pg/ml; with as cited by EU-
aberrations ymphocyles = s 9: 960.4, 1372 SCCS (2011)
and 1960 pg/mi
0.1-100 pM + NT Takehisa and
Kanaya (1982)
) , Lymphocytes ,
Sister chromatid 15-60 uM * NT Kirchner and
exchanges Bayer (1982)
Fibroblasts 0.005-0.2 mM - NT Wilmer and
Natarajan (1981)

NT, not tested; +, positive; —, negative; +, equivocal

ancubated with microsomes from sheep seminal vesicles (1 mg of protein per ml).

bWith or without treatment of granulocytes with phorbol myristate acetate (PMA), which stimulates the respiratory
burst. Binding was detected in the absence of PMA, and was significantly enhanced by PMA treatment.
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Table 25. Genotoxicity studies of PAP in animals in vivo

Endpoint Species, Tissue Dose Route, duration, Reference
strain, sex Analyzed dosing regimen
Mutation, Mouse, (CBAx Sperm 25-400 i.p.; five injections Topham (1980)
[sperm head BALB/c) F1; mg/kg bw
abnormality] Male
Mutation, Rat, Sprague-  Fetus 50, 150, 520 Diet; 20 weeks Burnett et al.
[dominant Dawley; Male mg/kg bw (1989)
lethal test] and female
Rat, CFY (S-D 1600 mg/kg Gavage; Two Hossack and
descendants); bw doses Richardson
Male and (1977)
female
Mouse, NMRI; 109, 218,  ip.; two injections Wild et al. (1980)
Male and 327, 436
female mg/kg bw
Mouse, Swiss; Bone 5,50,100, i.p.; single injection Sicardi et al.
Male and marrow 200 mg/kg (1991)
, ~ female bw
Micronuclei ————— -
Mouse, Swiss 170, 250, Oral; single dose Centre
OF1; Male and 500 mg/kg International de
female bw Toxicologie
(1992), as cited
by EU-SCCS
(2011)
Mouse, CD- Hepatocytes 53, 107,214 i.p.; two injections Cliet et al. (1989)
1/CR; Male mg/kg bw
Mouse, CD-1;  Splenocytes 53, 107,214 Oral; single dose Benning et al.
Male mg/kg bw (1994)
Chromosomal Mouse; Bone 0.27,0.54, ip.;two injections Mitra and Manna
aberrations  Unspecified; ~ marrow 1.09 mg (1971)
NR
Sister Chinese Bone 5 mg/kg bw ip.; single injection Kirchner and
chromatid Hamster; Male marrow Bayer (1982)
exchanges
+, positive; —, negative; i.p.: Intraperitoneal injection
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Table 26. Genotoxicity studies of PAP in animals in vitro
Test endpoint Species/ cell line

Concentration Results Results Reference

without with S-9

S-9
4.6 pg/mL NT + Amacher and Turner
(1982)
. Mouse lymphoma L5178Y )
tk Mutation TK+- (TK locus) cells 1-7 ug/mL + NT Oberly et al. (1984)
4-12 pg/mL + NT Majeska and Holden
(1995)
_ 2.5-30 pg/mL - Oberly et al. (1993)
Hamster CHO HPRT strain :
K1-BH4 cells 10-30 pg/mL NT Majeska and Holden
hprt Mutation (1995)
Mouse lymphoma L5178Y 4-12 pg/mL NT Majeska and Holden
TK+/- (HPRT locus) cells (1995)
Mouse lymphoma L5178Y 4-12 pg/mL + NT ,
cells Majeska and Holden
1995
Eg/;\kztrand Hamster CHO Cells 5-30 pg/mL + NT ( )
Mouse lymphoma L5178Y 0.5-15 mM + Garberg et al. (1988)
TK+/- cells
, 0.5-1000 nM NT Probst et al. (1981)
Unscheduled  Rat primary monolayer culture
DNA synthesis ~ of hepatocytes 0.5-1000 nM NT Thompson et al.
(1983)
Hamster CHO strain 2-20 ug/mL -
AB2/XPRT cells
Oberly et al. (1993)
Mouse lymphoma L5178Y/TK  2-7 ug/mL + NT
Chromosomal  ,/_ ~a|is
aberrations
Mouse lymphoma L5178Y 4-14 pg/mL + NT ,
cells Majeska and Holden
(1995)
Hamster CHO Cells 5-30 pg/mL + NT
Sister Hamster lung V79 cells 0.01-01mM  + NT Holme et al. (1988)
chromatid
exchanges

+, positive; —, negative; NT, not tested; CHO: Chinese Hamster Ovary; TK: Thymidine kinase; HPRT: Hypoxanthine
phosphoribosyl transferase
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Table 27. Genotoxicity studies of PAP in insects, plants, yeast, and bacteria

Endpoint Test Test system Concentration Results Results Reference
without S-9  with S-9

Insects
Somatic mutation Drosophila melanogaster null Feeding:20mM  + NT
and recombination
, test (SMART) .
Mutation : , : Eiche et al. (1990)
Sex-linked Drosophila melanogaster; Feeding: 130 mM; - NT
recessive lethal female M5 and male KO Injection: 15 mM or
(SLRL) test 30 mM
Plant systems
Chromosomal ~ Chromosomal Vicia faba null 1-4 mM + NT Kanaya (1990)
damage aberrations
Yeast
Chromosomal  Intra-chromosomal ~ Saccharomyces cerevisiae null,  2-6 mg/ml + NT Brennan and Schiestl
damage recombination RS112 (1997)
Bacteria
TA1538 10 mM - - Garner and Nutman
(1977)
10 mM - - Degawa et al. (1979)
TA98, 100 :
10 mM - - LaVoie et al. (1979)
TA1535 0.4 pM/plate (+) - _
Wild et al. (1980)
Mutation Ames test/ Reverse  TA98, 100, 1537, 1358 0.4 uM/plate - -
(S. typhimurium) - mutation TA98, 100, 1535, 1537, 1538 10 mM - - Thompson et al.
G46, C3076, D3052 10 mM - - (1983)
TA97, 98, 100, 102, 1535, 1537, 15-160 pg/plate - - De Flora et al. (1984)
1538
TA97, 98, 100, 1535, 1537 3-3333 uglplate - - Zeiger et al. (1988)
TA1538 Rat urinea - NT Burnett et al. (1989)
WP2, WP2 uvrA- 10 mM - - Thompson et al.
(1983)
WP2, WP100, W3110/P3478 up t0 2000 yg/mL  NT - Mamber et al. (1983)
Pol, WP67 Pol
WP2, WP67, CM871 15-160 pg/plate - - De Flora et al. (1984)
Mutat K-12 uvrB/recA up to 14.3 mM - - Hellmer and
E o Reverse mutation Bolosfoldi (1992)
' WP2 Mutoxitest IC203 1,000 pg/plate + - Martinez et al. (2000)
WP2 Mutoxitest IC188 1,000 pg/plate () NT ,
. Martinez et al. (2000)
WP2 Mutoxitest 1C204, 206, 208 1,000 pg/plate - NT
WP2uvrA/pKM101 700, 900, 1100, + NT Yoshida et al. (1998),
1300 and 1500 as cited by EU-SCCS
g/plate (2011)

NT, not tested; +, positive; —, negative; (+): weakly positive.
Acetaminophen was present in rat urine. Urine was sampled from male and female Sprague-Dawley rats treated with PAP in the
diet at concentrations of 700, 2,000, 7,000 ppm (50, 150, 520 mg/kg) for 12 weeks.
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p-Benzoquinone

p-Benzoquinone is a metabolite of acetaminophen that has been identified in the urine
of mice administered acetaminophen in vivo (Pascoe et al. 1988) and has been
detected in mouse liver microsomes incubated with acetaminophen in vitro (Dabhlin et al.
1984) (See metabolism section 3.1.1).

The genotoxicity of p-benzoquinone has been reviewed and summarized by IARC
(IARC 1999b, 2018). OEHHA reviewed IARC's evaluation of the genotoxicity studies,
as well as additional genotoxicity studies published since the IARC review.
p-Benzoquinone is an electrophile that readily reacts with peptides, proteins, and DNA
(Gaskell et al. 2005; Levay et al. 1991; McDonald et al. 1993), and it has been tested for
a variety of genotoxic endpoints in human cells in vitro, animals in vivo, and animal cells
in vitro, for reverse mutations in bacteria, for forward and reverse mutations in yeast,
and for inhibition of Topoisomerase lla in an acellular system.

Overall, the findings from these studies include evidence of DNA adducts, DNA strand
breaks, clastogenic effects, and genomic instability in human cells in vitro (Table 28),
weak induction of MN in animals in vivo (Table 29), DNA damage, clastogenic effects,
mutations, genomic instability, and decreased expression of a critical DNA repair gene
in animal cells in vitro (Table 30), DNA adducts, inhibition of Topoisomerase lla in an
acellular system, and little evidence of genotoxicity in bacteria or yeast (Table 31).

Human cells in vitro

As shown in Table 28, DNA adducts were detected by 32P-postlabelling in human bone
marrow cells, myeloid leukemia cells (HL-60) and fibroblast cells treated with p-
benzoquinone (Bodell et al. 1993; Gaskell et al. 2005; Levay et al. 1991). In human
peripheral blood lymphocytes treated in vitro, p-benzoquinone significantly increased
DNA single-strand breaks in the presence of S-9 (Anderson et al. 1995), and in the
absence of S-9 (Andreoli et al. 1997) in the comet assay. p-Benzoquinone has
consistently tested positive for induction of MN in studies in lymphocytes, embryonal
liver (HuFoe-15) cells and peripheral blood mononuclear cells (Glatt et al. 1990;
Westphal et al. 2009; Yager et al. 1990), and it tested positive for induction of SCEs in
T-lymphocytes (Erexson et al. 1985).

p-Benzoquinone also induces effects associated with genomic instability, including DNA
cleavage following Topoisomerase lla inhibition in human CEM and acute lymphoblastic
leukemia cells (Lindsey et al. 2005; Lindsey et al. 2004), and histone y-H2AX, which is

an indicator of DNA double strand breaks (DSBSs), in HL-60 cells (Ishihama et al. 2008) .

Animals in vivo

As shown in Table 29, a single intraperitoneal (i.p.) injection of a low dose (6.25 mg/kg
bw) of p-benzoquinone did not induce dominant lethal mutations in male C3H mice or in
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male (C3H x 101) F1 mice (Rohrborn and Vogel 1967). p-Benzoquinone induced MN in
the bone marrow cells of male CD-1 mice (Ciranni et al. 1988b) and pregnant CD-1
mice (Ciranni et al. 1988a) treated with a single oral dose of 20 mg/kg bw in vivo.
Additionally, p-benzoquinone induced micronuclei in the liver cells of fetuses exposed
transplacentally in the same study (Ciranni et al. 1988a). In general, i.p. injection
causes greater toxicity than the oral route, thus lower doses of p-benzoquinone were
administered in the i.p. injection studies, which reported negative findings for dominant
lethal mutations and mouse bone marrow MN induction (Ciranni et al. 1988b; Rohrborn
and Vogel 1967).

Animal cells in vitro

In mammalian cells exposed in vitro (Table 30), p-benzoquinone induced mutations at
the hprt locus in Chinese hamster V79 cells, and DNA strand breaks in mouse bone
marrow cells, mouse lymphoma L5178YS cells, and V79 cells (Abdul Hamid et al. 2019;
Glatt et al. 1990; Ludewig et al. 1989; Pellack-Walker and Blumer 1986; Yang and Zhou
2010). p-Benzoquinone induced MN in V79 and rat intestinal cells, and CA in mouse
bone marrow cells, but not SCEs in V79 cells (Abdul Hamid et al. 2019; Glatt et al.
1990; Ludewig et al. 1989; Pellack-Walker and Blumer 1986; Yang and Zhou 2010).

