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PREFACE 
 

 

This book presents current research in the study of the properties, clinical uses and 

adverse effects of acetaminophen. Topics discussed include advanced methods for the 

removal of acetaminophen from the water supply; acetaminophen overdose, biomarkers and 

management; acetaminophen hepatotoxicity and potential interactions with dietary 

supplements; sesame oil and sesamol for treating acetaminophen-overdose-associated liver 

injuries and paracetamol use in the elderly. 

Chapter 1 - Acetaminophen (paracetemol) is a non-opioid analgesic and antipyretic 

widely used for a large variety of mild to moderate pain conditions in a large variety of 

patient populations. In addition to over-the-counter oral and rectal formulations, there is a 

more-recently approved intravenous formulation. Some of the common uses of 

acetaminophen include the pain associated with headaches, muscle aches, menstrual periods, 

colds and sore throats, toothaches, backaches, osteoarthritis, and the reduction of fever. In 

addition to its use as a single agent, acetaminophen is also commonly used in fixed-ratio 

combinations with other analgesics in order to enhance pharmacokinetic or pharmacodynamic 

characteristics. In some cases the combination can result in a synergistic analgesic effect. The 

exact mechanism responsible for acetaminophen‘s analgesic effect is not known despite its 

long history of use, but it appears to involve actions on both the central and peripheral 

nervous systems. The safety profile of acetaminophen is considered to be very good and most 

side effects are mild and transient at recommended doses. However, severe hepatic toxicity 

has been associated with prolonged exposure, in combination with alcohol, or in cases of 

intentional or accidental overdose. Accidental overdose is a particular current concern 

because of the prevalence of acetaminophen in multiple over-the-counter products and the 

cumulative effect of inadvertent ingestion of an excess amount in aggregate. Overall, when 

used safely and properly, acetaminophen is a very good mild to moderate pain reliever for the 

general consumer and postoperative patient. It is particularly useful in situations where a 

nonopioid analgesic with good GI tolerability is desirable. 

Chapter 2 - Acetaminophen (APAP) overdose frequently results in the development of 

severe liver injury in both humans and experimental animals. In humans, APAP-induced 

hepatotoxicity is currently the main cause of acute liver failure in the Western world. APAP-

induced hepatotoxicity in the mouse is an extensively used experimental paradigm for 

dissecting the mechanisms of drug-induced liver injury. Even though a decrease of body 

temperature is a well-known effect of APAP, body temperature has rarely been measured in 

experimental studies of APAP-hepatotoxicity. Importantly, active maintenance of body 
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temperature by external warming has been shown to decrease survival and to worsen the 

development of liver injury in the mouse with APAP-hepatotoxicity, suggesting that body 

temperature should be carefully monitored in order to adequately interpret results from this 

model. Induction of mild hypothermia is a potentially effective therapeutic approach for 

controlling episodes of intracranial hypertension in patients with APAP-induced acute liver 

failure. 

Chapter 3 - Acetaminophen (N-Acetyl-4-aminophenol), also known as APAP or 

paracetamol, is one of the most widely used analgesics (pain reliever) and antipyretics (fever 

reducer). According to the U.S. Food and Drug Administration (FDA), currently there are 221 

approved prescription and over-the-counter drug products containing acetaminophen as an 

active ingredient. When used as directed, acetaminophen is very safe and effective; however 

when taken in excess or ingested with alcohol hepatotoxicity and irreversible liver damage 

can arise. In addition to well-known clinical application as pain relief and fever reduction, 

recent laboratory and pre-clinical studies have demonstrated that acetaminophen may also 

have beneficial effects on blood glucose control, skeletal muscle function, and potential use 

as cardioprotective and neuroprotective agents. Extensive laboratory and pre-clinical studies 

have revealed that these off-label applications may be derived from the ability of 

acetaminophen to function as an antioxidant. Using our recent work as a reference point, 

herein, we will highlight these novel applications of acetaminophen, and attempt, where 

possible, to highlight how these findings may lead to new directions of inquiry and clinical 

relevance of other disorders. 

Chapter 4 - During the last decades, the scientific community has become increasingly 

concerned about the potential public health impact of new environmental contaminants 

originating from industrial, agricultural and human activities. These compounds, known as 

emergent pollutants, include prescription and non-prescription human and veterinary 

pharmaceutical compounds, personal care products, household chemicals, pesticides, 

fertilizers and so forth. Among them, the occurrence of pharmaceuticals in water represents 

an outstanding environmental issue due to their therapeutic and/or biological activity, even at 

trace levels. The development of analytical techniques with low detection limits and high 

sensibility has enabled undertaking ambient monitoring studies to control the occurrence and 

fate of these emergent pollutants. Acetaminophen, a non-prescription analgesic widely 

consumed worldwide, is among the six pharmaceutical ingredients most often detected in 

drinking water. This is a direct consequence of the low efficiency of conventional water 

treatment processes for the removal/degradation of these compounds, along with their 

continuous discharge in the environment. To overcome the emergent environmental challenge 

associated with the occurrence and persistence of pharmaceuticals in water and wastewater, 

novel advanced water treatment techniques are currently being extensively investigated. In 

this chapter, a comprehensive review of recent advances on the development of new strategies 

to improve the water quality is made; special emphasis is paid to methods based on 

adsorption and degradation processes including adsorption, photo- and electro-assisted 

degradation techniques, etc. 

Chapter 5 - Acetaminophen is manufactured in huge quantities worldwide. 

Approximately 3.2 thousand million tablets of acetaminophen are consumed by the public 

every year in the UK (mean of 55 tablets/person). Acetaminophen poisoning accounts for up 

to 48% of all poisons admissions to hospital. It is a weak inhibitor of COX-1 and COX-2 in 

peripheral tissues and possesses no significant anti-inflamatory effects. The oral dose of 
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acetaminophen is 0.5-1g per 4-6 h to a maximum of 4 g in a day. Approximately 95% of 

acetaminophen is metabolised to glucuronide and sulphate conjugates which are excreted in 

the urine. About 5% of acetaminophen is metabolised through the cytochrome P-450 2E1 to 

produce a highly reactive toxic metabolite, N-acetyl-p-benzoquinonimine (NAPQI). At 

therapeutic doses, the small amounts of NAPQI produced by acetaminophen metabolism are 

detoxified by liver stores of hepatic glutathione and is excreted in bile or urine as mercapturic 

acid conjugate. In overdose, stores of glutathione become depleted. Without the glutathione 

substrate, NAPQI becomes available to bind to proteins and DNA of hepatocytes causing 

direct cellular injury. Generation of reactive oxygen species and nitric oxide, lipid 

peroxidation, mitochondrial dysfunction, disruption of calcium homeostasis and induction of 

apoptosis are all mechanisms have suggested that may be involved in acetaminophen-induced 

hepatotoxicity. Severe liver damage has been defined as an increase in plasma activities of 

aspartate aminotransferase (AST), alanine aminotransferase (ALT), sorbitol dehydrogenase 

(SDH), ornithine carbamyltransferase (OCT), lactic dehydrogenase (LDH), hydroxybutyrate 

dehydrogenase (HBDH), glutathione S-transferases, and F-protein. Increase in prothrombin 

time, plasma concentrations of creatinine, biliverdin, bilirubin, and phosphate, and reduction 

in blood pH, bicarbonate, and glucose have also been demonstrated as biomarkers of 

acetaminophen overdose. We recently showed an increase in plasma concentration of taurine 

as a probable biomarker of acetaminophen poisoning. Different antidotes such as: cimetidine, 

cysteamine, methionine, and glycyrrhizin have already used for the treatment of 

acetaminophen overdose. However, N-acetylcysteine (NAC) is a clinically approved drug 

which is used with three treatment regimens: a 20-hour continuous infusion of NAC, a 48-

hour regimen of intermittent intravenous infusions and a 72-hour regimen of intermittent oral 

doses. NAC should be given if the plasma acetaminophen concentration is above a line 

joining 200mg/L (1.32mmol/L) at four hours after ingestion and 30mg/L (0.20mmol/L) at 15 

hours on a semilogarithmic plot. Few adverse reactions have been reported in 5% of patients 

who receive NAC particularly in intravenous forms. The most of these reactions are 

anaphylactoid such as flushing, pruritus, urticaria, angioedema, cough, headache, shortness of 

breath, wheezing, hypotension, status epilepticus, and cortical blindness. 

Chapter 6 - Acetaminophen (APAP) is the leading cause of drug-induced acute liver 

failure in the United States. At normal therapeutic doses, APAP is a safe drug when used by 

itself. Problems arise when multiple products containing APAP are used and the therapeutic 

dose is exceeded. A recent US FDA Advisory Committee concluded that other factors such as 

ethnicity, genetics, and nutrition may also play a role in a person‘s susceptibility to APAP-

induced liver injury. One nutrition factor that is likely to play a role is dietary supplements. 

Dietary supplement use continues to rise and many consumers consider these products as 

inherently safe by themselves or in combination with other products, including drugs, since 

they are ―natural‖. However, the safety of most dietary supplements by themselves has not 

been adequately tested and even less data are available on potential drug – dietary supplement 

interactions. APAP is metabolized by the liver to a reactive metabolite, NAPQI, that causes a 

wide array of cellular effects such as depletion of cytoprotective molecules, covalent binding 

to cellular macromolecules, oxidative stress, and impaired mitochondrial function. Dietary 

supplements that increase the metabolism of APAP are likely to increase the hepatotoxicity of 

APAP; whereas, those that decrease APAP metabolism are likely to provide protection. 

Dietary supplements that affect endpoints downstream of APAP metabolism could also either 

reduce or increase APAP hepatotoxicity depending on the magnitude and direction of the 
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effect. This chapter reviews the key areas of potential interaction between APAP and dietary 

supplements and reviews the available data on specific dietary supplements. 

Chapter 7 - Acetaminophen is an analgesic and antipyretic. It is safe when taken as 

directed but can cause extreme harm and even death in amounts above recommended doses. 

N-acetylcysteine is the standard clinical antidote for treating overdoses of acetaminophen. 

However, the optimal dose, route, and duration of N-acetylcysteine therapy remain unknown 

despite more than 30 years of experience with this antidote. The search for a novel and 

effective antidote for acetaminophen overdose continues. Sesame oil has been widely used in 

Chinese and Indian herbal medicine. Sesame oil and its lignan sesamol have been proved 

effective for treating various drug-induced and chemically induced liver injuries. Sesame oil 

and sesamol not only maintain glutathione levels but also reduce mitochondrial oxidative 

stress by inhibiting the generation of reactive oxygen species during acetaminophen 

intoxication. Sesame oil and sesamol‘s multi-beneficial actions may be useful for treating 

acetaminophen-overdose-associated liver injuries. 

Chapter 8 - Paracetamol is an effective agent for pain relief and is generally regarded as a 

safe medication at therapeutic doses. It is widely used in elderly patients with 

recommendations that are common to those for adults. Recent reports have however 

questioned the safety of recommended doses and suggest that the elderly patient might be at 

an increased risk of developing adverse events when on paracetamol treatment. Glutathione 

depletion, polymedication including CYP450 inducing drugs and anticoagulant therapy, 

increased incidence of organ insufficiency with age, malnutrition, dehydration, fragility are 

factors that may favour the development of serious adverse events. While the benefit/risk 

ratio of paracetamol is evident in clinical practise, clinicians should be aware of the potential 

and preventable adverse side-effects of this centenarian pain treatment favourite analgesic. 
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ABSTRACT 
 

Acetaminophen (paracetemol) is a non-opioid analgesic and antipyretic widely used 

for a large variety of mild to moderate pain conditions in a large variety of patient 

populations. In addition to over-the-counter oral and rectal formulations, there is a more-

recently approved intravenous formulation. Some of the common uses of acetaminophen 

include the pain associated with headaches, muscle aches, menstrual periods, colds and 

sore throats, toothaches, backaches, osteoarthritis, and the reduction of fever. In addition 

to its use as a single agent, acetaminophen is also commonly used in fixed-ratio 

combinations with other analgesics in order to enhance pharmacokinetic or 

pharmacodynamic characteristics. In some cases the combination can result in a 

synergistic analgesic effect. The exact mechanism responsible for acetaminophen‘s 

analgesic effect is not known despite its long history of use, but it appears to involve 

actions on both the central and peripheral nervous systems. The safety profile of 

acetaminophen is considered to be very good and most side effects are mild and transient 

at recommended doses. However, severe hepatic toxicity has been associated with 

prolonged exposure, in combination with alcohol, or in cases of intentional or accidental 

overdose. Accidental overdose is a particular current concern because of the prevalence 

of acetaminophen in multiple over-the-counter products and the cumulative effect of 

inadvertent ingestion of an excess amount in aggregate. Overall, when used safely and 
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properly, acetaminophen is a very good mild to moderate pain reliever for the general 

consumer and postoperative patient. It is particularly useful in situations where a 

nonopioid analgesic with good GI tolerability is desirable. 

 

Keywords: Acetaminophen, paracetamol, analgesia, non-opioid analgesic, overview 

 

 

1. INTRODUCTION 
 

The purpose of this chapter is to give a broad overview of the properties, clinical uses, 

and adverse effects of acetaminophen (N-(4-Hydroxyphenyl)ethanamide or N-(4-

Hydroxyphenyl)acetamide), also called paracetamol (para-Acetylaminophenol) or APAP (N-

Acetyl-para-aminophenol), and to direct the reader to the relevant primary literature. 

Acetaminophen is a synthetic nonopioid analgesic and antipyretic. Because it is not 

significantly anti-inflammatory, it is not an NSAID (nonsteroidal anti-inflammatory drug), 

although in general its analgesic and antipyretic efficacy are equivalent to those of NSAIDs.  

Acetaminophen has a relatively long history. Acetanilide (N –Phenylacetamide) was 

serendipitously discovered to have antipyretic properties in the latter half of the 1800s and it 

was marketed under the name Antifebrin. However, concerns over toxicity prompted a search 

for a safer alternative. An aniline derivative of acetanilide, phenacetin (N-(4-Ethoxyphenyl) 

acetamide), was selected and marketed, but it also had unacceptable toxicity. It was 

subsequently discovered that the toxicity of acetanilide and phenacetin were attributable to a 

metabolite and that analgesic and antipyretic actions were retained in a different, but 

common, metabolite – acetaminophen. Acetaminophen was reintroduced in 1955 under the 

brand name Tylenol™ and in 1956 as Panadol™. It is currently one of the most commonly- 

and widely-used nonopioid analgesics worldwide.  

 

 

2. PROPERTIES 
 

2.1. Chemistry 
 

The chemical structure of acetaminophen is shown in Figure 1 where it is used to 

illustrate its various components as described at http://en.wikipedia.org/wiki/Paracetamol (1). 

Acetaminophen has a core aromatic (benzene) ring substituted in para orientation by two 

groups: a hydroxyl and an acetamide (ethanamide). Multiple portions of the molecule are 

conjugated, including the benzene ring, the hydroxyl oxygen, the amide nitrogen, and the 

carbonyl carbon and oxygen. As a result, the benzene ring is highly reactive toward 

electrophilic aromatic substitution (all positions being about equally activated), both oxygens 

and the nitrogen much less basic, and the hydroxyl acidic. 

 

 



Acetaminophen (Paracetamol): Properties, Clinical Uses, and Adverse Effects 3 

 

Figure 1. Chemical structure of acetaminophen (paracetamol)(N-(4-Hydroxyphenyl)ethanamide or N-

(4-Hydroxyphenyl)acetamide or N-Acertyl-para-aminophenol), highlighting active components. 

 

2.2. Pharmacokinetics  
 

2.2.1. Absorption 

 

2.2.1.1. Immediate Release 

Rapid absorption of orally administered acetaminophen primarily occurs through the 

small intestine of the gastrointestinal tract, with minimal uptake by the stomach (2, 3). This 

absorption route allows acetaminophen to achieve a relative bioavailability of 85% to 98% 

(4). Studies have shown for individual adults administered a 1000 mg dose that maximum 

acetaminophen plasma concentrations of 7.7 to 17.6 g/mL occur within the first hour and 

can reach a steady-state range from 7.9 to 27 g/mL while administered 1000 mg every 6 

hours (5).  

 

2.2.1.2. Extended Release 

Current extended-release caplet or gelcap formulations of acetaminophen consist of 650 

mg total dose. The outer layer releases 325 mg of acetaminophen immediately upon entering 

the stomach, following which the absorption rate and bioavailability is similar to that of 

immediate-release formulations. The other 325 mg is released slowly from a specialized 

matrix located within the caplet or gelcap. Studies conducted on these formulations have 

shown release of up to 88% and 95% of acetaminophen within 3 and 5 hours (6). Maximum 

plasma concentrations in adults range from 6.9 to 14.1 g/mL and occur within 0.5 to 3 

hours. 

 

2.2.1.3. Intravenous 

Compared to oral acetaminophen, IV acetaminophen has a similar AUC (38 - 43 

g*h/mL), but a greater (~70%) Cmax value (IV mean 28 - 31 g/mL). In general, the 

pharmacokinetic parameters (AUC, t1/2) for IV administration are similar for adults, 

adolescents and children (> 2 years of age), but they are higher in infants and neonates (7). 
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2.2.2. Distribution 

Plasma protein binding of acetaminophen is relatively low (10 - 25%) and distributes 

widely throughout the body with a volume of distribution of 0.7 - 1.0 L/kg in both adults and 

children (8-11). Acetaminophen metabolites do not bind to plasma proteins (12).  

 

2.2.2.1. Spinal Fluid 

Due to its low protein binding and low molecular weight, acetaminophen readily passes 

through the blood-brain barrier and achieves a maximum concentration in cerebrospinal fluid 

within 2 to 4 hours (13-15) 

 

2.2.2.2. Placental Barrier 

Acetaminophen has been shown to be safe when administered during pregnancy or labor 

when given at therapeutic doses. Passage into the fetal circulation through the placenta can 

occurs within 30 minutes of ingestion by the mother (16). Following delivery, serum 

concentrations in the mother and fetus are similar (5.925 +/- 2.15 mg/mL and 7.875 +/- 2.22 

mg/mL, respectively)(16).  

 

2.2.2.3. Breast Milk 

Maternal ingestion of therapeutic doses of acetaminophen during periods of breast-

feeding does not pose a risk for the nursing infant (17). Multiple studies have documented 

minimal concentrations of acetaminophen in breast milk, with a peak concentration 

representing less than 2% of the ingested dose by the mother (range 0.1% to 1.85%) (18-20). 

 

2.2.3. Metabolism 

Metabolism of acetaminophen can occur by three main pathways, all of which primarily 

take place in the liver. These pathways consist of conjugation with glucuronide; conjugation 

with sulfate; and oxidation via the cytochrome P450 (CYP450) enzyme pathway. In addition, 

acetaminophen can undergo hydroxylation to form 3-hydroxy-acetaminophen and 

methoxylation to form 3-methoxy-acetaminophen, which may be further conjugated to 

glucuronide or sulfate (21, 22).  

The major CYP450 isoenzyme involved in the oxidation of acetaminophen is CYP2E1, 

with CYP1A2 and CYP3A4 having minimal contribution (23, 24). The main reactive 

metabolite of the oxidation process, N-acetyl-p-benzoquinone imine (NAPQI), is hepatoxic, 

but is normally rapidly converted to an inert cysteine and/or mercapturic acid metabolite by 

conjugation with glutathione (25). However, buildup of the toxic metabolite can occur if this 

pathway is saturated or glutathione stores are depleted for any reason. The consequence is 

serious hepatic toxicity, possibly resulting in liver failure.  

 

2.2.4. Elimination 

The elimination half-lives are similar with age (>2 years), but may vary slightly with 

different ethnic and medical backgrounds. The elimination t1/2 for healthy adults (25, 26) is 

approximately 2 to 3 hours and about 1.5 to 3 hours in children. In neonates (4), cirrhotic 

patients (27-29), and in some ethnic groups (viz., Nigerians, Hong Kong, Chinese) (30, 31) 

the half life is roughly 4 hours. Acetaminophen is primarily excreted in the urine, with a 
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majority eliminated in the glucuronide form (40 - 65%), sulfate form (25 - 35%), and as 

unchanged acetaminophen (3.5%) (32, 33) 

 

2.2.5. Fetus, Neonates, Infants, and Children 

Use of acetaminophen in this patient population is considered to be safe and efficacious 

when administered at recommended dosages. Just as in adolescents and adults, there is a risk 

of hepatoxicity and proper precautions need to be taken. Pharmacokinetic parameters for 

children more than 2 years of age and adults are similar, but vary with decreasing age from < 

2 years to newborns.  

Oxidation of acetaminophen to the reactive hepatoxic metabolite is approximately ten-

times slower in the fetal liver than adult and increases with fetal age. Fetal livers primarily 

use sulfate conjugation to detoxify acetaminophen and not glucuronic acid (34). Though the 

fetus is able to detoxify acetaminophen, the generation of the hepatotoxic metabolite still is a 

risk if mothers are exposed to an excess amount (34). 

 

2.2.6. Geriatric 

Administration of acetaminophen does not require special dosage adjustment in the 

elderly. It is the preferred analgesic by the American Geriatrics Society as the first line 

treatment for mild to moderate musculoskeletal pain (35). Characterization of single or 

multiple doses of acetaminophen has been well documented in the elderly and studies have 

shown that the pharmacokinetics is similar to adults (36-42). Many of these studies have 

documented similar elimination half lives and clearance times for the glucuronide and 

glutathione metabolites. However, the formation clearance of the sulfate conjugates are 

reduced (36), and frail elderly might have a slight increase in elimination half live (38). 

Overall, acetaminophen is generally considered a safe and tolerable analgesic in the elderly, 

with the precautions indicated. 

 

 

3. CLINICAL USES 
 

3.1. Antipyresis 
 

Acetaminophen has been tested in multiple clinical trials in adults and children for its role 

in reducing body temperature. Many studies have documented acetaminophen to be superior 

to placebo and non-pharmacologic methods (sponging) in adults (43-46) and children (47-49). 

Its antipyretic efficacy is equivalent to aspirin or ibuprofen (50-57). In many of these studies, 

acetaminophen‘s therapeutic effect was evident within 30 - 60 minutes of initial 

administration and peaked at 2 - 3 hours. 

The exact antipyretic mechanism of action of acetaminophen is still unclear, but it has 

been shown to block the formation and release of prostaglandins in the CNS in addition to 

inhibiting the endogenous pyrogens within the brain‘s thermoregulatory regions (58-60). A 

rise of prostaglandin E (PGE) in cerebrospinal fluid has been linked to an increased 

production of endogenous pyrogens by leukocytes (61). Excessive PGE impedes heat loss and 

increases heat gain, generating a fever.  
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3.2. Analgesia 
 

Many pain models and clinical trials have documented acetaminophen‘s efficacy for 

conditions associated with mild to moderate pain. Clinical studies have documented 

successful pain reduction with acetaminophen use after dental, gynecologic, or orthopedic 

surgery (62-64), in addition to post-episiotomy pain (65, 66) and pain associated with 

tonsillectomy and sore throat (45, 67-71). Guidelines set forth by the European League 

Against Rheumatism (72-74), and the American Pain Society (75) recommend 

acetaminophen for Arthritis Pain (osteoarthritis of knee, hip, hand) based on multiple studies 

testing its safety and efficacy in this patient population (4, 76-82). Similar recommendations 

have been put forth by the National Headache Foundation (83) based on acetaminophen‘s 

effectiveness in relieving headache tension and pain (84-90). Other uses include relieving 

cyclic perimenstrual pain and discomfort (91), pain associated with fractures, acute 

musculoskeletal and soft-tissue injuries (4), and low back pain (4, 92).  

Acetaminophen‘s mechanism of analgesic action is not known with certainty. It appears 

to act in the CNS (both the brain and spinal cord) and in the periphery. Multiple hypotheses 

have been proposed. Some of these have been discounted, others remain a possibility, but to 

date no hypothesis is backed by sufficient evidence to be considered definitive. In fact, no 

single mechanism has been able to describe all of acetaminophen‘s actions sufficiently and it 

seems reasonable to infer that acetaminophen likely interacts with a variety of physiological 

pathways and produces its analgesic effect by a combination of such actions. A recent 

comprehensive review details the major mechanisms that have been proposed to account for 

the analgesic action of acetaminophen (93). A partial list of proposed mechanisms can be 

summarized as follows: (94, 95).  

 

 Inhibition of cyclooxygenase (EC 1.14.99.1, COX). Acetaminophen has periodically 

been proposed to inhibit one or more of the cyclooxygenase (prostaglandin synthase, 

PGHS) isozymes involved in the conversion of arachidonic acid to prostanoids and 

other chemical mediators of inflammation, fever, pain, platelet aggregation, and 

mucous production in the gastrointestinal tract. Acetaminophen‘s lack of the strong 

anti-inflammatory and antiplatelet effects displayed by conventional COX inhibitors 

such as the NSAIDs argues against this mechanism, but counter-explanations have 

been forwarded, for example that acetaminophen might be more potent as a COX 

inhibitor in the CNS than in the periphery. The antinociceptive (analgesic) activity of 

acetaminophen is attenuated in COX-1 knockout, but not in COX-2 knockout, mice, 

suggesting that acetaminophen requires COX-1 but not COX-2 to produce its full 

analgesic effect. A recent study reports that acetaminophen inhibits COX-2 to a 

comparable extent as NSAIDs and COX-2 inhibitors. However, the connection of 

COX-2 inhibition to acetaminophen‘s analgesic action has not been established. 

Because COX-3 is a variant of COX-1, most of the same evidence that supports a 

COX-1 mechanism of action for acetaminophen also supports a COX-3 mechanism. 

However, COX-3 does not mediate acetaminophen‘s antinociception in rats and it 

does not seem to be present in humans. For these and other reasons it seems unlikely 

that COX-3 has clinical relevance for acetaminophen‘s mechanism of analgesic 

action. 
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 Peroxidase. It has been proposed that acetaminophen might inhibit COX enzymes 

indirectly. Specifically, that acetaminophen might disrupt the tyrosyl radical step of 

the COX pathway. Another mechanism might be decreasing peroxide tone by 

scavenging or otherwise reducing free peroxides. This hypothesis is supported by 

evidence that suggests that acetaminophen may inhibit mild to moderate peroxide 

stimulation, but not higher amounts or all types of peroxides present in inflammatory 

responses. 

 Nitric Oxide Synthase. Nitric oxide (NO) amplifies neuronal activity and facilitates 

nociception; inhibition of NO synthesis attenuates nociception. It has been suggested 

that acetaminophen might inhibit NO synthesis. Although acetaminophen has been 

reported to lack direct inhibitory effect on NO synthesis in vitro (96), perhaps the 

effect is indirect.  

 Cannabinoid. Endogenous cannabinoid (marihuana-like) substances are involved in 

– and exogenous cannabinoid substances can modulate – various physiological 

processes, including pain, and the endocannabinoid system has been proposed to be 

involved in the mechanism of analgesic action of acetaminophen. Although 

acetaminophen does not have significant affinity for cannabinoid receptors (97), one 

of its metabolites displays cannabinoid-like activity, so acetaminophen might activate 

the endocannabinoid system by acting as a pro-drug. However, this proposal is still 

speculative in regards acetaminophen‘s clinical analgesic effect.  

 5-HT (5-hydroxytryptamine, serotonin). There is evidence that acetaminophen‘s 

mechanism of analgesia involves descending serotonergic pathways that exert an 

inhibitory (analgesic) effect. Acetaminophen does not have affinity for 5-HT 

receptors or neuronal 5-HT reuptake sites (97), but it might work on 5-HT systems 

by an indirect mechanism. Two studies in human volunteers lend support to the idea 

that acetaminophen might produce its analgesia through a 5-HT-related mechanism. 

Both studies found that the analgesic effect of acetaminophen in a clinical setting 

was significantly reduced by 5-HT receptor antagonists.  

 Self-Synergism. When acetaminophen is administered into the brain and spinal cord 

in close time proximity, synergistic antinociception is produced and this property of 

acetaminophen has been dubbed analgesic ―self-synergy‖ (98). An opioid receptor 

antagonist administered by spinal injection attenuates this synergism, suggesting that 

perhaps the endogenous opioid system is somehow involved. Further study is needed 

to determine any clinical relevance of this finding.  

 

 

4. SPECIAL POPULATIONS 
 

4.1. Chronic Liver Disease 
 

It has been theorized that the increased activity of CYP450 or reduction in glutathione 

stores that have been associated with some patients with chronic liver disease may increase 

the hepatoxic risk of acetaminophen. However, many patients with various types of chronic 

liver disease (e.g., acute viral hepatitis, cirrhosis, fatty liver) have normal to reduced CYP450 

activity and increased levels of glutathione (99-103). Pharmacokinetic studies using single 
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and multiple doses of acetaminophen have shown that the elimination half life is slower (1 to 

2 hour increase) in patients with diseased livers (104-108), but the excretion percentage of 

various metabolites in urine is not affected (27-29). Overall, there has been minimal evidence 

to support an increased risk of hepatotoxicity in this patient population when acetaminophen 

is taken as recommended and due to its less effect on platelets, the gastrointestinal tract, or the 

kidney, acetaminophen is recommended over NSAIDs in this patient population (109) 

 

 

4.2. Renal Disease 
 

Clinical research suggets no significant concern that acetaminophen is nephrotoxic when 

used at the recommended doses (110). Urinary retention studies for acetaminophen and its 

metabolites in combination with renal functional tests have not shown significant differences 

between healthy and renal-deficient patients (111, 112). Acetaminophen has been 

recommended by the National Kidney Foundation as an appropriate analgesic for patients 

with renal disease, especially in patients who are at higher risk for hemorrhaging (113).  

 

 

4.3. Calorie Restricted Patients 
 

Some healthcare providers believe that patients who are fasting or on a calorie-restricted 

diet may be at an increased risk for acetaminophen hepatotoxicity. Caloric restriction or 

during times of malnutrition, the metabolic process of glucuronidation may be hindered, thus 

causing acetaminophen to pass through the CYP2E1 pathway more readily and result in an 

increase in the hepatoxic metabolite NAPQI289. In addition, caloric restriction may reduce 

the glutathione reservoir, the necessary component to inactivating NAPQI289 (114). 

However, we are unaware of a definitive study identifying caloric restriction as a risk factor 

for acetaminophen hepatoxicity when administered at the recommended doses (115). 

 

 

4.4. HIV 
 

The glutathione reservoir in patients infected with human immunodeficiency virus have 

been known to decrease with the progression of the disease and that drugs which may also 

deplete glutathione are not recommended (116), raising the concern that acetaminophen may 

deplete glutathione levels and effect the long-term survival of HIV patients.  

 

 

4.5. Gilbert’s Syndrome 
 

Individuals with Gilbert‘s syndrome have a polymorphic defect in UDP-

glucuronosyltransferase isozyme UGT1A1 (117), raising a concern that acetaminophen would 

predominately undergo metabolism through the CYP450 pathway in these individuals. 

However, glucuronidation of acetaminophen is mainly by UDP-glucuronosyltransferase 

isozymes UGT1A6 and UGT1A9 (118, 119) and acetaminophen metabolism by 
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glucuronidation or glutathione conjugation has been shown to be unaffected in adults with 

Gilbert‘s syndrome (120-123). 

 

 

5. ADVERSE EVENTS 
 

5.1. Allergy and Hypersensitivity 
 

Cases of allergic reactions and hypersensitivity to acetaminophen administration are rare 

and can be relieved by discontinuation. If allergic reactions take place, they normally take the 

form of a rash, and/or urticaria, while hypersensitivity reactions can include anaphylactic 

shock (124, 125). 

 

 

5.2. Central Nervous System 
 

Central Nervous System side effects, including mood changes, anxiety, dizzyness, sleep 

disturbance, or cognitive decline has not been documented in patients receiving therapeutic 

doses or greater than the recommended dose (2000 mg/70 kg) of acetaminophen. Reports of 

coma or other CNS side effects have been reported after ingestion of large amounts of 

acetaminophen alone or in combination with other CNS acting agents (126, 127). 

 

 

5.3. Gastrointestinal 
 

Current recommended doses of acetaminophen (max 4000 mg/day) for adults have been 

shown to have minimal effects on the gastrointestinal system (e.g., gastric irritation, gastric 

erosions, occult or overt gastrointestinal blood loss, or ulcers) (128, 129). When compared to 

other analgesics, acetaminophen has been reported to be superior to NSAIDs (130-132) or 

aspirin (129, 133, 134) in this regard. 

 

 

5.4. Hemotologic and Hemostatic 
 

Sporadic case reports (135-142) and alerts by a few physicians (143-148) have appeared 

in the literature regarding possible negative effects of acetaminophen on hemotology (e.g., 

agranulocytosis or thrombocytopenia), but they are not conclusive and clinical-trial data have 

not supported such claims (149). Acetaminophen has not been documented to present 

immediate or delayed hemostatic effects based on bleeding time or platelet aggregation 

studies and thus is considered to be safe for use in hemophiliacs (150-153).  
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5.5. Hepatic Toxicity 
 

Use of acetaminophen has been associated with altering liver homeostasis and promoting 

liver dysfunction. Hepatotoxicity has been documented to occur primarily under conditions of 

overdose (7500 mg - 10,000 mg in < 8 hours). When taken as directed, hepatic dysfunction 

has not been reported in participants taking daily-recommended doses of acetaminophen for 

up to two years (78) or maximum doses (4000 mg) for up to 1 year (4, 154). It should be 

noted that randomized clinical trials have documented transient elevations of both alanine 

aminotransferase and aspartate aminotransferase levels in patients receiving therapeutic 

dosages of acetaminophen (≤ 4000 mg/day); however, these elevations were not associated 

with signs of liver injury or dysfunction and were classified as being clinically insignificant 

(154-156). 

Hepatic toxicity is the major concern related to acetaminophen use and an extensive 

literature exists, the scope of which is beyond the general overview of this chapter. Multiple 

excellent comprehensive reviews cover the varied aspects of this very important topic (157-

160).  

 

 

5.6. Pregnancy and Lactation 
 

Acetaminophen is used during pregnancy and currently bears an FDA Pregnancy Risk 

Factor Rating of B (Defined as no fetal risk seen in animal studies and no well—controlled 

human studies OR adverse effects seen in animal studies but human studies have shown no 

risk). When taken as directed, acetaminophen does not appear to be a risk to the mother or 

fetus during any trimester (161, 162). For example, a retrospective analysis of 88,142 

pregnant women did not associate congential birth defects with acetaminophen use during the 

first trimester (163). 

 

 

5.7. Renal 
 

Even though there are some data suggesting a correlation between acetaminophen and 

renal toxicity(164-166), acetaminophen has not been shown to be nephrotoxic at 

recommended doses (4) even during long-term use (167). Studies comparing the renal effects 

of NSAIDs to acetaminophen also suggest acetaminophen‘s lack of renal toxicity (168). The 

National Kidney Foundation recommends acetaminophen use in pain patients with 

concomitant renal insufficiency or renal disease.  

 

 

6. DDIS 
 

Potential drug-drug interactions can arise with co-administration of other substances that 

alter the ADME of acetaminophen. Some of these substances and their effects on 

acetaminophen are briefly described in Table 1. 
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Table 1. 

 

Pharmacokinetic Interactions (4) 

Drug Effect 

Metoclopramide Acetaminophen absorption 

Anticholinergics Acetaminophen absorption 

Alcohol Acetaminophen metabolism (accumulation of toxic metabolite) 

Isoniazid: Acetaminophen metabolism (blocks formation of toxic metabolite) 

Ascorbic Acid: Inhibit the systemic conjugation of acetaminophen with sulfate 

Ciprofloxacin: Effects saliva concentrations of acetaminophen  

Oral Contraceptives Increase the clearance of acetaminophen 

Probenecid Increase of elimination half-life 

Sulfinpyrazone Increase clearance and decrease elimination half life 

Potential Pharmacodynamic Interactions (4) 

Oral anticoagulants, furosemide, anticonvulsants (Hydantoins, Carbamazepine) 

 

 

6.1. Overdose 
 

Generally, patients are classified as having overdosed if > 7.5 g has been ingested within 

8 hours or less. An overdose can cause accumulation of acetaminophen‘s reactive metabolite 

to such a level that glutathione reserves are not available for the detoxification pathways. 

When this occurs, the reactive metabolite causes hepatic necrosis, hepatic dysfunction, and in 

severe cases, hepatic failure. 