Similar to what was observed in in vitro studies with human cells (Table 28),
p-benzoquinone induced effects associated with genomic instability in mouse cells in
vitro. Specifically, p-BQ statistically significantly increased histone H2AX
phosphorylation at serine 139, followed by DNA recombination, in fetal hematopoietic
cells (Tung et al. 2012) and in fetal liver cells (Philbrook and Winn 2016). Additionally,
p-benzoquinone exposure significantly decreased the transcript levels of the critical
DNA repair gene, 8-oxo-guanine glycosylase, in mouse fetal liver cells in vitro
(Philbrook and Winn 2016).

Bacteria, fungi, and acellular systems

As shown in Table 31, p-benzoquinone tested positive in one reverse mutation assay in
Salmonella typhimurium in the absence of S-9 in strain TA100 (Nazar et al. 1981) and
negative in a number of other assays of strains TA98, TA100, TA1535 and TA1537 in
either the presence or absence of metabolic activation (S-9) (Mortelmans et al. 1986).
p-Benzoquinone did not cause forward or reverse mutations in Neurospora crassa
(Reissig 1963).

In a cell free system, the reaction of p-benzoquinone with calf thymus DNA was shown
to produce three major DNA adducts as detected by 3?P-postlabeling procedure (Bodell
et al. 1993).
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p-Benzoquinone was shown to covalently bind to and directly inhibit the activity of
isolated human topoisomerase lla at concentrations of 10 uM and greater (Baker et al.
2001).
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Table 28. Genotoxicity studies of p-benzoquinone in human cells in vitro?@

Test endpoint

Cell type

Concentration Results Results

Reference

(LEC or HIC)  without with S-9
S-9
Myeloid leukemia cells (HL-60) 25 uMper2h + NT Levay et al. (1991)
Bone marrow cells 100 uM + NT Bodell et al. (1993)
DNA adducts Nucleotide excision repair (NER)- 5 mM + NT Gaskell et al. (2005)
proficient and NER-deficient
fibroblast cells
0.5mMperd h NT + Anderson et al.
DNA strand breaks Peripheral blood lymphocytes 0.2mMperh - - (1995)
0.3 pg/mL + NT Andreoli et al. (1997)
Lymphocytes 0.275ug/mL  + NT Yager et al. (1990)
Embryonal human liver cells 0.01 pg/mL + NT Glatt et al. (1990)
Micronuclei (HuFoe-15)
Peripheral blood mononuclear 0.04 pg/mL +b NT Westphal et al. (2009)
cells
Sister Chromatid T-lymphocytes 0.5 pg/mL + NT Erexson et al. (1985)
Exchange
Genomic instability/ 10 uM + NT Lindsey et al. (2005)
DNA cleavage .
[Topoisomerase lla M leukemia cell 25 uM + Lindsey etal. (2004)
inhibition] NT
Genomic instability/ Myeloid leukemia cells (HL-60) 3uM + NT Ishihama et al. (2008)
DNA DSBs [Histone
y—H2AX
phosphorylation]

+, positive; —, negative; NT, not tested
HIC, highest ineffective concentration; LEC, lowest effective concentration (units as reported)
DSBs, DNA double strand breaks; Histone y-H2AX phosphorylation is an index of DNA DSBs
CEM, a human T lymphoblastic leukemia cell line
aMuch of the information presented in this table was obtained from IARC (1999b; 2018)

b Positive results shown by adding phenylmercapturic acid, which induces the activity of myeloperoxidase.
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Table 29. Genotoxicity studies of p-benzoquinone in animals in vivo?

Endpoint Species, strain, Tissue Dose (LED or HID) Route, duration, Results Reference
sex analyzed dosing regimen
Mutati C3H mice, male Intraperitoneal
utation , U
- Embryonic or (1.p.) injection; Rohrborn and
dominant HID: 6.25 mg/kg bw ;
I[eth altes)  (C3Hx 101)F1 fetal death 9*IOW" one single dose Vogel (1967)
mice, male
Pregnant female  Bone marrow LED: 20 mg/kg bw  Oral; one single  (+)
CD-1 mice dose o
, ) Ciranni et al.
Fetal CD-1 mice  Liver cells LED: 20 mg/kg bw  Oral (to dam); (+) (1988a)
one single dose in
Micronuclei utero
Bone marrow LED: 20 mg/kg bw  Oral; one single  (+) o
. dose Ciranni et al.
CD-1 mice, male .
Bone marrow HID: 5mg/kgbw  ip., injection; &) (1988b)
one single dose
-, negative; (+), weak positive
HID, highest ineffective dose; LED, lowest effective dose (units as reported)
aMuch of the information presented in this table was obtained from IARC (1999b; 2018)
bi.p. injection caused greater toxicity than oral route.
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Table 30. Genotoxicity studies of p-benzoquinone in animal cells in vitro?®

Test endpoint Species/ cell line Concentration Results Results Reference
(LEC or HIC)  without S-9 with S-9
Mutation [hprtlocus]  Chinese hamster/ lung V79 cells  0.54 pg/mL + NT Ludewig et al.
(1989)
Mouse/ lymphoma L5178YS cells  0.11 pg/mL + NT Pellack-Walker
and Blumer
(1986)
DNA strand breaks ~ Chinese hamster/ lung V79 cells  6.25 yM + NT Yang and Zhou
(2010)
Mouse/ bone marrow cells 1.25 uM + NT Abdul Hamid et
al. (2019)
Chinese hamster/ lung V79 cells 5.4 ug/mL + NT Ludewig et al.
(1989)
Micronuclei Chinese hamster/ lung V79 cells + NT Glatt et al
Rat/ intestinal IEC-17 and IEC-18  0.01 pg/mL + NT '
cells (1990)
Chromosomal Mouse/ bone marrow cells 1.25 uM + NT Abdul Hamid et
aberrations al. (2019)
Sister Chromatid Chinese hamster/ lung V79 cells 11 pg/mL - NT Ludewig et al.
Exchange (1989)
Genomic instability/ ~ CD-1 mouse/ fetal liver cells 25 uM + NT Philbrook and
DNA DSBs [Histone Winn (2016)
v-H2AX pZK1 transgenic mice/ fetal 25 uM + NT Tung et al.
phosphorylation] hematopoietic cells (2012)
DNA repair [qQRT-PCR CD-1 mouse/ fetal liver cells 25 uM + NT Philbrook and
reactions for Ogg1] Winn (2016)

+, positive; —, negative

HIC, highest ineffective concentration; LEC, lowest effective concentration; NT, not tested
qRT-PCR, Quantitative Reverse Transcription Polymerase Chain Reaction

DSBs, DNA double strand breaks; Histone y-H2AX phosphorylation is an index of DNA DSBs
aMuch of the information presented in this table was obtained from IARC (1999b; 2018)
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Table 31. Genotoxicity studies of p-benzoquinone in bacteria, fungi and acellular

systems?
Endpoint Test Test system Concentration Results Results  Reference
(LEC or HIC)  without S-9 with S-9
Bacteria
Ames test/  Salmonella typhimurium LEC:SpgimL  + NT Nazar et al.
reverse TA100 (1981)
. mutation
Mutation — .
Ames test/ Salmonella typhimurium HIC: 16.5 ug/mL - - Mortelmans et
reverse TA98, TA100, TA1535, al. (1986)
mutation TA1357
Yeast
Forward Neurospora crassa forward NR - NT
mutation mutation to pyrimidine Reissi
Mutation dependence ( 1963)9
Reverse Neurospora crassa reverse  NR - NT
mutation mutation to arg+
Acellular systems
DNA adducts Calf thymus DNA 1mg + NT Bodell et al.
(1993)
Genomic Topoisomerase Purified human enzyme 10 uM + NT Baker et al.
instability/ lla inhibition (2001)
DNA assay
cleavage

+, positive; —, negative
HIC, highest ineffective concentration; LEC, lowest effective concentration; NT, not tested; NR, not reported
aMuch of the information presented in this table was obtained from IARC (1999b; 2018)
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3.3.4 In vitro cell transformation

Cell transformation assays are designed to detect a change in the growth pattern of
cells that is indicative of loss of contact inhibition, a phenotype that is characteristic of
cancer cells.

Patierno et al. (1989) studied in vitro cell transformation of C3H/10T12 clone 8 mouse
embryo fibroblast (10T12) cells exposed to acetaminophen. These cells are considered
to be similar to BALB/3T3 and Swiss/3T3 cells, as they are stable in culture and highly
sensitive to post-confluence inhibition of cell division (Reznikoff et al. 1973). C3H/10Tu2
cells, together with other immortalized aneuploid mouse cells, represent one of the two
major types of systems used for in vitro cell transformation assays, the other type being
primary diploid cells, such as Syrian Hamster Embryo cells (Creton et al. 2012).

In this study, Patierno et al. (1989) treated 10T/ cells with acetaminophen at
concentrations ranging from 0.5 — 2.0 mg/mL (3.3 to 13 mM) for either 24 hours without
S-9 or 3 hours with Arochlor 1254-induced hamster liver S-9. In the absence of S-9
acetaminophen induced a small, but dose-dependent increase in the number of type Il
morphologically transformed foci. A greater number of type Il transformed foci were
induced by acetaminophen in the presence of S-9. Similar cell transformation results
were observed with the carcinogen phenacetin (of which acetaminophen is a major
metabolite). Several metabolites of acetaminophen (and phenacetin) were also tested
in C3H/10Tw2 cells (NAPQI, PAP, p-benzoquinone), and each were found to be inactive
in the cell transformation assay. Patierno et al. (1989) characterized the type Il foci
induced by acetaminophen and phenacetin as atypical (weak) non-neoplastic
morphologically transformed cells that “did not exhibit any other classical parameters of
neoplastic transformation, such as increased saturation density or anchorage
independence.”

3.3.5 Animal tumor pathology

This section describes the relevant pathology details for the tumor types observed in the
animal cancer bioassays of acetaminophen.

3.3.5.1 Mice

Hepatocellular tumors

Hepatocellular adenomas and carcinomas were observed in female B6C3F1 mice (Amo
and Matsuyama 1985), male and female IF mice (Flaks and Flaks 1983), and in three
male Swiss mice (Weisburger et al. 1973) treated with acetaminophen.
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In the 134-week study of acetaminophen in female B6C3F1 mice, 2/49 (4%) untreated
controls had hepatocellular adenoma or carcinoma (Amo and Matsuyama 1985). In an
earlier study from the same laboratory, a similar spontaneous hepatocellular tumor
incidence (2/60, 3%) was observed in untreated female mice (Matsuyama and Amo
1983).

Most of the hepatocellular adenomas and carcinomas observed in treated IF mice in the
studies of Flaks and Flaks were reported to display a trabecular growth pattern. In
these 18-month studies in IF mice, one adenoma and no carcinomas were observed in
the male controls and no hepatocellular tumors were observed in the female controls.
In earlier studies of 12-months duration conducted in the same laboratory in male and
female IF mice, no liver tumors were observed in untreated controls of either sex (Flaks
1968), and in 15-month studies in male and female IF mice conducted at the same
university, only one liver adenoma was observed among 42 untreated male controls,
and no liver tumors were observed in 31 untreated female controls (Wood 1969).
Taken together, these data suggest that hepatocellular adenomas are uncommon and
hepatocellular carcinomas are rare in male and female IF mice.

In the 11-month study of acetaminophen in male Swiss mice by Weisburger et al.
(1973), the liver tumors observed in the treated males were identified as liver
hepatomas and carcinomas. Hepatoma is an older term for lesions that are now
classified as hepatocellular adenomas (Frith et al. 1994). Also in 1973, Weisburger and
colleagues reported on the spontaneous tumor incidence of hepatocellular adenoma
(1/101, 1%) and hepatocellular carcinoma (0/101, 0%) observed in a series of 18-month
carcinogenesis studies conducted in male Swiss mice (Prejean et al. 1973).

Hepatocellular adenomas and carcinomas arise from the same cell type, and adenomas
can progress to carcinomas (Harada et al. 1999). For this reason, these two tumor
phenotypes are combined when evaluating study results (McConnell et al. 1986).

Pituitary tumors

Pituitary adenomas were increased in female B6C3F1 mice treated with acetaminophen
(Amo and Matsuyama 1985). Pituitary adenomas are considered to have the potential
to progress to carcinomas (Mahler and Elwell 1999). In an earlier study conducted in
female B6C3F1 mice in the same laboratory, no pituitary tumors were observed in 60
untreated females (Matsuyama and Amo 1983).

Bladder tumors

Urinary bladder papillomas (cell type not specified) were observed in two male Swiss
mice treated with acetaminophen (Weisburger et al. 1973). Urinary bladder papillomas
may be transitional cell or squamous cell in origin; both are considered to the potential
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to progress to carcinomas (Gaillard 1999). Also in 1973, Weisburger and colleagues
reported on the spontaneous tumor incidence of urinary bladder papillomas (1/101, 1%)
and carcinomas (2/101, 2%) observed in a series of 18-month carcinogenesis studies
conducted in male Swiss mice (Prejean et al. 1973).

3.3.5.2 Rats

Mononuclear Cell Leukemia (MNCL)

MNCL, more recently referred to as large granular lymphocyte leukemia (LGLL), is a
common neoplasm in aging F344 rats, and is not usually seen in untreated F344 rats
younger than 20 months of age (Rebelatto 2018). MNCL was increased in female
F344/N rats treated with acetaminophen in the NTP study (NTP 1993), and was
generally more advanced, involving two or more organs in addition to the liver and
spleen (e.g., lung, lymph node), while leukemia in control females was mainly confined
to the liver and spleen. NTP (1993) noted that “On average, leukemias were detected
one month earlier in the high-dose group than in the controls, suggesting a shortening
of neoplasm latency”.

MNCL is morphologically characterized by cells that resemble large granular
lymphocytes, and can spread to multiple organs, including liver, lungs, and spleen, with
splenic infiltration being the most consistent hallmark (Stromberg and Vogtsberger
1983). The historical spontaneous incidence of MNCL in 2-year studies in female F344
rats for the study laboratory was 66/399 (16.5%; range: 6-28%) (NTP 1993). The
incidence of MNCL in the control female rats in the acetaminophen study was 0% at 15
months and 19% (9/48) at 24 months (NTP 1993). US EPA (2012) noted that several
authors have concluded that rat MNCL is similar to human natural killer (NK) cell large
granular lymphocytic leukemia (Ishmael and Dugard 2006; Stromberg 1985; Thomas et
al. 2007).

Liver tumors

Hepatocellular adenomas, also referred to by the authors as neoplastic nodules, were
increased in male and female Leeds rats treated with acetaminophen (Flaks et al.
1985). The tumors had either a trabecular or solid growth pattern, compressed
surrounding parenchyma, and were sometimes encapsulated. No liver tumors were
observed in the controls in either of these 18-month studies of acetaminophen in male
and female Leeds rats (Flaks et al. 1985). Two earlier studies conducted in male Leeds
rats in the same laboratory, one of 18-month duration (Flaks and Flaks 1982) and the
other of 20-months duration (Flaks 1978), also reported that no liver tumors were
observed in untreated controls.
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Hepatocellular adenomas are benign hepatocellular neoplasms. Hepatocellular
adenomas and carcinomas arise from the same cell type, and adenomas can progress
to carcinomas (McConnell et al. 1986). No hepatocellular carcinomas were observed in
treated male or female Leeds rats in these 18-month studies by Flaks et al. (1985). A
possible reason is the less-than-lifetime study duration, which may not be sufficiently
long to observe such progression.

Urinary bladder tumors

Transitional cell papillomas and carcinomas of the urinary bladder epithelium were
observed in male and female Leeds rats treated with acetaminophen (Flaks et al. 1985).
The papillomas of the transitional epithelium were either localized or appeared as
diffuse papillomatosis. The carcinomas showed regional dysplasia and invasion of the
underlying muscle, but none had metastasized (Flaks et al. 1985).

Spontaneous occurrence of urinary bladder tumors in rats is rare (<1%) (Frith et al.
1995) and is predominantly associated with advancing age in various strains of rats,
including S-D rats, Osborne-Mendel and Oregon rats, Wistar rats and inbred Fischer
344 rats (Kunze and Chowaniec 1990). In the Flaks et al. (1985) study and in another
18-month study of male Leeds rats (Flaks and Flaks 1982), no bladder tumors were
reported in controls.

Urinary bladder transitional cell papillomas and carcinomas arise from the same cell
type, and papillomas can progress to carcinomas (Kunze and Chowaniec 1990). For
this reason, these two tumor phenotypes are combined when evaluating study results
(McConnell et al. 1986).
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3.3.6 Structure activity considerations

Acetaminophen consists of a benzene ring with one hydroxyl group and an acetamide
group at the para position. OEHHA used the US Environmental Protection Agency’s
(EPA) web-based CompTox Chemicals Dashboard (https://comptox.epa.gov)
(Williams et al. 2017) and relevant literature to identify chemicals that share structural
similarities with acetaminophen. Structurally similar chemicals were initially identified as
those with a similarity score > 0.8. Those identified chemicals were further screened
based on the following characteristics: 1) presence of one aromatic ring; 2) one or more
amino groups; and 3) testing for genotoxicity or animal carcinogenicity. Additionally,
acetaminophen metabolites and data-rich chemicals with lower similarity scores (0.6-
0.8) were also considered. The five compounds identified for structure-activity
comparison are: phenacetin, aniline, PAP, 2,4-diaminophenol dihydrochloride, and 3-
amino-4-ethoxyacetanilide.

Data on the genotoxicity and carcinogenicity of the selected comparison chemicals are
briefly discussed below and summarized in Table 32. The sources of this information
include the TOXNET databases (https://toxnet.nlm.nih.gov), such as Chemical
Carcinogenesis Research Information System (CCRIS), Carcinogenic Potency
Database (CPDB), Genetic Toxicology Data Bank (GENE-TOX), and Hazardous
Substances Data Bank (HSDB), as well as NTP and IARC documents and Sections 3.2
Carcinogenicity studies in animals and 3.3.3 Genotoxicity of this document.

Phenacetin

Phenacetin is listed as a carcinogen under Proposition 65. Itis an IARC Group 1
carcinogen (carcinogenic to humans) (IARC 2012), and is listed as “reasonably
anticipated to be a human carcinogen” in the NTP Report on Carcinogens (NTP 2016b).
In humans, phenacetin causes cancer of the renal pelvis and of the ureter (IARC 2012).
In rodents, phenacetin induced benign and malignant urinary tract tumors in mice and
rats of both sexes and nasal cavity tumors in rats of both sexes (IARC 2012). The
genotoxicity evidence of phenacetin was summarized by IARC (2012). It was not
mutagenic in mouse embryo cells and did not induce sex-linked recessive lethal
mutations in Drosophila. In vitro, phenacetin was mutagenic to Salmonella strain TA100
in the presence of hamster liver metabolic activation (IARC 1980), but did not induce
mutations in strains TA98, TA1535, and TA1537 with and/or without metabolic
activation. Phenacetin induced chromosomal and DNA damage in various experimental
systems. Phenacetin induced MN in bone marrow cells in mice and rats, and in
peripheral blood cells in rats; CAs in CHO cells, and DNA damage in the kidney in mice
and the urinary bladder in rats in vivo and in human and rat bladder cells in vitro.
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Phenacetin did not induce DNA strand breaks in rat hepatocytes after exposure in vivo
(IARC 2012).

Aniline

Acetaminophen is a major metabolite of aniline (Modick et al. 2014). Aniline is listed as
a carcinogen under Proposition 65. It is classified as a B2 carcinogen (probable human
carcinogen) by US EPA (US EPA 1988), and in Group 3 (not classifiable as to its
carcinogenicity to humans) by IARC (IARC 1987). Aniline induced rare
hemagiosarcoma of the spleen, rare fibrosarcoma and sarcoma of the spleen and other
organs, and pheochromocytoma in male and female rats (CIHIT 1982; NCI 1978b; US
EPA 1988). Genotoxicity findings for aniline have been reported in TOXNET databases
(2019) such as CCRIS, GENE-TOX, and HSDB and by Galloway et al. (1987). Aniline
was mutagenic in Chinese hamster V79 and CHL/IU cells, mouse lymphoma L5178Y
cells, and S. typhimurium strain TA98 (with and without metabolic activation), but not in
S. typhimurium strains TA97, TA100, TA102, TA1535, TA1537, or TA1538 with and/or
without metabolic activation, or in E. coli, B. subtilis, or S. cerevisiae. Aniline induced
MN and SCEs in bone marrow cells in mice in vivo, MN in Chinese hamster CHL/IU
cells in vitro, CAs in CHO cells, SCEs in human fibroblasts and CHO cells, and DNA
damage in vivo in rat liver and kidney, but did not induce UDS in rodent hepatocytes in
vitro.

PAP

PAP was tested in 101-week carcinogenicity studies in male and female S-D rats via
gavage (Centre International de Toxicologie, as cited by EU-SCCS 2011). No tumor
findings were reported for female rats, and a marginal increase of heterogeneous
malignant lymphoma was seen in treated male rats (one in control, one in low-dose, and
three in the highest dose). PAP induced sperm mutations in mice in vivo in one study,
gene mutations in several studies in rodent cells in vitro, somatic mutations in
Drosophila, and tested positive in several E. coli reverse mutation assays and weakly
positive in one reverse mutation assay in S. typhimurium TA1535 (positive in one study
and negative in three others), and negative in additional S. typhimurium strains tested.
PAP produced equivocal results in a dominant lethal test in the rat and was negative in
an SLRL mutation assay in Drosophila. PAP caused chromosomal damage in human
cells in vitro (CAs, SCEs), in mice in vivo (CAs, MN), in rodent cells in vitro (CAs,
SCES), in plants (CAs), and in yeast (intrachromosomal recombination). It did not
induce SCEs in hamsters in vivo. PAP also caused DNA strand breaks in multiple types
of human and rodent cells in vitro, and formed DNA adducts in human cells in vitro. It
did not induce UDS in rat hepatocytes in vitro.
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2,4-Diaminophenol dihydrochloride

2,4-Diaminophenol dihydrochloride was tested in two-year carcinogenicity studies in
male and female F344/N rats and B6C3F1 mice via gavage (NTP 1992). In male mice,
NTP concluded there was “some evidence of carcinogenic activity” based on increased
incidence of renal tubule adenomas (single and step-sections: 0/50 in control, 6/50 in
high-dose). NTP (1992) concluded that there was “no evidence of carcinogenic activity”
in the studies in rats or female mice. The genotoxicity findings for 2,4-diaminophenol
dihydrochloride were reported by NTP (1992) and Watanabe et al. (1989) as follows:
The chemical induced mutations (tk -/-) in mouse lymphoma L5178Y cells without S9.
In SLRL assays in Drosophila, results were equivocal via feed and negative via
injection. It was mutagenic in Salmonella strain TA98 with S9 metabolic activation, and
negative in TA100, TA1535, and TA1537 with or without S9. It did not induce CAs or
SCEs in CHO cells in the presence or absence of S9.