The clinical course of acetaminophen overdose generally occurs in 3 phases. Phase 1: 

Occurs after initial ingestion of a toxic overdose and can last 12 - 24 hours. During this time 

the patient may experience gastrointestinal irritability, nausea, vomiting, anorexia, 

diaphoresis, and pallor. Phase 2: From 24 - 48 hours after ingestion the patient may begin to 

feel better and many of the symptoms will subside. However, it is during this time that 

hepatic damage begins to take place, unnoticed by the patient. Hepatic enzymes, bilirubin, 

lactate, phosphate, and prothrombin time or INR values will progressively rise to dangerous 

levels. As the damage increases, right upper-quadrant pain may develop as the liver becomes 

enlarged and tender. Phase 3: The final stage of overdose usually does not develop until 3 - 5 

days of overdose ingestion. Symptoms may vary depending on the severity of the liver 

damage and can include anorexia, nausea, general malaise, and abdominal pain in less severe 

cases. Patients with severe liver damage may also experience confusion, stupor, jaundice, 

coagulation defects, hypoglycemia, and encephalopathy, as well as renal failure and 

cardiomyopathy. Death can occur if treatment is not initiated promptly and correctly. 

 

6.1.1. NAC Treatment 

Oral and IV formulations of acetylcysteine (N-acetylcysteine, NAC) have been approved 

as an antidote for the treatment of acetaminophen overdose (169). NAC is a precursor of 

glutathione and aids in increasing glutathione conjugation of NAPQI. When used 

appropriately and within the early stages of overdose, NAC has been shown to reduce 

morbidity and mortality associated with acetaminophen overdose (169). 
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7. ACETAMINOPHEN FORMULATIONS 
 

7.1. Combinations 
 

Acetaminophen is widely used in combination products, including other OTC 

ingredients, such as cough and cold ingredients, and other analgesics, including opioids and 

NSAIDs. An up to date list of combinations have been published by the US National Library 

of Medicine (170). 

 

 

7.2. IV Formulation 
 

A recently-approved intravenous formulation of acetaminophen (OFIRMEV™, Cadence 

Pharmaceuticals, Inc., San Diego, CA, USA) has entered the market and is indicated for the 

treatment of pain conditions of mild to moderate intensity, for use in combination with 

opioids for moderate to severe pain, and for use for reduction of fever (7, 94, 95). Based on 

clinical experience, IV acetaminophen is a reasonably safe, effective and well-tolerated 

analgesic for the treatment of pain following a variety of surgical procedures including oral, 

cardiac, abdominal, orthopedic, and breast. A systematic review of the literature for IV 

acetaminophen use in postoperative pain analyzed 16 randomly-controlled trials with a total 

of 1464 patients and concluded that IV acetaminophen has analgesic efficacy comparable 

to IV parecoxib, IV metamizol, or oral ibuprofen for a variety of surgical procedures. The 

reported side effects associated with IV acetaminophen are similar to those for oral 

acetaminophen (171, 172). 

 

 

CONCLUSION 
 

Acetaminophen (paracetemol) is a non-opioid analgesic and antipyretic widely used as a 

single agent or in fixed-ratio combinations with other analgesics for a large variety of mild to 

moderate pain conditions in a large variety of patient populations. Although the exact 

mechanism of its analgesic effect is not known, it appears to involve actions on both the 

central and peripheral nervous systems. The side effects of acetaminophen generally are mild 

and transient at recommended doses. However, severe hepatic toxicity can follow overdose or 

use in patients with hepatic susceptibility. Accidental overdose is a concern because of the 

prevalence of acetaminophen in multiple over-the-counter products and the cumulative effect 

of ingestion. Overall, when used safely and properly, acetaminophen is a very good mild to 

moderate pain reliever for the general consumer and postoperative patient. It is particularly 

useful in situations where a nonopioid analgesic with good GI tolerability is desirable. 
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ABSTRACT 
 

Acetaminophen (APAP) overdose frequently results in the development of severe 

liver injury in both humans and experimental animals. In humans, APAP-induced 

hepatotoxicity is currently the main cause of acute liver failure in the Western world. 

APAP-induced hepatotoxicity in the mouse is an extensively used experimental paradigm 

for dissecting the mechanisms of drug-induced liver injury. Even though a decrease of 

body temperature is a well-known effect of APAP, body temperature has rarely been 

measured in experimental studies of APAP-hepatotoxicity. Importantly, active 

maintenance of body temperature by external warming has been shown to decrease 

survival and to worsen the development of liver injury in the mouse with APAP-

hepatotoxicity, suggesting that body temperature should be carefully monitored in order 

to adequately interpret results from this model. Induction of mild hypothermia is a 

potentially effective therapeutic approach for controlling episodes of intracranial 

hypertension in patients with APAP-induced acute liver failure.  
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1. INTRODUCTION 
 

Acetaminophen (APAP) was first approved in the mid-50‘s as an analgesic and 

antipyretic medication (as Tylenol
®

 in the US and as Panadol
®

 in the United Kingdom). Its 

use, however, did not become widespread until the 80‘s, when several reports linking the 

ingestion of aspirin with Reye‘s syndrome promoted the use of APAP as a safer alternative 

(1). Since then, the number of cases of hepatotoxicity due to APAP has progressively 

increased becoming the most common cause of acute liver failure (ALF) in most countries of 

the Western world (2-4). The administration of APAP to a diversity of animal species is also 

a major experimental paradigm for investigating mechanisms of drug-induced liver injury. In 

these experimental animals, the administration of APAP may result in a frequently 

overlooked reduction of body temperature. The present manuscript reviews the relevance of 

the development of hypothermia in APAP hepatotoxicity from both clinical and experimental 

perspectives. 

 

 

2. APAP-INDUCED HEPATOTOXICITY IN  

PATIENTS WITH ALF 
 

ALF is a syndrome characterized by a rapid deterioration of liver function that results in 

coagulopathy and altered mentation in individuals without prior history of liver disease (5). In 

children, the definition of ALF is based mainly on the presence of coagulopathy secondary to 

liver failure, as encephalopathy may be absent or appear late in the course of the illness (4). 

Depending on the time between jaundice and encephalopathy, ALF may be subdivided into 

hyperacute (< 7 days), acute (7-21 days) or subacute (21 days to 26 weeks) (6, 7), with most 

of the cases of ALF due to APAP hepatotoxicity falling into the hyperacute category. 

The incidence of ALF secondary to APAP overdose has progressively increased during 

the last 30 years, being currently the most frequent cause of ALF in the US and in many 

European countries. In a recent series from the US, APAP overdose accounts for 39% to 46% 

of all cases of ALF (4, 8). APAP intoxication also causes about 20% of pediatric cases of 

ALF in the US, a significant number considering that the cause of ALF remains unidentified 

in up to 50% of children (4, 9, 10). Several studies suggest that the importance of APAP as a 

cause of ALF is underestimated. For example, a sensitive assay was able to detect APAP-

protein adducts in 19% of adult (11) and 12.5% of pediatric patients with ALF of 

indeterminate etiology (4, 12). The pattern of APAP ingestion leading to ALF differs among 

countries, with up to 92% of ALF due to APAP in England being associated with single 

overdoses in suicidal attempts (13) and as much as 61% of cases in the US being accidental 

overdoses usually following repeated ingestion of several medications containing APAP (8, 

10). Encouraged by the successful reduction of APAP-induced ALF in the United Kingdom 

after the limitation in package size enacted by the UK Parliament in 1998 (14), the Food and 

Drug Administration (FDA) has considered several measures for reducing the cases of 

unintentional APAP overdose in the US, including explicit package warnings in APAP-

containing medications and lowering the recommended therapeutic dose of APAP (1). 

ALF due to APAP hepatotoxicity characteristically follows a hyperacute course that may 

be grossly divided into 4 phases (15). Patients initially present non-specific gastrointestinal 
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symptoms such as anorexia, nausea, and vomiting (first 24 hours after APAP overdose), 

followed by a second phase (24 to 72 hours) during which symptoms may improve or 

disappear and biochemical abnormalities become evident. From 72 to 96 hours after the 

overdose, nausea and vomiting reappear together with malaise, jaundice, confusion, 

somnolence or coma. This phase usually corresponds to the peak of liver injury, and may be 

accompanied by other systemic complications such as renal failure, intracranial hypertension, 

and death. If the patient survives these first days, improvement of liver tests and resolution of 

liver damage may be seen starting 4 days after the APAP overdose. 

The diagnosis of APAP hepatotoxicity is usually based on a compatible anamnesis, a 

detailed recollection of drug history, and laboratory testing. Characteristically, lactate 

dehydrogenase (LDH) and transaminases are highly elevated (AST > 10,000 IU/L, ALT > 

1,000 IU/L), whereas the increase in bilirubin is generally mild. Coagulopathy, particularly 

the prolongation of prothrombin time, is considered the best indicator of liver damage. 

Common alterations that may also reflect the severity of damage include hypophosphatemia 

(16), hypoglycaemia and lactic acidosis (17, 18). The toxicity of APAP is dose-dependent, 

and the plasma levels of APAP in the first 24 hours after ingestion can be used to predict the 

probability of developing hepatotoxicity (Rumack-Matthew nomogram) (19). Plasma levels 

of APAP, however, are frequently undetectable by the time the patient seeks help. 

Since the landmark study by Prescott and co-workers (20), the administration of N-

acetylcysteine remains the antidote of choice for treating APAP overdose. If given early after 

the overdose, N-acetylcysteine may completely prevent the occurrence of hepatotoxicity (20, 

21), but it also has beneficial effects when administered later in the course of the disease (22, 

23). The oral and the intravenous routes of N-acetylcysteine administration appear to be 

equally effective (24). 

The prognosis of ALF due to APAP overdose is better than that of ALF from other 

causes, with an overall mortality rate of 28% (4, 8). The development of brain edema leading 

to high intracranial pressure (ICP) and brain herniation is a major cause of death in these 

patients (25). The induction of mild hypothermia is attracting increasing attention for treating 

intracranial hypertension in patients with ALF, particularly those with episodes of high ICP 

that are refractory to conventional measures (26, 27). 

 

 

3. APAP-INDUCED HEPATOTOXICITY IN EXPERIMENTAL MODELS 
 

Experimental animal models of ALF are important for increasing our understanding of 

pathophysiologic mechanisms and developing better therapies. Several requirements have 

been proposed for the ideal model of ALF, but none of the currently available models fulfils 

all criteria (28-30). Because of its clinical relevance, the minimal hazard to personnel and the 

dose-dependent production of liver injury, the administration of APAP to animals is 

frequently used for investigating mechanisms of drug-induced liver injury. APAP 

hepatotoxicity has been induced in a wide variety of species, including pigs, dogs, rabbits, 

hamsters, rats and mice (29, 30). 
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3.a. Determinants of APAP-Induced Hepatotoxicity in Experimental  

Animal Models 
 

A wide range of APAP doses have been used in diverse species of experimental animals 

and even within the same species (from 150 mg/kg bw to more than 1000 mg/kg bw). A poor 

reproducibility together with a lack of a standard protocol determining the optimal drug dose, 

route of administration and monitoring measures are important caveats that complicate the 

interpretation of findings from experimental models of APAP hepatotoxicity (29, 30). In 

addition to inter-species differences, the sensitivity to APAP hepatotoxicity within a same 

species may be strain-dependent (31, 32). Gender and age are also known to influence the 

development of APAP hepatotoxicity in experimental animals (33, 34). 

The hepatotoxicity of APAP largely relies on its biotransformation by cytochrome P450 

to toxic and highly reactive metabolites, particularly N-acetyl-p-benzoquinone imine 

(NAPQI) (35, 36). Variations in APAP metabolism partially explain the poor reproducibility 

of this model (37). For example, the biotransformation of APAP is enhanced in hamsters and 

mice, species that are highly sensitive to APAP hepatotoxicity, compared with rats, rabbits or 

guinea pigs, species in which the metabolism of APAP is less active (37). Its 

biotransformation, however, is not the only determinant of the sensitivity to APAP, as young 

mice were noted to be more resistant to APAP hepatotoxicity than older mice despite showing 

an enhanced cytochrome P450 activity (33). The rate of detoxification of APAP and its 

metabolites is also an important determinant of hepatotoxicity, with hamsters presenting the 

slowest detoxification processes (37). In addition to the overall amount of toxic metabolites, 

variation in the pattern of proteins modified by APAP may also determine the degree of 

hepatotoxicity (38). In order to improve the reproducibility, the potentiation of APAP 

hepatotoxicity by the depletion of cellular glutathione levels (via fasting (39) or 

pharmacologically (40)) and/or by the induction of cytochrome P450 systems (41, 42) has 

been tested with variable success. The development of methemoglobinemia and refractory 

anemia, particularly in large animals, and the toxicity to other organs such as the kidney are 

additional problems associated with experimental models of APAP hepatotoxicity (29). 

 

 

3.b. Histopathology 
 

The main histological feature of APAP hepatotoxicity is the development of 

hepatocellular necrosis with a characteristic centrilobular distribution within the hepatic 

lobule (Figure 1) (43, 44). This histological appearance is similar across all animal species, 

including humans (40, 45). In mice, endocytic vacuolation along sinusoidal and lateral 

margins of centrilobular hepatocytes can be observed at light microscopy as early as 60-90 

minutes after APAP overdose in mice (44). This early change is confirmed by electron 

microscopy, together with other fine alterations such as loss of microvilli from bile canaliculi 

and sinusoidal margins, dilation of bile canaliculi and endoplasmic reticulum, disaggregation 

of polyribosomes, and abnormal mitochondria. Endothelial cells lining the hepatic sinusoids 

are also early targets of APAP toxicity (46), and rapidly develop large pores with initial 

preservation of intercellular junctions (43). The severity of all these changes increases 

progressively, leading to enlargement of Disse space due to erythrocyte accumulation with 

subsequent sinusoidal collapse, centrilobular congestion and features of hepatocellular 
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necrosis in the pericentral region by 3 hours after APAP overdose. Some hours later, bridges 

of hepatocellular necrosis between centrilobular areas may become apparent, with increased 

hemorrhagic congestion (43). Even though features of hepatocellular apoptosis can be 

observed, detailed studies show that oncotic necrosis is generally the predominant final mode 

of hepatocyte death (47, 48). 

 

 

Figure 1. Representative sections of paraffin-embedded liver tissue from mice administered APAP (300 

mg/kg bw i.p.) that were either maintained normothermic (APAP-NT, left panel) or allowed to develop 

mild hypothermia (APAP-Mild HT, right panel). Mice were euthanized 24 h after the administration of 

APAP. Mice maintained normothermic showed large areas of hepatocyte necrosis and haemorrhagic 

congestion in which only the hepatocytes closest to the portal areas of the hepatic lobule were spared. 

Mice allowed to develop mild hypothermia (32-35 ºC) showed smaller areas of necrosis affecting the 

hepatocytes surrounding the central veins. Sections were stained with hematoxylin-phloxine-saffron 

and digitally captured at 100X magnification. 

 

4. MECHANISMS OF APAP-INDUCED LIVER INJURY 
 

APAP causes hepatotoxicity in a dose-dependent manner (49, 50). APAP-induced 

hepatotoxicity rarely appears with doses of APAP lower than 125-150 mg/Kg (15, 51), and in 

adults, ingestions leading to ALF rarely exceed 10 g/day (52). However, severe liver injury 

may occur even with doses below the maximum therapeutic dose (< 4 g/day) if there are 

concomitant risk factors such as chronic alcohol abuse, malnutrition, and/or concurrent use of 

drugs that induce cytochrome P450 (53). 

The mechanisms of APAP hepatotoxicity have been investigated in various experimental 

models, but the mouse with APAP-induced hepatotoxicity has been the most frequently used. 

Under normal conditions, more than 90 % of APAP is detoxified in the liver by 

glucuronidation and sulfation (54, 55). Of the remaining APAP, about 2 % is excreted in the 

urine unchanged, and a small fraction of APAP (5 to 10 %) undergoes metabolism through 

cytochrome P-450 resulting in the formation of NAPQI, a highly reactive compound that is 

detoxified by conjugation with GSH (54, 56, 57). After an overdose, detoxification pathways 

may become saturated, diverting the metabolism of APAP to the cytochrome P450 pathway, 

thus increasing the production of NAPQI. The damage generally occurs when GSH levels fall 

below 20 % of normal (56), which results in NAPQI available to form covalent bonds with 

other intracellular proteins, modifying their structure and function. An early increase of 
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cytosolic calcium (57) together with the modification of mitochondrial proteins are thought to 

depress mitochondrial respiration and adenosine triphosphate (ATP) synthesis (58) as well as 

to induce mitochondrial oxidative stress and increased production of peroxynitrite (46, 59), a 

potent oxidant and nitrating agent. Peroxynitrite and reactive oxygen species may induce the 

membrane permeability transition pore (60), causing the collapse of mitochondrial membrane 

potential, disruption of ATP synthesis, release of mitochondrial proteins into the cell 

cytoplasm, DNA damage and oncotic necrosis of hepatocytes (15, 59). Recent studies suggest 

that the activation of c-jun N-terminal kinase (JNK) is critical for the development of APAP 

hepatotoxicity (61, 62). The activation of JNK is thought to be mediated by the activation of 

apoptosis signal-regulated kinase 1 (ASK1), which results from its dissociation from 

thioredoxin in a process that involves oxidative stress induced by APAP (63). Other potential 

mechanisms implicated in APAP hepatotoxicity are: i) increased circulating catecholamines 

leading to compromised hepatic perfusion (64), ii) activation of the innate immune system, 

including natural killer and natural killer T cells (65), macrophages and neutrophils (66-68), 

although their role has been questioned and may be limited to aggravation of hepatotoxicity in 

certain circumstances (48, 69), and iii) toxicity to sinusoidal endothelial cells (SEC) leading 

to hepatic congestion. Overall, the majority of experimental evidence points toward 

intracellular signalling mechanisms in hepatocytes as the main cause of liver damage (59). 

 

 

5. BODY TEMPERATURE, APAP AND THE LIVER 
 

Together with its analgesic properties, the prevention and reduction of fever is one of the 

most common indications for the use of APAP. In addition, APAP is known to induce 

hypothermia in animals and, more rarely, in human beings. The mechanisms by which APAP 

exerts its antipyretic effects, and whether they are the same ones by which it induces 

hypothermia, have not been fully elucidated. Importantly, APAP is thought to potently inhibit 

cyclooxygenase (COX) activity and prostaglandin synthesis in the central nervous system, 

which is in contrast to its weak inhibitory effects on prostaglandin synthesis in the periphery 

(70). Indeed, the blood-brain barrier is permeable to APAP, and high levels of APAP occur in 

brain tissue soon after its oral administration in rodents (71, 72). In a recent study in mice, 

Ayoub et al. proposed that a decreased prostaglandin E2 production in the brain secondary to 

the inhibition of COX-3, a variant of the COX-1 gene (Pghs1), could be responsible for the 

antipyretic action of APAP (73), but a role of COX-3 could not be confirmed in a subsequent 

study using Pghs1 deficient mice (74). 

 

 

5.a. Reduction of Body Temperature Due to APAP in Humans 
 

The reduction of body temperature by therapeutic doses of APAP has been anecdotally 

reported in adults and children (75, 76). Several studies have shown that the administration of 

a high (6 g/day) but not of a medium (3 g/day) dose of APAP is associated with small 

reductions (0.3 ºC to 0.4 ºC) of body temperature in patients with acute stroke, including 

those that were initially normothermic or subfebrile (77, 78). These studies suggest that 

APAP induces hypothermia in a dose-dependent manner in humans. 



Clinical and Experimental Relevance of Hypothermia in … 31 

A reduction of body temperature could be a common feature in cases of APAP toxicity 

but body temperature has not been systematically documented in clinical studies of APAP 

hepatotoxicity and the development of hypothermia has only been reported anecdotally (79, 

80). Noteworthy, body temperature at admission may not be representative because patients 

are likely to have undergone manouvers to preserve a normal body temperature (covering 

with blanket and others) by the time they are admitted to an intensive care unit. Block et al. 

reported a case of a 24 year-old female who was admitted to the emergency department in 

coma and profoundly hypothermic (19 ºC) more than 18 hours after APAP (> 30 g) overdose 

(80). In this case, a low environmental temperature and ingestion of other drugs probably 

contributed to the induction of hypothermia. Interestingly, liver function tests always 

remained remarkably normal despite the enormous amount of APAP ingested, and the authors 

suggested that hypothermia could have prevented APAP hepatotoxicity. 

 

 

5.b. Reduction of Body Temperature in Experimental Animal Models of 

Liver Injury 
 

A reduction of body temperature may readily develop in experimental animal models of 

liver injury. This is not surprising since the liver plays an important role in normal 

thermoregulation as a major heat-producing organ as well as by providing metabolic 

substrates for other organs and tissues (81). Accordingly, the development of hypothermia is 

a major feature in surgical models involving hepatic devascularisation or total hepatectomy in 

small as well as in large animal species (82-84). 

 

 

Figure 2. Effects of APAP administration on mouse body temperature. Male C57Bl6 mice (8-10 wk-

old) received an i.p. injection of either 150 mg/kg bw, 300 mg/kg bw or 600 mg/kg bw of APAP. A 

thermometer was used to measure the rectal temperature at the indicated time points after the 

administration of APAP. * p< 0.05 vs. 0 h, ** p< 0.01 vs. 0 h, p< 0.001 vs. 0 h (Repeated measures 

ANOVA with Dunnett‘s multiple comparison test). 



José I. Fortea, Javier Vaquero, and Roger F. Butterworth 32 

The development of hypothermia is a well-known phenomenon in rat and mouse models 

of APAP hepatotoxicity (39, 71, 85, 86). As discussed earlier, APAP is not commonly used in 

larger animals due to the development of methemoglobinemia, but APAP-induced 

hypothermia may also occur (87). In rats and mice, the reduction of body temperature occurs 

rapidly after APAP administration in a dose-dependent manner (Figure 2) (74, 88-90), and it 

seems dependent on APAP itself and not on its toxic metabolites (71). Even within mice 

receiving the same dose of APAP, body temperatures may differ by several deg.C (89). In 

addition to its pharmacological actions (71, 73), the effects of APAP on the body temperature 

of mice are strongly influenced by other common circumstances such as the restriction of 

food in the hours preceding the administration of APAP (39, 91), the inflammatory response 

(92), the development of liver injury, hepatic congestion and hypovolemia (93). External and 

technical factors, such as ambient temperature or the mode of drug administration, also 

influence thermoregulatory responses to APAP in mice (94). Despite its established role in 

multiple physiological and cellular processes, the monitoring and control of body temperature 

has been generally disregarded in the majority of published studies of rodent models of APAP 

hepatotoxicity, a factor that could seriously limit the interpretation of findings from these 

studies (89). 

 

 

6. RELEVANCE OF BODY TEMPERATURE FOR APAP-INDUCED ALF 
 

From a clinical perspective, the induction of mild hypothermia may be a valuable 

approach for controlling brain edema and high ICP hypertension in APAP-induced ALF, 

particularly for bridging to liver transplantation in patients with ICP surges that cannot be 

controlled by conventional therapies (26, 27). In experimental ALF, the strict control of body 

temperature is important for the interpretation of studies investigating the cerebral 

complications of ALF (82) as well as for adequately evaluating mechanisms of APAP-

induced liver injury or attributing effects to specific manipulations (95, 96). 

 

 

6.1. Effects of Hypothermia on the Development of Brain Edema  

and Intracranial Hypertension in ALF 
 

The development of brain edema and high ICP is a frequent complication in patients with 

ALF particularly in those with a short interval between the first symptoms and the appearance 

of hepatic encephalopathy, which is generally the case in APAP intoxication. Conventional 

therapies, such as osmotherapy, hyperventilation, sedating agents or hemofiltration, are 

initially able to control most episodes of high ICP, but relapses may occur in up to 80% of the 

cases, and brain herniation remains a major cause of death in ALF (97, 98). Several small 

clinical studies performed in patients with ALF suggest that the induction of hypothermia 

(32-34 ºC) is an effective approach for controlling episodes of high ICP that are refractory to 

conventional therapies (26, 27, 99). In the initial studies, early rewarming consistently 

resulted in a rapid rebound of uncontrolled intracranial hypertension and in the demise of the 

patients shortly thereafter (26). In contrast, ICP remained within normal values in the 

majority of patients (> 95%) in whom hypothermia was maintained until a donor organ was 
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available and during liver transplantation (26, 27, 98). Occasional increases of ICP were 

observed in a few of these patients (~ 25%) during hypothermia, but they were generally 

controlled with additional boluses of mannitol. As a result, most patients were bridged to liver 

transplantation with global survival approaching 75%. 

A number of studies have explored the mechanisms by which hypothermia prevents the 

cerebral complications of ALF, providing an ample rationale for its clinical use (100-102). 

The remarkable influence of the development of hypothermia for preventing or delaying brain 

edema and intracranial hypertension in experimental ALF was clearly shown in 1989 by Dr. 

Blei‘s group in a landmark study using rats with hepatic devascularisation (82). In particular, 

all rats that were allowed to become hypothermic showed a significant delay in the onset of 

encephalopathy and an abrogation of the increase in brain water content compared with rats 

that were maintained normothermic. This observation has consistently been confirmed in 

subsequent studies using both surgical and toxic models of ALF and hyperammonemia in rats 

and mice (83, 103-105). None of these studies was performed in APAP-treated animals, as 

brain edema and intracranial hypertension have not been consistently demonstrated in this 

experimental model. This is in contrast to clinical studies, in which most patients presented 

ALF secondary to APAP hepatotoxicity (26, 27, 99). 

The efficacy of hypothermia for controlling the cerebral complications of ALF probably 

lies in its ability to influence many of the pathogenetic factors (reviewed in (100, 101)), 

particularly for decreasing the concentration of ammonia in blood and brain (27, 105, 106), 

and for reducing cerebral blood flow and preventing cerebral hyperemia (99, 104, 107). The 

attenuation of the alterations of brain glucose metabolism observed in ALF, particularly the 

increased glycolytic flux of glucose that results in increased de novo synthesis of brain 

lactate, is another major mechanism of hypothermia that may explain its beneficial effects 

(103, 108). Other major pathogenetic factors that are prevented or attenuated by hypothermia 

in ALF include the increase of glutamate and other amino acids in the brain extracellular fluid 

(83, 100), the increase of brain cytokine production and microglial activation (27, 109), the 

increase of pro-inflammatory cytokines in the systemic circulation (27, 109, 110), and the 

development of oxidative/nitrosative stress (110, 111). An increased synthesis of glutamine 

leading to an osmotic load inside astrocytes is a major event that has been proposed to drive 

the increase of brain water content in ALF and hyperammonemic conditions (112, 113). 

Despite ameliorating some of the alterations in other organic osmolytes such as myo-inositol 

and taurine, hypothermia has not been shown to prevent the accumulation of brain glutamine 

in rodent models of ALF or hyperammonemia (103, 104). The induction of hypothermia also 

corrected the altered expression of many different genes in the brains of animals with ALF, 

some of which are implicated in the pathogenesis of encephalopathy and brain edema in ALF 

such as the peripheral-type benzodiazepine receptor (114) or endothelial nitric oxide synthase 

( 115). 

 

 

6.2. Effects of Hypothermia on the Progression of Liver Injury 
 

The hepato-protective effects of hypothermia against liver injury induced by 

ischemia/reperfusion have been consistently demonstrated in large- and small- animal 

models. In this condition, hypothermia decreases the metabolic demands of liver tissue during 

ischemia and attenuates the inflammatory cascade and free radical production during 
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reperfusion which results in improved sinusoidal endothelial cell function, sinusoidal 

perfusion, and recovery of bile production, attenuates liver damage and improved survival 

(116-118). 

The effects of hypothermia on liver injury induced by causes other than 

ischemia/reperfusion havenot received the same attention. Nonetheless a number of studies 

suggest that a reduction of body temperature strongly influences the progression of liver 

injury induced by APAP and other toxins. In a recent report (95), mice with APAP 

hepatotoxicity that were allowed to develop mild hypothermia (32-35 ºC) showed 

significantly increased survival and concomitant attenuation of liver damage compared with 

mice that were maintained normothermic (Figure 3). Importantly, hypothermia did not affect 

the bioactivation of APAP in this experimental preparation, as assessed by the amount of 

APAP-protein adducts and the depletion of glutathione in liver tissue. Potential hepato-

protective mechanisms of hypothermia against APAP hepatotoxicity observed in this study 

included a significant attenuation of the hepatic hemorrhagic congestion and a rapid recovery 

of hepatic glycogen stores probably reflecting, respectively, improved preservation of hepatic 

microcirculation and reduction of energy demands from the liver itself as well as from 

peripheral tissues (95). Hypothermia also reduced the number of hepatocytes undergoing 

apoptosis, as assessed by terminal deoxynucleotidyl transferase-mediated deoxyuridine 

triphosphate nick-end labelling (TUNEL) staining and by the proteolytic processing of poly-

(ADP-ribose) polymerase. This observation is in accordance with the suppression of 

apoptosis mediated by mild hypothermia (32 ºC) in primary cultures of mouse hepatocytes 

exposed to diverse apoptotic stimuli, including agonistic Fas antibodies (119). Interestingly, 

mild hypothermia suppressed cytochrome C release and caspase-9 activation, but not caspase-

8 activation or Bid cleavage, pointing to mitochondria as a major site of hypothermia‘s anti-

apoptotic effects. 

 

 

Figure 3. Effect of hypothermia on liver injury in mice with APAP hepatotoxicity, assessed by A) the 

plasma ALT level and B) the extent of hepatocyte necrosis in paraffin-embedded liver sections stained 

with hematoxylin-phloxine-saffron. Male C57Bl6 mice received an injection of saline or APAP (300 

mg/kg bw i.p.) and were either maintained normothermic by external warming (APAP-NT) or allowed 

to develop a mild degree of hypothermia (32-35 ºC), being euthanized 24 h after the administration of 

APAP. * p< 0.05 NT vs. Mild-HT, ** p < 0.01 NT vs. Mild-HT. 
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Studies investigating mechanisms of liver injury should also take into account the effects 

that specific interventions may have on the body temperature of experimental animals. For 

example, the protection afforded by trifluoroperazine against APAP hepatotoxicity in mice 

has been attributed to the enhancement of hypothermia and not to specific pharmacological 

actions of the drug (96). Similarly, mild decreases of body temperature have been reported in 

rats with acute liver injury induced by carbon tetrachloride (CCl4). In these rats, spinal cord 

transection and the administration of chlorpromazine were interventions that attenuated CCl4-

induced liver injury, but they were also shown to induce profound hypothermia and to reduce 

the bioactivation of CCl4 (120, 121). Remarkably, the hepato-protective effects of these 

interventions were lost when the animals were maintained normothermic. 

 

 

CONCLUSIONS 
 

APAP hepatotoxicity is a major cause of ALF in many developed countries and serves as 

one of the experimental models most frequently used for studying mechanisms of acute liver 

injury and its complications. The administration of APAP induces variable reductions of body 

temperature in a dose-dependent manner in rodents, but reports examining the spontaneous 

evolution of body temperature in patients with APAP hepatotoxicity are scarce. In patients 

with ALF, including those secondary to APAP intoxication, the induction of mild 

hypothermia affords a potentially promising new therapy for controlling brain edema and 

intracranial hypertension refractory to conventional measures.  

In rodent models of APAP hepatotoxicity, the development of hypothermia significantly 

influences survival and the degree of liver injury and, therefore, body temperature should be 

strictly controlled in experimental studies of APAP hepatotoxicity for an adequate 

interpretation of results. This observation also suggests that the benefits of mild hypothermia 

in ALF may not be limited to its effects on the brain. Further studies of the effects of 

hypothermia on APAP hepatotoxicity are both scientifically and clinically warranted. 
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ABSTRACT 
 

Acetaminophen (N-Acetyl-4-aminophenol), also known as APAP or paracetamol, is 

one of the most widely used analgesics (pain reliever) and antipyretics (fever reducer). 

According to the U.S. Food and Drug Administration (FDA), currently there are 221 

approved prescription and over-the-counter drug products containing acetaminophen as 

an active ingredient. When used as directed, acetaminophen is very safe and effective; 

however when taken in excess or ingested with alcohol hepatotoxicity and irreversible 

liver damage can arise. In addition to well-known clinical application as pain relief and 

fever reduction, recent laboratory and pre-clinical studies have demonstrated that 

acetaminophen may also have beneficial effects on blood glucose control, skeletal muscle 

function, and potential use as cardioprotective and neuroprotective agents. Extensive 

laboratory and pre-clinical studies have revealed that these off-label applications may be 

derived from the ability of acetaminophen to function as an antioxidant. Using our recent 

work as a reference point (Blough ER and Wu M. (2011). Acetaminophen: beyond pain 

and fever-relieving. Front Pharmacol. 2:72. Doi:10.3389/fphar.2011.00072), herein, we 

will highlight these novel applications of acetaminophen, and attempt, where possible, to 

highlight how these findings may lead to new directions of inquiry and clinical relevance 

of other disorders.  
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1. INTRODUCTION 
 

Acetaminophen also known as “APAP” or “paracetamol” is one of the most widely used 

medicines in the United States. According to the data from IMS Health, ~24.6 billion doses of 

acetaminophen were sold in 2008. The market demand for acetaminophen is growing. Recent 

data has demonstrated a 28% growth in the market sales of acetaminophen between 2004 and 

2008 with sales approaching approximately $2.6 billion in 2008 alone (Data from IMS 

Health). 

 

 

Table 1. Approved drug products containing acetaminophen as an active ingredient 

(December 2011) 

 

 Approved Drugs Companies 

Prescription Drug Products (Rx) 199 30 

Over-the-Counter Drug Products (OTC ) 22 9 

Discontinued Drug Products 260 65 

Total  481 104 

Data source: the Orange Book from FDA. Modified from (Blough and Wu, 2011). 

 

Table 2. Over-the-Counter drug products (OTC) containing acetaminophen 

(December 2011) 

 

Company Name Drug Name 

Actavis Mid Atlantic Infants' Feverall; Acetaminophen. 

G and W Labs Acephen 

McNeil Consumer Healthcare Tylenol 

Novartis Excedrin (Migraine); Tavist Allergy/sinus/headache. 

Ohm Labs Acetaminophen 

Perrigo Acetaminophen; Acetaminophen, Aspirin and Caffeine. 

Polymedica Neopap 

Ranbaxy Acetaminophen 

Schering Plough Drixoral Plus 

Data source: the Orange Book from FDA. Modified from (Blough and Wu, 2011). 

 

Acetaminophen exhibits both analgesic and antipyretic properties and has been widely 

used as an active ingredient in many approved drugs. According to the U.S. Food and Drug 

Administration (FDA), 481 drugs contain acetaminophen (Table 1). As of December 2011, 

221 out of the 481 acetaminophen-containing drugs exhibit active approval status, which 

include 199 prescription drug products owned by 30 companies and 22 over the counter 

(OTC) drug products produced by 9 companies (Tables 1, 2). Given its wide use and easy 
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availability, scientists have recently begun to examine acetaminophen for off-label 

applications. Herein, we will investigate these potential applications, and attempt, where 

possible, to highlight how these findings may lead to new directions of inquiry and clinical 

relevance of other disorders. 

 

 

2. CHRONIC ACETAMINOPHEN INGESTION CAN IMPROVE  

BLOOD GLUCOSE CONTROL 
 

Although a toxic dose of acetaminophen (three hours following 500 mg APAP / kg body 

weight) can rapidly induce hyperglycemia (Hinson et al., 1984) can rapidly induce 

hyperglycemia (Hinson et al., 1984) and acute liver failure secondary to clinical 

acetaminophen overdose can further impair the peripheral uptake of glucose (Clark et al., 

2001), recent animal studies have demonstrated that acetaminophen, when taken at lower 

dosages (20-30 mg/kg body weight) exhibits an ability to lower blood glucose levels in 

several animal disease models, including diabetes, high-fat diet-induced obesity and aging. 