3-Amino-4-ethoxyacetanilide

3-Amino-4-ethoxyacetanilide was tested in long-term carcinogenicity studies in male
and female F344 rats and B6C3F1 mice (NCI 1978a). In male mice, NCI concluded that
3-amino-4-ethoxyacetanilide was carcinogenic, causing follicular cell carcinomas of the
thyroid gland (2/44, 1/49, 0/45, 7/45, in low-dose control, low-dose, high-dose control,
and high-dose groups, respectively). In female mice the incidence of pituitary gland
tumors (adenoma not otherwise specified [NOS], chromophobe adenoma, and
carcinoma NOS, combined) was significantly increased (p < 0.05) in the low-dose group
compared to the low-dose control group (4/37, 14/43, for low-dose control and low-dose
groups, respectively), but not in the high-dose group (3/42, 3/39, for high-dose control
and high-dose groups, respectively). NCI concluded these studies were “insufficient to
establish the carcinogenicity of 3-amino-4-ethoxyacetanilide” in female mice or in
Fischer 344 rats of either sex” (NCI 1978a).

3-Amino-4-ethoxyacetanilide did not induce SLRL mutations in Drosophila (Valencia et
al. 1985). It induced mutations in S. typhimurium strains TA98, TA100, TA1537, and
TA1538, but not TA1535, with and without metabolic activation (Dunkel et al. 1985;
Haworth et al. 1983). It induced mutations in one assay in E. coli strain WP2 uvrA with
metabolic activation, and was negative in three assays (Dunkel et al. 1985).

As summarized in Table 32, five chemicals that are structurally related to
acetaminophen were considered for comparison. All five comparison chemicals have
been tested for carcinogenicity in animals, and two induced tumors at the same sites
and in the same species as acetaminophen. Specifically, urinary bladder tumors were
observed in male and female mice in studies with phenacetin and with acetaminophen,
and pituitary tumors were observed in female mice in studies with 3-amino-4-
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ethoxyacetanilide and with acetaminophen. All five comparison chemicals were tested
for mutagenicity (in bacteria, Drosophila, and/or in mammalian cells) and were positive
in at least some of the assays tested. Three of the comparison chemicals, phenacetin,
aniline, and PAP were positive in assays detecting chromosomal effects and in assays
detecting DNA damage.
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Table 32. Structure activity comparison between acetaminophen and five structurally related chemicals

Chemical

Structure

Genotoxicity

Mutagenicity

Chromosomal
effects

DNA damage/
DNA binding

Tumors in animal
cancer bioassays

Acetaminophen
(IARC Group 3)

PN

LZ

OH

— gene mutation assays
+ in TK+/- rodent cells

— SLRL mutation assay

in rodents in vivo;
in vitro;
in Drosophila;

— Salmonella;
— E. coli

+ aneuploidy in rat
embryos in vivo;

+ MN in human
lymphocytes, rat,
mouse bone marrow,
mouse peripheral
blood and mussels in
vivo, human and
rodent cells in vitro;
+ CAs human
lymphocytes, mouse
bone marrow in vivo,
human and rodent
cells in vitro, and
plants;

+ SCEs in human
lymphocytes and
mouse bone marrow
in vivo; human and
rodent cells in vitro;
— DEL recombination
assays in yeast

+ DNA strand
breaks in mouse
liver, + in mussels in
vivo, + in human
and cells in vitro;
| DNA repair in
mice and rats in
vivo, in human and
rodent cells in vitro;
{ UDS in human
lymphocytes in vivo,
rat, hamster, and
guinea pig liver
cells, and hamster
lung cells in vitro;
t UDS in human
lymphocytes, rat
and mouse liver
cells in vitro;

+ DNA adducts in
mouse liver and
kidney in vivo,
human cells in vitro,
acellular systems
(calf thymus DNA,
dN-mix and
guanosine);

+ DNA oxidation (8-
oxodG) in mouse
serum in vivo, and
in rat C6 glioma
cells in vitro

Liver: male and
female rats and
mice
Urinary bladder:
male and female?
rats
MNCL: female rats
Pituitary gland:
female mice
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(metabolized to

acetaminophen)
(P65,

IARC Group 1,
NTP)

U

embryo cells;
— SLRL mutations in
Drosophila;
+ Salmonella TA100;
— Salmonella TA1535,
TA1537, TA98

+ MN in mouse and
rat cells in vivo;
+ CAs in CHO

Genotoxicity
Chemical Structure Mutagenicit Chromosomal DNA damage/ | Tumors in animal
9 y effects DNA binding cancer bioassays
— mutagenicity in mouse — DNA strand breaks
Phenacetin

Vivo;

+ DNA damage in
mouse kidney and
rat urinary bladder
in vivo and in
human and rat
bladder cells in vitro

in rat hepatocytes in

Urinary tract®: male
and female rats and
mice

Nasal cavity: male
and female rats

Aniline
(metabolized to

+ L5178+/- mouse
lymphoma cells;

CHL/IU cells in vitro;

+ MN in mouse in vivo
and Chinese hamster

Hemangiosarcoma
(r) in spleen: male

rodent cells in vitro;

mouse and plants in

. rats
: . + DNA damage in .
NH, +ihg§|?02aews$,;gg!ls’ + CAs in CHO cells; rat liver and kidney F'Z;iif]gr?r? ;nd
acetaminophen) § + SCEs in mouse in in vivo; .
— Salmonella TA97, ; . spleen and multiple
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— E. coli, B. subtilis, S. Pheochromocytoma:
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Genotoxicity

Chemical Structure Mutagenicity Chromosomal DNA damage/ Tumors in animal
effects DNA binding cancer bioassays
+ tk locus in mouse
OH lymphoma cells;
2,4- + SLRL mutation assay .
Diaminophenol * 2HCI in Drosophila; - CAé:gd Sﬁ:Es n NT Kidney®: male mice
dihydrochloride HAN NH + Salmonella TA98; cells
. . — TA100, TA1535,
TA1537
— SLRL mutation assay
in Drosophila; - d.
o Os + Salmonella TA98, P']Eu'tarly gla_nd '
3-Amino-4- TA100, TA1537, NT NT emale mice
ethoxyacetanilide )k TA1538; Thyroid gland: male
H NHZ _ TA1535, mice

+ E. coli in one study,
— other studies

P65: Proposition 65 carcinogen; NTP: NTP Report on Carcinogens “reasonably anticipated to be a human carcinogen”; US EPA B2: Probable
human carcinogen; IARC Group 1: Carcinogenic to humans; IARC Group 3: Not classifiable as to its carcinogenicity to humans

+, positive; (+), weakly positive; £, equivocal; —, negative; |, decrease; 1, increase; NT, not tested; (r), rare.
CAs, chromosomal aberrations; CHO, Chinese hamster ovary; SCE, sister chromatid exchange; SHE, Syrian hamster embryo; UDS, unscheduled
DNA synthesis; MN; micronuclei; DEL, deletion; SLRL, sex-linked recessive lethal; 6 TG', 6-thioquanine resistant; OUA', ouabain resistant; dN-mix,
deoxyribonucleic acid mixture.
2In the female rat study, urinary bladder papilloma and carcinoma combined was statistically significant only in the mid-dose group.

b Urinary tract tumors observed for phenacetin include transitional cell carcinoma of the urinary bladder in male and female rats, urinary bladder
carcinomas in female mice, renal cell carcinoma in male rats, and kidney adenomas and carcinomas in male mice.

¢ 2,4-Diaminophenol dihydrochloride increased the incidence of renal tubule adenomas in male mice.

d 3-Amino-4-ethoxyacetanilide increased the incidence of pituitary gland tumors (adenoma not otherwise specified [NOS], chromophobe adenoma,
and carcinoma NOS, combined) in female mice in the low-, but not the high-dose group.
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3.3.7 ToxCast high-throughput screening assays

ToxCast™ is a chemical prioritization research program developed by the US EPA (Dix
et al. 2007; Judson et al. 2010; Kavlock et al. 2012). It is a multi-year project that
launched in 2007. ToxCast utilizes various in vitro and zebrafish systems to identify
chemical activity in a battery of high-throughput screening (HTS) assays. As of 2019,
more than 9,000 chemicals have been tested, and there are more than 1,000 high-
throughput assays in the ToxCast database.

This section highlights the HTS assays in which acetaminophen and two metabolites, p-
benzoquinone and PAP, were active. OEHHA searched the US EPA CompTox
Chemicals Dashboard (https://comptox.epa.gov/dashboard, accessed on 5/13/2019),
and obtained chemical activity data for the three chemicals.

Data on acetaminophen

Quiality Control (QC) information shows that the purity of acetaminophen used in the
Tox21 assays (a subset of the ToxCast assays) was over 90%. No QC information is
available from other ToxCast assay platforms. The CompTox Chemicals Dashboard
reported that acetaminophen was active in five of the 636 ToxCast assays in which it
was tested. The inactivity of acetaminophen in the ToxCast assays may be due to the
lack of metabolic activation in the testing systems.

For all five active assays, there was a flag for potential overfitting/borderline active
issues. Therefore, these results will not be discussed further here.

Data on p-benzoquinone

Information on p-benzoquinone chemical purity is available for the Tox21 assays, which
tested two different samples of p-benzoquinone. QC values are provided for To, the
beginning of the testing, and T4, the end of the 4-month testing period. The QC grade
for one sample (Tox21_202020) used in the Tox21 assays was “B: MW [molecular
weight] confirmed with 75-90% purity” at To and “Ac: caution low concentration” (5-30%
of expected value) at Ta. The QC grade for the other sample (Tox21_302970) used in
the Tox21 assays was “F: incorrect molecular weight” at To and “Ac: caution low
concentration” (5-30% of expected value) at Ta.

Overall, the CompTox Chemicals Dashboard reported 105 active assays out of 556
tested assays. Among these actives, 74 assays are labeled with flags. The flags
include: Borderline active, Hit-call potentially confounded by overfitting, less than 50%
efficacy, only highest concentration above baseline, noisy data, or a combination of the
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above. OEHHA excluded the 74 flagged assays, as well as three additional active
assays with inadequate chemical QC (i.e., those performed with Tox21_302970),

resulting in a total of 28 active assays for further consideration. These 28 active assays
are summarized in Table 33.

Table 33. Active ToxCast assays for p-benzoquinone

Biological Assay endpoint component Target gene name ACso

process/ name

Intended target

family

Cell adhesion BSK_3C_Eselectin_down selectin E 7.07

molecules

Cell adhesion BSK_3C_HLADR_down major histocompatibility 10.8

molecules complex, class I, DR alpha

Cell adhesion BSK _3C _VCAM1_down vascular cell adhesion 15

molecules molecule 1

Cell adhesion BSK _4H VCAM1_down vascular cell adhesion 19.9

molecules molecule 1

Cell adhesion BSK_hDFCGF_Collagenlll_down collagen, type lll, alpha 1 13.3

molecules

Cell adhesion BSK_hDFCGF_VCAM1 down vascular cell adhesion 9.84

molecules molecule 1

Cell adhesion BSK_KF3CT_ICAM1 down intercellular adhesion 17.2

molecules molecule 1

Cell adhesion BSK LPS VCAM1 down vascular cell adhesion 24.6

molecules molecule 1

Cell cycle BSK_3C_Proliferation_down null 5.51

Cell cycle BSK_CASM3C_Proliferation_down | null 15.2

Cell cycle BSK_hDFCGF_Proliferation_down | null 2.93

Cell cycle BSK_SAg_PBMCCytotoxicity _down | null 8.18

Cell cycle BSK_SAg_Proliferation_down null 3.23

Cytokine BSK _3C_MCP1_down chemokine (C-C motif) ligand | 10.6
2

Cytokine BSK_3C _uPAR_down plasminogen activator, 9.77
urokinase receptor

Cytokine BSK_BE3C_IP10_down chemokine (C-X-C motif) 23.3
ligand 10

Cytokine BSK_hDFCGF_IP10_down chemokine (C-X-C motif) 12.4
ligand 10

Cytokine BSK_hDFCGF_MCSF_down colony stimulating factor 1 11.7
(macrophage)
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Biological Assay endpoint component Target gene name ACso

process/ name

Intended target

family

Cytokine BSK_hDFCGF_PAI1_down serpin peptidase inhibitor, 14.6
clade E (nexin, plasminogen
activator inhibitor type 1),
member 1

Cytokine BSK_KF3CT_ILl1a_down interleukin 1, alpha 12.3

Cytokine BSK_KF3CT_IP10_down chemokine (C-X-C motif) 14.8
ligand 10

Cytokine BSK _LPS_TNFa_down tumor necrosis factor 15

DNA binding ATG_NRF2_ARE_CIS up nuclear factor, erythroid 2- 51.9
like 2

GPCR NVS_GPCR_hOpiate_mu opioid receptor, mu 1 9.55

Growth factor BSK_KF3CT_TGFb1l down transforming growth factor, 9.62
beta 1

Nuclear ATG_ERa_TRANS up estrogen receptor 1 30

receptor

Protease BSK_hDFCGF_TIMP1 down TIMP metallopeptidase 10.1

inhibitor inhibitor 1

Protease BSK_KF3CT_TIMP2_down TIMP metallopeptidase 9.3

inhibitor inhibitor 2

ACso: Active Concentrationso, the micromolar (UM) concentration that induces a half-maximal assay

response.

GPCR: G-protein-coupled receptors.

In 2014, the IARC working group for Monograph Volume 112 mapped the ToxCast

assay end-points available at that time to the key characteristics of carcinogens (IARC
2017; Smith et al. 2016). IARC has since updated its mapping of the ToxCast/Tox21
assays and OEHHA has obtained IARC’s latest table (Houck, K., email communication,

May 24, 2018), which maps a total of 299 assay end-points to seven of the ten key

characteristics of carcinogens.

To facilitate understanding of cancer pathway-related activities of p-benzoquinone in the
ToxCast/Tox21 assays, OEHHA utilized IARC’s mapping table to map the 28 active
ToxCast assays for p-benzoquinone to the key characteristics of carcinogens. Six of
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the 28 active assays were mapped to three of the key characteristics of carcinogens, as
follows:

e Induces oxidative stress — p-benzoquinone was active in one assay measuring
oxidative stress via the activation of nuclear factor erythroid 2-like 2 (NFE2L2 or
Nrf2), an oxidative stress-related transcription factor (ATG_NRF2_ARE_CIS_up).

e Modulates receptor-mediated effects — p-benzoquinone was active in one assay
targeting Estrogen receptor alpha (ERa) (ATG_ERa_Trans_up).

e Alters cell proliferation, cell death or nutrient supply — p-benzoquinone was active
in four assays measuring inhibition of cell proliferation
(BSK_3C_Proliferation_down, BSK_CASM3C_Proliferation_down,
BSK_hDFCGF_Proliferation_down, and BSK_SAg_Proliferation_down).

Data on PAP

A search for PAP in the CompTox Chemicals Dashboard identified 122 active assays
out of 211 tested assays. All of these were Tox21 assays. Among the 122 active
assays, 62 had no flags, and were thus considered true “actives”. Of the 62 true
actives, 15 assays were performed with PAP samples associated with serious QC
issues and were thus not considered further®. Of the resulting 47 active assays, 34
were excluded because they either measured cytotoxicity as the assay endpoint (n=31),
or the Active Concentrationso (ACso) of the endpoint measured in the assay was higher
than the ACso for cytotoxicity associated with the test substance in that particular assay
system. The resulting 13 active assays for PAP are summarized in Table 34 below.

9 The QC grades for the four PAP samples used in these assays are as follows: Tox21_ 113242, incorrect
molecular weight (MW) at To and Ta4; Tox21_113477, incorrect MW at To; Tox21_113477_1, MW
confirmed with no purity information at To; Tox21_201030, MW confirmed with 50-75% purity at To.
OEHHA considered the QC issues to be serious for the first three samples listed here, and did not include
assays associated with their use in this table.
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Table 34. Active Tox21 assays for PAP

Biological Assay endpoint component name Target gene name ACso

process/

Intended target

family

DNA binding TOX21_AhR_LUC_Agonist Aryl hydrocarbon 17.4
receptor (AhR)

DNA binding TOX21 AP1 BLA Agonist ratio AP-1 16.6

DNA binding TOX21 _SSH_3T3_GLI3_Antagonist GLI family zinc finger | 10
3

Histones TOX21 H2AX_HTRF_CHO_Agonist_ratio | H2A histone family, 189
member X

Nuclear receptor | TOX21_AR_BLA_Antagonist_ratio Androgen receptor 12.9
(AR)

Nuclear receptor | TOX21_AR_LUC_MDAKB2_Antagonist AR 29.5

Nuclear receptor | TOX21_ERa_LUC_BG1_Antagonist Estrogen receptor 74.3
(ER) alpha

Nuclear receptor | TOX21_ERb_BLA_ Antagonist_ratio ER beta 26.6

Nuclear receptor | TOX21_ERR_Antagonist Estrogen-related 27.8
receptor alpha

Nuclear receptor | TOX21_PGC_ERR_Antagonist Estrogen-related 21.2
receptor alpha

Nuclear receptor | TOX21 PPARd_BLA_ antagonist_ratio Peroxisome 54.1
proliferator-activated
receptor delta

Nuclear receptor | TOX21 RORg LUC_ CHO_Antagonist RAR-related orphan | 34.1
receptor C

Nuclear receptor | TOX21 VDR_BLA antagonist_ratio Cytochrome P450, 55.4
family 24, subfamily
A, polypeptide 1

ACso: Active Concentrationso, the pM concentration that induces a half-maximal assay response.

Similar to the data analysis approach for p-benzoquinone, OEHHA used IARC’s
mapping table to map the 13 active Tox21 assays for PAP to the key characteristics of
carcinogens. Twelve of the 13 active assays were mapped to three of the key
characteristics of carcinogens, as follows?°:

e s genotoxic — PAP was active in one assay measuring the histone variant H2AX
when phosphorylated on serine 139 (TOX21_H2AX_HTRF_CHO_Agonist_ratio).
According to the Tox21 Data Browser, H2AX phospho-Ser139 serves as a

10 OEHHA consulted the Tox21 Data Browser website (https://tripod.nih.gov/tox21/assays/) for description
of these Tox21 assays.
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sensitive biomarker for the detection of DNA double-strand breaks and localizing
the site of DNA repair.

e Modulates receptor-mediated effects — PAP was active in 10 assays targeting
various receptors. Of these 10 assays, only one assay was in the agonist mode
and showed that PAP was an Aryl Hydrocarbon Receptor (AhR) agonist. The
other nine assays were in the antagonist mode and showed the chemical to be
an antagonist for Androgen Receptor (AR), ERa, Estrogen Receptor beta (ER),
Estrogen Related Receptor alpha (ERRa), Peroxisome Proliferator-Activated
Receptor delta (PPARD), RAR-related Orphan Receptor C (RORC), and Vitamin
D Receptor (VDR).

e Alters cell proliferation, cell death or nutrient supply — PAP was active in one
assay measuring activation of the transcription factor Activator Protein-1 (AP-1).
AP-1 is an important regulator of cell proliferation, differentiation, apoptosis, and
angiogenesis.

In conclusion, acetaminophen was not considered to be active in any of the
ToxCast/Tox21 HTS assays in which it was adequately tested. Two acetaminophen
metabolites, p-benzoquinone and PAP, were considered to be active in 28 and 13
ToxCast/Tox21 HTS assays, respectively. The active assays for p-benzoquinone were
linked to the following three key characteristics of carcinogens: inducing oxidative
stress, modulating receptor-mediated effects, and altering cell proliferation, cell death,
or nutrient supply. The active assays for PAP were linked to: genotoxicity, modulating
receptor-mediated effects, and altering cell proliferation, cell death, or nutrient supply.

3.3.8 ROS production and oxidative stress

Oxidative stress refers to a condition of an imbalance between the production and
elimination of reactive oxygen and nitrogen species (ROS, RNS). Oxidative stress may
contribute to carcinogenic processes by causing DNA mutations, chromosomal
damage, genomic instability, and altered cell cycle regulation (Reuter et al. 2010).

Oxidative stress induced by acetaminophen may cause lipid peroxidation, mitochondrial
damage, and damage to proteins and DNA (Jaeschke et al. 2012). Many in vivo and in
vitro studies conducted in humans and animals have reported evidence of
acetaminophen-induced oxidative stress. For example, a review by Wang et al. (2017)
identified over 80 papers on this topic. Acetaminophen-induced oxidative stress
markers include 8-oxodeoxyguanosine (8-oxodG, a marker of oxidative DNA damage
that is linked to mutagenesis and carcinogenesis), production of ROS and RNS,
malondialdehyde (MDA, a marker of lipid peroxidation), decreased antioxidant enzyme
activities such as superoxide dismutase (SOD) or catalase (CAT), decreased GSH,
increased glutathione disulfide (GSSG), and decreased GSH/GSSG ratio (Wang et al.
2017). What follows is not meant to be a comprehensive review of all published
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studies, but rather a summary of examples of study findings illustrative of
acetaminophen-induced oxidative stress.

Two human studies were identified that investigated the effects of acetaminophen on
markers related to ROS production and oxidative stress. In a study of young healthy
adult volunteers (9 men, 6 women; average age: 21 years old) administered therapeutic
doses of acetaminophen (1 g four times per day; i.e., 4 g/day) for 14 days, a statistically
significant decrease in total antioxidant capacity in serum was observed at day 14,
compared to day O (Nuttall et al. 2003). In a study in children 10 years of age and
under, Kozer et al. (2003) reported statistically significant differences in median levels of
erythrocyte glutathione peroxidase and glutathione reductase activities in febrile
children taking therapeutic doses of acetaminophen for up to 10 days (dose range: 30-
75 mg/kg/day), as compared to levels in untreated heathy children.

In vitro studies using human cell lines have also investigated the effects of
acetaminophen on markers related to ROS production and oxidative stress.
Acetaminophen was shown to increase levels of ROS in U937 (histiocytic lymphoma)
cells (Jamil et al. 1999), SK-MEL-28 (melanoma) cells (Vad et al. 2009) and
mesenchymal stem cells (Yiang et al. 2015), and to increase levels of MDA in HepG2
(hepatocellular carcinoma) cells (Jannuzzi et al. 2018). Acetaminophen was also
shown to reduce antioxidant enzyme activities (i.e., CAT, glutathione peroxidase, and
glutathione reductase) in HepG2 cells (Jannuzzi et al. 2018) and to decrease levels of
GSH in SK-MEL-28 (Vad et al. 2009) and HepG2 cells (Jannuzzi et al. 2018).

In vivo evidence from animal studies includes the observation of statistically significantly
increased levels of 8-OHAG (or 8-0xodG) in the serum of acetaminophen treated mice
(Wang et al. 2015), as well as increased levels of ROS in the renal tissue of
acetaminophen treated rats (Ghosh et al. 2010) and increased hepatic H20:2 in
acetaminophen treated mice (Pu et al. 2016). Increased levels of MDA were reported in
the liver (Lahouel et al. 2004)and renal tissue of exposed rats (Ghosh et al. 2010), and
in the plasma and liver of treated mice ((Mladenovic et al. 2009; Pu et al. 2016)
[measurements in liver only]). Decreased antioxidant enzyme activities (e.g., SOD,
CAT, glutathione peroxidase) or decreased levels of GSH were reported in the liver
homogenates of treated rats (Lahouel et al. 2004; Marotta et al. 2009) and mice (Pu et
al. 2016; Wang et al. 2015), and in the renal tissue of treated rats (Ghosh et al. 2010;
Kandemir et al. 2017). Most of these animal studies were conducted with relatively high
doses of acetaminophen, but markers of oxidative stress were also seen in studies
employing lower doses. For example, administration of a single acetaminophen dose of
150 mg/kg to rats resulted in increased levels of MDA, decreased activities of SOD,
CAT, and glutathione peroxidase, and decreased levels of GSH (Marotta et al. 2009)
and administration of a single acetaminophen dose of 200 mg/kg to mice resulted in
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increased levels of ROS and MDA, and decreased GSH and GSH/GSSG (Pu et al.
2016).