Using a streptozotocin (STZ)-induced diabetic mice model, Shertzer and colleagues 

showed that acetaminophen at 20 mg / kg body weight is able to normalize STZ-induced 

increases in blood glucose levels (Shertzer et al., 2008). This effect appears to be associated 

with protection against STZ-induced destruction of pancreatic beta-cells given that 

acetaminophen treatment appears to be associated with the maintenance of pancreatic insulin 

synthesis (Shertzer et al., 2008). Like that observed in the STZ model, acetaminophen at 20 or 

30 mg / kg body weight has also been reported to prevent hyperglycemia in animals fed a 

high-fat (HF) diet (Shertzer et al., 2008; Shertzer et al., 2010). In addition to preventing 

hyperglycemia, acetaminophen ingestion is also associated with the restoration of fasting 

insulin levels, improvements in glucose tolerance, and an increased ability of the HF-fed mice 

to boost blood insulin levels after a glucose challenge (Shertzer et al., 2008; Shertzer et al., 

2010). Although the exact mechanism(s) responsible for these findings remain unclear, it is 

thought that these effects, like that seen in the rat STZ model, may be related to 

improvements in pancreatic insulin synthesis / secretion.  

Research using both humans and animal models have demonstrated that the incidence of 

insulin resistance increases with age (Houmard et al., 1995; Wu et al., 2009a). Wu and co-

workers using Fisher 344 x Brown Norway (F344BN) aging rat model have shown that age-

associated increases in blood glucose can be corrected by chronic acetaminophen treatment at 

a dosage of 30 mg /kg body weight (Wu et al., 2009a). It has been postulated that this effect 

was predicated, at least in part, on the ability of acetaminophen to diminish age-related losses 

in amount of muscle glucose transporter-4 (Glut4) expression (Wu et al., 2009a). Further 

study demonstrated that acetaminophen treatment was also associated with an attenuation of 

muscle reactive oxygen species (ROS) levels and in the amount of proteins that become 

oxidatively modified (Wu et al., 2009a). It has been shown that prolonged MAPK activation 

is associated with decreased Glut4 expression (Fujishiro et al., 2001; Carlson et al., 2003) and 

Glut4 translocation in response to insulin (Bandyopadhyay et al., 2001; Izawa et al., 2005; 

D'Alessandris et al., 2007). Supporting this contention, Wu and colleagues showed that 

acetaminophen treatment was also associated with diminished aging-associated increases in 

p38- and ERK-mitogen activated protein kinase (MAPK) activation (Wu et al., 2009a). Taken 
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together, these findings suggests that acetaminophen might function to improve blood glucose 

levels by employing multiple mechanisms including decreases in intracellular ROS levels, 

diminished aging-associated MAPK hyperphosphorylation and by increasing muscle Glut4 

expression (Wu et al., 2009a).  

 

 

3. LONG TERM ACETAMINOPHEN INGESTION CAN IMPROVE 

SKELETAL MUSCLE STRUCTURE AND FUNCTION 
 

In addition to the beneficial effect of acetaminophen on relieving muscle soreness and 

pain (Prior et al., 2011), recent studies have suggested that acetaminophen can improve aged 

skeletal muscle structure and function (sarcopenia). Wu and colleagues reported that chronic 

acetaminophen treatment at 30 mg /kg body weight is able to decrease the aging-associated 

myocyte apoptosis and decreases in myocyte size (muscle fiber cross sectional area) with this 

latter effect occurring most likely due to acetaminophen-associated increases in myosin and 

actin expression (Wu et al., 2009b). These effects are believed to be mediated, at least in part, 

via reductions in the amount of oxidative and nitrosative stress as acetaminophen intervention 

lowers the amount of superoxide and the abundance of oxidatively modified proteins (Wu et 

al., 2009a). It also appears that acetaminophen treatment reduces the phosphorylation of 

eukaryotic initiation factor 2a (eIF2a) (Wu et al., 2010), a key protein translational factor 

which when phosphorylated in response to stress leads to the inhibition of protein 

translational initiation (Kimball, 1999). Other data has demonstrated that acetaminophen can 

decrease muscle reactive nitrogen species (RNS) as evidenced by reduced expression of 

inducible NOS (iNOS) and S-nitrosylation of Akt (Wu et al., 2009b). The Akt / protein kinase 

B is critical regulator of cellular homeostasis and functions to control cellular anabolism 

(protein synthesis, glucose uptake and metabolism) and cell fate (proliferation, apoptosis) 

(Wu et al., 2011). Akt S-nitrosylation impairs Akt kinase activity (Carvalho-Filho et al., 

2005; Yasukawa et al., 2005; Wu et al., 2009b), which if not corrected can lead to a 

dysregulation of Akt signaling. Importantly, the restoration of Akt function by acetaminophen 

is associated with improvements in protein translational signaling (increased phosphorylation 

/ activation of S6 ribosomal protein (Ser235/236) and translation initiation factor eIF4E 

(Ser209)), increases in the amount of muscle Glut4, myosin and actin, along with a decrease 

in myocyte apoptosis and the prevention of age-associated hyperglycemia (Wu et al., 2009a; 

Wu et al., 2009b; Wu et al., 2010).  

The positive effects of acetaminophen on skeletal muscle structure and function have also 

been shown in other experimental settings. Shertzer et al. reported that acetaminophen is able 

to prevent high-fat diet induced decreases in lean muscle volume and body water retention 

(Shertzer et al., 2008). Trappe et al. demonstrated during 12 weeks of knee extensor 

progressive resistance exercise training that acetaminophen (4 g/day) can increase exercise-

induced muscle (quadriceps) hypertrophy and strength in older adults when compared to that 

seen with placebo, although muscle (vastus lateralis) protein content, muscle water content, 

and myosin heavy chain distribution did not increase (Trappe et al., 2011). Interestingly, 

increased muscle volume and strength by acetaminophen does not appear to be mediated by 

cyclooxygenase (COX), as the expression of COX-1 and COX-2 was not changed with 

acetaminophen consumption (Trappe et al., 2011). Importantly, acetaminophen at 4 g/day for 
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12 wks when used in combination with resistance training did not alter blood creatinine and 

ALT levels (Trappe et al., 2011), a finding which suggests that this dosage does not cause 

liver or kidney damage. Interestingly, the effect of combining acetaminophen and exercise 

appears dependent on the type of exercise as acetaminophen has been reported to suppress the 

protein synthesis in skeletal muscle after eccentric resistance exercise (Trappe et al., 2002). 

Mauger et al. reported that ingestion of acetaminophen (1.5 g) can improve the performance 

of a 10-mile cycle time trial (TT) with no difference in exertion or perceived pain, and that 

cyclists who ingested acetaminophen had a higher mean power output and heart rate (Mauger 

et al., 2010). Whether a similar finding exists for other types of exercise modalities is 

currently unclear.  

 

 

4. ACETAMINOPHEN POSSESSES CARDIOPROTECTIVE  

AND NEUROPROTECTIVE PROPERTIES  
 

Clinical studies have suggested that the risk for major cardiovascular events is increased 

if acetaminophen is taken frequently (≥ 22 days / month) or at high doses (15 tablets / week) 

(Chan et al., 2006). Nonetheless, when used properly, acetaminophen has been shown to 

exhibit remarkable cardioprotective effects. Using an isolated guinea pig heart model, studies 

have shown that acetaminophen (0.35 mM) can increase coronary vascular resistance and 

positive inotropy (Merrill et al., 2001), attenuate ischemia-reduced monophasic action 

potentials (Merrill and Goldberg, 2001), and improve left ventricular contractility (rate of 

developed pressure) during postischemia-reperfusion (Merrill et al., 2001; Merrill, 2002). 

Further examination using electron microscopy has suggested that acetaminophen can 

preserve left ventricular myofibrillar ultrastructure in the reperfused myocardium, including 

protection against ischemia/reperfusion-induced diffused and blurred Z lines, the presence of 

contraction bands, and swollen, sparsely packed mitochondria (Merrill et al., 2001). Using 

two dog models of ventricular arrhythmias induced by regional myocardial ischemia / 

reperfusion or ouabain (25 µg/kg), Merrill et al. demonstrated an anti-arrhythmic effect for 

acetaminophen, and found that acetaminophen (15 mg / kg, i.v.) significantly reduced the 

number of ventricular ectopic beats during ischemia and reperfusion, the amount of ouabain-

induced ventricular premature beats, ventricular salvo, ventricular bigeminy and nonsustained 

ventricular arrhythmia (Merrill et al., 2007). In the iron-overloaded gerbil, Walker and 

colleagues have demonstrated that acetaminophen is able to prevent iron overload-induced 

cardiac structural and functional changes, including alterations in cardiac rhythm, ventricular 

distension, reductions in left ventricular ejection fraction, decreases in fractional shortening 

and decreases in mortality (Walker et al., 2007; Walker et al., 2009). Merrill et al. using a 

myocardial infarction dog model showed that acetaminophen at 30 mg/kg body weight is able 

to decrease infarct size (Merrill et al., 2004). These researchers also showed acetaminophen 

treatment can reduce cardiac damage, including swollen mitochondria and fragmented 

nucleus (Merrill et al., 2004). Conversely, others using different animal models have failed to 

show beneficial effects of acetaminophen treatment on infarct size in non-preconditioned rats 

(Dai and Kloner, 2003) or in coronary artery occlusion/reperfusion in rabbits (Hale and 

Kloner, 2004), however all suggest that acetaminophen is a safe drug in the postmyocardial 

infarction setting (Dai and Kloner, 2003; Hale and Kloner, 2004; Leshnower et al., 2006). 
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Further studies defining detailed conditions are needed to verify the protective effect of 

acetaminophen on infarct size. 

It has also been reported that acetaminophen has neuroprotective effects. Maharaj et al. 

reported that acetaminophen (0.25 – 1 mM) treatment ex vivo can inhibit cyanide-induced 

superoxide anion generation and lipid peroxidation in rat brain homogenates (Maharaj et al., 

2004). Further animal study has suggested the acetaminophen (100 mg / kg / day, i.p.) can 

inhibit quinolinic acid (QA)-induced lipid peroxidation, superoxide anion generation, and cell 

damage in the rat hippocampus (Maharaj et al., 2006). Naziroğlu et al. also reported that 

acetaminophen (5 to 100 mg / kg) can reduce brain and microsomal lipid peroxidation, while 

it also increases brain vitamin E levels and microsomal glutathione peroxidase (GSH-Px) 

activity (Naziroglu et al., 2009). In addition, Bisaglia et al. used rat primary hippocampal 

neurons and rat pheochromocytoma cells demonstrated that acetaminophen (100 µM) can 

protect against amyloid beta-fragment-induced impairment of mitochondrial redox activity, 

increases in phospholipid peroxidation and apoptotic nuclear fragmentation (Bisaglia et al., 

2002), suggesting a possible therapeutic effect of acetaminophen on Alzheimer‘s disease. 

 

 

5. ACETAMINOPHEN EXHIBITS POTENT ANTIOXIDANT ACTIVITY 
 

It is well known that acetaminophen overdose can lead to oxidative stress and induce 

hepatic and renal damage (Ghosh et al., 2010; Agarwal et al., 2011). Acetaminophen is 

initially metabolized in the liver, and generates the toxic metabolite, N-acetyl-p-benzoquinone 

imine (NAPQI). Under normal conditions, NAPQI can be efficiently detoxified by 

glutathione (GSH) however, during an overdose, intracellular glutathione can become 

depleted within 1-4 hours (Al-Turk and Stohs, 1981; Porubek et al., 1987; Lores Arnaiz et al., 

1995), resulting in accumulation of intracellular reactive oxygen and nitrogen species 

(ROS/RNS), and increased oxidative / nitrosative stress. In addition, excessive NAPQI can 

also covalently bind to the cysteinyl thiol groups of cellular proteins and form protein-

(cystein-S-yl)-APAP adducts (Hoffmann et al., 1985), which may impair protein function. 

Given this mechanism, antioxidant therapy using N-acetylcysteine (NAC) is commonly used 

to attenuate acetaminophen-induced hepatotoxicity.  

Interestingly, extensive animal and in vitro studies have suggested that acetaminophen 

possesses remarkable antioxidant properties when used within the therapeutic dosage. 

Acetaminophen is phenolic in structure with a substituent at the para position relative to the 

hydroxyl group (Figure 1) which allows it to react with reactive species (Dinis et al., 1994; 

Shertzer et al., 2008). For example, Shertzer et al. using cell-free assay systems demonstrated 

that acetaminophen is directly scavenge reactive oxygen (Shertzer et al., 2008). Nam and 

colleagues found that acetaminophen has higher reactivity with peroxyl radicals than many 

widely-used phenolic antioxidants, including ubiquitous butylated hydroxytoluene (BHT) 

(Nam et al., 2009). Other in vitro studies showed that acetaminophen can significantly inhibit 

hemoprotein-induced lipid peroxidation by its ability to reducing ferryl heme to its ferric state 

and the quenching globin radicals (Boutaud et al., 2010). Acetaminophen has also be shown 

to reduce the degree of low-density lipoproteins (LDL) hydroperoxides induced by Cu
2+

 ions 

(Ozsoy and Pabuccuoglu, 2007) or myeloperoxidase in presence of nitrite and hydrogen 

peroxide (Chou and Greenspan, 2002). Several studies have also demonstrated that 
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acetaminophen can directly scavenge peroxynitrite (Van Dyke et al., 1998; Rork et al., 2006; 

Schildknecht et al., 2008), a highly reactive oxidant and nitrating agent that can oxidize lipids, 

proteins and nucleic acids. Nam and colleagues showed that when nitrogen is incorporated 

into the phenolic ring the antioxidant activity of acetaminophen is greatly reduced and that 

this finding seems to be associated with increased O–H bond dissociation enthalpy (Nam et 

al., 2009). However, this structural change increases the efficacy of acetaminophen to act as 

an inhibitor of lipid hydroperoxide biosynthesis by soybean LOX-1 (sLOX-1) (Nam et al., 

2009) suggesting that altered acidity of the phenolic O–H may lead to chelation of the 

catalytic non-heme iron atom in sLOX-1 (Nam et al., 2009). Taken together, it appears that 

the structure of the acetaminophen phenolic ring is critical for its pharmacological and 

antioxidant properties.  

 

 

Figure 1. Structure of acetaminophen (N-Acetyl-4-aminophenol). The phenolic structure with a 

substituent at the para position relative to the hydroxyl group allows acetaminophen to react with 

reactive species and possesses antioxidant activity. Cited from (Blough and Wu, 2011). 

Ex vivo and in vivo animal studies have suggested that acetaminophen can effectively 

reduce ROS/RNS in multiple tissue types. DuBois and colleagues (1983) reported that 

acetaminophen had antioxidant effects in the rat liver (DuBois et al., 1983). Shertzer et al. 

also showed that acetaminophen (20 mg / kg) can decrease liver mitochondrial H2O2 

formation in both control and high-fat diet fed mice (Shertzer et al., 2008). Wu and colleagues 

demonstrated that acetaminophen treatment at 30 mg / kg for 6 months can attenuate aging-

related increases in skeletal muscle ROS content, the amount of proteins that are oxidatively 

modified, and protein S-nitrosylation, suggesting acetaminophen can decrease oxidative / 

nitrosative stress during aging (Wu et al., 2009a; Wu et al., 2009b; Wu et al., 2010). Using a 

rhabdomyolysis-induced renal failure animal model, Boutaud and colleagues showed that 

acetaminophen (100 mg/kg, i.p.) can significantly decrease myoglobin-derived radical species 

and that this finding was associated with reduced renal damage and improved renal function 

(Boutaud et al., 2010). Using a high-fat fed animal model, Shertzer et al. demonstrated that 

acetaminophen (30 mg / kg / day) was able to inhibit production of reactive oxygen species 

(at least partially via inhibition of NADPH oxidase activity) and lipid peroxidation in white 

adipose tissue (WAT) and that these findings were associated with improved glucose 

tolerance and insulin sensitivity in HF animals (Shertzer et al., 2010).  

Although not yet well understood, the cardioprotective effects of acetaminophen appears 

to be related to its ability to act as an antioxidant (Merrill et al., 2001; Merrill and Goldberg, 

2001; Merrill, 2002; Rork et al., 2006; Hadzimichalis et al., 2007; Walker et al., 2007; Walker 

et al., 2009; Kakarla et al., 2010). Using Langendorff-perfused guinea pig hearts, 

Hadzimichalis and colleagues reported that acetaminophen (0.35 mM) can reduce 
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mitochondrial swelling, and inhibit the mitochondrial permeability transition pore-induced 

apoptotic pathway and mitochondrial cytochrome C release in heart with induced low-flow 

global myocardial ischemia (Hadzimichalis et al., 2007). Merrill et al. demonstrated that 

acetaminophen can significantly attenuate the burst of hydroxyl radicals during the first 10 

min of reperfusion, and block 3-morpholinosydnominine (SIN-1)-induced peroxynitrite 

generation (Merrill et al., 2001). Kakarla and co-workers have found that chronic 

acetaminophen treatment at 30 mg/kg body weight is able to attenuate aging-associated 

increases in cardiac oxidative (superoxide) and nitrosative (protein nitrotyrosylation) stresses, 

caspase-3 activation and apoptosis in F344BN rats (Kakarla et al., 2010). Rork et al. reported 

that acetaminophen (0.35 mM) can reduce peroxynitrite in the isolated guinea pig 

myocardium and that this finding was associated with an attenuated activation of MMP-2 and 

decreased cleavage of troponin I (TnI) following ischemia/reperfusion (Rork et al., 2006). 

Therefore, cardioprotective effects of acetaminophen are at least partially mediated by 

reducing tissue reactive oxygen and nitrogen species. 

 

 

CONCLUSIONS AND PERSPECTIVES 
 

Recent experimental data suggests that acetaminophen may have several remarkable 

effects other than its well-known analgesic/antipyretic properties. Thus far, acetaminophen 

has been shown to improve blood glucose control, improve skeletal muscle structure and 

function in the aged, and that this agent exhibits cardioprotective and neuroprotective effects 

(Figure 2). Current laboratory and pre-clinical studies have revealed that many of these 

findings can be linked to its incredible antioxidant properties. It is also worth noting that since 

acetaminophen overdose or ingestion with alcohol can cause hepatotoxicity and death, well 

controlled clinical studies must be conducted to ensure the safety and efficiency of 

acetaminophen before its clinical application for off-label applications.  

 

 

Figure 2. Summary of acetaminophen therapeutic effects. In addition to the clinically-proven 

analgesic/antipyretic properties, laboratory and pre-clinical studies demonstrated that acetaminophen 

has other beneficial effects that would increase clinical application of acetaminophen. However, clinical 

studies are needed to ensure its safety, efficiency and proper dosage. Cited from (Blough and Wu, 

2011). 
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ABSTRACT 
 

During the last decades, the scientific community has become increasingly 

concerned about the potential public health impact of new environmental contaminants 

originating from industrial, agricultural and human activities. These compounds, known 

as emergent pollutants, include prescription and non-prescription human and veterinary 

pharmaceutical compounds, personal care products, household chemicals, pesticides, 

fertilizers and so forth. Among them, the occurrence of pharmaceuticals in water 

represents an outstanding environmental issue due to their therapeutic and/or biological 

activity, even at trace levels. The development of analytical techniques with low 

detection limits and high sensibility has enabled undertaking ambient monitoring studies 

to control the occurrence and fate of these emergent pollutants. Acetaminophen, a non-

prescription analgesic widely consumed worldwide, is among the six pharmaceutical 

ingredients most often detected in drinking water. This is a direct consequence of the low 

efficiency of conventional water treatment processes for the removal/degradation of these 

compounds, along with their continuous discharge in the environment. To overcome the 

emergent environmental challenge associated with the occurrence and persistence of 

pharmaceuticals in water and wastewater, novel advanced water treatment techniques are 

currently being extensively investigated. In this chapter, a comprehensive review of 

recent advances on the development of new strategies to improve the water quality is 

made; special emphasis is paid to methods based on adsorption and degradation processes 

including adsorption, photo- and electro-assisted degradation techniques, etc. 
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1. INTRODUCTION 
 

―There is no life without water. 

It is a treasure indispensable to all human activity‖ 

Article 1, 2 European Water Charter 

Proclaimed in Strasbourg, 6th May 1968 

 

Water is the most important compound for life in our planet, not only for all the 

ecosystems but also for the development of anthropogenic (human) activities that determine 

the socio-economic development of regions and countries. Indeed, the International Human 

Rights Declaration recognizes the fundamental right of all humans themselves and their 

families to an adequate standard of living, including food, clothing, housing and free access to 

clean freshwater [1, 2].  
Thus, for a sustainable development of human societies—as defined in the Rio de Janeiro 

Declaration on Environment and Development in 1987—it is essential to guarantee water 

availability and quality; this brings together two fundamental aspects of society: the need to 

improve people‘s living conditions (in present generations) while protecting the environment 

and without compromising future generations to meet their needs [3]. 

Despite the fact that water is the most abundant natural compound on Earth, most of it is 

not directly available for human purposes (domestic, industry, and agriculture uses) due to the 

high salinity of main water resources (oceans and seas) and availability restrictions. Total 

global freshwater constitutes only ca. 2.7% of the overall water mass, and most of it is located 

in polar icecaps, glaciers and permanent snow. Only ca. 0.7% of freshwater, contained in 

rivers, lakes and groundwater, can be directly used by humans. Besides water shortage, 

worldwide demand for freshwater is growing at an alarming rate, and water scarcity is 

becoming a critical issue in many populated areas. In addition to drought impacts, 

overexploitation of water resources in some areas, especially for agriculture, increases the risk 

of water deficits and also the environmental hazards associated with water management and 

disposal. Therefore, it is essential to guarantee the access to clean freshwater and to promote 

integrated strategies to control water management and disposal in order to protect the 

population from sanitary and environmental risks. 

Albeit water is in a continuous movement in nature, and thus removal of certain 

compounds in solution occurs to some extent in the hydrologic cycle (evaporation and 

condensation, filtration in soil); however, this natural water purification process is usually not 

enough to remove the wide variety of undesirable chemical species (i.e., pesticides, solvents, 

pharmaceutical compounds, household chemicals and so forth) that can be found in all sorts 

of water [4, 5]. 

In this regard, the occurrence of chemical compounds with therapeutic and/or biological 

activity in aquatic environments—including drinking water [5]—has become an outstanding 

environmental issue in the last decades; since then, the scientific community has devoted 

much research effort to develop advanced techniques to detect these compounds (usually 

present at extremely low concentrations) and more efficient technologies to remove them 

before discharge to the treated water effluent. 

It should be mentioned that these compounds pose a potential risk to public health due to 

their biological activity, and little is currently known on the long-term exposure to these 

pollutants (and their mixtures) [6]. Even thought their concentration is usually low (trace 
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levels, ca. g L
-1

 and ng L
-1

) and seldom exceeds water quality standards (when regulation 

applies), most of these compounds are continually introduced in the environment due to their 

high worldwide consumption; consequently, the levels in the environment are very high and 

almost constant [7, 8], for which high concentrations may appear; this is the case, for 

instance, of peak concentrations of pesticides in surface water during run-off in agricultural 

areas soon after application or in urban areas due to abusive household chemical uses. In 

some other cases (such as pharmaceuticals), they have acute toxicity, their side effects on 

human health are unknown, or simply their presence on water is not yet regulated. 

Summarizing, quite extensive research has been done in the last years on the occurrence 

and removal of emergent pollutants, including pharmaceuticals, detected in water [4, 5, 9]. 

The purpose of this chapter is to provide a global view on the particular case of 

acetaminophen, one of the most worldwide consumed analgesics that has been frequently 

found in all sorts of water [4, 5]. An overview of the results available on the literature 

concerning acetaminophen occurrence in the aquatic environment and its fate in conventional 

and advanced water treatment technologies will be presented and discussed. 

 

 

2. PHARMACEUTICALS AS EMERGENT POLLUTANTS 
 

The control of water pollution by industrial activities was first considered in USA in 

1972, in the ―Federal Water Pollution Control Act Amendments‖ in which the Congress 

established a national system of unloading and elimination of pollutants [10]. Major 

amendments to the pristine document (―Clean Water Act‖ and ―Water Quality Act‖) were 

enacted in 1977 and 1987. In Europe, the Water Framework Directive (2000/60/EC) and its 

amendments and transpositions into the national legislation of the European Community 

members regulate integrated pollution and control [11].  

Today‘s society is increasing its use of a variety of chemicals (synthetic or natural 

products), which are being found in water systems. These compounds, known as emergent 

pollutants, are mainly originated from industrial, agricultural and human activities and 

include pesticides, industrial chemicals, pharmaceutical and personal care products (PPCPs), 

household chemicals, and so forth. As mentioned above, the main challenge of these 

compounds is their continuous discharge in the environment due to their high worldwide 

consumption and the potential impact on human health due to the therapeutic and/or 

biological activity of some of them. Moreover, many of these compounds are not regulated by 

international or national environmental legislation, thus they are infrequently measured or 

controlled as environmental markers in water pollution.  

The presence of a wide variety of emergent pollutants in the aquatic environment has 

been frequently reported in the literature for the last decades after the early findings of 

Stumm-Zollinger and Fair (1965) and Hignite and Azarnoff (1977) [12-18]. However, little 

attention has been paid to these pollutants until toxicological impacts in fish [19-24] were 

linked to the occurrence of trace pollutants in the ecosystem. The high incidence of 

intersexuality in river fish throughout United Kingdom was demonstrated in the study 

published in 1998, by Jobling et al. [21], and more recently, in Potomac River (USA) [25]. 

The results presented in 1994, by Stan et al. [26] showing the presence of clofibric acid 

(metabolite of the blood lipid regulators, also used as pesticide) in 64 drinking water samples 
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taken in Berlin (Germany) were also fundamental in drawing the attention of the scientific 

community towards the importance of undertaking monitoring studies of emergent pollutants. 

Since then, the occurrence of small concentrations of PPCP has been associated with chronic 

toxicity, endocrine disruption, development of pathogen resistance, alterations in 

development, reproduction and metabolisms, as well as genetic toxicity leading to 

malformations. The presence of micropollutants also endangers the reuse of treated 

wastewater, a strategy envisaged nowadays to achieve a sustainable water cycle management 

[27]. 

However, although available data are now much more abundant, still little is known 

about the occurrence, fate, synergistic, and long-term effects of PPCPs and their metabolites 

in water environments following their end-use [28-32]. Despite the fact that this source of 

water pollution is considered an important and emerging issue in water quality, there are few 

coordinated efforts concerning the monitoring or remediation of water and wastewater to 

confront the presence of these chemicals. The lack of specific regulation that controls the 

occurrence and effects of these emergent water pollutants is another challenge in most 

developed countries. A precise control of water quality is essential in order to protect the 

population from sanitary and environmental risks associated with water pollution.  

One of the key emergent pollutants are pharmaceuticals and personal care products, 

firstly addressed as water pollutants by Daughton and Ternes in 1999 [33]. This group of 

substances comprises a large class of chemicals such as human and veterinary 

pharmaceuticals (over-the-counter and prescription medicines), and also other substances 

commonly used in daily life (i.e. household-cleaning chemicals, fragances, disinfectants, 

etc.). Current estimates on their presence in water are still being gathered; a few studies 

investigating the occurrence and most likely pollution pathways of these chemicals in water 

resources in different countries [25, 34-45] have reported that water bodies may contain some 

antibiotics, steroids and hormones, and other chemicals for personal care. It has been 

estimated that about six million of commercial PPCPs are available in the world, and the use 

of pharmaceuticals is increasing ca. 3-4% every year [46]. 

Due to their therapeutic activity, the issue of pharmaceutical residues in the water supply 

is nowadays considered a major environmental and human health threat. Developed to 

promote human health and well-being, a variety of pharmaceuticals including painkillers, 

tranquilizers, anti-depressants, antibiotics, birth control pills, chemotherapy agents, etc., are 

finding their way into the environment via human and animal excreta from disposal into the 

sewage system and from landfill leachate that may impact groundwater supplies. Moreover, 

their control results very difficult due to the diversity of pollution sources (see Figure 1). 

Pharmaceutical industries, hospitals and other medical facilities are obvious sources, but 

agricultural practices and householders also contribute to a large extent. The agricultural 

sector is a major antibiotic consumer through their use as growth enhancers to livestock. 

People often dispose of unused medicines by flushing them down toilets, and human excreta 

can also contain varied incompletely metabolized medicines; all these compounds end up in 

the streams in water treatment facilities [47-52]. From this stage, contamination of rivers, 

lakes, aquifers and groundwater is a considerably high risk [4, 53].  

Another challenge is that these drugs can pass intact through conventional sewage 

treatment facilities (STP) into waterways, lakes and even aquifers. Further, discarded 

pharmaceuticals often end up at dumps and landfills, posing a threat to underlying 

groundwater. Since pharmaceuticals may have long half-lives in the environment, they can 
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accumulate reaching biologically active levels [33]. For instance, it has been reported that the 

environmental persistence of several commonly used pharmaceuticals such has erythromycin, 

naproxen, or sulfametoxazol is longer than one year; in the case of clofibric acid, this is 

estimated to persist for several years [54-56].  
 

 

Figure 1. Scheme of main routes of water bodies pollution by pharmaceutical compounds and their 

metabolites. 

Despite the number of studies on the topic, still little is known about the effects of 

pharmaceuticals and their metabolites when they are discharged to the environment [57]. 

Moreover, once entered in the food chain, these pollutants can easily reach humans. Although 

no direct effects of pharmaceutical pollution of water streams have been observed in human 

health [4, 58], some threats to public health associated with interactive effects from complex 

mixtures of drug compounds (such as development of mutations, antibiotic bacteria resistance 

and allergies) have been considered [59-64]. As an example, Goñi-Urizza et al. [65] have 

found a correlation between the presence of antibiotic-resistant bacteria and the occurrence of 

pharmaceuticals in influent waters from sewage treatment plan. Some other studies have 

revealed that the presence of low traces of pharmaceuticals have harmful effects in aquatic 

organisms as seaweeds and crustaceans [66, 67] and on earth fertility due to the destruction of 

soil microorganisms [68, 69].  

The enormous diversity of chemical composition of these pollutants in waters requires a 

coherent strategy for reversing this threat and achieving sustainability management and 
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quality of water. In this regard, the US-EPA has recently included a series of pharmaceuticals 

in the drinking water Contaminant Candidate List (CCL), in an effort to prioritize research 

and data collection that helps to determine whether these unregulated pollutants should be 

considered as specific water contaminants [70, 71]. 

As mentioned above, another challenge of pharmaceutical pollution in water is that many 

of these substances escape to conventional wastewater treatments, which allows them to reach 

surface waters and distribute in the environment [9, 54, 72, 73]. Indeed, PPCPs (either 

metabolised or not) represent a rising part of the trace pollutants found in urban and domestic 

wastewaters that reach sewage treatment plants [74]. Recent studies have demonstrated that 

conventional wastewater treatments plants (WWTP) are not generally effective to eliminate 

and/or degrade the majority of these compounds. This is the case of biological treatment, by 

far the most widely applied and cost-effective water treatment method. Unfortunately, this 

technology cannot deal with the non-biodegradable pollutants present in wastewater, which in 

addition are very often inhibitors of the biological processes. Consequently, pharmaceuticals 

often remain in treated water, making WWTP discharges a significant source of these 

substances to the aquatic environment; they have even been found to accumulate in drinking 

(tap) water [25, 34, 35, 75-82].  

Alternatives for their removal are not yet sufficiently developed and thus have not been 

implemented on a large scale. Reverse osmosis, ion-exchange resins and adsorption on 

activated carbons are among the most utilized [83]. Their major drawbacks are a poor 

economic feasibility, a limited applicability and effectiveness, and a short lifetime due to low 

regeneration capacities. For instance, membranes for reverse osmosis are subjected to 

degradation by oxidants (free chlorine), reducing dramatically their performance and lifetime. 

Ion exchange resins are limited in applicability and effectiveness by fouling (oil, grease, 

suspended solids), oxidation and low regeneration capacities. Oxidation treatments, used in 

water potabilization such as ozonization and chlorination, have also been reported with 

relative success [81, 84-86]. For example, ClO2 is only effective to oxidize sulphonamide and 

macrolide-derived antibiotics and estrogens [85]. In other cases, such as the chlorination of 

amine functionalized drugs, undesirable oxidation products might be obtained [87].  

The need for developing advanced treatment technologies for water remediation that can 

provide safe treated effluents has resulted in a new area of research and action for water 

treatment systems, with many efforts directed to upgrade WWTP and to implement new 

competing technologies for biological degradation of emergent pollutants. Current 

technological alternatives with great potential in the field of water remediation focus on the 

development of membrane bioreactors [88] and on the advanced oxidation processes (AOP) 

alone [89, 90] or combined with nanofiltration or ozonation [91]. Combinations of AOP such 

as Fenton-based systems, heterogeneous photocatalysis, and ultraviolet or ozone-based 

oxidation processes have also been considered to degrade these refractory pollutants [92-94].  

 

 

3. ACETAMINOPHEN IN WATER RESOURCES 
 

Acetaminophen (N-acetyl-4-aminophenol, N-(4-hydroxyphenyl)acetamide) or 

paracetamol is a pharmaceutical compound often detected in water resources. The molecular 

structure and arrangement of the atoms in space along with dimensions estimated according 
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crystallographic data [95] are presented in Figure 2. Acetaminophen was introduced into 

human medicine by Von Mering in 1887 [96]; it is an analgesic and antipyretic drug regularly 

used for the relief of fever, headaches and some minor pains in adults and children. It is then 

an effective over-the-counter drug (the most used in USA [97]) that benefits millions of 

consumers worldwide.  

Moreover, data recently gathered by several authors, reproduced in Table 1, show that the 

annual consumption of acetaminophen is very high in all the mentioned countries, being the 

first or the second most consumed pharmaceutical in the ranking of each country [98-102].  

 

 

Figure 2. Molecular structure of acetaminophen. (a) General structure (b) and (c) special arrangement 

of the atoms with molecular dimensions. 

For instance, about 3.5 billion 500 mg tablets of acetaminophen were purchased in UK in 

2000 [98]; the average consumption in Europe varies widely among the countries, and for 

Italy it has been estimated in 9 g/person/ year [99]. However, the estimation of the overall 

acetaminophen consumption must take into account that this is also a co-ingredient in the 

formulation of other pharmaceuticals; thus the overall amount of prescribed acetaminophen 

becomes larger, increasing from 403 to 1135 tonnes in the case of England in the year 2000 

[100].  

Once ingested, acetaminophen is quickly and almost entirely absorbed from the 

gastrointestinal tract, whereas exceeding doses of un-metabolized acetaminophen or its 

metabolites are eliminated by renal excretion [103, 104] . The main metabolites formed by 

hepatic biotransformation are glucuronic acid and sulphate conjugates (up to 90%). 

Considering the above-mentioned average annual ingestion of acetaminophen in Italy (ca. 9 

g/person/year) and the excretion rate of un-metabolized compound, ca. 27 tonnes would be 

released to water streams annually. Besides clinical uses in human medicine, another source 

of environmental pollution related to acetaminophen results from its use for chemical control 

of the brown tree snakes‘ population [9, 105, 106]. This leads to soil and groundwater 

contamination with this compound, while the result of the human consumption is mainly 

linked to the influents of sewage treatments plants [9, 106]. 
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Table 1. Annual consumption of acetaminophen and its position in the ranking 

consumption list within a country 

 

Country Year 
Annual consumption 

(t/year) 

Ranking 

position 
Ref. 

Australia 1998 296 1 [101] 

Austria 1997 35 2 [101] 

Denmark 1997 296 1 [101] 

England 2000 391 1 [101] 

England 2000 403 1 [100] 

Germany 2001 622 2 [101] 

Switzerland 2004 95 1 [101] 

USA 1997 30 000 – 35 000 1 [102] 

 

Table 2 gathers the acetaminophen concentrations detected in various countries since late 

1990s, for different sorts of waters, along with the removal efficiencies achieved depending 

on the water treatment process applied. The values reported for most of the STPs and 

WWTPs effluents are in the order of tens of ng L
-1

. The removal efficiency of the different 

treatment processes was rather high in almost all cases, although acetaminophen in some 

treated effluents (i.e., hospitals) was still extremely high. Detected concentrations of 

acetaminophen in surface water, groundwater, and drinking water are of the same order of 

treated effluents (ng L
-1

), and only in a reduced number of cases it was not detected or at 

concentrations close to the detection limit of the analytical techniques used for quantification. 

In Europe, the reported mean concentrations vary from not detectable to ca. 100 ng L
-1

 [74, 

107-110]. In the USA, average concentrations of 110 ng L
-1

 with maximum values of 10000 

ng L
-1

 have been reported for surface water [4], although a recent study has revealed unusual 

high acetaminophen concentrations in bottled water samples [111]. In Taiwan, high 

acetaminophen amounts have been detected in River Sindian (ca. 1450- 2360 ngL
-1

) [112].  