Similar findings were reported in studies using animal cells in vitro. For example,
statistically significant time- and dose-dependent increases in 8-oxodG were reported in
the nuclear DNA of rat C6 glioma cells treated with acetaminophen at concentrations
ranging from 2.5 - 5 mM (Wan et al. 2004). In addition, increased levels of ROS and
RNS were reported in rat C6 glioma cells (Wan et al. 2004) and in mouse hepatocytes
exposed to acetaminophen (Banerjee et al. 2017). Acetaminophen was found to reduce
levels of GSH and increase levels of GSSG in mouse hepatocytes (Banerjee et al.
2017).

3.3.9 Transcriptomic, proteomic, and metabolomic (Omics) studies

“Omics” or “cross-omics” analysis (i.e., transcriptomics, proteomics, and metabolomics)
provides an approach to understanding the potential mechanisms of acetaminophen
toxicity at the molecular level without the occurrence of liver toxicity by evaluating
changes to the transcriptome (i.e., expression level of mMRNA or miRNA in a given cell
or tissue), the proteome (analysis of the entire protein complement of a cell line, tissue,
or organism), or the metabolome (i.e., measurement of the metabolite pool within a cell)
at therapeutic doses. “Omics” studies with acetaminophen have been conducted in
rodents and humans, along with several reviews of the topic (for example, (Beger et al.
2015; Coen 2015; O'Connell and Watkins 2010)). Here we highlight findings relevant to
carcinogenicity from omics studies conducted in humans and animals. Studies of high-
dose treatments and those showing overt signs of acute toxicity were excluded, e.g. >4
g in a 24-hour period in humans, 2300 mg/kg bw administered as a bolus dose in
rodents.

Transcriptomic studies

Human

Fannin et al. (2010) used microarrays to study the effects of a single 4 g dose of
acetaminophen on the peripheral blood transcriptome in six healthy adults. Blood
samples were taken before dosing and 6, 12, 18, 24, 48, 72, and 96 hours after dosing.
The study found many genes differentially expressed with acetaminophen at multiple
time points, but the effects among subjects were most consistent at 48 hours. They
used Ingenuity Pathways Analysis to analyze the differentially regulated genes and the
more stringent Gene Set Analysis to confirmation the results, and identified several
enriched pathways, including downregulation of oxidative phosphorylation,
mitochondrial function, and ubiquinone biosynthesis.
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Jetten et al. (2012) assessed the response to therapeutic doses of 0.5, 2, 0r 4 g
acetaminophen at 1, 7, or 25 hours (4 g dose group analyzed at 25 hours only) in
healthy human volunteers using blood transcriptomics (MRNA and miRNA). No effects
of acetaminophen toxicity could be detected with clinical biomarkers. Transcriptomic
analysis of whole blood mRNA expression found no significantly regulated biological
pathways at the 0.5 g dose at any time point. The authors grouped the significantly
affected pathways observed at the 2 and 4 g doses into six different categories of cell
processes: immune response, lipid metabolism, cholesterol transport, apoptosis and
survival/oxidative stress/DNA damage, drug metabolism/pain, and other processes.
Transcriptomic analysis of whole blood mMRNA expression analysis demonstrated
differential effects at 2 g versus 4 g of acetaminophen. At the 2 g dose level (25 hour),
immune response pathways (including “macrophage inhibitory factor mediated
glucocorticoid regulation”, “signaling of several interleukins, CD40”, and “T-helperl17 cell
related processes”) were the main altered pathways found, suggesting that a low-dose
acetaminophen exposure may trigger an immune response. This is in contrast to the
findings at the 4 g dose level (25 hour), which involved changes in “apoptosis and
survival/oxidative stress/DNA damage” and “cholesterol transport”, with the down-
regulation of oxidative phosphorylation being the most significant finding at this dose.
This response is thought to be due to oxidative stress and mitochondria dysfunction
induced by reactive metabolites. Transcriptomics analysis of miRNA at the 4 g dose
level (25 hour), with confirmation by RT-PCR, showed three differentially expressed
miRNAs, whose 89 target genes were grouped by cell processes. “Immune response”
and “apoptosis and survival/oxidative stress/DNA damage” were the most dominant cell
processes affected by these 89 target genes.

Fannin et al. (2016) examined the effect of 1 g acetaminophen every 6 hours for 7 days
on the blood transcriptome in 42 volunteers. After five days, 30% of adults (termed
“responders”) had increased ALT levels. The authors stated that they found unique
peripheral blood transcriptome signatures (PBTS) that can distinguish between the
responders, non-responders, and individuals given a placebo. Functional analysis of
responders revealed an increased expression of genes involved in T type 2 helper cells
(Th2 cell)-mediated and innate immune responses which was absent in non-responders.
Using functional analysis of differentially expressed probes the authors concluded that
“non-responders” had an abundance of genes that have been associated with hepatic
immune tolerance (tolerogenic/anti-inflammatory responses), whereas the genes for
responders were largely associated with pro-inflammatory responses.

Animal

Ruepp et al. (2002) treated male CD-1 mice with 150 mg/kg acetaminophen via i.p.
injection, and collected liver samples 15 min or 2 hours after treatment. Microarrays
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and quantitative RT-PCR were used for transcriptomic analysis. Several cancer-related
genes were found to be upregulated by acetaminophen at 2 hours, including c-fos,
EGR-1, c-myc, TNF-a, and GM-CSF, with the induction of GM-CSF also seen at 15 min.
The authors suggested that the increased expression of these genes was mediated by
ROS and cellular pro-apoptotic signals.

Williams et al. (2004) also did a transcriptomic analysis for effects of acetaminophen on
gene expression in mice. They treated male CD-1 mice with 1 mmol/kg (151 mg/kg)
acetaminophen via i.p. injection, and collected liver mRNA 1, 4, and 24 hours after
treatment. Genes upregulated by acetaminophen at 1 hour include antioxidant-related
genes (HSP 70; HSP 105; HSP 40; HO-1; Rho GTPase activator), a GSH-related gene
(lactoyl glutathione lyase), metabolism-related genes (CDC-like kinase; Cyp2a4;
pyruvate dehydrogenase B; S-adenosylmethionine decarboxylase-1), transcription-
related genes (ATF4, a Jun proto oncogene; PCNA), immune-related genes (cathepsin
E; INFy-induced GTPase) and an apoptosis-related gene (growth arrest specific 5).
The authors suggested the metabolism-related genes may be biomarkers of oxidative
stress, and the immune-related gene cathepsin E may be an early marker of cellular
dysfunction/oxidative stress. Compared to 1 hour, there were fewer genes upregulated
and more genes downregulated at 4 and 24 hours, but the cause for this shift remains
to be investigated.

Human in vitro studies

The Human Carcinogenome Project (https://carcinogenome.org) reports transcriptomic
data in HepG2 cells treated with low-dose acetaminophen (1.25 — 20 uM). This project
uses hallmark gene sets for pathway enrichment analysis. Hallmark gene sets are
defined by the Molecular Signatures Database (MSigDB,
http://software.broadinstitute.org/gsea/msigdb) as “coherently expressed signatures
derived by aggregating many MSigDB gene sets to represent well-defined biological
states or processes”. Several of the most enriched hallmark gene sets affected by
treatment with acetaminophen include c-myc targets, the oxidative phosphorylation
pathway, the p53 pathway, angiogenesis, G2M cell cycle checkpoint, and E2F (a family
of transcription factors) targets.

Proteomic studies

Human in vitro studies

Bruderer et al. (2015) treated 3D human liver microtissues consisting of primary human
hepatocytes and primary human non-parenchymal cells with acetaminophen (ranging
from 4.6 uM to 3.3 mM). Their proteomics analysis showed dose-dependent increases
in numbers of up-regulated and down-regulated proteins compared to controls. They
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identified a list of enriched pathways such as bile acid and glutathione biosynthesis, as
well as induction of enzymes in phase I, I, and 11l metabolism. Specifically,
acetaminophen induced GSTs, eight cytochromes such as CYP1A2, 2E1, and 3A4,
glucuronidation enzymes such as UGT1A1, 1A6, and 1A7, and metabolite transporters
such as the multidrug resistance-associated protein 2 (MRP2) for biliary secretion. The
transporter for basolateral excretion (MRP3) was significantly down regulated.
Furthermore, the authors identified protein adducts of NAPQI on four mitochondria-
related proteins that were detected at physiologically relevant, non-toxic concentrations
(13.7 uM acetaminophen).

Animal

Ruepp et al. (2002) (see description above) analyzed liver samples from male CD-1
mice treated with 150 mg/kg acetaminophen, performing 2 dimensional (2D)-differential
gel electrophoresis of mitochondrial protein for proteomic analysis. These investigators
found 20 differentially regulated mitochondrial proteins, which showed a pattern of
decreased cellular energy production. For example, levels of aldehyde dehydrogenase,
thiolase, and subunits of ATP synthase were decreased. Decreases in aldehyde
dehydrogenase and thiolase may lead to impaired fatty acid $-oxidation.

Metabolomic studies

Human

Jetten et al. (2012) (see description above) conducted metabolomics analyses in
healthy human volunteers using blood/urine samples. No effects of acetaminophen
toxicity could be detected with clinical biomarkers, but metabolomic analyses of urine
and serum samples indicated that increasing doses of acetaminophen resulted in
increased oxidative metabolism (i.e., cysteine-, hydroxyl-, and methoxy- metabolites);
additionally, five novel metabolites (glucuronides, sulfates, and a tryptophan) were
identified. These results mirror those seen after higher acetaminophen intake and
indicate that “omics” techniques are able to identify responses at low acetaminophen
doses.

Animal

Chen et al. (2009) performed serum metabolomics analysis in acetaminophen treated
wild-type and Cyp2el-null mice. Acetaminophen was given at 200 and 400 mg/kg by
I.p. injection to wild-type and Cyp2el-null mice. Here we report the findings from the
200 mg/kg dose groups. In both wild-type and Cyp2el-null mice, 200 mg/kg
acetaminophen significantly reduced the serum levels of triglycerides, compared to
untreated controls.
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Summary

Overall, these omic studies in humans suggest that therapeutic doses of
acetaminophen can cause gene-expression changes in oxidative stress and immune-
modulated processes. Findings from omics studies conducted in animals suggest that
acute responses to acetaminophen include changes related to oxidative stress,
mitochondrial damage, impaired cellular respiration and energy production, and
immune-modulated processes.
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4. KEY CHARACTERISTICS

The key characteristics of carcinogens (IARC 2019a; Smith et al. 2016) were used to
organize the data relevant to carcinogenicity from mechanistic studies of
acetaminophen. These studies provide evidence on four of the 10 key characteristics of
carcinogens, namely, being electrophilic or forming electrophilic metabolites, being
genotoxic, altering DNA repair or causing genomic instability, and inducing oxidative
stress (Table 35).
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Table 35. Ten key characteristics of carcinogens

Characteristic Example of relevant evidence

Parent compound or metabolite with an electrophilic structure
(e.g., epoxide, quinone), formation of DNA and protein
adducts

1. Is electrophilic or can be
metabolically activated

DNA damage (DNA strand breaks, DNA—protein cross-links,

2. Is genotoxic UDS), intercalation, gene mutations, cytogenetic changes
(e.g., CAs, MN)

3. Alters DNA repair or Alterations of DNA replication or repair (e.g., topoisomerase

causes genomic instability I, base-excision or double-strand break repair)

4. Induces epigenetic

. DNA methylation, histone modification, microRNA expression
alterations

Oxygen radicals, oxidative stress, oxidative damage to

5. Induces oxidative stress macromolecules (e.g., DNA, lipids)

6. Induces chronic Elevated white blood cells, myeloperoxidase activity, altered
inflammation cytokine and/or chemokine production

7. Is immunosuppressive Decreased immunosurveillance, immune system dysfunction
8. Modulates receptor- Receptor inactivation/activation (e.g., ER, PPAR, AhR) or
mediated effects modulation of endogenous ligands (including hormones)

9. Causes immortalization Inhibition of senescence, cell transformation

Increased proliferation, decreased apoptosis, changes in
growth factors, energetics and signaling pathways related to
cellular replication or cell cycle control, angiogenesis

10. Alters cell proliferation,
cell death, or nutrient supply

Source: Smith et al. (2016); IARC (2019a)

AhR, aryl hydrocarbon receptor; ER, estrogen receptor; PPAR, peroxisome proliferator—activated
receptor. Any of the 10 characteristics in this table could interact with any other (e.g., oxidative stress,
DNA damage, and chronic inflammation), which when combined provides stronger evidence for a cancer
mechanism than would oxidative stress alone.