As a pharmaceutical compound, acetaminophen has an adverse drug reaction (ADR) 

associated with normal and excessive dosages or drug accumulation and/or the formation of 

chemically reactive metabolites (CRM). Acute overdose of acetaminophen is the foremost 

cause of acute liver failure in USA (ca. 80%) and Europe [145-147]. As all compounds with 

therapeutic activity, the potential risks of acetaminophen to both human health and the 

environment are estimated by the Environmental Risk Assessment (ERA) [148]. According to 

the European Medicines Agency (EMEA), the ERA is evaluated by means of the predicted 

environmental concentration of the pharmaceutical in surface water, (PECsurf.water)[149]: 
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where DOSEai is the maximum daily dose consumed per inhabitant (in mg inh
-1

 d
-1

), Fpen is 

the market penetration fraction of the active ingredient (ca. 0.01 for acetaminophen), 

WASTEWinhab is the amount of wastewater per inhabitant per day (ca. 200 L inh
-1

 d
-1

 

according to the EU Technical Guidance Document, TGD), and DILUTION is the dilution 

factor (ca. 10 for acetaminophen according to TGD). 

 

 



 

Table 2. Country-wise occurrence of acetaminophen in STPs and WWTPs influents/effluents, surface water, groundwater, and 

drinking water. Treatments and removal efficiencies are mentioned for the case of STPs and WWTPs 

 
Sewage Treatment Plants (STP) 

 
Sampling 

year 

Influent 

(ng L-1) 

Effluent 

(ng L-1) 
Treatment 

Removal 

(%) 
Ref. 

Canada 2003  5 (9000)   [113] 

France (Aix-en-Provence) 2008 5200 (6700) 393 (640) 
Activated sludge 

nitrification 
93 [114] 

Germany 

(Frankfurt/Main) 
1996  n.d. (6000) Activated sludge 98 [74] 

Japan (Kumamoto City) 2009 8000 - 10000 n.d. – 1.39 g/day Activated sludge > 90 [115] 

Spain (Almería) 2003/04 134000 (246000) 220 (4300) Activated sludge 99 [53] 

Spain 2007/08 149226 (19850) < LOQ (30.0) Activated sludge > 95 [116] 

Spain 2009 163-260 

10.7-22.0 
Diox, sand filtered, 

ozonated, GAC filtered 
96 

[117] 

1.3 – 3.8 
Ultrafiltration, reverse osmosis, 

remineralization 
99 

Spain (Madrid)  23202 (37458) < LOD Activated sludge > 99 [118] 

South Korea 2004 70 (260) 60 (160) 
Activated sludge, coagulation, 

flocculation, and sedimentation 8.7 [119] 

Sweden (Stockholm) 2007 34400 1700  95 [120] 

Switzerland 2009 29000 (44000) 350 Activated sludge 99 [121] 

Taiwan 2008  16 Activated sludge  [122] 

UK 2004   
Activated sludge nitrification/de-

nitrification 
91.93 [123] 

USA (Louisiana) 2001/02  1.2 Activated sludge  [124] 

USA 2004 5529 - 69570 
< 20 Activated sludge  

[125] 
< 20 Activated sludge and UV  



 

Table 2. (Continued). 

 
Sewage Treatment Plants (STP) 

 
Sampling 

year 

Influent 

(ng L-1) 

Effluent 

(ng L-1) 
Treatment 

Removal 

(%) 
Ref. 

USA (Georgia) 2008 80000 (130000) 

< 50 Activated sludge > 99 

[73] < 50 
Activated sludge and granular 

activated carbon 
> 99 

< 50 Activated sludge, GAC and ozone > 99 

Wastewater Treatment Plants (WWTPs) 

  
 

 

 

 
 

 

 
 

Croatia  10194 (26090) 2101 (5990)   [126] 

France (Marseille)   108.1 – 11308.9   [127] 

London (UK) 2003/04  10 – 112 (281)   [110] 

South Korea 2004/05 11500 9.5 (19) Membrane bioreactor ≈ 99 [128] 

Spain (Almería)   
1767 (3130) hospital 

effluent 
  [129] 

Spain (Almería)   
16020 (29000) 

hospital effluents 
  [130] 

Spain (Barcelona) 2005 ≈ 18000 (≈ 22000) < 1000 
Activated sludge 98.4 

[131] 
Membrane bioreactor 99.6 

Spain (Barcelona) 2007  
99000 (11400) primary 

effluent 

Activated sludge 99.9 
[132] 

Membrane bioreactor 99.8-99.9 

Spain  1570 30 Activated sludge 98 [133] 

Switzerland (Genova) 2010  300   [107] 

Taiwan 2008  
36950 (100433) hospital 

effluent 
  [122] 

Taiwan 2008 1800 - 30967 < 200 
Activated sludge and chlorination or 

UV 
> 95 [134] 

USA   6 (1060)   [135] 

USA (New York City) 2005 61000 860  99 [136] 

USA (Baltimore)  960 n.d. 
Activated sludge, disinfection, 

dechlorination 
> 99 [137] 



 

Table 2. (Continued). 

 
Surface water       

 Sampling year Concentration (ng L-1)  Ref. 

Canada 2003 5 (3600)  [113] 

France (Marseille)  
10.6 – 72.3 (Herault ) 

5 x104 – 2 x105 (Cortiou) 
 [127] 

Germany (Frankfurt/Main) 1996 n.d.  [74] 

Germany 2000 < LOD – 66  [109] 

South Korea 2004/05 33 (73)  [128] 

Spain (Barcelona)  42 (250)  [126] 

Switzerland 2010 25  [107] 

Taiwan 2007/08 1450 – 2360  [112] 

Taiwan  14 – 1600  [134] 

USA 1999/00 110 (104)  [4] 

UK (London) 2003/04 9 – 289 (555)  [110] 

USA 2001 160  [138] 

USA (Iowa) 2001 n.d. – 1950  [139] 

USA (Louisiana) 2001/02 n.d.  [124] 

USA 2003 15  [140] 

USA  684 - 1780  [135] 

USA (New Jersey)  n.d. - 31  [141] 

USA (Louisiana) 2004 24.7 – 65.2  [142] 

Groundwater 

 Sampling year Concentration (ng L-1)   

USA 2000 380  [143] 

 

     



 

Table 2. (Continued). 

 
Tap water / Drinking water / Bottled water 

 Sampling year Concentration (ng L-1)  Ref. 

Canada (Ontario) 2002 0.2  [124] 

France (Marseille)  n.d. – 210.1  [127] 

South Korea 2004/05 n.d.  [128] 

Switzerland  160  [121] 

USA 1998 detected  [144] 

USA (Louisiana) 2001/02 0.1  [124] 

USA 2003 300 – 3000 (2 out of 12 samples)  [140] 

USA  1100 – 1300 (3 out of 10 brands of bottled water)  [111] 

Values indicated alone are mean concentrations (maximum concentration). 

LOQ: limit of quantification 

LOD: limit of detection 

n.d.: not detected 

GAC: granular activated carbon 
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Table 3. PEC values and physico-chemical properties of the acetaminophen 

 

Property Value Ref. 

PEC (µg L-1) 

15 (EMEA) [150] 

44 (Pharmatreat) [150] 

20 (EMEA) [110] 

7 (GREAT-ER) [151] 

37 (CPMP, 2001) [58] 

log Kow 0.46 [150] 

log Koc 1.79 [152] 

% transformation or DT50(d)a 

3.1 d [153] 

57% [154] 

99% [155] 
a
 DT50 is the time for 50% disappearance in days 

 

This parameter assumes that the drug is used uniformly over the time period and target 

area, no metabolism occurs in the patient, and that WWTPs are the main points of entry into 

the aqueous environment. Other models have been postulated by different organisations to 

evaluate the PEC parameter; thus it is important to indicate the ERA guideline used for its 

determination. Some examples of the PEC values for acetaminophen, reported by different 

organisms, are compiled in Table 3.  

The values exceed the threshold bioconcentration value taken as 0.01 µg L
-1

, and in 

general overestimate the environmental concentrations detected in different aqueous 

environments for different countries (see Table 2), with the exception of hospitals and STPs 

and WWTPs effluents. 

If the aquatic PEC is > 0.01 µg L
-1

 (or lower than this threshold value but the compound 

is suspected from special ecotoxic effects) further investigation is required. In this regard, 

Phase II is divided into two tiers. Tier A involves a review of physico-chemical (adsorption-

desorption using batch equilibrium method, biodegradability test, etc.) and toxicological 

(values such as LC50 or EC50) data of the pharmaceutical, while Tier B evaluates the 

bioaccumulation of the pharmaceutical compound itself and its metabolites. Some basic 

physico-chemical properties of acetaminophen for EMEA phase II tier A are also reported in 

Table 3, such as the octanol-water (Kow), and the soil organic carbon-water partition 

coefficients (Koc) that allow the evaluation of the acetaminophen-water affinity. Degradation 

studies are also recommended for evaluating the persistence of acetaminophen in the aqueous 

environment; available studies (Tables 2 and 3) suggest a rather low persistence of 

acetaminophen.  

Concerning the ecotoxicity of acetaminophen, scarce data are available in the literature, 

although some results are summarized in Table 4 [154, 156, 157]. In general, there is a huge 

discrepancy between reported data, mainly due to the different methods used in the 

determination of the LC50 parameter. Some authors [154] suggest that standard tests (algae, 

Daphnia, and fish) underestimate the toxicity of acetaminophen, when compared to other 

well-known pharmaceuticals. Despite this, acetaminophen was classified as harmful pollutant 

by the European Union (Directive 93/67/EEC on the risk assessment for new notified 

substances) based on the LC50 values [158]. 
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Besides reporting ERA parameters for individual pharmaceuticals, it has to be considered 

that very often mixtures of PPCPs can be present in water streams. Thus, the combined 

concentrations of compounds with pharmacologically similar (concentration addition) and 

different (response addition) modes of action should be considered to evaluate the toxicity of 

real complex mixtures [159]. In fact, a relatively small effect of a mixture of seven 

pharmaceuticals (acetaminophen among them) has been observed on crustaceans (Hyalella) 

[160]. The scarcity of data on ecotoxicity tests of mixture of pollutants requires further 

research in this area.  

 

Table 4. Lethal Dose 50% (LC50) of acetaminophen 

 

Test Time (h) LC50 (mg/L) Method Ref. 

Fish 96 258 ECOSAR [161] 

Daphnia 48 41 ECOSAR [161] 

Algae 48 2549 ECOSAR [161] 

Daphnia 48 20  [154] 

Zebra mussel haemocytes  0.35  [162] 

Bacteria 1/4 331 ISO 11348-3 [163] 

Crustacean 48 50 OECD 202 [163] 

Crustacean 24 56 OECD 202 [163] 

Algae 96 134 OECD 201 [154] 

Daphnia 48 50 OECD 201 [154] 

Lumin Bacteria 1/2 650 DIN 38412 [154] 

Daphnia 24 136  [164] 

Daphnia 48 9  [164] 

S. proboscideu 24 30  [164] 

 

 

4. ACETAMINOPHEN REMOVAL AND DEGRADATION 
 

As mentioned above, recent studies have demonstrated that recalcitrant pharmaceutical 

compounds are frequently found in urban and domestic wastewaters since conventional non-

oxidative water treatment processes (i.e. biological method, coagulation, flocculation, and 

sedimentation) do not seem to be effective to eliminate and/or degrade the majority of the 

active pharmaceutical ingredients [54, 72]. 

In the particular case of acetaminophen, relatively large removal efficiencies have been 

reported in the literature after conventional non-oxidative waste treatment processes (see 

Table 2). As an example, two different studies carried out on sewage treatment plants in 

United Kingdom and USA, during 2004, revealed that the use of activated sludge allowed a 

90-100% removal of acetaminophen [123, 125]. 

However, it must be emphasized that despite such large removal efficiency, still several 

hundreds of ng L
-1

 were detected in the treated effluent discharged. At converse, analysis of 

the influents and effluents of several South Korea sewage treatment plants—also in 2004— 

showed an acetaminophen removal rate of ca. 8.7%, much lower than that of other 

pharmaceutical compounds (i.e., salicylic acid and ibuprofen) [119]. Even in most favourable 

cases, the complete removal of acetaminophen (or other compounds) using conventional 
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water treatment process is not usually attained; other processes must be coupled to further 

eliminate the remaining compound and remediate the wastewater effluent. Oxidation 

treatments with chlorine (chlorination) are most commonly used [124], although their major 

drawback (besides the economic penalty to the overall processes) is linked with the formation 

of toxic metabolites, also classified as carcinogenic and/or mutagenic compounds [165, 166]. 

Chlorination of acetaminophen has been studied showing the formation of two chlorinated 

aromatic products (i.e., chloro-4-acetamidophenol and dichloro-4-acetamidophenol), and two 

quinoidal oxidation by-products (i.e., 1,4-benzoquinone and N-acetyl-pbenzoquinoneimine) 

[167, 168]. These are toxic oxidation intermediate compounds associated with acetaminophen 

overdoses in humans with lethal effects [169]. It must also be mentioned that Chiron et al. 

[114] identified nitrophenolic transformation products of acetaminophen in effluents of full-

scale WWTPs, pointing out acetaminophen nitration during the treatment with nitrifying 

activated sludges. 

Additionally, one should bear in mind that the interpretation of the results might be very 

often influenced by the detection limits of the quantification method utilized to measure the 

pollutant concentration. In this regard, pre-concentration techniques (for instance, solid phase 

extraction) are recommended to improve the recovery yields for acetaminophen [128]. Some 

other times, important information on water pollution is left behind when the analysis is 

restricted to the target pharmaceutical compound, disregarding the possibility of side 

reactions and the formation of metabolites. In this case, besides the removal efficiency of the 

studied compound, it becomes extremely important to quantify the mineralization rate (using 

for instance Total Organic Carbon (TOC) or Dissolved Organic Carbon (DOC)) [114] and to 

identify the metabolites. 

Hence, the search for more efficient water treatment technologies leading to effective 

removal and/or mineralization of pharmaceutical compounds, while avoiding the formation of 

by-products with equal or even more adverse effects than the pristine drug, is a continuous 

challenge for the scientific community. For this reason, many research efforts are being 

directed to implement new competing technologies for degradation of these recalcitrant 

pollutants with therapeutic activity. Technological alternatives with great potential focused on 

the development of membrane bioreactors, adsorption processes based on activated carbons 

or other adsorbent materials, and advanced oxidation processes. A detailed discussion of the 

recent literature data available on these technologies is presented in the following sections of 

this chapter.  

 

 

4.1 Membrane Bioreactors 
 

Membrane bioreactor technology combines biological activated sludge processes and a 

solid-liquid separation by membrane filtration and, according to the literature, seems to be the 

most promising development in microbiological wastewater treatment applied to urban and 

industrial effluents [88, 170]. The performance of this technology for the removal of several 

pharmaceutical compounds [131, 171] has been evaluated with different success depending 

on the nature of the drug present on solution; for instance, low efficiencies have been reported 

for erythromycim and diclofenac degradation [128]. More satisfactory and encouraging 

results have been reported for membrane bioreactor technology applied to the removal of 

acetaminophen, with almost complete removal efficiencies [128, 131, 132]. An interesting 
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work developed by Radjenovic et al. [[132] reports the need and benefits of coupling several 

advanced treatment stages (i.e., secondary and tertiary processes) during the water treatment 

to remove certain refractory pharmaceutical compounds (such as acetaminophen), which are 

not removed after primary treatments (i.e., primary activated sludge step). This behaviour was 

explained by electrostatic repulsive interactions between the negatively charged groups of the 

activated sludge and the negatively charged drug species.  

 

 

4.2 Advanced Oxidation Processes 
 

In the last few years, a considerable amount of research has been carried out in the field 

of advanced oxidation processes (AOPs) or technologies (AOTs) for the removal and 

degradation of pharmaceutical compounds from wastewaters. This is clearly seen in the 

increase in the number of publications about this topic in peer-reviewed journals, as recently 

reviewed by Klavarioti et al. [8] and Ziylan and Ince [9]. Table 5 gathers the information 

concerning recently published data on AOPs for acetaminophen degradation.  

AOPs can be broadly defined as aqueous phase oxidation methods based on the 

formation of highly reactive species such as (mainly but not exclusively) hydroxyl radicals 

(•OH), leading to the destruction of the target pollutants [172]. Hydroxyl radicals are non-

selective and very powerful oxidizing agents that can readily attack organic molecules (by 

means of dehydrogenation and/or hydroxylation reactions) leading to complete mineralization 

of the pollutants into carbon dioxide, water, and some inorganic compounds (ammonium, 

nitrates, sulphates) or at least to the conversion of the organics into highly oxidized and 

(preferably) more innocuous products. AOPs can be classified either as homogenous or 

heterogeneous processes, with the former further subdivided into processes with or without 

the requirement of energy input (photochemical and non-photochemical). Most explored 

methods include Fenton‘s and modified Fenton‘s reactions, ozonation, photocatalysis, 

sonolysis, combinations of UV irradiation and chemical oxidants, wet oxidation processes, 

and so forth.  

In the field of water remediation, extensive research has been carried out on the use of 

AOPs to treat industrial (distillery, agrochemical, kraft blending, pulp and paper, textile, 

metal-plating wastes) and urban effluents (hospital and slaughterhouse wastes, effluents from 

municipal wastewater facilities), as well as in soil remediation, odour control, etc.  

These technologies can be used either alone or coupled to other physico-chemical and 

biological processes in order to improve the removal efficiency of the target molecules. A 

review of most representative results concerning the use of AOP for the removal and/or 

degradation of acetaminophen from aqueous media will be addressed in the following 

paragraphs. Figure 3 presents the main acetaminophen degradation pathways resultants from 

various advanced oxidation processes. 

Photolysis. This is one of the simplest AOPs; it involves the interaction of irradiation 

(typically UV but also visible light) with the polluted water to promote the degradation of the 

contaminant. Irradiation under UV light has been long used in disinfection of drinking water 

as an alternative to chlorination to avoid the formation of harmful by-products during the 

reaction with chlorine [190].  
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Figure 3. Main degradation pathways of acetaminophen by AOPs [93, 105, 106, 170, 173-179]. 

The degradation efficiency of some pharmaceutical compounds by means of direct 

irradiation has been investigated, and a great number of oxidation intermediates has been 

detected [106, 180, 190]. In the particular case of acetaminophen, direct photolysis does not 

seem to be efficient (degradation upon photolysis is negligible). For this reason, this 

technique is often used in combination with other methods such as the addition of oxidizing 

chemicals (hydrogen peroxide) that generate hydroxyl radicals to promote the oxidation of 

acetaminophen and enhance the efficiency of the degradation process [106, 190]. For 

instance, removal efficiency of acetaminophen is almost complete when UV irradiation is 

combined with H2O2 [106, 180] with ca. 40% degree of mineralization [106]. 

Ozonation. This is a well-known AOP for the generation of hydroxyl radicals without 

using light energy (non-photochemical method). Ozone is a strong oxidation agent, and its 

reaction with organic molecules can follow two different pathways: decomposition in water to 

form hydroxyl and superoxide anion radicals (even stronger oxidizing agents than ozone) or 

selective attack of certain functional groups of organic molecules through an electrophilic 

mechanism (the rate of the attack by ozone is several orders of magnitude slower than that of 

hydroxyl radicals) [191]. The reaction between ozone and superoxide anion radical gives rise 

to the formation of ozonide anion radical (•O3
-
), which also decomposes giving •OH radical. 

The main challenge of this method is the cost of electricity for ozone generation, although it 

is widely used in wastewater disinfection [192], drinking water treatment for odors and taste 

control [34]. 

O

NH2

HO

N

O

O

N

O

O

O

COOH

COOHCOOH

HOOC

NH2

O

HOOC

HOOC COOH

H COOH

CH3 COOH

NO3
-

NH4
+

CO2

COOH

O

HOOC

(1) Acetaminophen

(2) N-acetyl-p-benzoquinone imide

(3) N-acetyl-2,4-dihydroxyphenyl acetamide

(4) N-acetyl-3,4-dihydroxyphenyl acetamide

(5) Hydroquinone

(6) Benzoquinone

(7) Acetamide

(8) Malonic acid

(9) Ketomalonic acid

(10) Fumaric acid

(11) Maleic acid

(12) Oxamic acid

(13) Acetic acid

(14) Oxalic acid

(15) Glycolic acid

(16) Glyoxilic acid

(17) Formic acid

(4)

(7)

(2)

(11)(8) (9) (10)

(12)

(13) (14)

COOH

CH2

COOH

H2OCO2

HO

OH

(3)

(15)

(17)
+

(1)

(16)

HO

N

O

OH

HO

N

O

HO

(5) (6)

COOH
O

H

CH2 COOH

HO

O

NH2

HO

N

O

O

N

O

O

O

COOH

COOHCOOH

HOOC

NH2

O

HOOC

HOOC COOH

H COOH

CH3 COOH

NO3
-

NH4
+

CO2

COOH

O

HOOC

(1) Acetaminophen

(2) N-acetyl-p-benzoquinone imide

(3) N-acetyl-2,4-dihydroxyphenyl acetamide

(4) N-acetyl-3,4-dihydroxyphenyl acetamide

(5) Hydroquinone

(6) Benzoquinone

(7) Acetamide

(8) Malonic acid

(9) Ketomalonic acid

(10) Fumaric acid

(11) Maleic acid

(12) Oxamic acid

(13) Acetic acid

(14) Oxalic acid

(15) Glycolic acid

(16) Glyoxilic acid

(17) Formic acid

(4)

(7)

(2)

(11)(8) (9) (10)

(12)

(13) (14)

COOH

CH2

COOH

H2OCO2

HO

OH

(3)

(15)

(17)
+

(1)

(16)

HO

N

O

OH

HO

N

O

HO

(5) (6)

COOH
O

H

CH2 COOH

HO



 

Table 5. Treatment of acetaminophen in waters by AOPs 

 

AOPs Initial conc. Experimental conditions 
Measure of 

degradability 
Summary of results Ref. 

Photolysis      

 ≈ 5 ng L-1 

Real wastewater, UV dose of 2768 mJ/cm2, 

UV 254 nm, hydraulic retention time of 5 

min 

Specific drug, 

DOC 
Removal efficiency 1% [180] 

Photolysis/H2O2     

 ≈ 5 ng L-1 

Real wastewater, UV dose of 923 mJ/cm2, 

UV 254 nm, hydraulic retention time of 5 

min 

Specific drug, 

DOC 
Removal efficiency > 90% [180] 

 10-5 M 
Distilled water solutions, LP UV 254 nm at 

pH 5 

Specific drug, 

TOC 

Complete removal and 40% mineralization in one and four min, 

respectively. Identification of oxidation by-products. 
[106] 

Ozonation      

 5x10-5 M 
Distilled water solution, 10-5 M O3 at pH 2-

7 

Specific drug, 

TOC 

Complete removal and 30% mineralization in 20 and 120 min, 

respectively regardless the solution pH. Identification of oxidation 

by-products and postulate of degradation pathway. 

[106] 

 
0.078– 

1 gL-1 

Distilled water, O3 alone or O3/UV at 300-

420 nm, pH 2-6 with and without Fe2+ of 

Cu2+ 

Specific drug, 

TOC 

Catalysis and/or irradiation improve both degradation and 

mineralization by ozone. Conversion decreases with increasing 

[ACE] and decreasing metal loading and is pH insensitive between 

two and four. Iron is more active than copper. Identification of 

degradation by-products and pathways. 

[170] 

 



 

Table 5. (Continued). 

 
Fenton and photo-Fenton     

 100 µg L-1 

Demineralised water and standard 

freshwater, solar irradiation , [Fe]i = 5, 15 

and 55M, [H2O2]i = 50 mg L-1, pH 2.8 or 

unadjusted 

Specific drug, 

DOC 

Fenton was far more effective than TiO2. Almost complete 

degradation of ACE is achieved within 20 min of irradiation. ACE 

was also degraded in dark Fenton in simulated freshwater ([Fe]= 5 

mg L-1 without pH adjustment in demineralised water). 

Mineralization > 50% in the absence of bicarbonates. 

[181] 

 

 0.1 mM 

STP effluents, FeOx and Fe(NO3)3 at 0.2 

mmol L-1, pH 2.5, UVA 320-400 nm, 

[H2O2]i = 1.0 to 10.0 mmol L-1 

Specific drug, 

TOC 

Experimental condition tested: iron source, [H2O2]0 and water 

source (synthetic and STP effluent). Removal of 98% using FeOx, 

and 53% when using Fe(NO3)3, both after five min irradiation. 

[182] 

 10 mg L-1 
Water and synthetic wastewater effluent, 

UVA and UVC, H2O2 

TOC, COD, 

DBO-5 

Under the optimum conditions (H2O2 flow rate=50 mL h-1, 

[Fe(II)]=2 mg L-1, pH 2.5 and T=40 °C) 83% of the COD, 71% of 

the TOC and 94% of BDO-5 are degraded in 120 min. 

Mineralization decreased in real water samples (120 min) from 96% 

to about 71%. 

[183] 

 
157 mg L-1 

(≈ 1 mM) 
pH 2.7-2.9, solar irradiation, Fe(II) 

Specific drug, 

DOC 

Acetaminophen removal after 90 min irradiation, while only 44% of 

organic carbon mineralization was achieved. In the optimized 

conditions, ([Fe(II)]= 20 mg L-1 and [H2O2]= 200 mg L-1) in 25 min 

it attained the desired biocompatibility (mineralization ≥18.6%, for 

total ACE degradation and biodegradability > 40%). 

[184] 

 100 µg L-1 

Real wastewater effluents, solar irradiation, 

[Fe] = 5 and 20 mg L-1, pH 3, [H2O2]I = 50 

mg L-1 

Specific drug, 

DOC 

With [Fe] = 5 mg L-1total degradation after 150 min irradiation, and 

using [Fe] = 20 mg L-1total degradation after 50 min irradiation. 
[185] 

  pH 2.8 
Specific drug, 

DOC 

Best conditions for solar photo-Fenton of ACE solutions using a 

light path of 5 cm were 0.36 mM Fe(II), irradiance above 30W/m2 

and a molar ratio H2O2 to DOC of around 1.65. 

[186] 

 



 

Table 5. (Continued). 

 
Semiconductor photocatalysis 

 2-10mM 
Deionized water, suspended Degussa TiO2, 

UV 254 or 365 nm at pH 3.5-11 

Specific drug, 

TOC 

UVC irradiation allows faster decomposition than UVA. Factors 

tested during degradation: initial drug, catalyst and oxygen 

concentrations, pH and light intensity. Degradation > 95% for 2 mM 

acetaminophen solution within 80 min. Identifies by-products. 

[173] 

 

 

 25-100µM 
Aqueous solutions, TiO2, UV ≥ 365, pH 

3.5, 6.9 and 9.5 
Specific drug 

After 100 min irradiation, about ≈ 95% acetaminophen is 

decomposed in the 1.0 g L−1 TiO2 aqueous solution with [ACE]i = 

100 µM. Highly efficient at pH 9 (removal ≈ 100% when [ACE]i = 

50µM and TiO2 = 0.5 g L-1. [ACE]i and TiO2 dosage affect the 

degradation efficiency. Quantum calculations show that further 

oxidation of the by-products identified can breakdown their 

aromatic structure up to carboxylate acid and CO2. 

[187] 

 

 1.0x10-4 M 
Aqueous solutions, UV 254 nm, 0.1 g L-1 

TiO2, 

Specific drug, 

TOC 

Degradation of 90% after 160 min of irradiation, and only 39% of 

TOC removal is observed. Identification of toxic oxidation by-

products. 

[105] 

 100 µg L-1 

Demineralised water and standard 

freshwater, solar irradiation, [TiO2] = 5 mg 

L-1, 

[H2O2]i = 50 mg L-1 

Specific drug, 

DOC 

TiO2was less effective than Fenton. Almost complete degradation of 

ACE (< LOQ) was achieved after 145 min under illumination. The 

presence of bicarbonates should be avoided to assure drug 

concentration < LOQ. 

[181] 

  Deionized water, TiO2, UV 254 nm Specific drug, 
Mineralization of 85% after 450 min of irradiation. Presents by-

products and pathways. 
[174] 

 5 mg L-1 Effluent WWTP, [TiO2]= 0.5 g L-1, UV-A, 
Specific drug, 

DOC 
After 3h of irradiation [ACE] < LOD. [133] 

 100 µg L-1 

Synthetic water and simulated effluent, 

solar irradiation, TiO2 immobilized on glass 

spheres 

Specific drug, 

DOC 

Total ACE degradation in synthetic water and simulated effluent 

after, respectively, 60 and 100 min. 
[188] 



 

Table 5. (Continued). 

 
Electrochemical oxidation     

 157 mg L-1 0.05 M Na2SO4, pH 7.8 
Specific drug, 

TOC 

Applied current 300 mA for 360 min. Pt and BDD electrodes, 17 

and 98% TOC removal for Pt and BDD electrodes, respectively. 
[93] 

 1 mM 0.025 M Na2SO4, pH 7.8 Specific drug 

Applied current 200 mA for 210 min, Ti/IrO2 and Ti/SnO2 

electrodes, 

1 and 40% TOC removal for Ti/IrO2 and Ti/SnO2, respectively. 

[175] 

 1 mM 0.1 NaCl 
Specific drug, 

TOC 

Applied current 80 mA for 300 min, BDD and Ti/RuO2 electrodes, 

28 and 55% TOC removal for BDD and Ti/RuO2 electrodes, 

respectively. 

[176] 

Electrofenton     

 157 mg L-1 0.05 M Na2SO4, pH 3.5 
Specific drug, 

TOC 

Pt/GDE, Applied current 300 mA for 240 min, Fe2+ and Cu2+ 

additives. Between 59-90% TOC removal. 
[177] 

Fotoelectrofenton     

 157 mg L-1 0.05 M Na2SO4, pH 3.5 
Specific drug, 

TOC 

Pt/GDE, Applied current 300 mA for 240 min+ UVA light (6 W) , 

Fe2+ and Cu2+ additives. Between 79-95% TOC removal. 
[178] 

 157 mg L-1 0.05 M Na2SO4, pH 3.5 
Specific drug, 

TOC 

Pt/GDE (pilot plant), Solar CPC (5A) for 120 min, 0.4 mM Fe2+ 

additives. 6% TOC removal. 
[179] 

Sonolysis      

 
25-150 mg 

L-1 

Aqueous solutions, 574-1134 kHz and 9-32 

W 

Specific drug, 

COD 

Complete conversion and 39% mineralization after eight h of 

ultrasonic irradiation of [ACE]i = 25 mg L-1 at 574 kHz and 32 W). 

Efficiency improved by H2O2 addition. 

[189] 

 

ACE= acetaminophen 

TOC = Total Organic Carbon 

DOC= Dissolved Organic Carbon 

COD = Chemical Oxygen Demand 
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However, ozonation of water containing organic compounds does not generally lead to 

complete oxidation of the pollutant to CO2 and H2O (mineralization). Very often, 

intermediate oxidation products remain in the solution, and completion of the oxidation 

reactions can also be achieved by supplementing the ozonation reaction with, for instance, 

UV irradiation or H2O2 (O3/UV and/or O3/H2O2/UV processes) [170]. The UV enhancement 

is based on the ability of ozone to absorb UV light at 254 nm wavelength, generating H2O2 as 

an intermediate that will further be decomposed as •OH radicals [193]. Addition of hydrogen 

peroxide to ozone can also initiate the decomposition cycle of ozone to form •OH radicals, 

increasing the degradation yield of different pollutants [194]. Another strategy to accelerate 

the ozonation reaction is to use heterogenous or homogenous catalysts; several metal oxides 

and metal ions have been explored for this purpose (Fe2O3, MnO2, Ru/CeO2, Fe
2+

, Fe
3+

, 

Mn
2+

) with outstanding improvements in the decomposition rate and yield of the target 

pollutants. It is important to point out that the operating costs of the UV/O3 or H2O2 systems 

are a key parameter to be considered depending on the wastewater flow rate, types and 

concentrations of pollutants present, and the degree of removal required (otherwise photolysis 

of ozone would simply be an expensive way to generate hydrogen peroxide).  

Applied to the removal of pharmaceutical compounds, a few studies in the literature show 

that ozonation of acetaminophen containing effluents allows the complete removal of this 

drug, along with a large degree of mineralization (see Table 5). 

Fenton and photo-Fenton. The Fenton reaction was reported over a hundred years ago by 

Fenton [195]; about forty years later, Haber-Weiss [196] demonstrated the oxidative power of 

Fenton‘s reagent (H2O2/Fe
2+

) based on the generation of hydroxyl radicals (see reaction 

below), which can be further consumed for the degradation of the target pollutant. Since then, 

Fenton process has become one of the most widely studied homogenous catalytic process for 

water remediation. Mixtures of Fe
3+/

H2O2 can also be used (Fenton-like systems) to promote 

the oxidation of pollutants. Although the reaction mechanism is not yet completely 

elucidated, the formation of hydroxyl radicals in the presence of Fenton‘s reagent can be very 

briefly described by the following reactions: 

 

Fe
2+

 + H2O2 → Fe
3+

 +•OH· +•OH
− 

reaction (1) 

 

Fe
3+

 + H2O2 → Fe
2+

 + OOH• + H
+ 

reaction (2) 

 

The rate constant of reaction (1) is very high, and once ferric ion is formed, excess 

amounts of hydrogen peroxide are further decomposed, generating again hydroxyl radicals 

according to reaction (2). Fenton reaction is very sensitive to solution pH, and it becomes 

operative at optimum pH values of ca. 2.8-3.0, where it is propagated by the catalytic 

behavior of the Fe
3+

/Fe
2+

 couple. However, parasitic reactions based on the consumption of 

•OH by the Fenton's reagent may also occur, being one of major sources that contributes to 

decrease the oxidizing power of Fenton systems [197, 198]. UV and solar irradiation can also 

be used to increase the formation of the hydroxyl radicals (photo-Fenton reaction).  

Although the Fenton processes are usually a tertiary stage of the water treatment, in the 

case of highly polluted effluents with pharmaceutical compounds (i.e. hospital or 

pharmaceutical manufacturing effluents), this technology can be applied in a very early stage 

since it can mineralize a substantial fraction of the polluting species increasing the efficiency 

of the biological post-treatment [197, 199]. The major drawbacks of this technology are 



Advanced Methods for the Removal of Acetaminophen from Water 79 

related with the relatively narrow operational pH range and the need to introduce an 

additional step to recover iron ions after the treatment. To overcome this limitation, the 

immobilization of the Fenton catalyst on a heterogeneous matrix is currently being largely 

explored. Also, heterogeneous Fenton processes using Fe2O3 and α-FeOOH [198] as source 

of iron species have been proposed. 

The usefulness of the Fe
2+

/H2O2 system as a potential oxidant for degradation of 

pharmaceuticals (including acetaminophen) has been investigated, mainly in real water 

samples using the photo-Fenton process with UV and solar irradiation (see Table 5). Among 

them, solar photo-Fenton is a very promising strategy to decrease the costs of the process 

(common cornerstone of most AOPs). In this sense, several studies have been carried out in a 

pilot plant at the Solar Platform in Almería (southern Spain), confronting the efficiency of 

solar photo-Fenton and photocatalytic process using TiO2 and UV light to treat synthetic 

solutions with low concentrations (ca. 100 g L
-1

) of different pharmaceuticals (including 

acetaminophen) [181]. 

Solar photo-Fenton has proven to be more effective than TiO2–based processes, since 

lower irradiation time was needed to degrade the studied compounds at concentrations below 

the LOD of the analytical method. For example, ten min of solar irradiation were enough to 

promote the degradation of acetaminophen, compared to 145 min for the TiO2 process to 

attain the same result. Some studies performed in real water samples (STP and wastewater 

effluents) reported removal rates near 100% after only five min of UV irradiation (see Table 

5) in such complex water matrices. This is important since the mineralization rate and 

efficiency can be strongly controlled by other species present in the water effluent. Indeed, a 

decrease in the mineralization efficiency of ca. 30% has been reported in the presence of 

synthetic complex matrices [181-183, 200]. 