The evidence for each of the four key characteristics of carcinogens is enumerated
below.

Is electrophilic or can be metabolically activated

Acetaminophen can be metabolized by CYP enzymes, PGES, and other peroxidases to
form electrophilic compounds. Electrophiles are electron-seeking molecules that
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commonly form addition products (i.e., adducts) with cellular macromolecules, including
DNA, RNA, lipids, and proteins (Smith et al. 2016). Electrophilic metabolites of
acetaminophen include NAPQI, NAPSQI, p-benzoquinone imine, p-benzoquinone and
the N-acetyl-p-aminophenoxy and p-aminophenoxy free radicals. NAPQI-DNA adducts
have been detected in several acellular systems (Hasegawa et al. 1988; Klopcic et al.
2015; Rogers et al. 1997). p-Benzoquinone, which readily reacts with peptides,
proteins, and DNA (Gaskell et al. 2005; Levay et al. 1991; McDonald et al. 1993), has
been shown to form DNA adducts in vitro in human HL-60 cells (Levay et al. 1991),
human fibroblast cells (Gaskell et al. 2005) and human bone marrow cells, and in an
acellular system (Bodell et al. 1993).

Is genotoxic

Genotoxic effects of acetaminophen have been observed in humans, animals, and a
number of experimental systems over a range of doses, including doses that fall within
the range of those used therapeutically (see Section 3.3.3.1). In exposed humans,
acetaminophen induced CAs, MN, and SCEs, and decreased UDS, and in human cells
exposed in vitro, acetaminophen induced CAs, MN, SCEs, and DNA strand breaks,
formed DNA adducts and slightly increased UDS. Acetaminophen has been shown to
increase MN, CAs, SCEs, and aneuploidy and to form DNA adducts, oxidative DNA
damage and DNA strand breaks in animals exposed in vivo, and in animal cells
exposed in vitro, acetaminophen induced gene mutations, MN, CAs, and SCEs,
increased oxidation of DNA, and altered UDS. In addition, acetaminophen is
metabolized to the genotoxic metabolites NAPQI, p-benzoquinone, and PAP (see
Section 3.3.3.2).

Alters DNA repair or causes genomic instability

Carcinogens may alter the processes that control repair of DNA damage or DNA
replication to cause DNA damage indirectly (Smith et al. 2016). As discussed in Section
3.3.3, acetaminophen inhibits ribonucleotide reductase, which results in impairment of
nucleotide excision repair, as demonstrated in animals in vivo and in several in vitro
studies in human and animal cells. In addition, acetaminophen decreased protein
expression and activity of the DNA repair enzyme Oggl in animal cells in vitro. The
acetaminophen metabolite p-benzoquinone also decreased gene expression of Oggl in
animal cells in vitro. Acetaminophen and p-benzoquinone have been shown to increase
v-H2AX, a phosphorylated form of H2AX, which is a marker of DNA double-strand
breaks and genomic instability, in human and animal cells. The acetaminophen
metabolite p-benzoquinone has been demonstrated to inhibit human topoisomerase lla
in human cells in vitro, resulting in double-strand breaks and genomic instability, and in
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an acellular system. The acetaminophen metabolite NAPQI has also been shown to
inhibit topoisomerase lla in human cells in vitro and in an acellular system.

Induces oxidative stress

ROS can be formed during the metabolism of acetaminophen either via redox cycling or
oxidative reactions involving various metabolic intermediates (see Section 3.3.1).
Compelling evidence for acetaminophen-induced oxidative stress comes from in vivo
and in vitro studies conducted in both humans and animals with data showing, for
example, increased formation of 8-oxodG or increased generation of hydrogen
peroxide. Most of the studies were conducted at high doses; however, markers of
oxidative stress have been reported in adults and children taking therapeutic doses
(Kozer et al. 2003; Nuttall et al. 2003), in rats administered 150 mg/kg (Marotta et al.
2009), in mice administered 200 mg/kg (Pu et al. 2016), and in in vitro studies
conducted at low doses (e.g., Jamil et al. (1999) or Vad et al. (2009)) (Section 3.3.8). In
addition, omics studies discussed in Section 3.3.9 have reported that acetaminophen
can regulate genes in biological pathways related to oxidative stress, including in a
study in humans exposed to therapeutic doses (Jetten et al. 2012) and in a study in
mice exposed to 151 mg/kg acetaminophen (Williams et al. 2004).
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5. REVIEWS BY OTHER AGENCIES

IARC has classified acetaminophen in Group 3 (not classifiable as to its carcinogenicity)
(IARC 1999a). The US EPA, the National Institute for Occupational Safety and Health,
the NTP Report on Carcinogens, and the US FDA have not classified acetaminophen
as to its potential carcinogenicity.

IARC (1990) initially reviewed the carcinogenicity of acetaminophen in 1990 and
classified it in Group 3 (not classifiable as to its carcinogenicity to humans), based on
inadequate data in humans, and limited evidence of carcinogenicity in experimental
animals (IARC 1990). In 1999, IARC re-evaluated acetaminophen and the chemical
was again classified in Group 3. In its 1999 review, IARC concluded there was
inadequate evidence of carcinogenicity in humans and inadequate evidence of
carcinogenicity in experimental animals.

Acetaminophen has been approved by the US FDA since the 1960s as a prescription
and OTC drug to treat fever and pain.

6. SUMMARY OF EVIDENCE

Epidemiological studies

A number of human epidemiological studies have investigated the relationship between
acetaminophen and cancer for various cancer sites.

Kidney cancer

The association between the use of acetaminophen and kidney cancer was assessed in
four cohort studies, two nested case-control studies, 12 publications from case-control
studies, and two meta-analyses. Twelve case-control studies reported on RCC, and
four assessed cancer of the renal pelvis, a rare subtype of kidney cancer.

A Danish cohort study that assessed acetaminophen use through prescription records
found a non-statistically signficant increased risk of RCC, but was not able to account
for important potential confounders (Friis et al. 2002). An American cohort study that
collected acetaminophen use prospectively through self-report observed a statistically
significant increased risk of RCC with regular and less than 10 years of use, but not with
10 or more years of use, after adjustment for BMI, smoking, and other potential
confounders (Karami et al. 2016). A cohort study from Washington state (Walter et al.
2011a) showed no significant increase in risk, and a study combining data from two
large American prospective studies showed positive, but not statistically significant,
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increases in RCC in men and women associated with regular acetaminophen use (Cho
et al. 2011).

The two most informative studies were large case-control studies nested in health
databases in the US and UK. Acetaminophen prescriptions were recorded
prospectively, and therefore the exposure assessment method was less subject to
information bias as compared to self-report (Derby and Jick 1996; Kaye et al. 2001).
Both of these studies reported a statistically significant increasing risk of RCC with an
increasing number of acetaminophen prescriptions filled. Kaye et al. (2001) adjusted for
smoking and BMI.

The case-control studies generally reported small or modest but non-statistically
significant increases in risk for both RCC (Cho et al. 2011; Gago-Dominguez et al.
1999; Karami et al. 2016; McCredie et al. 1988; McCredie and Stewart 1988; McCredie
et al. 1995; McLaughlin et al. 1985; Rosenberg et al. 1998) and cancer of the renal
pelvis (McCredie and Stewart 1988; McCredie et al. 1993; McLaughlin et al. 1985;
Pommer et al. 1999). Several of the individual studies were not informative on their own
because of limited statistical power due to the rarity of kidney cancer, small numbers of
exposed cases and/or crude exposure assessments. The exceptions were the two
largest case-control studies (Gago-Dominguez et al. 1999; Karami et al. 2016) and a
large pooled analysis of case-control studies (McCredie et al. 1995), which reported
roughly two-fold increased risk of RCC (either borderline significant or statistically
significant) or positive dose response relationships.

Two meta-analyses also found a statistically significant increased risk between
acetaminophen use and kidney cancer (Choueiri et al. 2014; Karami et al. 2016) and
RCC specifically (Karami et al. 2016), although both analyses had some limitations.

Urinary bladder cancer

Three cohort studies, two nested case-control studies and six case-control studies
examined the association of acetaminophen with bladder cancer. The three most
informative studies assessed acetaminophen use prospectively through medical
records; two reported a non-significant increased risk of bladder cancer with low to
moderate use and no dose-response trend (Friis et al. 2002; Kaye et al. 2001), and the
third reported a non-statistically significant increase with high use (Derby and Jick
1996). Of the two cohort studies that assessed acetaminophen use through self-report,
one reported non-significant increased risks with use (Walter et al. 2011a).

The case-control studies had a mix of positive and null findings. A case-control study
from Spain (Fortuny et al. 2006) observed no cancer association with acetaminophen
overall, but found an increased risk of bladder cancer among acetaminophen users with
a genotype (GSTP1 Val/Val) encoding for a decrease in GSTP1 function and hence
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reduced capacity for glutathione conjugation with acetaminophen metabolites, such as
NAPQI. Inthose with the GSTP1 Val/Val genotype, bladder cancer risk was increased
roughly two-fold in acetaminophen users and in those who used acetaminophen
regularly for more than four years (though not statistically significant), suggesting that
this GST genotype may be important to consider in studies assessing the
carcinogenicity of acetaminophen. Three of the case-control studies observed no
association between bladder cancer and various metrics of acetaminophen intake
(Fortuny et al. 2007; McCredie and Stewart 1988; Pommer et al. 1999), three reported
non-statistically significant elevated risks of bladder cancer (Castelao et al. 2000;
Fortuny et al. 2006; Piper et al. 1985), and one reported a statistically significant
increase in risk of bladder cancer (Baris et al. 2013).

Urinary tract cancers

In addition to kidney and bladder cancer, there were two cohort and six case-control
studies that assessed the association between acetaminophen use and cancer of other
sites in the urinary tract or combined several sites of the urinary tract (three studies of
renal pelvis and ureter, two studies of transitional cell cancers that included multiple
sites within the urinary tract, and one study of ureter cancer).

Significant increases were not observed in the cohort studies of urinary tract cancer
(Friis et al. 2002; Walter et al. 2011a). The population-based case-control study of
transitional cell cancer had a statistically significant increase in risk with any
acetaminophen use (Steineck et al. 1995), whereas the findings from the hospital-based
case-control study were not statistically significant (Rosenberg et al. 1998). Both
studies had significant limitations. The only study specifically of ureter cancer reported
a statistically significant two-fold increased risk for greater than 0.1 kg of lifetime
acetaminophen intake (McCredie and Stewart 1988).

Lymphohematopoietic system cancers

The association between acetaminophen use and several types of LH cancers has
been studied in a number of cohort and case-control studies. For all LH cancers
combined, significantly increased risks of LH cancer-related deaths were found in the
one cohort study in Danish North Jutland County (Lipworth et al. 2003) but not in
another in the same geographic area for incidence of LH cancer (Friis et al. 2002). A
US cohort study reporting on “hematologic malignancies” found statistically significant
increases in women that were high users through self-report on a questionnaire (Walter
et al. 2011b).

For myeloid leukemia, statistically significant increases were reported for one cohort in
men and women combined (Walter et al. 2011b) and for women but not men in one
case-control study (Ross et al. 2011), with significant trends observed in terms of
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duration of use and tablets per week. A second case-control study reported a non-
significant elevation in risk (Friedman 1982).

AML was assessed in two case-control studies: a borderline significant increase was
reported in one study (Weiss et al. 2006) and a statistically significant increase in
women with a dose-response trend was reported in the second study (Ross et al. 2011).
CML was assessed in one case-control study that reported non-significant elevations in
risk in men and women (Ross et al. 2011).

For lymphoma, a statistically significant increase was reported in one case-control study
(Becker et al. 2009). A statistically significant increase in risk of two types of B-cell
lymphoma was observed in a cohort study (Walter et al. 2011b), with a dose-response
trend in one type. For total NHL, a non-significant elevation in risk was observed in one
cohort (Friis et al. 2002). Elevations were observed in two case-control studies, which
were statistically significant in women but not men in one study (Baker et al. 2005) and
not significant in women the other study (Kato et al. 2002). There were increases in the
risk of three cell types of NHL, but not one cell type.

Two studies reported an increased risk of multiple myeloma, which was not significant in
the cohort study (Friis et al. 2002). The case-control study reported a significantly
increased risk with several metrics of exposure (regular use, times per week, years of
use), with a significant dose-response trend (Moysich et al. 2007).

Two studies reported on the risk in Hodgkin’s lymphoma. A cohort study reported a
non-significant elevation but contained only one case (Friis et al. 2002). A case-control
study found significantly increased risks with significant trends by several metrics of
exposure (Chang et al. 2004).

Potential confounding by smoking was possible for some of these LH cancers since it
was adjusted for in only three studies (Chang et al. 2004; Moysich et al. 2007; Walter et
al. 2011b).

Liver cancer

The association between acetaminophen use and liver cancer was examined in two
large independent cohorts that assessed acetaminophen use through prescription
records databases, one from Denmark (Friis et al. 2002; Lipworth et al. 2003) and the
other from the UK (McGlynn et al. 2015; Yang et al. 2016). In the Danish cohort,
elevations in mortality and incidence risk were observed that were statistically significant
for mortality from liver cancer (Lipworth et al. 2003) but not incidence of liver cancer
(Friis et al. 2002). This cohort could not control for potential confounders such as
smoking and alcohol use. In the UK database, statistically significant elevations in the
risk of liver cancer were reported, after adjusting for several covariates including
smoking status, alcohol-related disorders, hepatitis B or C virus infection, and use of
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non-steroidal anti-inflammatory drugs (Yang et al. 2016). Dose-response analyses
showed increasing risk with increasing acetaminophen prescriptions overall and when
restricted to individuals without liver disease.

Other cancers

For cancers of the breast, ovary, uterine endometrium, prostate, skin, and colorectum,
the association with acetaminophen use was either decreased, null, or inconsistent.

The data from cohort and case-control studies from a number of other cancer sites were
too sparse to evaluate thoroughly, namely the brain, respiratory tract, gastrointestinal
tract (stomach, esophagus, oral/pharyngeal cancer), pancreas, cervix, and all cancers
combined.

Animal studies

Long-term carcinogenicity studies of acetaminophen have been conducted in mice and
rats. Significant tumor findings were observed in three of ten studies in mice and in
three of seven studies in rats. The positive findings are as follows:

Liver tumors

¢ In the female B6C3F1 mice exposed to acetaminophen in feed for up to 134
weeks (Amo and Matsuyama 1985), the incidence of hepatocellular adenoma or
carcinoma combined was significantly increased in the high-dose group by
pairwise comparison with controls, with a significant dose-related trend.

e In the male as well as the female IF mice exposed to acetaminophen in feed for
up to 18 months (Flaks and Flaks 1983), the incidences of hepatocellular
adenoma, and adenoma or carcinoma combined were significantly increased in
the high-dose groups by pairwise comparison with controls, with significant dose-
related trends. Carcinoma was also similarly increased in male mice.

¢ Inthe male as well as the female Leeds rats exposed to acetaminophen in feed
for up to 18 months (Flaks et al. 1985), the incidences of hepatocellular
adenomas were significantly increased in the high-dose groups by pairwise
comparison with controls, with significant dose-related trends.

Pituitary gland

¢ In the female B6C3F1 mice exposed to acetaminophen in feed for up to 134
weeks (Amo and Matsuyama 1985), the incidence of pituitary gland adenoma
was significantly increased in the high-dose group by pairwise comparison with
controls, with a significant dose-related trend.
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Urinary bladder

e Inthe male Leeds rats exposed to acetaminophen in feed for up to 18 months
(Flaks et al. 1985), the incidences of rare urinary bladder papilloma and
papilloma or carcinoma combined were significantly increased in the high-dose
group by pairwise comparison with controls, with significant dose-related trends.
In the female Leeds rats similarly exposed, the incidence of urinary bladder
papilloma or carcinoma combined was significantly increased in the low-dose
group by pairwise comparison with controls.

Mononuclear cell leukemia (MNCL)

¢ In the female F344/N rats exposed to acetaminophen in feed for up to 103 weeks
(NTP 1993), the incidence of MNCL was significantly increased in the high-dose
group by pairwise comparison with controls, with a significant dose-related trend.

Significant tumor findings were not observed in long-term carcinogenicity studies of
acetaminophen in male and female B6C3F1 mice exposed for 103 weeks (NTP 1993),
male B6C3F1 mice exposed for either 134 weeks (Amo and Matsuyama 1985) or 70
weeks (Hagiwara and Ward 1986), male and female Swiss mice exposed for 11 months
(Weisburger et al. 1973), female ABC-A mice exposed for life (mean survival < 40
weeks) (Wright 1967), male F344 rats exposed for 103 weeks (NTP 1993), male and
female F344/DuCirj rats exposed for 104 weeks (Hiraga and Fujii 1985), or male
Sprague-Dawley rats exposed for 117 weeks (Johansson 1981).

Pharmacokinetic and Mechanistic Data
Pharmacokinetics

Metabolism of acetaminophen leads to the formation of electrophilic and genotoxic
metabolites, including NAPQI, NAPSQI, PAP, p-benzoquinone imine, p-benzoquinone,
and the N-acetyl-p-aminophenoxy and p-aminophenoxy free radicals. ROS can be
formed during the metabolism of acetaminophen via either redox cycling or oxidative
reactions involving various metabolic intermediates. The generation of electrophilic and
genotoxic metabolites of acetaminophen can vary among individuals, due to variability
in genetic factors, such as GSTP1, and non-genetic factors, such as nutritional status.

Genotoxicity data

Acetaminophen was not mutagenic in bacteria. Acetaminophen has tested positive for
a number of other genotoxicity endpoints:
e Mutations in rodent cells in vitro
e DNA strand breaks in mouse liver, and in mussels in vivo; in human cells in vitro
e DNA adducts in mouse liver and kidney in vivo; in human granulocytes in vitro; in
acellular systems
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DNA oxidation in mouse in vivo, and in rat cells in vitro

Impairment of DNA repair in rat and mouse in vivo, and in human and rodent
cells in vitro

Aneuploidy in rat embryos in vivo

MN formation in human lymphocytes, rat, mouse bone marrow, mouse peripheral
blood and mussels in vivo; in human and rodent cells in vitro

CAs in human lymphocytes and mouse bone marrow in vivo; in human and
rodent cells in vitro

SCEs in human lymphocytes and mouse bone marrow in vivo; in human and
rodent cells in vitro

Genotoxicity of acetaminophen metabolites

There is also evidence for the genotoxicity of three metabolites of acetaminophen:

NAPQI, which tests positive for DNA strand breaks in human and rodent cells in
vitro and in acellular systems, and which is observed to form DNA adducts in
multiple acellular systems.

PAP, which tests positive for mutations in mice sperm in vivo, rodent cells in
vitro, and in E. coli and Drosophila. PAP also forms DNA strand breaks in
human and rodent cells in vitro and DNA adducts in human granulocytes in vitro.
It also tests positive for chromosomal effects - MN in mouse in vivo; CAs in
human and rodent cells in vitro, mouse and plants in vivo; SCEs in human and
rodent cells in vitro; and intra-chromosomal recombination in yeast.
p-Benzoquinone, which tests positive for mutations in Salmonella, and in rodent
cells in vitro, DNA strand breaks in human and rodent cells in vitro, and DNA
adducts in human cells and in acellular systems. Chromosomal effects include
MN in human and rodent cells in vitro, and in mouse bone marrow and liver cells
in vivo; CAs in mouse bone marrow in vivo; SCEs in human lymphocytes in vivo,
and in rodent cells in vitro. p-Benzoquinone also inhibits topoisomerase lla in
human cells in vitro, and in an acellular system. It also induced effects
associated with genomic instability in mouse and human cells, and decreased
0Oggl expression in rodent cells in vitro.

Structure activity comparisons

The biological activity of acetaminophen was compared to five structurally related
compounds: phenacetin, aniline, PAP, 2,4-diaminophenol dihydrochloride, and 3-amino-
4-ethoxyacetanilide. Of these five comparison chemicals, two (phenacetin and aniline)
are listed as Proposition 65 carcinogens.

Common target tumor types observed between acetaminophen and some of the
comparison chemicals are urinary bladder tumors (observed for phenacetin), and
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pituitary tumors (observed for 3-amino-4-ethoyacetanilide). All five structurally related
comparison chemicals have genotoxic activity.

Key characteristics

The key characteristics of carcinogens (IARC 2019a; Smith et al. 2016) were used to
organize the data relevant to carcinogenicity from mechanistic studies of
acetaminophen. These studies provide evidence on four of the 10 key characteristics of
carcinogens enumerated below.

e Is electrophilic or can be metabolically activated

Acetaminophen can be metabolized by CYP enzymes, PGES, and other
peroxidases to form electrophilic compounds. Electrophilic metabolites of
acetaminophen include NAPQI, NAPSQI, p-benzoquinone imine, p-
benzoquinone and the N-acetyl-p-aminophenoxy and p-aminophenoxy free
radicals.

e IS genotoxic

There is evidence on the genotoxicity of acetaminophen and its metabolites,
NAPQI, PAP, and p-benzoquinone, as outlined above.

e Alters DNA repair or causes genomic instability

There is evidence that acetaminophen alters DNA repair and causes genomic
instability. The evidence includes (i) inhibition of ribonucleotide reductase
(which results in impairment of nucleotide excision repair) by acetaminophen;
(ii) decreased protein expression and activity of the DNA repair enzyme Oggl
by acetaminophen and decreased gene expression of Oggl by
p-benzoquinone; (iii) increased levels of y-H2AX (indication of DNA double-
strand breaks) by acetaminophen and p-benzoquinone; and (iv) inhibition of
human topoisomerase lla (leading to DNA double-strand breaks) by NAPQI
and p-benzoquinone.

e Induces oxidative stress

Evidence for induction of oxidative stress comes from in vivo and in vitro
studies of acetaminophen conducted in both humans and animals, and
includes observations of markers of oxidative stress in adults and children
taking therapeutic doses, and in rats and mice administered doses of 150
mg/kg and 200 mg/kg, respectively. Transcriptomic studies have reported
that acetaminophen can regulate genes in biological pathways related to
oxidative stress, including in a study in humans exposed to therapeutic doses
and a study in mice exposed to 151 mg/kg acetaminophen.
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