Heterogeneous catalysis. After Fujishima and Honda discovered the photocatalytic 

splitting of water using TiO2 electrodes in 1972 [201], research on the heterogeneous 

photocatalysis has rapidly expanded in many fields, and particularly the use of semiconductor 

materials for environmental protection has received much attention [202-204]. Among the 

catalysts, titanium oxide—a direct wide-band gap semiconductor (i.e. 3.20 eV)—has been 

extensively studied since it is non-toxic, photostable, cheap and very efficient under 

ultraviolet light (UV). However, a wide range of semiconductors, other than titania, based on 

transition metal oxides and sulfides (such as ZnO, MgO, WO3, Fe2O3, CdS) may be used for 

photocatalysis, some of them showing certain activity under visible light [8]. In this regard, 

intensive studies are in progress to develop advanced photocatalysts that can be used under 

solar energy (towards an efficient use of solar spectrum) [181, 188, 205]; novel synthetic 

strategies based on improving the photocatalytic activity of current semiconductors by 

immobilization on porous supports (silica, glass fibers, carbon supports) or synthesizing 

porous semiconductors with increased surface area are being widely explored [206-210]. 

Photocatalysis over a semiconductor is initiated by the absorption of a photon (h) with 

energy equal to or greater than the band gap of the semiconductor. This provokes the 

excitation of an electron (e
-
) from the valence to the conduction band; simultaneously an 

electron vacancy or hole (h
+
) is created in the valence band of the semiconductor:  

 

h + semiconductor = h
+
 + e

-
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The created electron-hole (e
-
/h

+
) pairs migrate to the photocatalyst surface where it can 

either recombine producing thermal energy (with no chemical effect), or participate in redox 

reactions with the pollutants in the solution or gas phase in contact with the semiconductor. 

Despite the lifetime of e
-
/h

+
 pairs is a few nanoseconds, this is still long enough for promoting 

redox reactions [211]. The photo-generated hole is a strong oxidizing agent that can react 

with the pollutant itself (photo-oxidation, if the redox potential is less negative than that of the 

semiconductor valence band) or with water to produce hydroxyl radicals (leading to the 

oxidation of the pollutant through radical chain reactions); at converse, the electron in the 

conduction band is a strong reducing agent and can react with electron acceptors, such as 

dissolved oxygen to create superoxide radical, or other species with a redox potential more 

positive than that of the photocatalyst conduction band (photo-reduction). These reactions of 

the e
-
/h

+
pairs prevent the recombination of both species, and thus increase the photo-

oxidation of the target pollutants. Compared to photolysis, the presence of a catalyst typically 

accelerates the rate of the degradation reactions, thereby increasing the efficiency of the 

process.  

Photocatalysis has been used for the destruction of a variety of inorganic and organic 

compounds, natural organic matter into harmless products e.g., carbon dioxide, water, [212] 

and water disinfection to destroy bacteria and viruses [213, 214].  

The degradation yields of acetaminophen after semiconductor photocatalysis with TiO2, 

reported in Table 5, show that this methodology allows high degradation rates (> 90%) in 

both real [133] and synthetic waters samples [181, 188]. However, again the complexity of 

real samples matrices can determine the experimental conditions to be used for optimizing the 

degradation efficiency [181, 188].  

Concerning acetaminophen, quite a large number of studies report the extent of 

mineralization and the identification of the degradation by-products formed using 

photocatalytic methods [105, 173, 174, 187]. In general, high mineralization rates (ca. 85%) 

are obtained from synthetic solutions, although this parameter is largely dependent on the 

experimental conditions (mostly the irradiation source and geometry, pH, initial 

concentration) [105, 174]. The main detected intermediate products are presented in Figure 3, 

namely, 1,4-benzoquinone, hydroquinone, acetamide and short alkyl chain organic acids such 

as hydroxy-acetic acid, butenedioic acid, oxamic acid and maleic acid, so forth. 

Electro-assisted degradation. The use of electricity for water treatment was first 

suggested in 1889 [215], although its application to environmental processes is rather new 

and it is expanding rapidly. Considerable amount of research has been carried out in the field 

of direct or integrated electrochemical processes applied to environmental protection during 

the last years; and quite a few electrochemical technologies have been proposed as promising 

alternatives to conventional degradation methods, due to the freedom of choice in adjusting 

the electrode potential and electrode material to meet almost any demand and the coupling 

with low-cost renewable energy sources (solar energy) [216-221].  

Compared to classical water remediation techniques, electrochemical techniques applied 

to wastewater remediation offer manifold advantages such as environmental compatibility 

(electrons are clean reagents per se), energetic efficiency, versatility (they are not selective 

and thus can deal with a wide variety of pollutants), low cost and easy automation (usually 

low temperatures and pressures are needed), and so forth. On the other hand, some challenges 

need still to be faced, particularly those related to the electrodes‘ stability, cost and erosion, 

lowering the cost of electricity by the coupling with solar or renewable energetic sources, and 
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improving the efficiency of mineralization to avoid the formation of oxidation intermediates 

eventually toxic. Moreover, a variety of electroanalytical techniques are available 

(polarography, voltammetry, chronopotentiometry, chronoamperometry), which offer the 

possibility of performing a plethora of qualitative or quantitative determinations of pollutants 

in different matrices, often involving low detection limits (very attractive for the 

determination pollutants present at trace levels).  

Electrochemical techniques can be classified as separation and oxidation technologies. 

Electrochemical separation technologies include membrane technologies, electro-coagulation 

and internal micro-electrolysis, where the pollutant is not decomposed but merely isolated. 

On the other hand, electrochemical oxidation (EO) techniques include direct and indirect 

anodic oxidation, electro-oxidation, electro-Fenton, photo-electro-Fenton and photo-

electrocatalysis among most representatives [216].  

A few studies have been carried out on the use of EO for the degradation of 

acetaminophen; most of them were focused on synthetic wastewater, although some data on 

real wastewaters have also been reported [179]. The success of the electrodegradation 

techniques depends on the operating conditions (initial concentration, solution pH) and, 

particularly, on the electrode materials chosen (see Table 5). For instance, anodic oxidation of 

acetaminophen using boron-doped diamond (BDD) anodes led to higher degree of removal in 

a wide pH range, where the use of Pt anodes yielded very low mineralization of the pollutant 

[93, 175-177]. As for the oxidation intermediates detected during acetaminophen degradation, 

ammonium and nitrate ions have been detected with different anodes, as well as aromatic 

compounds (mainly hydroquinone and 1,4-benzoquinone) and carboxylic acids (oxalic and 

oxamic acids). It is important to mention that the distribution of the oxidation intermediates is 

highly sensitive to the electrode material; for instance, the concentration of carboxylic acids 

decreases promptly when BDD is used as anode, as compared to Pt or Ti/SnO2, which cannot 

promote the further oxidation of these compounds. This is most outstanding since some of 

these intermediates might present higher toxicity than acetaminophen. Some other parameters 

such as the inner electrolyte (NaCl, NaClO4, Na2SO4) [176] are also important to control the 

acetaminophen using different electrodes, and cell acetaminophen mineralization extents have 

been achieved with BDD anodes (tendency also observed for other pharmaceuticals), which 

was been explained in terms of the greater concentration of hydroxyl radicals (•OH), which 

are formed near the BDD surface upon polarization. Acetaminophen oxidation mechanism 

seems to proceed via direct electron transfer to the electrode material (e.g., using Ti/RuO2 

electrodes), reaction with •OH formed at the electrode surface, and/or reaction with active 

chlorine species (Cl2, HClO, and/or ClO
−
) in chloride medium. Based on the analysis of the 

intermediates detected during the AOP by GCMS and HPLC, a mechanism of acetaminophen 

degradation has been proposed, following a pseudo-first order kinetics. The initial 

hydroxylation of acetaminophen renders hydroquinone and acetyl-1,4 benzoquinoneimide, 

both releasing acetamide, which is converted finally to oxamic acid. Further opening of the 

benzenic ring of 1,4-benzoquinone leads to carboxylic acids like ketomalonic, maleic and 

fumaric, which are further oxidized to short alkyl chain organic acids such as oxalic acid 

(Figure 3). Both oxalic and oxamic acids are highly stable, and their further mineralization is 

strongly affected by the action of catalysts [93, 177, 178, 216]. 

Besides anodic oxidation, better results concerning acetaminophen mineralization have 

been reported for electrochemical technologies based on Fenton's reaction chemistry (electro-

Fenton and photo-electro-Fenton) [177, 178]. The presence of Fe
2+

 and Cu
2+

 and their 
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mixtures as additives seems to have a synergistic effect enhancing the complete 

mineralization through the degradation of oxalic and oxamic acids (not attacked by •OH). 

Photo-electrochemical degradation of acetaminophen using a Pt/GDE cell coupled with 

ultraviolet light yielded much better results, with an almost complete TOC removal when Fe
2+

 

and Cu
2+

 ions are also added in the catalytic cell. In such conditions, metallic complexes of 

oxalic and oxamic acids are formed, which catalyses their complete destruction. In contrast, 

acetaminophen does not seem to be degraded by direct UV irradiation (photolysis). Recently, 

some progress has been reported on solar –assisted electrochemical processes, and promising 

results were presented by Almeida et al. [179] in a flow pre-pilot plant for the degradation of 

acetaminophen solutions (Table 5).  

As mentioned above, scarce efforts have been devoted to study the electrochemical 

treatment on real pharmaceutical wastewaters [222, 223]. Mostly, real hospital and 

pharmaceutical wastewaters have been treated by electrochemical oxidation using BDD 

anodes and electro-coagulation processes. Despite the excellent degradation performance of 

electrochemical technologies based on Fenton's reaction chemistry, these processes have not 

yet been applied to real wastewaters. The complexity of real wastewater matrices hinders the 

study of electrochemical oxidation process, since parasitic reactions can be easily produced, 

thereby decreasing the degradation yield of the electrodes and/or generating secondary 

potentially toxic by-products. Despite the promising results obtained to date with 

electrochemical degradation techniques, still much research needs to be done to enhance the 

performances of existing electrode devices (i.e., noble-metal-based oxides), without 

disdaining possible new electrode materials. 

Sonolysis. In this process, high-intensity acoustic radiation (typically in the range of 20-

1000 kHz) is applied to the aqueous medium to generate cavitation (i.e., bubbles) in the liquid 

followed by immediate implosion of the bubbles leading to the release of hydroxyl radicals. 

Sonication reactions can occur in the cavitation bubble, at the interface bubble-liquid and in 

the solution bulk. The application of ultrasounds in water treatment processes is very recent, 

and scarce data are available in the literature [189, 224, 225].  

The degradation efficiency of pharmaceutical compounds upon sonolysis is similar to 

other AOPs, both in wastewater treatment effluents and synthetic solutions, although smaller 

mineralization rates have been reported [189, 225]. As for the intermediates, as in other •OH 

mediated reaction, hydroxylated derivates are identified at the early stages (low sonication 

times); in contrast, longer treatments lead to the formation of organic acids. The efficiency of 

the process might be improved by increasing the hydroxyl radical concentration in the 

medium, by combining this method with other techniques, such as, for instance, the addition 

of an optimized amount of H2O2.  

 

 

4.3 Adsorption Processes 
 

Adsorption at a solid-liquid interface can be defined as the enrichment of one or more 

components at an interfacial layer generated at the surface between the solid (adsorbent) and 

liquid (solution) phase, when these are brought into contact. The intermolecular forces 

involved in most solid-liquid systems are weak and non-specific interactions (mainly van der 

Waals), although some specific interactions (electrostatic, polarization, dipolar, covalent 
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forces) may also arise from particular geometric and electronic properties of the adsorbent 

and species to be retained (adsorptive or adsorbate). 

Adsorption is a well-established technique for the removal of pollutants, being activated 

carbons (ACs) the preferred adsorbents for the remediation of water with low pollutant 

concentration. Porous carbon-based materials are known to be very effective adsorbents due 

to their unique combination of a highly developed porous network (surface areas and pore 

volumes) coupled with their ability to react with other heteroatoms (that is, other than carbon) 

creating a variety of surface functional groups [226, 227]. The typically high values of surface 

areas in ACs (usually between 700-1500 m
2
g

-1
) are due to the presence of micropores (pores 

with openings up to 2 nm) [228], which are known as active sites of adsorption of most 

organic pollutants. Besides microporosity, the presence of a well-developed network of 

transport pores (so-called mesopores, pore width between 2 and 50 nm) is most outstanding to 

guarantee the diffusion and accessibility of the organic molecules towards the inner 

micropore structure of the adsorbent. Other advantages of activated carbons is their versatility 

of forms, shapes and structures (such as powders, granular, monoliths, fibers, cloths, etc.) as 

well as the possibility of regeneration and thus reutilization over a number of cycles.  

The use of activated carbons and charcoals in the removal of pollutants from either gas 

and liquid phase is as old as history, and first documented applications are attributed to 

Hippocrates, the father of medicine, who would have used charcoals to relieve indigestion 

problems [227]. This application continues today for the removal of overdoses of drugs from 

stomachs. Charcoal was used for drinking water filtration and as medical adsorbent and 

purifying agent by the Egyptians [227]. Since then, carbon materials have been widely used 

for the removal of odours and tastes from drinking water and organic pollutants (priority 

persistent and emergent pollutants) from wastewater either in classical adsorption methods 

[227] or coupled to advanced techniques [229-232]. In developed countries with high 

coverage of water sanitation, activated carbons are used in the final stages of the water 

treatment (tertiary treatment), allowing the removal of pharmaceuticals and other emergent 

pollutants from the treated effluent. Thus, in areas with low coverage of water sanitation—

where water treatments consist of only primary or secondary processes—most pollutants are 

usually not removed from the treated water. In drinking water facilities, ACs are also used to 

remove taste and odour compounds and to decrease dissolved organic matter (Figure 4).  

Before the choice of the most adequate carbon adsorbent for the removal of a given 

pharmaceutical, it has to be considered that the adsorption process is complex and it strongly 

depends on many factors including texture (specific surface area and pore size distribution) 

and surface chemistry (i.e., presence of functional groups) of the activated carbon, the 

physico-chemical properties of the target pharmaceutical compound, and the operating 

conditions (such as solution pH and temperature). In this regard, solution pH is one of the 

most important parameters to be taken into account in most adsorption processes, since it may 

affect the ionization state of the adsorbate (many pharmaceutical compounds are weak 

electrolytes) and also the distribution of surface charges in the activated carbon (due to the 

dissociation of the surface functionalities). Additionally, competitive adsorption is rather 

common due to the occurrence of other substances (humic acids, mixtures of pollutants, 

suspended particles) that might compete, hinder or suppress the adsorption of target 

pharmaceutical compound. 
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Figure 4. Simplified scheme of (a) groundwater remediation, (b) municipal wastewater treatment plants 

and (c) drinking water treatment plants employing powdered activated carbon (PAC). Percentages of 

PAC in plot (c) show an example of the likely distribution of PAC locations for taste and odor control. 

Adapted from references [233] and [234]. 

 

Concerning the use of activated carbons to remove pharmaceutical compounds, there are 

plenty of studies reporting the removal from water and wastewater [226, 227, 235-243], as 

well as clinical applications for the removal of drugs (i.e., acetaminophen) in stomach 

poisoning treatments [244-253] or in vitro and in vivo hemoperfusions [254, 255]. As an 

example, activated carbon has proven to efficiently remove acetaminophen without inducing 

loss of leucocytes and platelets in essays performed in pigs [254].  

Several studies can be found in the literature reporting the use of activated carbons for the 

removal of pharmaceuticals from aqueous phase from real water samples [9, 34, 73, 84, 124, 

128]. For instance, Ternes et al. [34] have shown that granular ACs provided a major 

elimination of several pharmaceuticals from German groundwater and surface water but was 

not effective in the case of clofibric acid. The results obtained by Kim et al. [128] on South 

Korean surface water and wastewater treatments demonstrated that removal efficiencies of ≈ 

99% can be attained in drinking water for several pharmaceuticals and endocrine disruptors 

after the use of activated carbon. Similar results were observed in a USA wastewater 

treatment plant, where erythromycin and carbamazepine (resistant to biological treatment) 

were largely eliminated (efficiencies of 74 and 88%) by granular activated carbon [73].  

In the case of acetaminophen, some studies report the elimination after primary 

clarification treatment [73] at concentrations below 50 ng L
-1

, whereas others report the 

advantages of activated carbon use for its removal [9]. 



Advanced Methods for the Removal of Acetaminophen from Water 85 

A number of fundamental studies investigating the mechanism of adsorption of 

acetaminophen on activated carbons are reported in the literature. For this purpose, 

acetaminophen concentrations higher than the actual levels found in real waterways are 

investigated; the main objective of these works is to get a deep understanding of the 

adsorption mechanism and to evaluate the potentialities of novel carbon materials to be used 

in water treatment facilities. Particularly special emphasis is paid to the use of green carbons 

obtained from waste-based precursors [256-259]. This is a very important issue since the 

implementation of activated carbons on large scale industrial processes is often limited due to 

a poor economic feasibility associated with manufacturing and regeneration costs [260].  

For instance, activated carbons synthesized from several industrial (cork, peach stones 

and sisal) and municipal (plastic) wastes [256, 257] and biomass wastes [259] have shown an 

excellent performance for the removal of acetaminophen from solution. Acetaminophen 

removal efficiencies of such green carbons were, in some cases, comparable to those of 

commercially available activated carbons. There are studies where acetaminophen adsorption 

process presents an endothermic character (increasing with the temperature), which has been 

attributed to the formation of acetaminophen dimmers [259, 261].  

Studies on the use of commercial activated carbons for oral administration in the cases of 

overdoses are of fundamental importance to understand the influence of the textural and 

surface chemistry properties of the adsorbents on the adsorption of acetaminophen [261-272]. 

The effect of acidic surface functionalities of carbon surfaces on the removal of 

acetaminophen has been reported; on the one hand, the adsorption capacity decreased for 

oxidized carbons due to competitive retention of water molecules for the adsorption sites 

[258]. On the other hand, enhanced wetability of the oxidized carbon favours a fast initial 

adsorption rate due to the enhanced transfer of acetaminophen from solution through the pore 

structure of the carbon [258].  

Besides the use of wastes as precursors in the preparation of activated carbons, the study 

performed by Villaescusa et al. [273] revealed that vegetable wastes (grap stalk, yohimbe and 

cork bark) can be also used as adsorbent materials for acetaminophen removal. Despite the 

modest acetaminophen sorption capacities, these solids present some advantages: they can be 

used without any previous treatment and after use can be eliminated by controlled 

combustion. A possible application of these wastes behind lab-scale will obviously depend on 

the cost/benefit ratio.  

Inorganic solid materials such as montmorillonite type clays, alumina, and silica have 

also been used as adsorbents for the removal of pharmaceutical compounds [274-277], 

including acetaminophen [278]. As a general rule, adsorption capacities of acetaminophen 

were lower in the inorganic adsorbents than in activated carbons. Moreover, Lorphensri et al. 

[278] demonstrated that solution pH is a key factor, since several assays performed at neutral 

pH render almost negligible adsorption of acetaminophen on alumina and silica from various 

organic media.  

Xiao et al. [279] reported the use of polymeric nanomaterials, namely cyclodextrins 

(cyclic oligosaccharides with a hydrophobic cavity and two hydrophilic rims) as 

acetaminophen adsorbents. The authors found a structure/property relationship with the β-

cyclodextrin showing high adsorption capacity for acetaminophen and other studied 

pharmaceuticals.  

It has to be pointed out that, in general, a straightforward comparison of acetaminophen 

removal efficiencies using different adsorbents is not an easy task due to the differences in the 
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operating conditions (pH, initial concentration, temperature, characteristic of the adsorbents, 

and so forth) and the complexity of the adsorption process, particularly when real wastewater 

samples are investigated. The adsorption capacities can be largely affected by the 

experimental parameters, thus discouraging systematic comparison of different studies. 

Nevertheless, good adsorption capacities are obtained in general with porous adsorbents of 

adequate textural and chemical features. Particularly, activated carbons seem to be excellent 

materials for the removal of low concentration of pharmaceuticals from different sorts of 

water, and coupled to STP provide treated water effluents with good quality standards.  

 

 

CONCLUSION 
 

The main objective of this chapter was to provide a comprehensive review on one of 

most important environmental problems of modern society, linked to water pollution by a 

pharmaceutical active compound—acetaminophen. Recent advances on monitoring the 

occurrence of acetaminophen in different sorts of waters as well as on the development of 

new strategies to improve water quality have been made, with special emphasis paid to 

degradation processes including adsorption, photo- and electro-assisted degradation 

techniques.  

Detection of substances with therapeutic and biological activity in water is a reality that 

has stimulated the research on the development of advanced water treatment technologies. 

Recent studies have demonstrated the long-term persistence of pharmaceutical compounds in 

the environment, due to their continuous discharge (motivated by large consumption) and low 

biodegradability. In this regard, conventional water treatments are not effective to eliminate 

and/or degrade the majority of these compounds, which can then accumulate in drinking 

water. Additionally, the effects on human health associated with the continuous exposure to 

these chemicals are still rather unknown. The development of novel techniques aims at 

achieving large water remediation rates (ideally total mineralization of the target pollutants), 

while preventing the formation of degradation intermediates eventually more toxic that the 

pristine contaminant.  

Acetaminophen is a widely consumed analgesic frequently found in water and 

wastewater. Although it may be removed by conventional biological treatment to a large 

extent, still large concentrations have been detected in drinking water and treated effluents 

(after STP and WWTP). Thus, the combination of conventional technologies with advanced 

processes seems to be an efficient way to meet the water quality standards. 

Quite extensive research has been carried out recently on the use of advanced oxidation 

processes (AOPs) and adsorption technology for the removal and degradation of 

acetaminophen from both synthetic and real water samples and mainly at lab-scale (although 

some preliminary pilot scale studies can also be found). The most promising and interesting 

results on acetaminophen degradation are processes based on Fenton reaction (and related 

processes), photocatalysis and electrochemical oxidation. Although quite large 

acetaminophen degradation rates can be obtained in most cases, the extent of mineralization 

rate (fully conversion to CO2 and H2O without generation of intermediates) is still a major 

drawback. Indeed, several oxidation intermediates have been detected during the degradation 

processes; some of them are highly recalcitrant (short alkyl chain organic acids), for which 
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the economic penalty associated with complete mineralization is very high. Coupling AOP 

with solar energy seems to be a promising alternative to face this cornerstone, although it still 

needs to be further explored for most investigated processes, particularly in the case of real 

samples. This is particularly important due to the complexity of the reactions in 

heterogeneous water matrices where interferences may arise, for instance, from natural 

organic matter or other inorganic species. As opposed to AOPs, adsorption is a well-

established technology for the removal of a plethora of pollutants from water. Important 

advantages of adsorption are that it is non-selective method (thus providing an interesting 

alternative to simultaneously remove all the pollutants present in water) and the availability of 

a variety of adsorbents (activated carbons, zeolites, sepiolites, and so forth) with large 

removal capacities. The main cornerstone, however, is that the pharmaceutical compounds are 

not degraded, and thus the exhausted adsorbent needs to be regenerated.  

Perhaps the most important idea that should be emphasized is that no single method is 

capable of (nor should be applied to) providing a complete water remediation to meet the 

required water quality standards. Very often, it is necessary to apply various techniques in 

tandem, so as to profit from the technological and economical advantages of each method 

while assuring an effective abatement of pollutants and environmental protection.  
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ABSTRACT 
 

Acetaminophen is manufactured in huge quantities worldwide. Approximately 3.2 

thousand million tablets of acetaminophen are consumed by the public every year in the 

UK (mean of 55 tablets/person).  

Acetaminophen poisoning accounts for up to 48% of all poisons admissions to 

hospital. It is a weak inhibitor of COX-1 and COX-2 in peripheral tissues and possesses 

no significant anti-inflamatory effects. The oral dose of acetaminophen is 0.5-1g per 4-6 

h to a maximum of 4 g in a day. Approximately 95% of acetaminophen is metabolised to 

glucuronide and sulphate conjugates which are excreted in the urine.  

About 5% of acetaminophen is metabolised through the cytochrome P-450 2E1 to 

produce a highly reactive toxic metabolite, N-acetyl-p-benzoquinonimine (NAPQI). At 

therapeutic doses, the small amounts of NAPQI produced by acetaminophen metabolism 

are detoxified by liver stores of hepatic glutathione and is excreted in bile or urine as 

mercapturic acid conjugate. In overdose, stores of glutathione become depleted. Without 

the glutathione substrate, NAPQI becomes available to bind to proteins and DNA of 

hepatocytes causing direct cellular injury.  

Generation of reactive oxygen species and nitric oxide, lipid peroxidation, 

mitochondrial dysfunction, disruption of calcium homeostasis and induction of apoptosis 

are all mechanisms have suggested that may be involved in acetaminophen-induced 

hepatotoxicity. Severe liver damage has been defined as an increase in plasma activities 

of aspartate aminotransferase (AST), alanine aminotransferase (ALT), sorbitol 

dehydrogenase (SDH), ornithine carbamyltransferase (OCT), lactic dehydrogenase 

(LDH), hydroxybutyrate dehydrogenase (HBDH), glutathione S-transferases, and F-

protein. Increase in prothrombin time, plasma concentrations of creatinine, biliverdin, 
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bilirubin, and phosphate, and reduction in blood pH, bicarbonate, and glucose have also 

been demonstrated as biomarkers of acetaminophen overdose.  

We recently showed an increase in plasma concentration of taurine as a probable 

biomarker of acetaminophen poisoning. Different antidotes such as: cimetidine, 

cysteamine, methionine, and glycyrrhizin have already used for the treatment of 

acetaminophen overdose.  

However, N-acetylcysteine (NAC) is a clinically approved drug which is used with 

three treatment regimens: a 20-hour continuous infusion of NAC, a 48-hour regimen of 

intermittent intravenous infusions and a 72-hour regimen of intermittent oral doses. NAC 

should be given if the plasma acetaminophen concentration is above a line joining 

200mg/L (1.32mmol/L) at four hours after ingestion and 30mg/L (0.20mmol/L) at 15 

hours on a semilogarithmic plot.  

Few adverse reactions have been reported in 5% of patients who receive NAC 

particularly in intravenous forms. The most of these reactions are anaphylactoid such as 

flushing, pruritus, urticaria, angioedema, cough, headache, shortness of breath, wheezing, 

hypotension, status epilepticus, and cortical blindness. 

 

 

EPIDEMIOLOGY 
 

Acetaminophen is a widely used analgesic and antipyretic which is available over-the 

counter and as a prescription drug. Its lack of unwanted gastrointestinal side effects and rapid 

absorption from the gastrointestinal tract has made it a popular analgesic in the last 30 years. 

Acetaminophen-induced hepatotoxicity is a common consequence of acetaminophen 

overdose and may lead to acute liver failure (ALF). Currently acetaminophen is the most 

common cause of ALF in both United States and United Kingdom, with a trend to increasing 

incidence in the United States (Chun et al., 2009).  

Acetaminophen-related hepatotoxicity is more common in patients with unintentional 

overdoses, alcohol abuse, and underlying liver disease (Myers et al., 2008). Mortality from 

acetaminophen overdose is now about 0.4%, although without treatment, severe liver damage 

occurs in at least half of people with blood acetaminophen levels above the UK standard 

treatment line (Buckley et al., 2007). Cerebral edema is a major cause of death in acute 

acetaminophen overdose (Craig et al., 2010).  

Acetaminophen poisoning accounts for at least 42% of USA acute liver failure cases seen 

at tertiary-care centers and one third of the deaths. The percentage of all ALF cases in a study 

that were due to acetaminophen, doubled in 6 years (Larson et al., 2005). In a study, the 

proportion of admissions involving acetaminophen increased significantly from 35.9% in 

1989 to 44.4% in 2002 in the UK (Ghandforoush-Sattari et al., 2007).  

In other studies by Quigley et al (Quigley et al., 1994) in Northern Ireland from 1976-

1991, Hawton and Fagg (Hawton et al., 1992) in Oxford from 1976-1990, by Bialas et al 

(Bialas et al., 1996) in Cardiff from 1987-1993, and Townsend et al (Townsend et al., 2001) 

in Oxford from 1985-1997, many authors observed that the proportion of episodes involving 

acetaminophen increased over time.  

Legislation was introduced in the UK in 1998 to limit over-the-counter sales due to rising 

rates of deliberate self-poisoning. Despite this legislation, Bateman and colleagues reported 

an annual hospitalization rate for acetaminophen overdose in Scotland of 124.4 per 100 000 

during the following year (Bateman et al., 2003). Another study in Canada showed the 
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incidence of acetaminophen overdose was 46 per 100 000 population (~1/2200) between 

1997 and 2002 (Myers et al., 2007). 

 

 

Figure 1. Production of Acetaminophen from Phenol. 

 

STRUCTURE 
 

Acetaminophen is manufactured in huge quantities worldwide. The starting material for 

the commercial manufacture of acetaminophen is phenol, which is nitrated to give a mixture 

of the ortho and para-nitrotophenol. The o-isomer is removed by steam distillation, and the p-

nitro group reduced to a p-amino group. This is then acetylated to give acetaminophen 

(Figure 1) (Atkins, 1987).  

 

 

PHARMACOLOGY OF ACETAMINOPHEN 
 

Acetaminophen is an active metabolite of phenacetin and is responsible for phenacetin‘s 

analgesic effect. It is a weak inhibitor of COX-1 and COX-2 in peripheral tissues and 

possesses no significant anti-inflamatory effects (Katzung, 2004). The oral dose of 

acetaminophen is 0.5-1g per 4-6 h to a maximum of 4 g in a day (Laurence DR, 1992). 

Acetaminophen (N-acetyl-p-aminophenol) is rapidly absorbed from the gastrointestinal tract 

and a dose taken by a fasting subject reaches mean peak plasma concentration in 70 minutes. 

This peak can be delayed to 160 min by slowing gastric emptying e.g. administration of 

propantheline (Rumack et al., 1975). Its systemic bioavailability is dose-dependent and ranges 

from 70 to 90%. Its rate of oral absorption is dependent on the rate of gastric emptying, being 

delayed by food, propantheline, pethidine, and diamorphine, and enhanced by 

metoclopramide. Acetaminophen is also well absorbed from the rectum. It distributes rapidly 

and evenly throughout most tissues and fluids and has a volume of distribution of 

approximately 0.9 L/kg. Ten to 20% of the drug is bound to red blood cells (Forrest et al., 
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1982). In acute acetaminophen poisoning, the plasma acetaminophen half-life is the most 

reliable early guide to prognosis, and is prolonged if acetaminophen-induced liver damage 

occurs (Prescott et al., 1971). The half-life of acetaminophen in overdose is variable due to 

saturable conjugation and the effects of hepatotoxicity on metabolism (Prescott et al., 1973; 

Slattery et al., 1979). The plasma half-life in healthy subjects ranges from 1.9 to 2.5 hours 

and the total body clearance from 4.5 to 5.5mL/kg/min. Age has little effect on the plasma 

half-life, but it is reduced in patients taking enzyme inducers (e.g. anticonvulsants). The 

plasma half-life is usually normal in patients with mild chronic liver disease, but it is 

prolonged in those with decompensated liver disease (Forrest et al., 1982). Acetaminophen is 

largely removed from the circulation by hepatic metabolism to glucuronide and sulphate 

conjugates (Lau et al., 1994), and only about 4% of a therapeutic dose is excreted unchanged 

in the urine (Cummings et al., 1967).  

 

 

TOXICITY 
 

In Adults, hepatotoxicity may occur after ingestion of a single dose of 10-15g (150-250 

mg/kg) of acetaminophen. Doses of 20-25g or greater are potentially fatal (Goodman et al., 

2008).  

 

 

HISTORY 
 

The use of acetaminophen for self-poisoning has increased greatly in many countries in 

recent years. Its use for this purpose has been influenced by cultural factors and local fashions 

of analgesic use. Acetaminophen poisoning accounts for up to 48% of all poisons admissions 

to hospital (Hawton et al., 1992) and a current estimated 200-300 deaths per year in the UK 

(Neeleman et al., 1997; Spooner et al., 1993). In contrast, only 9.4% of overdoses were due to 

analgesics (including acetaminophen, aspirin, and nonsteroidal drugs) and only 80 deaths 

were reported due to acetaminophen poisoning in the US in 1996 (Litovitz et al., 1997) 

 

 

MECHANISMS OF TOXICITY 
 

Acetaminophen is normally metabolised by the liver to form inactive, non-toxic 

compounds. Under normal circumstances, approximately 95% of acetaminophen is 

metabolised to glucuronide and sulphate conjugates which are excreted in the urine (Johnston 

et al., 1997). About 5% of acetaminophen is metabolised through the cytochrome P-450 2E1 

to produce a highly reactive toxic metabolite, N-acetyl-ρ-benzoquinonimine (NAPQI). At 

therapeutic doses, the small amounts of NAPQI produced by acetaminophen metabolism are 

detoxified by liver stores of hepatic glutathione and is excreted in bile (Glazenburg et al., 

1983) or urine as mercapturic acid conjugate (Waters et al., 2001) (Figure 2). In overdose, 

stores of glutathione become depleted. Without the glutathione substrate, NAPQI becomes 

available to bind to proteins and DNA of hepatocytes causing direct cellular injury (Boess et 

al., 1998; Flanagan et al., 1991; Jones, 1998a). The damaged hepatocytes release factors that 
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both attract and activate hepatic macrophages, causing cell necrosis by release of proteolytic 

lysosomal enzymes, and reactive oxygen species (Weinstein et al., 1988). 

 

 

Figure 2. Summary of metabolism of Acetaminophen (Flanagan et al., 1991). 

3-(Cysteine-S-yl) acetaminophen-protein adducts have been found in plasma after 

acetaminophen overdose in humans (Hinson et al., 1990). There is evidence that 

acetaminophen toxicity can result in an impairment of mitochondrial function, which 

precedes the loss of plasma membrane integrity (Burcham et al., 1990). Generation of 

reactive oxygen species (Adamson et al., 1993) and nitric oxide (Gardner et al., 1998), lipid 

peroxidation (Kamiyama et al., 1993), mitochondrial dysfunction and loss of the ability of the 

mitochondria to synthesize ATP; and loss of ATP (Donnelly et al., 1994), disruption of 

calcium homeostasis (Salas et al., 1997) and induction of apoptosis (Ray et al., 1996) are all 

mechanisms have suggested that may be involved in acetaminophen-induced hepatotoxicity. 

Studies have shown that activated kupffer cells and their products such as cytokines may also 
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play a role in this liver injury (McClain et al., 1999). Masson et al revealed detrimental effects 

of Kupffer cells, neutrophils, and NK/NKT cells in the pathophysiology of acetaminophen-

induced liver injury (Masson et al., 2008). The limited role of innate immune cells in 

acetaminophen hepatotoxicity under normal conditions is consistent with the fact that isolated 

mouse hepatocytes can be killed by acetaminophen with a mechanism similar to the one 

observed in vivo. This suggests that under specific circumstances innate immune cells may 

aggravate the toxicity of acetaminophen in certain individuals (Jaeschke et al., 1989). 
 

 

ADVERSE REACTIONS 
 

In a minority of severely poisoned patients (in practice, generally those who present too 

late for effective treatment with N-acetyleysteine or methionine), acute liver failure 

supervenes after around 3-6 days later with deepening jaundice, and drowsiness, asterixis, 

tremor, confusion and delirium progressing to coma. Associated findings include 

hypoglycemia, metabolic acidosis, hyperventilation, cerebral oedema, renal failure, sepsis, 

disseminated intravascular coagulation, haemorrhage and terminal cardiac arrythmias 

(Ruvalcaba et al., 1966). 

 

 

Chronic Overdose 
 

The amount necessary to produce chronic toxicity is not well defined but is less than the 

amount needed to produce acute effects. Doses of acetaminophen greater than the 

recommended daily maximum therapeutic dose (4g) but less than the single acutely toxic 

dose, if taken for days to weeks may produce liver injury. Patients with pre-existing hepatic 

dysfunction (e.g., chronic abusers of alcohol), concomitant use of other medications, 

specifically cytochrome P450-inducers ( e.g. isoniazid, rifampin, the anticonvulsants, 

phenobarbital, and phenytoin), and short-term fasting and malnutrition may be at increased 

risk (Lane et al., 2002). Since the kidney also contains the oxidising enzymes, renal failure 

may occur with high doses of acetaminophen (Laurence DR, 1992). A recent study on short 

courses of acetaminophen did not show any subclinical hepatocellular injury in alcoholics 

(Bartels et al., 2008). 

 

 

Acute Overdose 
 

Patients ingesting toxic quantities of acetaminophen may show three phases in their 

course. Anorexia, nausea and vomiting followed by right upper quadrant abdominal pain and 

hepatic tenderness (Prescott, 1996) may be the only symptoms seen initially. Renal damage, 

which may lead to acute renal failure, occurs in 1-5% of patients up to 14 days after ingestion, 

sometimes without evidence of hepatic damage (Prescott et al., 1982). As acetaminophen is 

used in many products, there will often be symptoms due to co-ingested agents. In the second 

phase these symptoms may persist in a less severe form for up to 48 hours. Meanwhile, 

hepatic enzymes, bilirubin, and prothrombin time rise into the abnormal range as hepatic 
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necrosis ensues. Clinically there is pain in the right hypochondrium, as the liver becomes 

enlarged and tender. Urinary output may be reduced due to dehydration, renal damage, and 

the antidiuretic effect of the drug. Rarely, anuria may develop in association with hepatic 

failure, but the plasma urea may be disproportionately low as the liver damage reduces 

formation of urea (Rumack et al., 1975). 

The third phase follows at three to five days and is marked by hepatic necrosis, with 

jaundice, coagulation defects, hypoglycaemia, and encephalopathy as well as renal failure and 

cardiomyopathy. Death is primarily due to hepatic failure and is dependent upon the degree of 

hepatic necrosis (Rumack et al., 1975). Nephrotoxicity following acetaminophen overdose 

consists of oliguric renal failure, which develops within 24-48h and is normally accompanied 

by back pain, renal tenderness, proteinuria and microscopic haematuria. It usually occurs in 

association with hepatotoxicity, but has been reported rarely in patients who only have had 

mild liver damage with plasma aminotransferase activity less than 1000 units 1
-1 

(Prescott, 

1996). Hengy et al reported few cases of acute renal failure following acute liver failure 

without hepatic coma (Hengy et al., 2009). Renal insufficiency occurs in approximately 1–2% 

of patients with acetaminophen overdose. The pathophysiology of renal toxicity in 

acetaminophen poisoning has been attributed to cytochrome P-450 mixed function oxidase 

isoenzymes present in the kidney, although other mechanisms have been elucidated, including 

the role of prostaglandin synthetase and N-deacetylase enzymes (Mazer et al., 2008). The 

onset of renal failure typically occurs between day two and day five after the overdose with 

peak creatinine levels on day seven (Mazer et al., 2008). Since the serum creatinine 

concentration usually raises minimum 48 hours following acetaminophen ingestion, renal 

failure might easily be missed if patients are discharged home before this (Waring et al., 

2010). The degree of liver injury is dependent on:  

 

1) The total quantity (and presumably the rate) of acetaminophen absorbed  

2) The concentration of acetaminophen achieved  

3) The metabolic activity of the cytochrome P450 mixed function oxidase (in particular 

CYP2E1, 1A2, 3A4 subtypes) 

4) The rate of elimination and disposition of the toxic and nontoxic acetaminophen 

metabolites  

5) The amount and rate of regeneration of hepatic glutathione (Jones et al., 1998b). 

 

Associated findings included hypoglycaemia, metabolic acidosis, hyperventilation, 

cerebral oedema, renal failure, sepsis, disseminated intravascular coagulation, haemorrhage, 

cardiac arrhythmias (Prescott, 1996) and pancreatitis (Caldarola et al., 1986). Depression of 

consciousness with very high plasma acetaminophen concentrations was associated with 

hypothermia in a 1-year old child (Lieh-Lai et al., 1984). Myocardial damage has been 

documented in at least five cases of overdose with acetaminophen. ST segment abnormalities, 

T wave flattening, and pericarditis during life as well as post-mortem findings of 

subendocardial haemorrhage and myocardial necrosis have been noted (Pimstone et al., 

1968). Agranolocytosis has been described in a single patient consuming four tablets with a 

fall of the white count to 600/mm
3
 (Lloyd, 1961). A case of pruritic maculopapular rash has 

been described (Henriques, 1970). 

Ingestion by an adult of 10-15 g of acetaminophen in a single dose may result in hepatic 

damage and death from fulminant hepatic failure (Prescott, 1983). Severity of poisoning can 
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be assessed by measuring the blood acetaminophen concentration. If the plasma concentration 

four hours after the overdose exceeds 300mg/L or 50mg/L after 12 hours hepatic toxicity is 

likely (Sherlock et al., 1993).  

 

Biochemical Abnormalities (Biomarkers)  

Biomarkers are defined as an objectively measured change in DNA, protein or metabolite 

levels that is reflective of a normal biological process, pathological condition or correlates 

with the pharmacological action of a therapeutic agent (Antoine et al., 2009; Blazka et al., 

1996). The ideal biomarker of liver damage would have the following characteristics: 

 

 Reflective of the actual hepatic injury/repair status 

 Rapidly assayed and can be assayed in any laboratory 

 Non-invasive, i.e. present in the blood or urine compartment 

 Transferable across in vitro, in vivo and clinical systems to further inform and 

accelerate drug safety screening 

 Able to precede the onset of massive hepatic injury–secreted markers rather than 

their leakage 

 A low baseline variability in control samples and normal population 

 Accurately identifiable and quantifiable with a suitable dynamic range to detect upon 

drug treatment (Laverty et al., 2010) 

 

Numerous biomarkers for drug-induced liver injury have been explored, but less than ten 

are adopted or qualified as valid by the US FDA (Shi et al., 2010). Severe liver damage has 

been defined as an increase in serum aspartate aminotransferase (AST or SGOT) or alanine 

aminotransferase (ALT or SGPT) activity above 1000 IU/L and renal impairment as a rise in 

the plasma creatinine concentration from normal to over 300μmol/L (3.4mg/100mL) (Buckley 

et al., 1999; Prescott et al., 1979; Routledge et al., 1998). A less sensitive measure with more 

prognostic significance such as a prolonged protrombin time (INR
*
>2.0) may be more 

appropriate when examining the effectiveness of late treatment (Buckley et al., 1999; Ros et 

al., 1994). Whyte et al, showed a small rise in INR after acetaminophen poisoning without 

hepatic injury. They postulated that acetaminophen reduces functional concentrations of two 

vitamin K-dependent clotting factors (VII and IX), by inhibiting gamma carboxylation (Whyte 

et al., 2000).  

In patients with acute liver failure due to acetaminophen overdose, a poor prognosis is 

obtained when PT>100sec (Harrison et al., 1990). In one study, a rise in PT (or INR) on days 

3 or 4 was associated with only 7% survival, while survival was 79% in patients with no rise 

in INR (Trull et al., 2002). In one study, clotting factor VII was shown to provide, a good 

indication of prognosis of severe liver damage after acetaminophen overdose (Harrison et al., 

1990). In coagulation of blood process, factor VII with factors V and X catalyse influence of 

calcium ions to form prothrombin activator (Guyton, 1984). Dramatic increases in plasma 

enzyme activity in acetaminophen poisoning was reported for lactic dehydrogenase (>37400 

IU/L) and hydroxybutyrate dehydrogenase (>5000 IU/L) (Prescott, 1996). 

                                                           
*
= International Normalized Ratio 
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Acetaminophen-induced hepatic necrosis also causes a dramatic increase in the activity 

of plasma glutathione S-transferases (GST), a group of cytosolic proteins of low molecular 

weight present in high concentration in hepatocytes. The increase preceded the rise in 

aminotransferases and provided a much more sensitive index of hepatocellular integrity 

(Beckett et al., 1989; Hayes et al., 1983). The plasma concentration of F-protein, another 

cytosolic protein, is also a sensitive indicator of acetaminophen-induced hepatic injury. It has 

been suggested that glutathione S-transferase and F-protein have advantage over ALT for 

detecting minor degrees of acute liver dysfunction, particularly when only centrilobular 

damage may be involved (Beckett et al., 1989). 

Hepatic biliverdin reductase activity is also reduced after an overdose of acetaminophen 

and serum biliverdin concentrations are greatly increased in patients with fatal liver toxicity 

(Wardle et al., 1981). An elevated serum bilirubin is an important indicator of drug-induced 

acute liver failure. However, in acetaminophen overdose, death may occur before bilirubin 

has increased significantly in those patients with hyperacute liver failure (Trull et al., 2002). 

Increased blood hydrogen ion concentrations, reduced blood pH and reduced plasma 

bicarbonate concentrations (i.e. features of metabolic acidosis) have been frequently observed 

in patients with severe acetaminophen poisoning and in those who have developed fulminant 

hepatic failure that is persistent and resistant to correction (Prescott, 1996). The severity of 

the acidosis is an important prognostic factor (Gray et al., 1987). 

Hypoglycaemia is always associated with severe hepatic damage and liver failure and it 

indicated a very poor prognosis (Prescott, 1996). Blood ammonia concentrations are 

increased in patients with severe liver damage causing hepatic encephalopathy. In such 

circumstances the hepatic production of urea is reduced, resulting in low plasma urea 

concentrations that do not increase with the onset of renal failure (Emby et al., 1977). 

Gray et al demonstrated that hyperlactataemia, with or without significant acid-base 

disturbance, was common following acetaminophen overdose particularly in those who were 

severely poisoned (Gray et al., 1987).  

In a recent study, early high anion gap metabolic acidosis was present in 41% of 

acetaminophen overdose patients on admission and persisted for 1.5 ± 0.1 days (Zein et al., 

2010). It was also shown that the mean plasma taurine concentration in the acetaminophen-

poisoned patients (mean 26.4±1.6 mg/l) was significantly different from the control groups 

(mean 5.6±0.2 mg/l) (P<0.0001) (Ghandforoush-Sattari et al., 2008a). Taurine‘s raised 

concentration in plasma and urine has already been reported after surgical trauma, X-

radiation, muscle necrosis, carbon tetrachloride-induced liver damage (Waterfield et al., 

1991), and acataminophen overdose (Ghandforoush-Sattari et al., 2008a; Harry et al., 1999). 

Changes in taurine concentrations typically occur in stress states, e.g., osmotic changes, 

anoxia, prolonged illumination of photoreceptors, cell proliferation, brain development 

(Huxtable, 1992), pneumococcal meningitis (Guerra-Romero et al., 1993), lung cancer (Kirk 

et al., 1993), myocardial infarction (Bhatnagar et al., 1990), stroke (Ghandforoush-Sattari et 

al., 2011), speedy exercise (Ward et al., 1999), hepatic encephalopathy (Butterworth, 1996), 

and heroin addiction (Ghandforoush-Sattari et al., 2010a). Taurine is produced by the liver in 

response to a toxic insult and subsequent leakage from damaged cells leads to increased 

concentrations in plasma and urine. The high serum taurine concentration 6 hours or more 

after acetaminophen overdose could be a useful indicator of liver damage in acetaminophen 

poisoning (Ghandforoush-Sattari et al., 2009).  
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A recent study has suggested that a serum phosphate concentration above 1.2mmol/L at 

48-96 hours following acetaminophen overdose might be a sensitive and highly specific 

predictor of patients with liver failure and very little chance of spontaneous survival. 

Hyperphosphatemia may be caused by renal dysfunction in the absence of hepatic 

regeneration (Schmidt et al., 2002). Hypokalemia is another non-specific biomarker of 

acetaminophen overdose. Zyoud et al showed serum concentration of K
+
 less than 3.5mmol/L 

in 63.6% of patients with acute acetaminophen overdose (Zyoud et al., 2010). 

A recent study indicated that β-catenin activation was an early event and was vital for 

regeneration after acetaminophen-induced ALF. Interestingly, activation of β-catenin was 

observed even before biochemical or histological hallmarks of liver injury were evident (Apte 

et al., 2009). A number of elevated circulating microRNAs in plasma have also been shown 

as potential biomarkers for drug-induced liver injury in an animal experiment (Wang et al., 

2009). Another study showed the elevation of some cytokines such as interleukin 6, 

interleukin 8, interleukin 10, and monocyte chemoattractant protein 1 in patients with serum 

alanine aminotransferase >1000 IU/L following acetaminophen overdose (James et al., 2005). 

Cytokines are interesting candidates for novel biomarkers as they are relatively accessible (by 

blood sampling) and accurately quantifiable (Laverty et al., 2010). Demirbas et al and Erdinc 

Cakir et al demonstrated the preclinical utility of neopterin as a biomarker for the animal 

model of acetaminophen-induced liver injury (Cakir et al., 2010; Demirbas et al., 2011). 

Two previous studies evaluating acetaminophen half-life determinations to predict 

toxicity found that half-lives less than 2.5 hours and 3 hours respectively make toxicity 

unlikely (Dawson et al., 2001; Smilkstein et al., 1994). Studies have also shown that half-

lives of greater than four hours put the patient at increased risk of hepatotoxicity and 

demonstrate the longer the half-life, the higher the rate of hepatotoxicity (Prescott et al., 

1971; Schiodt et al., 2002). Typically, the use of acetaminophen half-lives to predict toxicity 

is not recommended due to lack of specificity and multiple confounders such as ongoing 

gastrointestinal absorption, or co-ingestions (Sutter et al., 2010). James et al, detected protein 

adducts of acetaminophen in some patient samples 12 days post-ingestion. They suggested 

that the persistence and specificity of acetaminophen-protein adducts as correlates of toxicity 

support their use as specific biomarkers of acetaminophen toxicity in patients with acute liver 

injury (James et al., 2009). These adducts are formed by hepatic metabolism of 

acetaminophen to N-acetyl-p-benzoquinone imine, which covalently binds to hepatic proteins 

as 3-(cystein-S-yl)-acetaminophen adducts. Arginase I, sorbitol dehydrogenase, glutamate 

dehydrogenase, paraxonase, malate dehydrogenase, and purine nucleoside phosphorylase 

have also been introduced as biomarkers of liver necrosis (Ozer et al., 2008). 

 

Risk Factors 
 

Malnutrition 

Fasting may enhance hepatotoxicity and an important mechanism appears to be decreased 

hepatic stores of glutathione in man (Johnston et al., 1997). Fasting also reduces the 

glucuronide conjugation of acetaminophen in rats, and toxicity is increased as a result of 

correspondingly enhanced metabolic activation (Price et al., 1987). 
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Interactions  

Factors that have been reported to enhance risk of hepatotoxicity caused by 

acetaminophen include enzyme inducing drugs, chronic alcohol misuse and eating disorders, 

and in each of these, contexts treatment is advisable below the treatment line (Bridger et al., 

1998). Treatment line in acetaminophen overdose will be discussed later. 

 

Drugs 

Any factor that decreases the rate of absorption or metabolic activation of acetaminophen 

would reduce the rate of formation of the toxic metabolite and thus reduce the risk of liver 

damage.  

It was suggested that patients who take mixed overdoses of acetaminophen and 

antimuscarinic drugs are less likely to suffer liver damage because gastric emptying and 

acetaminophen absorption are delayed (Prescott, 1996). A similar effect might occur with 

combined overdose with acetaminophen and dextropropoxyphene or codeine and in some 

reports, associated hypothermia probably provides additional protection by slowing down the 

metabolic activation of acetaminophen (Prescott, 1996). 

Piperonyl butoxide, a known inhibitor of the hepatic microsomal metabolism, has been 

demonstrated in some investigations on animals to protect against acetaminophen 

hepatotoxicity (Mitchell et al., 1973). Patients with potentially induced metabolism and hence 

more rapid production of toxic metabolites have been shown to develop more severe 

hepatonecrosis than patients who were not induced (Smith et al., 1986; Wrights et al., 1973). 

Acetaminophen toxicity has been found to be potentiated by anticonvulsant drugs, because of 

direct induction of cytochrome P450 enzymes (Bray et al., 1992).  

A female patient receiving carbamazepine developed severe liver damage after an 

overdose of acetaminophen. Antidotal therapy was not administered because her plasma 

acetaminophen concentration was below the treatment line (Smith et al., 1986) (Figure 3). 

 

Alcohol 

There have been some reports claiming that the hepatotoxicity of acetaminophen is 

increased in chronic alcoholics, and that such individuals not only carry an increased risk of 

severe and fatal liver damage after overdose (Artnak et al., 1998; Johnson et al., 1981; 

Wrights et al., 1973; Yasunaga et al., 1985) but that similar serious liver damage may also 

occur with therapeutic use (Barker et al., 1977; Himmelstein et al., 1984). Alcohol inhibits 

the hepatic microsomes (Thummel et al., 1989) and produces a major reduction in the 

fractional urinary excretion of the cysteine and mercapturic acid conjugates of acetaminophen 

in healthy nonalcoholic volunteers (Banda et al., 1982) as well as in heavy drinkers (Prescott, 

2000).  

The interactions between acetaminophen and ethanol are complex and many questions 

remain to be answered. In animals, chronic administration of ethanol causes microsomal 

enzyme induction with increased toxic metabolic activation of acetaminophen and enhanced 

hepatotoxicity.  

Conversely, the acute administration of ethanol inhibits the potentially toxic oxidative 

metabolism of acetaminophen and protects against liver damage. This protective effect 

disappears when the ethanol is eliminated and the time interval between the intake of ethanol 

and acetaminophen is critical (Prescott, 1996). In a prospective study, the prevalence of 
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hepatotoxicity was 5.1% in those who ingested ethanol, compared to 15.2% in those who did 

not (Waring et al., 2008a).  

 

 

Figure 3. Rumack-Matthew nomogram for single acute acetaminophen poisoning: A semi-logarithmic 

plot of plasma-acetaminophen concentration against hours after ingestion (Vale, et al 1995). 

Patients chronically abusing ethanol are more susceptible to the hepatotoxic effects of 

acetaminophen. Severe liver failure was reported in three chronic alcoholics after they 

ingested acetaminophen for therapeutic reasons (McClain et al., 1980). There are several 

possible mechanisms whereby chronic alcoholism may enhance the toxicity of 

acetaminophen. First, long-term ethanol ingestion is known to induce a variety of hepatic 

microsomal drug metabolizing enzymes (Johnston et al., 1997). Second, alcoholics with or 

without cirrhosis often have inadequate dietary intake of protein. This may adversely affect 

their hepatic glutathione concentration. Third, alcoholics may also have depressed serum 

vitamin E and selenium concentrations compared with those of abstinent control subjects. 

Animal studies have demonstrated that both feeding protein-deficient diets or diets deficient 

in selenium and vitamin E measurably augmented acetaminophen hepatotoxicity. Vitamin E 

presumably exerts a protective effect through its role as a general antioxidant and selenium 

through its catalytic function for the enzyme glutathione peroxidase (McClain et al., 1980).  

Lauterberg and Velez indicated that chronic excessive ethanol consumption was 

associated with decreased circulating concentrations of GSH. Either an increase in the 

catabolism of plasma GSH or a decreased release of GSH by the liver, possibly because of 

malnutrition or a direct effect of ethanol, could account for this observation (Lauterburg et 

al., 1988). Degradation of GSH by the enzyme gamma glutamyl transferase, an enzyme the 

activity of which is commonly found to be raised in serum of alcoholic patients, is the major 

route of catabolism of GSH (Burgunder et al., 1987). 
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Other Factors 

It has been suggested that acetaminophen hepatotoxicity might have been enhanced by 

psittacosis (Davis et al., 1983), human immunodeficiency virus (HIV) infection (Shriner et 

al., 1992) and co-existing mercury intoxication (Zwiener et al., 1994). Two weeks after 

halothane anaesthesia for a breast biopsy, a 40-year-old woman was admitted with mildly 

abnormal liver function tests and acute renal failure. She was said to have taken only 500 mg 

of acetaminophen on the third and second days before admission and this toxicity was 

attributed, without evidence, to a synergistic reaction of halothane and acetaminophen 

(Grinbalt et al., 1980). Nguyen et al have recently described an increased risk of acute liver 

injury (ALI) due to acetaminophen overdose in patients with hepatitis C virus (HCV). ALI 

occurred in 16.7% and 7.1% of HCV-positive and HCV-negative patients, respectively 

(Nguyen et al., 2008). The fractional urinary recovery of the cysteine and mercapturic 

conjugates of acetaminophen are significantly increased in subjects with Gilbert's disease 
*
 

(Esteban et al., 1993) and patients with hepatocellular carcinoma (Leung et al., 1991) 

suggesting that they might have increased susceptibility to hepatotoxicity. Douglas et al 

suggested that not only was acetaminophen elimination impaired in Gilbert's syndrome, but 

that its distribution kinetics are also abnormal (Douglas et al., 1978). 

 

 

MANAGEMENT OF ACETAMINOPHEN OVERDOSE 
 

The treatment of a single acute acetaminophen overdose depends on two factors: the 

interval between overdose and presentation and the plasma concentration of acetaminophen 

(Ferner, 1993). On admission blood should be taken for emergency estimation of the plasma 

acetaminophen concentration, remembering that values obtained before four hours after 

ingestion may not be reliable because of the possibility of continued absorption. The plasma 

acetaminophen concentration after four hours following overdose is the single most important 

factor in the decision for or against therapy (Atwood, 1980). However, a recent study showed 

that dose of acetaminophen ingested did not seem to play a role in prognosis. The most 

important prognostic factor was coma grade on admission to study. Acetaminophen dosing 

information is not always obtainable. When it is, it adds little to the clinical assessment. 

Severity of encephalopathy is a more reliable indicator of prognosis in these critically ill 

patients (Gregory et al., 2010). Activated charcoal, gastric lavage, and ipecacuanha are able 

to reduce the absorption of acetaminophen, but the clinical benefit is unclear. Of these, 

activated charcoal seems to have the best risk-benefit ratio (Brok et al., 2006). Gastric lavage 

is not indicated unless in potentially life-threatening poisoning and unconscious presentation 

(Vale, 1997). One non-systematic review of gastric lavage in all forms of poisoning found no 

evidence that gastric lavage improved outcome in poisoned people (Vale, 1997). Efforts to 

prevent absorption of the drug with activated charcoal or cholestyramine within four hours 

after overdose have been attempted (Dordoni et al., 1973). Activated charcoal is unlikely to 

be beneficial at or beyond 2 h after an overdose of acetaminophen (Mullins et al., 2009). 

Spiller et al suggested that the use of activated charcoal, in addition to the standard NAC 

                                                           
*
Gilbert's syndrome is an inherited disorder which is characterised by unconjugated hyperbilirubinaemia. 

Glucuronidation of a number of substrates appears to be impaired in Gilbert's syndrome (Macklon, et al, 

1979). 
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therapy, had improved patient outcome as measured by reduced markers of liver injury, AST 

and ALT (Spiller et al., 2006). Vomiting induced by syrup of ipeca-guanha has no role in the 

emergency department management of acetaminophen-poisoned patients (Zed et al., 1999). 

The role of forced diuresis, haemodialysis and charcoal hemoperfusion in an effort to enhance 

excretion has been discussed (Higgins et al., 1996; Matthew, 1973), but forced diuresis may 

be dangerous due to the renal damage and the antidiuretic effect of acetaminophen. Different 

agents have been used for protection against hepatorenal toxicity of acetaminophen: 

 

 

CIMETIDINE 
 

In animals, prior administration of high doses of inhibitors of oxidative metabolism, such 

as cimetidine, reduces NAPQI formation and thus the frequency and severity of 

hepatotoxicity. This approach is not appropriate for the treatment of poisoning in humans, for 

an inhibitor would have to be given before the acetaminophen overdose (Flanagan et al., 

1991).  

 

 

GLUTATHIONE (GSH) 
 

GSH for drug use is not widely available and penetrates cell membranes poorly and it is 

no practical value as a protective agent because huge doses are required (Williams, 1986). 

 

 

CYSTEAMINE 
 

Cysteamine or (mercaptamine, 2- mercaptoethanolamine), completely prevents severe 

liver damage when is administered within 10 h in a total dose of 3.2 g intravenously over 20 

h. Cysteamine is usually effective in preventing liver toxicity when given within 10 h of 

ingestion of the acetaminophen but it is ineffective when treatment is delayed beyond 12 h 

(Prescott, 1996). Unacceptable side effects, including nausea, vomiting, drowsiness, and 

cardiotoxicity have limited the use of cysteamine (Byer et al., 1982).  

 

 

METHIONINE 
 

L-methionine is a precursor of cysteine, and as such, it stimulates glutathione synthesis 

and was shown to protect animals against acetaminophen-induced liver toxicity (Neuvonen et 

al., 1985). The N-acetyl-DL-methionine ester of acetaminophen also enhances the hepatic 

synthesis of glutathione in mice and protects against acetaminophen toxicity (Skoglund et al., 

1988). It has been suggested that the problems of liver damage following acetaminophen 

overdose could be abolished simply by the addition of cysteine or methionine to the tablets 

(McLean, 1974; Neuvonen et al., 1985). One such formulation was available in the UK 

(Pameton), although many other formulations are used more widely (Janes et al., 1992). 

When given within ten hours, oral methionine in a dose of 2.5 g every four hours to a total 
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dose of ten gram is effective in preventing severe liver damage in poisoned patients with 

plasma acetaminophen concentrations above the standard treatment line (Crome et al., 1976). 

There are concerns about its efficacy when given late in patients with impending hepatic 

failure. A further theoretical objection to the use of methionine rather than N-acetylcysteine is 

that several enzymic reactions are necessary for its conversion to the active form, cysteine. 

Two of these enzymes contain SH groups that could themselves be inactivated by 

acetaminophen thus preventing the protective action of methionine. Unlike N-acetylcysteine 

and other thiols, methionine is unable to prevent direct covalent binding or to reverse post-

arylation damage to hepatocytes exposed for a short time to toxic concentrations of 

acetaminophen (Tee et al., 1986a; Tredger et al., 1980). Vomiting has frequently been 

described with oral methionine (Prescott et al., 1979). 

 

 

GLYCYRRHIZIN 
 

Glycyrrhizin, extracted from the roots of licorice (Glycyrrhiza glabra), and its aglycone 

(glycyrrhetinic acid) have been shown to exert antihepatotoxic activity and protect against 

carbon tetrachloride and D-galactosamine-induced acute liver injury and chronic cirrhosis. 

Furthermore, glycyrrhizin has been used in the treatment of chronic hepatitis. It has been 

reported that glycyrrhizin has significant restorative and protective effects in relation to 

glutathione S-transferase activity and glutathione content in the liver. Glycyrrhizin and its 

analogues are also effective in decreasing acetaminophen-induced hepatotoxicity (Dehpour et 

al., 1999). 

 

 

GARLIC AND RELATED ORGANOSULFURS 
 

Few studies have shown the hepatoprotectivity of garlic and related organosulfurs. The 

effects of garlic extract on the prevention of reactive oxygen species (ROS) formation and 

glutathione depletion were demonstrated on freshly isolated rat hepatocytes contacted with 

acetaminophen suspension (Anoush et al., 2009b). Gwilt et al showed that garlic treatment 

slightly increased sulfate conjugation of acetaminophen on healthy subjects (Gwilt et al., 

1994). Garlic oil, as similar to N-acetylcysteine, can eliminate electrophilic intermediates and 

free radicals through conjugation and reduction reactions. Therefore it protects the liver from 

toxic doses of a minophen (Kalantari et al., 2001). The protection against acetaminophen-

induced hepatotoxicity by fresh garlic homogenates is mainly due to its inhibition of P450-

mediated acetaminophen bioactivation (Wang et al., 1996). Components like allyl-mercaptan, 

diallyl-disulfide, and diallyl-sulfide might have cytoprotective and antioxidant effects 

(Anoush et al., 2009a). 

 

 

TAURINE 
 

Taurine a sulfur-containing amino acid is a relatively non-toxic substance and a normal 

constituent of the human diet (Huxtable et al., 1983). Taurine has been shown to protect 



M. Sattari and S. O. Mashayekhi 122 

against membrane damage, maintain membrane organisation, and prevent ion leakage and 

water influx, thus avoiding cellular swelling (Milei et al., 1992). In the liver 

ischemia/reperfusion model, taurine prevented hepatocyte injury through its ability to inhibit 

lipid peroxidation, regulate cellular calcium homeostasis, and stabilise biological membranes 

(Chen, 1993). Waters et al demonstrated that the administration of a pharmacological dose of 

taurine (200mg/kg) prevented plasma AST, ALT, and ALP elevation, hepatic DNA 

fragmentation, and hepatocyte necrosis in an in-vivo rat model. They concluded that 

administration of taurine has a prophylactic as well as a therapeutic role in preventing 

acetaminophen-induced hepatotoxicity, possibly through its unique cytoprotective properties 

such as antioxidant activity, inhibition of nitric oxide, and modulation of calcium homeostasis 

(Waters et al., 2001). In a study, authors showed that plasma taurine concentration peaked to 

86.1±19.0 at 1–2.5 hr of study, plasma elimination half-life ranged from 0.7 to 1.4 hr (mean 

1.0±0.3), volume of distribution ranged from 19.8 to 40.7 L (mean 30.0±7.6), ratio of 

clearance/bioavailability (Cl/F) ranged from 14.0 to 34.4 L/hr (mean 21.1±7.8), and area 

under curve between 0–8 hr (AUC) ranged from 116.0 to 284.5 mg.hr/L (mean 206.3±63.9) 

(Ghandforoush-Sattari et al., 2010b). 

 

 

N-ACETYLCYSTEINE (NAC) 
 

Three treatment regimens are thought to be equivalent in efficacy: (1) a 20-hour 

continuous infusion of NAC, (2) a 48-hour regimen of intermittent intravenous infusions and 

(3) a 72-hour regimen of intermittent oral doses (James et al., 2002). NAC, a precursor of 

cysteine, has been in clinical use since the 1960s as a mucolytic agent for the treatment of 

pulmonary disease and cystic fibrosis (Prescott et al., 1989; Scheffner, 1983), for protection 

against the toxicity of metals, alkylating agents (Flanagan, 1987) and drugs used for cancer 

chemotherapy (Botta et al., 1973; Holoye et al., 1983; Myers et al., 1983), for treatment of 

cirrhosis by increasing tissue oxygen use and delivery (Jones et al., 1994), for prevention of 

damage to human bronchial fibroblast by tobacco smoke condensates (Aruoma et al., 1989), 

for reversal of acquired tolerance to organic nitrates in cardiovascular disease (Horowitz et 

al., 1988), and as an effective antidote in acetaminophen poisoning (Harrison et al., 1991; 

Keays et al., 1991; Prescott, 1979). NAC disrupts disulphide bonds in mucus, making it less 

viscous, and is reported to offer protection against doxorubicin toxicity and to reduce 

ifosfamide and cyclophosphamide induced cystitis (Borgstroem et al., 1986). NAC may also 

have a role in the treatment of toxicity from carbon tetrachloride, chloroform, 1,2-

dichloropropane (Flanagan et al., 1991) and acrilonitrile inhalation (Buchter et al., 1984). 

NAC should be given if the plasma acetaminophen concentration is above a line joining 

200mg/L (1.32mmol/L) at four hours after ingestion and 30mg/L (0.20mmol/L) at 15 hours 

on a semilogarithmic plot (Figures 3) (Flanagan et al., 1991). It has been recommended that 

if the concentration of acetaminophen is below the treatment line, a second acetaminophen 

concentration should be determined 4-6 hours later. If this concentration is above the 

treatment line, NAC therapy should be started (Zed et al., 1999). Patients, who are thought to 

have taken over 7.5 g acetaminophen more than 8 hours previously, however, should be 

treated immediately without waiting for the plasma acetaminophen result. Also in those 
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patients with high risk of hepatotoxicity caused by acetaminophen include co-ingested 

enzyme inducing drugs, chronic alcohol misuse and eating disorders treatment is advisable 

even below the treatment line (Bridger et al., 1998). This nomogram is not always helpful, 

because an accurate history of the amount and time of acetaminophen ingested often cannot 

be obtained in cases of suicidal intent or in patients with an altered mental status, the 

nomogram cannot be applied to many intentional overdose patients or who has ingested an 

extended-release preparation, who had a repeated supratherapeutic ingestion (Fontana, 2006; 

Smith, 2008). The nomogram also fails to predict toxicity based on a single serum 

acetaminophen concentration in patients overdose acetaminophen with an opioid or 

diphenhydramine (Dougherty et al., 2011). In cases of massive acetaminophen overdose also, 

standard acetylcysteine dosing may not be adequate and is suggested that elevated serum 

acetaminophen concentrations at the end of a standard 20-hour acetylcysteine infusion should 

be discussed with the local poison center (Wang et al., 2011). Although treatment with NAC 

between 15 and 24 hours is ineffective, it probably does little harm and should be given if the 

time of ingestion is in doubt. Severe liver damage and renal failure may occur with plasma 

acetaminophen concentrations below the present treatment line, and in view of the safety of 

NAC a case has been made for lowering the line to 150 mg/L at 4 hours and 25 mg/L at 15 

hours (Prescott et al., 1979).  

A plasma acetaminophen measurement before four hours can be misleading due to 

incomplete absorption. There are several groups such as chronic alcohol abusers who may be 

at risk of hepatic toxicity from high therapeutic acetaminophen dosage since hepatic GSH 

may be low initially (Lauterburg et al., 1988; Seeff et al., 1986). For example, for alcoholics, 

a treatment threshold line of 100mg/mL at 4h is comparable in risk of hepatotoxicity to the 

150mg/mL at 4-h line for nonalcoholic patients (Ali et al., 2008). Similarly, HIV-positive 

individuals may be especially susceptible to acetaminophen-induced hepatotoxicity. The 

glutathione deficiency occurs in such patients may be due to increased utilisation of this 

compound because of oxidative stress in HIV patients (Henry, 1990). Other patients, for 

example those taking anticonvulsants or other enzyme inducers, may form NAPQI more 

readily and may deplete endogenous GSH more quickly (Flanagan et al., 1991), and this may 

place them at greater risk.  

The above nomogram cannot be used for patients with chronic excess ingestion of 

acetaminophen or those who have taken slow release formulations for whom there is no 

substitute for clinical judgement. For example, the maximum plasma concentration of 

acetaminophen occurs 14 hours after the ingestion of Tylenol Extended Relief (extended-

release acetaminophen) (Bizovi et al., 1996). Meanwhile, the use of treatment guidelines, 

which assess the risk of developing liver failure from blood acetaminophen concentrations 

corrected for time to NAC treatment, needs careful interpretation due to the unreliability of 

histories obtained from poisoned patients (Makin et al., 1995). 

 

 

Pharmacology of NAC 
 

In human volunteers, 20-30% of NAC is cleared by the kidneys (Borgstroem et al., 

1986). It can be oxidised to a disulphide, N, N‘-diacetylcysteine, and can form mixed 

disulphides by reacting with other thiols such as cysteine and gluthatione. NAC can be 

oxidised by reaction with the thiol groups of plasma proteins (Burgunder et al., 1989; 
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Cotgreave et al., 1987; Olsson et al., 1988). Cysteine and cystine have been identified as the 

major methabolites of NAC. Inorganic sulphate is the major urinary excreted together with 

small amounts of taurine and unchanged NAC (Olsson et al., 1988) (Figure 4).  

 

 

Figure 4. Proposed metabolic pathway of N-acetylcysteine in human (after DeCaro et al. 1989). 

NAC is also metabolised to glutathione via cysteine by hepatocytes, which is thought to 

be an essential mechanism of action when NAC is used in treatment of acetaminophen 

poisoning (Tee et al., 1986b). Excess cysteine that is not required for protein or glutathione 

syntesis is catabolised via pyruvate to carbon dioxide and sulphate or to taurine (Weinstein et 

al., 1988). Only a small amount (3%) of NAC is excreted in faeces (Bonanomi et al., 1980). 

 

 

Therapeutic Regimens of NAC in Treatment of Acetaminophen Overdose  
 

Oral Regimens 

Oral NAC is available in the U.S. as 10% and 20% (weight/volume) solutions and is 

given orally as a 5% (weight/volume) solution in a soft drink or, if given intragastrically, in 

water (Flanagan et al., 1991). The initial dose of 140mg/kg is followed by 17 maintenance 

doses (70 mg/kg every 4 hours for 68 hours) (Smilkstein et al., 1988). If the patient vomits 

within 1 hour of a dose, the dose should be repeated. Severe liver damage occurred in 17% of 

49 patients treated within 10 hours despite the use of very large doses (130 mg/kg given over 

three days) (Prescott et al., 1979). Absorption is rapid following oral administration of single 

doses of 100 to 600 mg, but the bioavailability is low (Prescott et al., 1989). The low 

bioavailability of NAC is probably not due to incomplete absorption, but rather to extensive 
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first-pass metabolism (Olsson et al., 1988). This may be because NAC is rapidly oxidised 

before it reaches the general circulation probably in the gastrointestinal tract. Comparison of 

intravenous and oral S
35

-labelled NAC (Bonanomi et al., 1980) indicated that the absorption 

of the radio-label was complete, although NAC in the gut wall of the rat was extensively 

metabolised to cysteine, glutathione and inorganic sulphite (Olsson et al., 1988).  

NAC is only available in the U.S. as an oral product. It is typically mixed in juice or soda 

to produce a concentration of less than 5% NAC. It is administered with a loading dose 140 

mg/kg followed by 70 mg/kg every 4 hours for 17 doses (1300 mg/kg in total) (Smilkstein et 

al., 1988). The best results have been observed when the NAC has been given within 8 hours 

of ingestion. However, it appears to be effective and safe when given up to 16 hours post 

ingestion. Efficacy is not well documented when given beyond 16 hours after ingestion but 

should be used in cases of confirmed toxic acetaminophen exposure. However, Smilkstein et 

al (Smilkstein et al., 1988) reported that only 41% of their high-risk patients who were treated 

between 16-24 hours had serious hepatotoxicity in spite of administration of 72-hour oral 

NAC regimen in comparison to Prescott et al's (Prescott et al., 1979) report (89%). Parker et 

al showed the safety of NAC therapy in patients presenting between 16 and 24 hours after 

acetaminophen intake who had a high risk of liver damage (Parker et al., 1990). Smilkstein et 

al claimed, therefore, that the 72-hour protocol of oral NAC may be superior to the 20-hour 

intravenous protocol for patients treated 16 hours after the ingestion of acetaminophen 

(Smilkstein et al., 1988). A prospective study showed that a shortened duration of treatment 

with oral NAC (20 to 48 hours) might be an effective treatment option in individuals 

considered to be at no further risk of developing liver toxicity according to the fulfilment of 

appropriate laboratory criteria before NAC discontinuation (Betten et al., 2007). 

The main problem with the oral route is difficulty of administration in severely poisoned 

patients who are vomiting (Ekins et al., 1987). Vomiting is secondary to both acetaminophen 

toxicity and NAC side effects, although it can often be controlled with ondansetron (Clark et 

al., 1996; Reed et al., 1994).  

The oral route of administration in encephalopathic and hemodynamically unstable 

patients may not be safe and bioavailability of NAC is uncertain in these circumstances. In 

view of the seriousness of acetaminophen hepatotoxicity and the proven efficacy and safety 

of the intravenous formulation of NAC in Europe, some authors believe it to be imperative 

that an intravenous formulation of NAC be made available to clinicians in the United States 

(Dhawan et al., 1996). 

 

Intravenous Regimens 

Intravenous NAC BP (20% weight/volume) (Parvolex
®

), adjusted to pH 7.0, is available 

in the United Kingdom for intravenous use. It is supplied in 10 mL ampoules (each ampoule 

contains two gram of NAC). In the treatment of acetaminophen poisoning, an initial dose of 

150 mg/kg of body weight of NAC is infused intravenously in 200 mL of 5% dextrose over 

15 minutes, followed by 50 mg/kg in 500 mL of 5% dextrose over four hours and 100 mg/kg 

in one litre of 5% dextrose over the next 16 hours (300 mg/kg of NAC over 20 hours) (Brent, 

1993; Chamberlain et al., 1993; Prescott, 1983). Smilkstein et al and Prescott et al (Prescott, 

1979; Smilkstein et al., 1991) mentioned that there was no demonstrated benefit of extended 

IV treatment with NAC for 48 hours. 

Oral NAC has been used for acetaminophen poisoning in the USA (Carloss et al., 1978; 

Rumack et al., 1975), but severe liver damage has been occurred in 17% of 49 patients treated 
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within 10 hours despite the use of large doses (130 mg/kg given over three days) (Rumack et 

al., 1978). NAC is apparently more effective when given intravenously than by mouth. In one 

study most severely poisoned patients have developed early nausea and vomiting, making 

oral treatment impracticable. In any event, absorption is likely to be delayed or incomplete 

(Prescott et al., 1979) and in one study vomiting apparently occurred in all 416 patients given 

oral NAC (Rumack et al., 1978). It has been stated that oral NAC is superior to intravenous 

NAC in presentations later than 15 hours (Buckley et al., 1999). 

Intravenous NAC is indicated in patients with plasma acetaminophen concentration 

above the treatment line if treatment is started within 15 hours of ingestion. Although 

treatment with NAC between 15 and 24 hours is ineffective, it probably does no harm and 

should not be withheld if the time of ingestion is in doubt. Severe liver damage and renal 

failure may occur with plasma acetaminophen concentrations below the present treatment line 

(Prescott, 1978), and in view of the safety of NAC a case has been made for lowering the line 

to 150 mg/L at four hours and 25mg/L at 15 hours. A shorter hospital stay, patient and doctor 

convenience, and the concerns over the reduction in bioavailability of oral NAC by charcoal 

and vomiting make intravenous NAC preferable for most patients with acetaminophen 

poisoning (Brent, 1993; Buckley et al., 1999; Chamberlain et al., 1993). A problem with IV-

NAC is medication administration errors which occur frequently with IV-NAC in 

approximately one third of cases compared to oral forms (Hayes et al., 2008). 

Previous studies showed no serious adverse reactions judged related to either treatment. 

Nausea and vomiting were the most common related adverse events and were more common 

with oral treatment (23% vs 9%). Anaphylactoid reactions were more common with IV 

administration (6% vs 2%) (Bebarta et al., 2010; Yip et al., 1998). In the US, the Food and 

Drug administration‘s approval of intravenous NAC in 2004 represented an advance in the 

management of acetaminophen poisoning due to a shortened 21-hour course of therapy in 

uncomplicated cases, ease of administration, and patient adherence even when emesis or 

depressed mental status are present (Hayes et al., 2008; Smith et al., 2008). 

 

Mechanisms of Action 

Glutathione binds to NAPQI to produce a more stable compound that can be further 

broken down to non-toxic metabolites. NAC protects against liver damage in early 

acetaminophen poisoning by production of cysteine (Burgunder et al., 1989), which acts as a 

glutathione precursor. NAC also acts by supplying additional thiol groups which bind directly 

with the reactive metabolites i.e., it scavenges NAPQI and encourages its reduction to 

acetaminophen but does not inhibit its production (Corcoran et al., 1985; Mitchell et al., 

1973).  

 

Mechanisms of Action in Fulminant Hepatic Failure Associated with 

Acetaminophen Poisoning 

The syndrome of fulminant hepatic failure may include cerebral oedema, infection, 

circulatory collapse, and renal failure as well as liver failure (Ellis et al., 1996). A case of an 

infant who developed acute liver failure after administration of acetaminophen for 10 days at 

a total dose of 720 mg/day (72 mg/kg per day) was reported by Savino at al. Intravenous N-

acetylcysteine therapy resulted in rapid improvement of the child's clinical condition and 

laboratory test results (Savino et al., 2011). In 1989, O’Grady and colleagues (O'Grady et al., 
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1989) from King‘s College Hospital in London, proposed a criteria for fulminant hepatic 

failure associated with acetaminophen, that is: pH<7.3 at 24h or more following the overdose 

after correction of hypovolemia or concurrent presence of serum creatinine>300 mol/L, 

grade 3 to 4 encephalopathy and prothrombin time more than 100sec. Taking the last two sets 

of prognostic indicators identified 77% of the deaths from acetaminophen poisoning in their 

study. Several mechanisms have been suggested for NAC therapy in late acetaminophen 

poisoning: 

 

1) NAC increases cardiac output in fulminant hepatic failure and thus increases tissue 

oxygen delivery and increasing peripheral oxygen extraction (Harrison et al., 1991; 

Keays et al., 1991).  

2) Another mechanism proposed includes improved local circulation. Increasing the 

blood to a critical or failing organ in multiorgan failure state might improve the 

function of that organ and overall outcome. Improved hepatic microcirculation, as 

determined by a fibreoptic monitoring system which measures indocyanine green dye 

clearance, has been reported in patients with fulminant hepatic failure receiving NAC 

(Devlin et al., 1997). 

3) NAC has also been suggested to have chemoprotective properties which may be of 

value in late poisoning with acetaminophen. Oxygen free radicals are liberated by 

necrotic hepatic tissue (Jaeschke et al., 1989). NAC has been shown to scavenge 

such reactive species and may also reduce cytokine concentrations such as 

interleukin-1 and tumour necrosis factor to prevent migration of neutrophils into the 

hepatic parenchyma (Aruoma et al., 1989).  

4) In isolated hepatocytes, it can also restore the capacity of the intracellular proteolytic 

system to degrade toxic arylated proteins (Bruno et al., 1988). 

5) NAC infusion increases systemic circulating cGMP concentrations in fulminant 

hepatic failure (Devlin et al., 1997). 

 

In the UK, NAC therapy is routinely given to any patient who presents more than 24 

hours after ingestion of more than 150mg/kg of acetaminophen, including those with 

fulminant hepatic failure but in the US, abnormalities of liver function tests are used to guide 

NAC therapy when a patient presents beyond 24 hours after a acetaminophen overdose, and 

total dose ingested is considered less important (Jones, 1998a).  

In patients with massive acetaminophen ingestion, erratic absorption may occur, and 

toxic serum concentrations may persist beyond a standard 21-hour course of intravenous 

NAC therapy. Acetaminophen concentrations and aminotransferase levels should be 

evaluated at the completion of the intravenous NAC infusion to ensure complete elimination 

of acetaminophen and absence of hepatotoxicity and to exclude the need for prolonged 

treatment (Smith et al., 2008). 

 

 

Pharmacokinetics of NAC 
 

The results of previous studies of NAC pharmacokinetics in man have varied according 

to the analytical methods, dose, formulation and route of administration (Prescott et al., 

1989). NAC is usually given orally in a 72- hour treatment protocol or intravenously in either 
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a 20- hour or a 48- hour treatment protocol (Meredith et al., 1995). Absorption of NAC 

occurs rapidly after oral administration of doses of 100-600 mg, although bioavailability is 

less than 10% (Burgunder et al., 1989).  

The volume of distribution ranges from 0.33 to 0.47 L/kg and protein binding is 

significant, reaching approximately 50% four hours after the dose. Renal clearance has been 

reported as 0.19 to 0.21 L/kg.hr (Holdiness, 1991) and total body plasma clearance 242 

mL/min (14.52 L/h) in a person weighing 70 kg. Therefore, 70% of an intravenous dose of 

NAC is cleared by non-renal routes (Borgstroem et al., 1986).  

Twenty to 30% of an intravenous dose is excreted unchanged in the urine and the mean 

elimination half-life has varied from less than two to more than 6hr in different reports 

(Borgstroem et al., 1986; Burgunder et al., 1989; De Caro et al., 1989; Olsson et al., 1988).  

 

 

Adverse Reactions of NAC 
 

There is concern that if clearance of NAC were to be impaired in certain disease states 

that adverse effects (such as anaphylactoid reactions including systemic vasodilatation and 

bronchospasm) (Dawson et al., 1989) might ensue as they tend to occur when plasma 

concentrations of the drug are at their highest (Prescott et al., 1989). The effect of liver 

impairment on NAC clearance has been evaluated in two studies (Jones et al., 1997; Prescott 

et al., 1989). They showed that the clearance of NAC was reduced in patients with chronic 

liver disease (4.521.87 L/h) compared with controls (6.470.78 L/h; P<0.01). Most adverse 

reactions to NAC are believed to be anaphylactoid in nature because the reaction is clinically 

similar to an anaphylactic reaction in that it is caused by release of histamine but generally 

not IgE-mediated (Bailey et al., 1998). On the other hand, these effects appear to be 

concentration-dependent and they are more likely to represent pharmacological effects than 

―Type B‖ adverse reactions (Prescott et al., 1989). They may occur in a small percentage 

(probably less than 5%) of individuals treated with the drug, probably represent a dose-

dependent effect, and usually subside rapidly on slowing or discontinuing the infusion 

(Dawson et al., 1989; Flanagan et al., 1991). The frequency of these reactions have been 

documented 23% by Bailey and McGuigan (Bailey et al., 1998) and 48.5% by Lynch (Lynch 

et al., 2004). 

Although no study has been conducted to evaluate the IgE response to rule out a true 

anaphylactic reaction to intravenous NAC, the observed reaction is unlikely to be due to true 

anaphylaxis for two reasons: Firstly, it is very unlikely that the patient has had prior exposure 

to NAC (Bailey et al., 1998). Secondly, in order to be antigenic, a substance must be of a 

composition foreign to the organism and must be a complex macromolecule with a molecular 

weight generally greater than 5000 (Mota, 1981). NAC‘s molecular weight is only 163 being 

an acetylated amino acid it is unlikely to be recognised as foreign. Therefore, to induce an 

allergic response, it would have to act as a hapten by covalently bonding to a carrier protein 

(Tenenbein, 1984). This reaction takes time in contrast to the rather immediate response 

observed in patients or healthy volunteers. For these reasons, an allergic aetiology seems 

unlikely. 

High serum acetaminophen concentrations were associated with fewer anaphylactoid 

reactions in a study, suggesting that these might in some way be protective (Waring et al., 

2008b). In another study, severity of adverse effects was correlated with the extent of 
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histamine release. Histamine release appeared independent of tryptase suggesting a non-mast 

cell source (Pakravan et al., 2008). A relationship has been demonstrated between a low 

serum acetaminophen at the time of treatment and the development of side effects to NAC 

(Schmidt et al., 2001). This finding was interpreted by the authors that acetaminophen itself 

might actually offer some protection against the development of adverse effects to NAC. A 

similar mechanism was suggested by a study performed in Australia, which showed that side 

effects were reported only in cases of mild acetaminophen poisoning (Dawson et al., 1989). 

In a study (Lynch et al., 2004) only 7.8% of patients who showed adverse events to NAC had 

plasma acetaminophen concentrations above the treatment line and plasma acetaminophen 

concentrations in the remainder (92.8%) were below the treatment line. In a pilot study, the 

authors performed an investigation on the pharmacokinetics of the intravenous NAC in 

healthy volunteers. Five healthy male subjects (age between 18-38 years) were recruited to 

that study. Two subjects were infused NAC intravenously using the accepted UK regimen and 

three subjects using the Canadian regimen (As the same as UK regimen but the length of the 

first bag is 45min). Unexpectedly, all five volunteers experienced severe adverse events in 

association with NAC after 10-20min. The infusion was immediately stopped in all cases and 

the adverse events were treated with intravenous antihistamine and hydrocortisone 

(Ghandforoush-Sattari et al., 2006). We speculated that high plasma concentration of 

acetaminophen in the acetaminophen-poisoned patients might protect patients from the 

adverse effects of NAC, perhaps by cyclo-oxygenase inhibition as already suggested by 

others (Dawson et al., 1989; Schmidt et al., 2001). In another study we showed that histamine 

release occurred in 9 out of 10 healthy subjects, who were receiving IV-NAC according to the 

UK regimen, at 15min into the study, when plasma NAC was in the highest rate in the body. 

We concluded that some adverse events occurring during NAC therapy could be attributable 

to a direct effect of the drug on mast cells and basophils and this effect might be dose 

dependent. We also suggested that, histamine release might not only mechanism of adverse 

events associated with NAC and release of some other factors e.g. prostaglandines or 

tromboxanes could be involved (Ghandforoush-Sattari et al., 2008b; Ghandforoush-Sattari et 

al., 2006). Since the treatment regimens for NAC are originally derived experimentally, it is 

still unclear whether reducing the initial bolus dose of intravenous NAC in therapy would 

produce the same efficacy as the current UK regimen in preventing hepatotoxicity. If it did 

true, reduction of the loading dose of intravenous NAC might reduce the incidence of adverse 

reactions with NAC. 

Bateman et al suggested that side effects to NAC are caused by a non-allergic release of 

histamine; this is thought to be a direct and dose dependent pharmacological effect of NAC 

(Bateman et al., 1984). Therefore a history of drug allergy does not seem to be a risk factor in 

the development of side effects to NAC (Schmidt et al., 2001).  

Anaphylactoid reactions are classified as cutaneous if patients has only ―cutaneous‖ signs 

such as flushing, pruritus (Flanagan et al., 1991; Huitema et al., 1998), urticaria or 

angioedema (involvement of deep dermis, subcutaneous or submucosal tissues) (Dawson et 

al., 1989): or ―systemic‖ if both cutaneous signs and systemic reactions (cough, headache, 

shortness of breath, wheezing, hypotension, status epilepticus or cortical blindness) are 

present (Chan et al., 1994; Dawson et al., 1989; Hershkovitz et al., 1996; Ho et al., 1983; 

Lorenz et al., 1982). It has been believed that asthmatics are at special risk (Flanagan et al., 

1991). Systemic side-effects are also more frequent in astmathics but similar in comparison to 

non-asthmatics (Schmidt et al., 2001). Hypokalaemia and low plasma bicarbonate 
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concentrations have often been noted during the first 72 hours, and there has been a tendency 

towards low platelet counts, especially in patients with severe liver damage. Serial ECGs 

have often showed transient generalised T-wave flattening and prominent U waves consistent 

with hypokalaemia (Prescott et al., 1979). The most serious adverse reactions to IV NAC 

occur during or shortly after the loading dose, are dose related, and generally easily managed. 

They might be avoided by a slower (30-60 min) infusion of the loading dose. The 

development of hepatotoxicity should be treated with a prolonged course of IV NAC until 

liver function is clearly returning towards normal (Buckley et al., 1999). Very rarely adverse 

reactions to excessive dose of NAC have been associated with hypotension and death 

(Donovan et al., 1986; Mant et al., 1984). NAC may also have a direct effect, not necessarily 

dependent on histamine release (Sunman et al., 1992). NAC produces a dose-related 

vasodilatation of human subcutaneous arterioles in the same concentrations at which it causes 

anaphylactoid reactions in human being (Sunman et al., 1992). This may explain the frequent 

occurrence of flushing in patients given intravenous NAC. These reactions generally develop 

between 15 and 60 minutes after the commencement of the infusion (Dawson et al., 1989). In 

the 20-hour treatment protocol, the time during which half of the total NAC dose is given and 

when NAC blood concentrations are the highest (Prescott et al., 1989). Moreover, it has been 

shown that patients, who have had adverse reactions to intravenous NAC, react to high dose 

intradermally, although not to low dose of NAC. Reactions to intradermal NAC may be 

prevented by pre-treatment with terfenadine (Bateman et al., 1984). Clinical experience also 

suggests that antihistamine administration is effective in treating adverse reactions to NAC 

and preventing their recurrence in man (Bailey et al., 1998). 

As with any adverse drug reaction, an anaphylactoid reaction to NAC should prompt a 

reassessment of the need for NAC therapy. If NAC deemed necessary despite a systemic 

reaction it is believed that the NAC can be restarted one hour after the administration of an 

antihistamine (Bailey et al., 1998). The 1-hour wait allows the NAC blood concentration to 

decrease and H1-receptors to be blocked. The only recurrence of symptoms occurred in a 

patient in whom NAC was resumed just after diphenhydramine administration (Figure 5). 

Because the reaction to NAC is apparently dose-related, the use of subsequent doses of 

diphenhydramine is probably not necessary. Patients have had previous anaphylactoid 

reactions to NAC should be pre-treated with antihistamine prior to NAC administration 

(Bailey et al., 1998). When NAC is restarted after a life-threatening reaction, administration 

of ephedrine, cimetidine or both is recommended. Their use has been associated with a 

decreased incidence of reaction to radio-contrast materials on readministration (Wittbrodt et 

al., 1994). Anaphylactoid reactions to intravenous NAC, either cutaneous or systemic, are 

rarely life threatening and can be successfully and easily treated with the administration of 

diphenhydramine. Because of the dose-related nature of the reactions, the administration of 

diphenhydramine and a delay of 1 hour should be sufficient to allow restarting of intravenous 

NAC when its use is deemed necessary to prevent acetaminophen-induced hepatotoxicity 

(Bailey et al., 1998). In one reported case (Nielsen et al., 1996) an acetaminophen overdosed 

woman aged 20 who had suffered from severe flushing and urticaria 1h after the 

administration of IV NAC completely recovered within hours after administration of 

intravenous glucocorticoids and antihistamines. 

Anaphylactoid reactions tend to occur when plasma concentration of NAC is highest 

(Donovan et al., 1987), i.e. within an hour or two of starting treatment and thus patients with 

pre-existing liver disease may be more likely to develop anaphylactoid reactions (Jones et al., 
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1997). Patients with suspected chronic liver disease, unlike those with acute liver damage due 

to acetaminophen, may be more likely to develop adverse reactions to NAC as these occur 

when plasma NAC concentration is highest (Jones et al., 1997). 

 

 

Figure 5. Management guidelines for adverse reactions to NAC (Bailey, et al. 1998). 

The dose of intravenous NAC should probably be modified now to avoid these high 

initial concentrations. Because of the dose-dependent effect of NAC, it should be infused, 

especially in asthmatics, bolus over a slightly longer period of time, e.g. 30-60min instead of 

the usual 15min. There is no reason to withhold NAC from any acetaminophen-overdosed 

patient (Schmidt et al., 2001).  

To minimise NAC adverse reactions, Bronstein et al suggested a 48h IV NAC protocol 

for the treatment of acetaminophen overdose, in which 140 mg/kg loading dose followed by 

twelve 70mg/kg maintenance doses at four hours intervals (Bronstein et al., 1985). Mant et al 

suggested substitution of oral methionine instead of NAC, if an anaphylactoid reaction occurs 

after administration of intravenous NAC (Mant et al., 1984). 

 

 

Biomarkers of NAC Adverse Reactions 
 

Histamine and Methylhistamine 

Early diagnosis of anaphylactic-like reactions can be achieved by plasma histamine 

measurement. The short plasma half-life of histamine (a few minutes) and the difficulties in 

handling the sample usually preclude this measurement (Laroche et al., 1991). The normal 

means of histamine concentration in healthy volunteers are usually 4-12nM (Laroche et al., 

1991). Plasma histamine concentrations are maximal at 10-15 min after the anaphylactic-like 

reaction and return to baseline by 30 min, indicating the completion of mast cell 

degranulation (Schwartz et al., 1989).  

Since histamine disappears rapidly from plasma because of its short half-life (3min), and 

N-methylhistamine is stable and has a longer half-life (30min), determination of its plasma or 
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urine concentration can be a useful biomarker in determination of histamine release (Takeda 

et al., 1995). 

 

Prostaglandins and Thromboxanes 

In vitro studies (Lages et al., 1989; Panush, 1976; Shalabi, 1992) have demonstrated that 

the function of lymphocytes, neutrophils, and thrombocytes is inhibited by toxic, but not by 
therapeutic concentrations of acetaminophen. It has been suggested that this effect is caused 

by a reversible inhibition by acetaminophen of cyclo-oxygenase leading to a reduced 

synthesis of prostaglandins and thromboxanes. 

 

Tryptase 

Although a radioimmunologic kit for determination of histamine is routinely available. It 

has been suggested that the mast cell tryptase could provide an alternative to histamine 

determination (Laroche et al., 1991). Tryptase is the major known protein component of mast 

cell secretory granules, existing in both mucosal and connective tissue mast cells. Because 

small amounts of the enzyme are present in basophils, unlike histamine, tryptase 

concentrations selectively indicate involvement of mast cell activation.  

Tryptase is released in parallel with histamine from activated human mast cells, but its 

appearance in the circulation is delayed relative to that of histamine, presumably due to a 

slower rate of diffusion away from its tissue site of release (Schwartz et al., 1989). Laroche et 

al demonstrated that tryptase was a useful marker for severe anaphylactoid reactions, but less 

so for mild ones.  

In some cases, elevated concentrations of tryptase may not be detected during the initial 

15-30min. Tryptase concentrations then decline under apparent first order kinetics with a 

half-life of 2h. Therefore, an appropriate time to obtain samples for tryptase determinations is 

1-2h after the precipitating event, but depending on the magnitude of the initial response, 

elevated concentrations of tryptase may be present in the circulation for several hours 

(Laroche et al., 1992).  

Plasma tryptase concentration in normal healthy human is less than 2 mg/L. Plasma 

tryptase is very stable and high concentrations of tryptase could be found after storage at -

20C for more than one year.  

Blood clotting, haemolysis, freeze-thaw cycle and incubation at room temperature during 

48 h have little influence on the measured values. These reasons and the large time interval 

for sampling make tryptase a very practical biological test for the diagnosis of anaphylactic-

like reactions (Laroche et al., 1991). 

 

Liver Transplantation  
In a study between 1992 and 2006, from 469 patients with ALF who were admitted to 

Scottish Liver Transplantation, 104 underwent liver transplantation. Acetaminophen was the 

most common etiology (68.9%) (Simpson et al., 2009). In patients with acute liver failure and 

a poor prognosis, early referral to a liver transplant centre is essential.  

The King‘s College criteria (Table 1), a widely used prognostic model in patients with 

acute liver failure, are used to predict the need for liver transplantation. They are based on the 

arterial pH, the PT and INR, the severity of encephalopathy, and the serum creatinine 

concentration (Schilling et al., 2010).  
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One-year survival after emergency liver transplantation is 70%, but 20% of listed patients 

die, highlighting the importance of early referral of patients who have ALF with a poor 

prognosis to a transplant center (Fontana, 2008). 

 

Table 1. King’s College criteria for poor prognosis in acute liver failure  

(O'Grady et al., 1989) 

 

In acetaminophen-induced acute liver failure 

Arterial pH < 7.3 

Or all of the following: 

Grade III or IV encephalopathy 

Prothrombin time > 100 seconds 

Serum creatinine > 3.4 mg/dL 

 

In acute liver failure from other causes 

Prothrombin time > 100 seconds 

Or three of the following: 

Age < 10 years or > 40 years 

Non-A, non-B hepatitis, halothane-induced hepatitis, 

idiosyncratic drug reactions 

More than 7 days of jaundice before the onset of encephalopathy 

Prothrombin time > 50 seconds 

Serum bilirubin > 18 mg/dL 

 

 

PREVENTION OF ACETAMINOPHEN OVERDOSE 
 

The clear risk of hepatotoxicity associated with acetaminophen poisoning finally resulted 

in legislation in the UK in September 1998 to limit pack size of simple (non-opioid) 

analgesics to 16 tablets in non-pharmacy retail shopping and to 32 from pharmacy outlets 

(Hawton et al., 2004; Townsend et al., 2001). Mean pack sizes also decreased significantly 

between 1996-7 and 1998-9 for acetaminophen (35 to 24 tablets per packet). Hawton and 

colleagues showed that legislation restricting pack sizes of analgesics in the UK was 

beneficial, and suggested that a further reduction in pack sizes could prevent more deaths 

(Hawton et al., 2004). Several suggestions have been made to reduce the incidence of 

poisoning in general. Hospital based interventions after admission for self-harm have been 

postulated in an attempt to reduce repetition (Eddleston, 2000). Improved mental health care, 

facilities particularly in the community has also been suggested (Eddleston, 2000). In France 

the content of each pack of acetaminophen is legally limited to 8g. This may be one reason 

why severe liver damage and deaths after acetaminophen poisoning are 25% less frequent in 

France than in the UK (Chan, 2000). In one study during 1990-1999 in Scotland, changes in 

acetaminophen pack-size have been associated with reduced discharge rates (Bateman et al., 

2003). However another study on records between 1994-2000 in Scotland observed no 

reduction in deaths after the introduction of legislation controlling pack-size (Sheen et al., 

2002a). These authors suggested that acetaminophen pack-size reduction has not achieved as 

large as an overdose rate reduction as might have been expected (Sheen et al., 2002b). 
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Although the effectiveness of using special child-resistant packaging in the prevention of 

accidental poisonings particularly in the children under the age of 5 has already been well 

recognised (Sibert et al., 1977) but these are sometimes difficult for adults (especially elderly 

or infirm elderly) to use properly. It has been suggested that liver damage following 

acetaminophen overdose could be abolished simply by the addition of cysteine or methionine 

to the tablets (McLean, 1974; Neuvonen et al., 1985). However, this approach has not found 

favour with legislators. Perhaps further pack-size reduction, as suggested by Hawton and 

colleagues (Hawton et al., 2004) may be helpful, although this has to be balanced against the 

inconvenience that might be caused to the vast majority of the population who only wish to 

take acetaminophen at therapeutic doses. Education of the public and medical profession 

might be helpful in increasing awareness of the potential toxic effects of acetaminophen 

overdose (Mills et al., 2008). 
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ABSTRACT 
 

Acetaminophen (APAP) is the leading cause of drug-induced acute liver failure in 

the United States. At normal therapeutic doses, APAP is a safe drug when used by itself. 

Problems arise when multiple products containing APAP are used and the therapeutic 

dose is exceeded.  

A recent US FDA Advisory Committee concluded that other factors such as 

ethnicity, genetics, and nutrition may also play a role in a person‘s susceptibility to 

APAP-induced liver injury. One nutrition factor that is likely to play a role is dietary 

supplements.  

Dietary supplement use continues to rise and many consumers consider these 

products as inherently safe by themselves or in combination with other products, 

including drugs, since they are ―natural‖.  

However, the safety of most dietary supplements by themselves has not been 

adequately tested and even less data are available on potential drug – dietary supplement 

interactions. APAP is metabolized by the liver to a reactive metabolite, NAPQI, that 

causes a wide array of cellular effects such as depletion of cytoprotective molecules, 

covalent binding to cellular macromolecules, oxidative stress, and impaired 

mitochondrial function.  

Dietary supplements that increase the metabolism of APAP are likely to increase the 

hepatotoxicity of APAP; whereas, those that decrease APAP metabolism are likely to 

provide protection. Dietary supplements that affect endpoints downstream of APAP 

metabolism could also either reduce or increase APAP hepatotoxicity depending on the 

magnitude and direction of the effect. This chapter reviews the key areas of potential 

interaction between APAP and dietary supplements and reviews the available data on 

specific dietary supplements. 

 

                                                           
*
 Disclaimer: This article is not an official guidance or policy statement of the US Food and Drug Administration 

(FDA). No official support or endorsement by the US FDA is intended or should be inferred. 
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INTRODUCTION 
 

Acetaminophen (APAP) is a widely used over-the-counter analgesic and antipyretic in 

the United States. When used at recommended therapeutic doses, APAP is rarely associated 

with liver injury. Unfortunately, APAP can cause fatal acute liver failure when therapeutic 

doses are exceeded. This can occur when people purposely take an overdose or accidentally 

when people consume multiple products containing APAP. Due to this concern, a recent FDA 

Advisory Panel recommended lowering the maximum therapeutic dose of APAP[1] and this 

was followed by a Federal Register notice lowering the maximum APAP dose in prescription 

products[2]. The Committee also concluded that in addition to people unknowingly 

consuming multiple products containing APAP, some individuals may be especially sensitive 

to liver injury from APAP and that more research is needed to understand whether ethnicity, 

genetics, nutrition, or other factors might have a role in making some individuals more 

sensitive.  

One factor that is likely to increase a person‘s sensitivity to APAP is the consumption of 

dietary supplements (DS). Some DS have various toxicological effects or alter the toxicity of 

concomitantly administered drugs[3-7]. Unfortunately, most drug-DS interactions are 

unknown or, at best, poorly characterized. A general misconception about DS is that they are 

safe since they are ―natural.‖ Potential adverse effects caused by DS are highlighted in a 

recent prospective clinical study of DILI, which identified that 9% of the cases were caused 

solely by DS and 18% of the cases by multiple agents, including DS[8].  

The United States regulations covering the marketing of DS further magnifies the 

potential issue since, in contrast to drugs, DS do not require FDA approval of their safety
1
 

prior to marketing[9]. Instead, under the Dietary Supplement Health and Education Act of 

1994 (DSHEA), the DS manufacturer is responsible for ensuring that a DS is safe before it is 

marketed. Unfortunately, when compared to drugs, limited safety data are typically generated 

for a given DS and they provide limited insight into the safety of the DS in humans. The FDA 

can take action against an unsafe DS after it has been marketed but at that point people will 

have been unnecessarily exposed to the unsafe product. DS sales have seen very strong 

growth in the US with many popular products exhibiting consistent double digit yearly 

growth[10-12]. The trend is expected to continue as US consumers continue to focus on what 

they consider safer ―natural‖ alternative medicines. In correlation with the increased DS sales 

is an increase in individual consumption of DS with 42.1% of the US population using at least 

one DS in the past month during a 1988 – 1994 survey compared with 53.1% during 2001 – 

2004[13]. As individual consumption of DS increases, the probability of experiencing adverse 

drug-DS interactions increases; therefore, it is important to identify any drug-DS interactions 

so that consumers can be informed of the risks.  

A good example of the types of warnings that could help inform consumers is the 

warnings provided for the interaction of warfarin with various DS. Warfarin is an 

anticoagulant that has a very small therapeutic window. The US FDA drug label for warfarin 

(US FDA NDA 9-218/S-105) lists multiple DS that should be avoided when taking warfarin 

due to drug-DS interactions (e.g., garlic, Ginkgo biloba, ginseng, St. John‘s wort, coenzyme 

                                                           
1
If a dietary supplement contains a ―new dietary ingredient‖, then the ―new dietary ingredient‖ requires FDA 

approval of safety prior to marketing. A ―new dietary ingredient‖ is a dietary ingredient (e.g., vitamin, mineral, 

herb/botanical, amino acid) that was not sold in the US in a dietary supplement before October 15, 1994. 
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Q10). This information helps the physician and patient understand the risks some DS pose 

during warfarin therapy. Unfortunately, only a handful of drug-DS interactions have been 

clearly identified and more research is needed to understand the safety of DS in combination 

with drugs.  

 

 

ACETAMINOPHEN HEPATOTOXICITY AND POTENTIAL POINTS  

OF INTERACTION WITH DIETARY SUPPLEMENTS 
 

Due to the concern over APAP-induced liver injury, a tremendous amount of research has 

been conducted to understand the mechanisms behind the pathogenesis. The least 

controversial and most critical step is the metabolism of APAP. At therapeutic doses, APAP 

is predominantly metabolized by the Phase II metabolic pathways of glucuronidation and 

sulfation (Figure 1). A small portion of APAP is metabolized by the Phase I cytochrome P450 

(CYP) metabolic pathway to the reactive metabolite N-acetyl-p-benzoquinone imine 

(NAPQI), which is subsequently detoxified by conjugation with glutathione (GSH)[14-15].  

 

 

Figure 1. Hepatic metabolism of acetaminophen to the reactive metabolite NAPQI. At therapeutic 

doses, APAP is metabolized predominantly by the Phase II glucuronidation and sulfation pathways. A 

small percentage is metabolized by the Phase I CYP enzymes 1A2, 2E1, and 3A4. In overdose, the 

glucuronidation and sulfation pathways become saturated and a larger fraction of APAP is metabolized 

by the Phase I pathways to the reactive metabolite NAPQI. NAPQI is detoxified by conjugation with 

glutathione; however, hepatic glutathione levels are limited and once depleted below a certain 

threshold, NAPQI can covalently react with cellular macromolecules.  
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In overdose, the glucuronidation and sulfation pathways are overwhelmed and a larger 

portion of APAP is metabolized through the Phase I pathway. GSH levels are limited and 

once depleted below a critical level, NAPQI is free to react with cellular macromolecules. DS 

that alter the Phase I or Phase II metabolism of APAP could either increase or decrease the 

toxicity of APAP. If a DS decreases Phase II glucuronidation or sulfation, more APAP will be 

metabolized via the Phase I pathway and hepatotoxicity is likely to increase. If a DS 

decreases Phase I metabolism, such as through inhibition of one of the key CYPs responsible 

for APAP metabolism (i.e., CYP 1A2, 2E1, or 3A4), hepatotoxicity is likely to decrease[5]. 

Another potential mechanism that may play a role in decreasing APAP hepatotoxicity is if a 

DS directly scavenges NAPQI, similar to the role of GSH. Lastly, if a DS itself decreases 

GSH levels, it will likely increase APAP hepatotoxicity; whereas, ones that increase GSH 

levels or other parts of the GSH system (e.g., glutathione-S-transferase enzymes) will 

decrease APAP hepatotoxicity. 

After formation of significant quantities of NAPQI, the subsequent pathways leading to 

cellular injury have been extensively investigated but their contribution to the actual 

pathogenesis are more tentative[15-16]. Based on the weight of evidence, APAP binds 

various proteins, disrupts their function, leading to altered cellular function. However, there 

are likely to be other direct or indirect effects of NAPQI leading to cell death, such as 

alteration of cellular redox status or disruption of signaling pathways. Despite the wide array 

of cellular pathways that have been shown to play a role in APAP-induced hepatotoxicity, it 

is clear that disruption of mitochondrial function is one of the key outcomes[17-19]. After 

covalent binding and GSH depletion occur, APAP induces the mitochondrial permeability 

transition (MPT), which allows the leakage of mitochondrial constituents into the cytosol. 

Following activation of the MPT, mitochondria swell, lose membrane potential, and exhibit 

decreased oxidative phosphorylation with subsequent ATP depletion and necrotic cell death. 

DS may increase or decrease APAP hepatotoxicity if they alter one or more of these many 

toxicity pathways by themselves. For example, a DS that decreases mitochondrial function 

(e.g., uncoupling of oxidative phosphorylation by a compound such as usnic acid) is likely to 

increase APAP-induced mitochondrial effects and subsequent hepatotoxicity.  

Another consideration when assessing APAP-DS interactions is the temporal relationship 

between the APAP and DS doses. A DS may be consumed as a single dose or chronically as 

repeated doses. The DS may be consumed before, concurrently with, or after the APAP dose. 

The temporal differences may lead to differential interactions between APAP and the DS. For 

example, we have found that when green tea extract is administered prior to the APAP dose 

in mice, either 2 h or once daily for 3 days before the APAP dose, green tea provides 

protection against APAP hepatotoxicity. This protection is most likely due to decreased 

APAP metabolism via green tea-induced CYP inhibition. In contrast, if green tea is 

administered 6 h after the APAP dose, a significant increase in hepatotoxicity is observed. 

The mechanism of the potentiation is probably due to glutathione depletion by green tea 

extract and prolonged maintenance of an oxidizing environment in the liver. Administering a 

glutathione depleting chemical after the initial APAP insult probably prevents the liver from 

recovering and propagates the injury. The inhibition of CYP metabolism by green tea at this 

later timepoint would not be a factor since metabolism and covalent binding of APAP are 

essentially complete within the first couple of hours after the APAP dose[20]. 

Since most DS, especially herbal preparations, are a complex mixture of many 

compounds, it is difficult to predict how a given DS will interact with the many pathways 
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leading to APAP hepatotoxicity. It is possible that one compound will alter a pathway that 

increases APAP hepatotoxicity but another compound alters a pathway that decreases APAP 

hepatotoxicity and the ultimate balance depends on the importance of each pathway. Also, if 

one pathway is a prerequisite for initiation of a subsequent pathway, this will also dictate the 

role each DS component plays. This highlights the difficulty with predicting toxicity of not 

only the DS itself, but how it will interact with APAP. 

Complicating matters further is that for a given DS, there are often many different types 

of preparations. The plant, which may be the leaves, stems, roots, seeds, flowers, or a 

combination of these, may be processed (e.g., dried and ground) into a DS. Alternatively, an 

extract of the plant may be used in the DS. Different extraction solvents (e.g., hot water or 

ethanolic) produce different chemical constituent profiles. Even if the same extraction solvent 

is used, chemical constituent profiles are unlikely to be the same between manufacturers since 

they use different extraction protocols (e.g., temperature or duration of extraction might be 

different). Another factor complicating DS assessment is the fact that plants are often sourced 

from different locations and grown under varying conditions (e.g., time of year, soil 

condition, hydration status). Even if a DS is sourced from the same location, it has been 

shown that growing condition variations lead to high batch to batch variability of the 

botanical chemical constituents[10]. All of the above factors contribute to the difficulty of 

predicting how a given DS will interact with APAP. One approach to reducing the uncertainty 

imposed by these factors is to test the single chemical entity representing the active ingredient 

in the DS. Unfortunately, for most DS, especially herbals, multiple potential active 

ingredients are present. Even if the active ingredient(s) is known, other chemical constituents 

may exhibit toxicological effects even if they do not contribute to the efficacy of the 

supplement. Since people are exposed to all of the various chemical constituents when they 

consume a botanical-derived DS and not just the active ingredient(s), it is important to test the 

DS that people are exposed to unless data clearly show that a specific chemical constituent is 

responsible for the toxicity. Testing individual components can be informative, but it may not 

provide a complete picture of the potential interactions that may occur with the other 

components in the DS and APAP. 

 

 

DIETARY SUPPLEMENT INTERACTIONS WITH APAP 
 

The following sections review the data that are available on the interaction of APAP with 

various DS. The focus is on those DS that have been shown to have clear interactions with 

APAP based on preclinical studies or clinical case reports. Some DS are highlighted, even if 

data on the interaction with APAP are not available, simply because they have been 

associated with liver injury. For each supplement, a brief introduction about its common use 

is provided; however, it is important to remember that many of these efficacy claims are only 

theoretical and not based on robust clinical trials. Another point to keep in mind is that the 

dose makes the poison. APAP is a perfect example of this. At low therapeutic doses, APAP is 

a very safe drug. When the dose is increased and the threshold of toxicity is exceeded, APAP 

can cause severe liver injury. Other compounds, such as DS, follow this same paradigm. 

Therefore, just because a DS might be inherently unsafe, if it is consumed at a sufficiently 

low dose, it will not cause harm. The concern with combining APAP with potentially harmful 
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DS is that the threshold for APAP hepatotoxicity may be lowered and a previously safe dose 

of APAP now becomes hepatotoxic (Figure 2). 

 

 

Black Cohosh 
 

Black cohosh (Cimicifuga racemosa) is a wildflower native to eastern North America. 

The roots of the plant are the commonly used part. Black cohosh is commonly taken for the 

relief of symptoms associated with menopause including hot flashes, depression, mood 

swings, headaches, sleep disorders, heart palpitations, vaginal dryness, and night sweats. The 

main active constituents are thought to be triterpene glycosides. 

Black cohosh has been associated with cases of liver injury; however, the association is 

far from conclusive [21-24]. No data are available on the interaction of black cohosh with 

APAP. One study found that various metabolites produced by incubating black cohosh with 

rat microsomes (the major metabolic enzymes of the liver) could react with glutathione[25]. 

However, glutathione-based metabolites were not detected in the urine from women taking 

black cohosh. These results indicate that one or more black cohosh metabolites might react 

with and deplete glutathione in the liver and could potentiate APAP hepatotoxicity; however, 

this is mostly theoretical.  
 

 

Figure 2. Shifting of the APAP dose response curve by a dietary supplement. A dietary supplement 

administered before, during, or after the APAP dose may increase the toxicity of APAP and shift the 

APAP dose response curve to the left. The indicated doses and responses are for demonstration 

purposes only and should not be taken as true indicators of the APAP dose response in people.  
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Chaparral 
 

Chaparral (Larrea tridentata), also known as creosote bush and greasewood, is an 

evergreen desert shrub that is used for a variety of ailments such as the common cold, bone 

and muscle pain, ―blood purifying‖, liver tonic, skin disorders, among others. Chaparral has 

been associated with clinical cases of hepatotoxicity[4, 26-30]. Due to the potential for 

chaparral to injure the liver, or at least lower its threshold for other hepatotoxicant insults, 

APAP should be used with caution in combination with chaparral. 

 

 

Dong Quai 
 

Dong Quai (Angelica sinensis), also known as Dong Gui and female ginseng, is widely 

used in Chinese traditional medicine to treat gynecological ailments, fatigue, mild anemia and 

high blood pressure. 

 

Studies 

A polysaccharides-enriched fraction from the root of Angelica sinensis was orally 

administered to mice at 25, 50 or 75 mg/kg 6 h and 1 h before the APAP dose (700 mg/kg 

orally)[31]. The two high doses reduced liver toxicity induced by APAP based on serum 

alanine-aminotransferase (ALT) activity, hepatic glutathione levels, and liver histopathology. 

 

Assessment 

Based on data from a single animal study, it appears that dong quai may have protective 

effects against APAP-induced hepatotoxicity; however, these limited results should be 

extrapolated to human use with caution. 

 

 

Echinacea 
 

Echinacea is a flower native to North America. Echinacea extracts are used for treating 

and preventing colds, flu and other infections, liver cancer, colon cancer, and stimulating the 

immune system. There are three different species (purpurea, angustifolia, and pallida), which 

contain various concentrations of active compounds in different parts of each plant.  

Certain species contain pyrrolizidine alkaloids, which can cause liver toxicity by 

depleting glutathione[3]. Since glutathione is essential in detoxifying NAPQI produced from 

APAP metabolism, any concomitant treatment that decrease glutathione levels has the 

potential to increase APAP hepatotoxicity. Therefore, Echinacea should be used with caution 

when combined with APAP.  

 

 

Garlic 
 

Garlic (Allium sativum) is a widely used food ingredient. It is commonly used for 

cardiovascular disease prevention (e.g., reducing serum cholesterol and triglycerides, 
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inhibiting platelet aggregation, antiatherosclerotic, and lowering blood pressure), preventing 

infections as a broad-spectrum antibiotic, and a chemopreventive and anticancer agent. Garlic 

contains many sulfur-containing compounds that are believed to be the active ingredients, 

such as alliin, allicin, S-allylcysteine, S-methylcysteine, and many others. 

 

Studies 

Fresh garlic homogenate (5 g/kg orally) administered to mice 2 h before or immediately 

after APAP (200 mg/kg orally) prevented hepatotoxicity based on serum ALT and lactate 

dehydrogenase activity and histopathology[32]. A lower dose of garlic (0.5 g/kg) provided 

partial protection. Garlic inhibited APAP-induced glutathione depletion and the formation of 

APAP-oxidized metabolites. Several garlic-derived organosulfur compounds and structurally-

related compounds were further tested in their ability to reduce APAP hepatotoxicity. It was 

found that an S-allyl structure was a common feature for most sulfides to inhibit CYP 2E1 

activity and provide protection against APAP. 

Garlic oil (100, 200, or 500 mg/kg via intraperitoneal injection) administered to mice 

immediately before an oral dose of APAP (500 mg/kg followed 1 h later by another 500 

mg/kg dose orally) provided various degrees of protection against APAP-induced 

hepatotoxicity based on serum ALT and aspartate-aminotransferase (AST) activity and liver 

histopathology[33]. When administered 1 h after the APAP dose, garlic oil provided less 

protection. 

In primary rat hepatocytes, garlic extract reduced APAP-induced glutathione depletion 

and reactive oxygen formation when exposed to the cells 30 minutes before, at the same time, 

or 30 minutes after APAP addition[34]. 

In a clinical study, 16 male nonsmoker subjects ingested daily doses of garlic extract 

(approximately equivalent to 6 to 7 cloves of garlic) for 3 months[35]. A 1 g oral dose of 

acetaminophen was given to each subject before the start of garlic treatment, at the end of 

each month, and 1 month after termination of garlic administration. Plasma and urine analysis 

found no discernible effect on oxidative metabolism of APAP. However, there was a slight 

increase in sulfate conjugation of APAP.  

Various individual components of garlic have been tested for their hepatoprotective 

effects against APAP-induced injury. One component of garlic, diallyl sulfide, is an inhibitor 

of CYP 2E1, which is one of the main CYPs responsible for metabolizing APAP to the 

reactive NAPQI. Various studies have shown that diallyl sulfide, or its metabolites (e.g., 

diallyl sulfone), can reduce APAP-induced hepatotoxicity in mice and rats when administered 

prior to, at the same time, or shortly after the APAP dose [36-39]. Ajoene is a garlic-derived 

sulfur-containing compound. Ajoene reduced indices of APAP-induced hepatocellular injury, 

such as glutathione depletion and serum glutamic-pyruvic transaminase activity, when 

administered orally 2 and 24 h prior to the APAP dose (300 mg/kg orally) in mice[40]. S-

allylmercaptocysteine is a water-soluble organosulfer compound found in ethanol extracts of 

garlic. When administered to mice at 100 mg/kg orally 2 and 24 h before a single APAP dose 

(500 mg/kg orally), S-allylmercaptocysteine reduced APAP hepatotoxicity based on plasma 

ALT and glutathione levels[41]. In a follow-up study, a single dose of S-

allylmercaptocysteine (200 mg/kg orally) administered to mice 0.5 h after APAP 

administration (500 mg/kg orally) reduced APAP hepatotoxicity based on plasma ALT, liver 

histopathology, and mortality[42]. As with other garlic-derived sulfur compounds, CYP 2E1 

activity was suppressed in both studies. 
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Assessment 

Overall, these results clearly show that at high doses, garlic and one or more of its 

individual components has the capacity to inhibit CYP metabolism of APAP and decrease its 

hepatotoxicity, at least in animal and in vitro models. Since the protection is mediated by 

inhibition of CYP activity, garlic needs to be administered prior to, at the same time, or 

immediately after the APAP dose in order to have a significant affect on the metabolism. 

Therefore, garlic is unlikely to provide therapeutic benefit in APAP overdose situations where 

the patient is treated hours after the initial ingestion. 

 

 

Ginkgo Biloba 
 

Ginkgo biloba is believed to be the world‘s oldest living tree species. Various parts of the 

ginkgo tree have been used in traditional Chinese medicine; however, modern ginkgo extracts 

are typically produced from the leaves.  

Ginkgo is commonly taken for improving memory and mental sharpness, alleviating 

symptoms of Alzheimer‘s disease, relieving depression, and as an antioxidant. The main 

active constituents are ginkgo flavone glycosides and terpene lactones.  

 

Studies 

In an in vivo study using mice, animals were administered a single intraperitoneal 

injection of 900 mg/kg APAP followed by a single dose of 50 mg/kg Ginkgo extract[43]. The 

actual time elapsed between the APAP and Ginkgo doses was not clearly stated in the report. 

The Ginkgo extract reduced APAP hepatotoxicity based on serum ALT and AST levels and 

liver histopathology. The Ginkgo treatment also attenuated APAP-induced glutathione 

depletion and other indicators of adverse liver effects. In an in vitro study using primary rat 

hepatocytes, Ginkgo biloba extract potentiated APAP cytotoxicity[44]. The Ginkgo extract 

was incubated with the hepatocytes for 48 h prior to APAP exposure. The potentiation was 

found to be a result of increased APAP metabolism by CYP 3A enzymes, which were 

induced by the Ginkgo pre-treatment. Assessment of the different constituents of the extract 

identified ginkgolide A as being responsible for the induction of CYP 3A. 

 

Assessment 

These conflicting results might be explained by the timing of the different exposures. 

Ginkgo was administered to animals after the APAP dose, presumably within several 

minutes, whereas, cells were incubated with the extract for several days prior to the APAP 

exposure. When administered right after the APAP dose, the Ginkgo’s antioxidant properties 

might have scavenged NAPQI, similar to glutathione, or could have decreased the resulting 

APAP-induced oxidant damage.  

However, when administered for several days prior to APAP exposure in vitro, Ginkgo 

had sufficient time to induce CYP 3A and in turn result in increased NAPQI formation once 

APAP was added to the cultures. The difference in the results could also be due to the 

different test systems and/or differences in the extracts that were tested. Regardless, these 

results warrant caution when using Ginkgo with acetaminophen, especially if the Ginkgo is 

consumed chronically. 
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Ginseng 
 

Ginseng (Panax ginseng) is also known as ―true‖ ginseng. Other forms of ginseng that 

are commonly included in this group are Siberian ginseng (Eleutherococcus senticosus) and 

American ginseng (Panax quinquefolium). Typical indications include beneficial effects on 

the central nervous system, protection from stress, antifatigue, enhancement of sexual 

function, and acceleration of metabolism. 

 

Studies 

Total saponins of Panax japonicus and Panax notoginseng (both contain a variety of 

ginsenosides) were administered to mice once daily for three days at 50 mg/kg via 

subcutaneous injection[45]. Between 1 and 12 h after the last dose, APAP (500 mg/kg via 

intraperitoneal injection) was administered as a single dose. Both saponin preparations 

reduced APAP hepatotoxicity based on serum ALT and liver histopathology. 

 

Assessment 

Based on data from a single animal study, it appears that ginseng may have protective 

effects against APAP-induced hepatotoxicity; however, these results should be extrapolated 

to human use with caution. 

 

 

Green Tea 
 

Green tea (Camellia sinensis) is the second most consumed beverage in the world behind 

water. Green tea is prepared by picking, lightly steaming the leaves, and allowing them to 

dry. Black tea is made by allowing the leaves to ferment before drying.  

The active compounds in green tea are a family of polyphenols (catechins) with 

antioxidant activity. Tannins, large polyphenol molecules, form the bulk of the active 

compounds in green tea, with catechins making up nearly 90% of that.  

Several catechins predominate such as epicatechin, epigallocatechin, epicatechin gallate, 

and epigallocatechin gallate. Typical uses of green tea are as an anticancer agent, general 

antioxidant, reducing cholesterol and triglycerides, enhancing immune function, and weight 

loss.  

 

Studies 

Several clinical case reports have indicated that high doses of green tea may induce liver 

toxicity[46-48]. In addition, various animal studies have shown that green tea and its 

components can induce liver toxicity. Liver necrosis was observed in mice and rats 

administered green tea extract once daily for 14 weeks at up to 1000 mg/kg (orally)[49]. A 

single dose of (-)-epigallocatechin-3-gallate (an active component of green tea) at 1500 mg/kg 

(orally) increased plasma ALT activity, induced liver necrosis, and reduced survival[50].  

In our laboratory, we have observed increased serum ALT and AST and liver 

histopathology changes, including liver necrosis, after single doses of green tea extract (1500 

and 2000 mg/kg orally). Normal consumption of green tea beverages are unlikely to provide a 

dose sufficient to reach hepatotoxic levels; however, some of the concentrated extracts might 



Acetaminophen Hepatotoxicity and Potential Interactions … 159 

either produce toxicity by themselves or compromise the defenses of the liver and make it 

more susceptible to other hepatotoxic agents.  

A nutrient mixture containing green tea extract was administered to mice via feed (0.5% 

of weight) for two weeks[51]. APAP (600 mg/kg via intraperitoneal injection) was then 

administered (the time between the last nutrient mixture exposure and APAP dose was not 

specified).The nutrient mixture reduced APAP hepatotoxicity based on serum ALT, AST, and 

alkaline phosphatase activities and liver histopathology. Green tea polyphenols were 

administered to mice via the diet at 1% (by weight) for five days[52]. The mice were than 

administered a single dose of APAP (750 mg/kg via intraperitoneal injection); however, the 

time between the last green tea administration and the APAP dose was not indicated. Green 

tea polyphenols attenuated APAP hepatotoxicity based on serum ALT activity, glutathione 

and S-adenosylmethionine depletion, and liver histopathology. In a follow-up study, green tea 

polyphenols were administered to mice via the diet at 0.25% (by weight)[53]. Green tea 

polyphenols were found to normalize cyclooxygenase 2 and B-cell lymphoma-2 activation.  

In our laboratory, we have found that the temporal relationship between green tea extract 

exposure and the APAP dose is critical for determining if green tea provides protection or 

enhances APAP hepatotoxicity. When administered 3 h prior to the APAP dose (150 or 300 

mg/kg orally) or once daily for 3 days followed by an APAP dose 24 h later, green tea (500 or 

1000 mg/kg orally) provided protection against APAP hepatotoxicity in mice based on serum 

ALT and AST activity and liver histopathology. In contrast, when green tea extract was 

administered 6 h after the APAP dose, green tea significantly enhanced APAP hepatotoxicity. 

Work is ongoing to elucidate the mechanisms behind the differential effects. 

 

Assessment 

Since green tea itself is hepatotoxic, caution should be exercised when taking 

concentrated green tea extracts with APAP. Although some reports have suggested using 

green tea extract as a therapy for APAP overdose, our data show that the timing of the green 

tea dose relative to APAP is critical in determining the type of interaction (i.e., synergistic vs. 

antagonistic). Since we have shown that administering green tea extract after the APAP dose 

enhances hepatotoxicity, it is unlikely that green tea extract would be beneficial after 

someone has overdosed on APAP and it is likely to make the hepatotoxicity worse. 

 

 

Kava 
 

Kava (Piper methysticum) is a plant traditionally used by Pacific islanders as a 

ceremonial intoxicant to help people relax and socialize. More recent claims of commercial 

preparations are alleviating anxiety, promoting relaxation, aiding sleep, balancing mood, 

relieving depression, easing symptoms of menopause, and a headache remedy. The active 

ingredients are kavalactones which act as mild central nervous system depressants.  

Kava has been associated with clinical cases of liver injury [4, 54-56].Due to this 

concern, in 2002, the US Food and Drug Administration (FDA) issued a consumer advisory 

of the potential risk of liver injury associated with the use of kava[57]. 
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Studies 

In our laboratory, we have shown that non-cytotoxic concentrations of kava potentiated 

APAP cytotoxicity in primary rat hepatocytes[58]. Cells were exposed to the kava and APAP 

at the same time. The synergistic interaction was due to a combination of kava inducing 

glutathione depletion and increasing APAP-induced mitochondrial dysfunction.  

In whole animal studies, we have observed that kava also potentiates APAP 

hepatotoxicity in mice based on increased serum ALT and AST levels and liver 

histopathology.  

In contrast to green tea, this synergistic interaction occurred when kava (2000 mg/kg 

orally) was administered before (once daily for 3 days) or 6 h after the APAP (150 or 300 

mg/kg orally) dose. 

 

Assessment 

Since kava itself has been associated with clinical cases of hepatotoxicity, it should not 

be used in combination with APAP. The in vitro and in vivo data showing that kava can 

potentiate APAP-induced hepatotoxicity further support this conclusion. 

 

 

Licorice 
 

Licorice (Glycyrrhiza uralensis and Glycyrrhiza glabra) is one of the most widely used 

herbs in Asian medicine. This herb should not be confused with some ―licorice‖ 

confectionary products that are often flavored with anise. Licorice is used for chronic fatigue, 

constipation, cough, hepatoprotection against toxicity, herpes, inflammation, ulcers, among 

many others. Glycyrrhizin is one of the key constituents of licorice. 

 

Studies 

Glycyrrhizin (25 mg/kg orally) was administered to mice once daily for 7 days[59]. The 

animals were than administered APAP (500 mg/kg via intraperitoneal injection); however, the 

time between the last DS dose and APAP was not specified. APAP-induced hepatotoxicity 

was decreased by glycyrrhizin based on hepatic glutathione levels and mortality. In a novel in 

vitro model system using gel-entrapped primary rat hepatocytes, licorice extract and 

glycyrrhizic acid reduced APAP-induced cytotoxicity[60]. In this study, glycyrrhizic acid and 

APAP were exposed to the cells at the same time. In another in vitro study, fractioned extracts 

of Glycyrrhiza glabra decreased APAP-induced cytotoxicity in primary rat hepatocytes[61]. 

In a rat metabolism study, administration of a Glycyrrhiza glabra extract (1 g/kg orally) 

for 6 days significantly increased the cumulative biliary and urinary excretions of the APAP-

glucuronide conjugate after APAP (150 mg/kg via intravenous injection) administration[62]. 

The level of thioether and sulfate conjugates was not affected. Further analysis found that 

both the extract and glycyrrhizin (23 mg/kg orally) increased the specific activity of UDP-

glucuronosyltransferase (UGT) 1A and increased the concentration of UDP-glucuronic acid. 

 

Assessment 

Licorice and one of the main constituents, glycyrrhizic acid, appear to have protective 

effects against APAP. This protective effect may be through increased glucuronidation. 
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However, the data are not substantial enough to advocate using licorice as a therapeutic for 

preventing APAP hepatotoxicity. 

 

 

Methionine, S-Adenosylmethionine (SAMe) 
 

Methionine is a thiol-containing essential amino acid. It can be enzymatically converted 

into SAMe, which in turn can be converted into cysteine. Both methionine and SAMe have 

been approved as prescription drugs in some countries. 

In the U.S., only methionine, but not SAMe, is approved by the FDA as a prescription 

drug. However, SAMe is widely consumed as a food supplement in the U.S. 

 

Studies 

Orally administered methionine (50~300 mg/kg) has long been recognized to be 

protective against APAP hepatotoxicity in rats [63]. Intramuscular injected methionine (7.5 

mg/kg) and SAMe (10~20 mg/kg) showed similar protective effects in rats [64].  

In mice, which are more sensitive to APAP hepatotoxicity, methionine and SAMe 

decreased APAP-induced liver injury, even when administered after apparent injury occurred. 

The protective effects were similar to [65] or even more potent than the standard antidote N-

acetyl cysteine [66, 67]. These beneficial effects were also observed in the hamster [68]. The 

proposed mechanisms for methionine and SAMe in reducing APAP hepatotoxicity include 

(1) they act as precursors of intracellular glutathione [68, 69], (2) they decrease the covalent 

binding of APAP to microsomal proteins [64], (3) they prevent mitochondrial dysfunction 

induced by APAP [70], and/or (4) they reduce the lipid peroxidation after APAP challenge 

[71].  

 

Assessment 

Methionine and SAMe appear to be protective against APAP hepatotoxicity in animal 

models, but the mechanism(s) awaits further investigation. Previous mechanistic studies are 

incomplete and a definitive pathway for protection has not been elucidated. Robust clinical 

trial data are needed to translate these promising animal study results into clinical use. 

 

Mushrooms 
 

Most commercially-available mushrooms pose very little risk to the consumer whether 

consumed alone or with APAP. However, some wild mushrooms are extremely hepatotoxic. 

Of the 5000 species of mushrooms, fewer than 100 are poisonous to humans and less than 10 

of these are deadly[29]. Extreme caution should be exercised when consuming wild 

mushrooms by themselves or in combination with APAP.  

 

 

N-Acetyl Cysteine and Glutathione 
 

N-acetyl cysteine (NAC) is available as a dietary supplement and is used for a variety of 

different indications such as an antioxidant, supporting the immune system, and a liver 
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protectant. NAC, available as Acetadote (FDA Drug Label NDA 21-539/S-004), is an FDA-

approved treatment for APAP overdose.  

It is administered via intravenous injection and has the greatest efficacy when 

administered within 8 – 10 h after an overdose. Efficacy declines when administered after this 

timeframe; however, it does not appear to worsen APAP-induced hepatotoxicity during this 

time. NAC most likely protects the liver by maintaining or restoring glutathione levels or by 

acting as an alternate substrate for conjugation with and thus detoxification of NAPQI. NAC 

is not without adverse effects since it can cause serious anaphylactoid reactions in a 

significant number of patients.  

Treatment of APAP overdose with NAC should be done by medical professionals using 

the FDA-approved drug and route of administration instead of an orally-administered form of 

NAC.  

Glutathione within hepatocytes plays a critical role in detoxifying NAPQI. Glutathione is 

available as a dietary supplement and is used for a variety of different indications such as an 

antioxidant and aiding cellular function.  

Theoretically, administering glutathione would increase glutathione levels and help 

detoxify APAP; however, any orally-administered glutathione that is absorbed into the blood 

stream in intact form is not taken up by cells[72]. Instead, glutathione has to be broken down 

into its individual amino acids and those are taken up by the cells of the liver[73]. Therefore, 

orally-administered glutathione is not recommended for preventing or reducing APAP-

induced hepatotoxicity since NAC is a better alternative. 

 

 

Niacin (Vitamin B3) 
 

Niacin, also known as vitamin B3 and nicotinic acid, is a commonly used water-soluble 

vitamin. Niacin is hepatotoxic at high doses [74, 75]; therefore, APAP should be used with 

caution in combination with high dose niacin supplementation.  

 

 

Skullcap 
 

Skullcap (Scutellaria lateriflora) is a native North American perennial herb. It is used as 

an anti-inflammatory, antispasmodic, astringent, and sedative. Skullcap has been associated 

with clinical cases of liver injury[4, 76]; therefore, concomitant use with APAP is not 

recommended. 

 

 

Usnic Acid 
 

Usnic acid is found is several lichen species, such as Usnea. Usnic acid is used as an anti-

infective, analgesic, anti-inflammatory, and weight loss aid. Usnic acid has been associated 

with clinical cases of liver injury[54, 77-79]. Based on research conducted at the US FDA 

National Center for Toxicological Research, usnic acid appears to be an uncoupler of 

oxidative phosphorylation and in turn damages mitochondria. Since toxic doses of APAP lead 
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to mitochondrial damage and this is believed to be one of the mechanisms leading to 

hepatocellular injury, APAP should not be used in combination with usnic acid. 

 

 

Vitamin A 
 

Vitamin A is a commonly used fat soluble vitamin. Vitamin A is hepatotoxic at high 

doses [75, 80]; therefore, APAP should be used with caution in combination with high dose 

vitamin A supplementation. In addition, a variety of animal studies have shown that retinol, a 

form of vitamin A, potentiates APAP toxicity[81-84]. 

 

 

Vitamin C 
 

Vitamin C is a well-know anti-oxidant. This makes it a reasonable candidate to prevent 

APAP hepatotoxicity, because oxidative stress is a key mechanism for injury. Indeed, early 

studies showed that vitamin C was able to decrease APAP hepatotoxicity in a mouse model 

[85]. However, this effect is critically dependent on the salt forms of vitamin C. Specifically, 

neither the free acid of vitamin C nor its sodium form is effective [85], but both ascorbyl 

palmitate [85-87] and ascorbyl stearate [88, 89] are able to reduce APAP hepatotoxicity. The 

protective effect of vitamin C esters is likely due to (1) they can reduce the toxic metabolite 

of APAP back to its parent form [88] or (2) they can promote the regeneration of the hepatic 

glutathione [89]. Confirmatory studies are needed to strengthen these preliminary findings. 

 

 

Other DS and Combination Products 
 

A variety of studies have assessed the interaction of different DS with APAP. Most of 

these studies have observed a protective effect; however, the data are limited for each DS and 

more studies are needed before any conclusions can be made about the role each DS may play 

in reducing APAP hepatotoxicity. Table 1 summarizes the studies for these different DS. 

 

 

CONCLUSIONS 
 

From the review of the available literature and theoretical considerations of the 

mechanisms of APAP hepatotoxicity, it remains a difficult task of predicting how a DS will 

interact with APAP. Further complicating matters is that DS are typically complex mixtures 

and even for a single type of DS, the spectrum of compounds are likely to change between 

preparations/batches. Since each compound may have differential affects on APAP 

hepatotoxicity, variations in composition may result in differential interactions with APAP. 

Fortunately, when used at recommended therapeutic doses, APAP is a safe drug. Problems 

arise when people take multiple products containing APAP and the threshold of toxicity is  
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Table 1. Summary of interactions between APAP and other dietary supplements 

 

Compound Effect 

Dietary 

Supplement 

Dose 

APAP dose Model Responses References 

Alpha-

lipoic acid 

Protect 

Pretreatment 

(1h before 

APAP), 100 

mg/kg (single), 

25 mg/kg (7-

day), oral 

Oral, Single 

(2.5 g/kg) 

and 7-day 

(750 mg/kg) 

Rats 

Inhibited NO 

overproduction and 

maintained the 

intracellular antioxidant 

(GSH) status in liver and 

kidney. 

[90] 

Potentiate 

Pretreatment 

(daily for 15 

weeks), 150 

mg/kg, diet 

Oral, Single 

(90.5mg/kg) 
Cats 

Potentiated APAP 

induced liver toxicity 

based on oxidant damage 

and hepatic glutathione 

levels. 

[91] 

Alpha-

tocopherol 

Protect 

Pretreatment 

(12h before 

APAP), 20 

mg/kg, IP 

IP, Single 

(400 mg/kg) 
Mice 

Reduced APAP induced 

liver toxicity based on 

ALT. 

[92] 

Protect 

Pre- or co-

incubation, 50 

µM 

N/A 
Rat 

hepatocytes 

Prevented DNA damage, 

no effect on cytoxicity. 
[93] 

Ayurvedic 

medicine: 

HD-03a 

Protect 

Pretreatment 

(daily for 14-

days), 750 

mg/kg, oral 

IP, Single 

(2 g/kg) 
Rats 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, and hepatic 

glutathione levels. 

[94] 

Ayurvedic 

medicine: 

polyherbal 

formulatio

nsb 

Protect 

Posttreatment 

(daily for 7 

days), 5.2 

ml/kg, oral 

Oral, Single 

(500 mg/kg) 
Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, and liver 

histopathology. 

[95] 

Boerhaavi

a diffusa 
Protect 

Pretreatment 

(daily for 7-

days), 100 -400 

mg/kg, oral 

Oral, Single 

(1.5 g/kg) 
Rats 

Reduced APAP induced 

liver toxicity based on 

ALT, AST and lipid 

peroxidation. 

[96] 

C. 

vitellinum  
Protect 

Co-incubation, 

1 mg/ml, 24h 
N/A 

Rat liver 

slices 

Prevented APAP-induced 

ATP depletion and 

histopathological 

changes 

[97] 

Carnosine Protect 

Pretreatment 

(daily for 4 

weeks), 2 

g/L,drinking 

water 

IP, Single 

(350 mg/kg) 
Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, hepatic 

glutathione levels, and 

lipid peroxidation. 

Inhibited CYP2E1. 

[98] 

CI-1, 

protein 

purify 

from 

Cajanus 

indicus 

Protect 

Posttreatment 

(daily for 7 

days), 100 

g/ml, IP 

IP, Single 

(300-500 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

decreased mitochondrial 

damage analyzed by 

electron micrograph. 

[99] 

Coenzyme 

Q10 
Protect 

Pretreatment 

(12h before 

APAP), 5 

mg/kg, IP 

IP, Single 

(400 mg/kg) 
Mice 

Reduced APAP induced 

liver toxicity based on 

plasma ALT. 

[92] 

Curcumin Protect 

Posttreatment 

(daily for 7 

days), 50 and 

100 mg/kg, oral 

Oral, Single 

(100mg/kg) 
Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, lipid 

peroxidation, and liver 

histopathology. 

[100] 
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Compound Effect 

Dietary 

Supplement 

Dose 

APAP dose Model Responses References 

Cuscuta 

chinensis 

(nanoparticle 

formulation) 

Protect 

Pretreatment 

(daily for 7 

days), 25-50 

mg/kg,oral 

IP, Single 

(835 

mg/kg) 

Rats 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, liver 

histopathology, and lipid 

peroxidation.  

[101] 

Ellagic acid Protect 

Posttreatment 

(daily for 7 

days), 50,100 

mg/kg, oral 

Oral, Single 

(100 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, lipid 

peroxidation, and liver 

histopathology. 

[100] 

Fulvotoment

osides 
Protect 

Pretreatment 

(daily for 3-

days), 150 

mg/kg, oral 

IP, Single 

(500 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT,and liver 

histopathology. 

[45] 

Gentiana 

manshurica 

Kitagawa 

(GM) 

Protect 

Pretreatment 

(2h before 

APAP), 200 

mg/kg,oral 

IP, Single 

(300 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, hepatic 

glutathione levels, and 

liver histopathology. 

[102] 

Gomisin A Protect 

Pretreatment 

(1h before 

APAP), 50 

mg/kg, ip 

Oral, Single 

(750 

mg/kg) 

Rats 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, and hepatic 

glutathione levels. 

[103] 

Histidine Protect 

Pretreatment 

(daily for 4 

weeks), 2 

g/L,drinking 

water 

IP, Single 

(350 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, hepatic 

glutathione levels, and 

lipid peroxidation. 

Inhibited CYP2E1. 

[98] 

L-carnitine Protect 

Pretreatment 

(daily for 5 

days), 500 

mg/kg,IP 

IP, Single 

(500 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, hepatic 

glutathione levels, and 

liver histopathology. 

[104] 

Melatonin Protect 

Pretreatment 

(30 minutes), 

10 mg/kg, IP 

IP, Single 

(900 

mg/kg) 

Mice 

Reduced APAP induced 

toxicity based on liver 

and kidney serum 

biomarkers.  

[105] 

Moutan 

Cortex 
Protect 

Pretreatment 

(daily for 14 

days), 200-400 

mg/kg,oral 

IP, Single 

(400 

mg/kg) 

Mice 

Attenuated GSH 

depletion and DNA 

damage, inhibited 

CYP2E1 activity. 

[106] 

Nutrient 

mixture 

(NM)c 

Protect 
Pretreatment (2 

weeks), diet 

IP, Single 

(600 

mg/kg) 

Mice 

Reduced APAP induced 

toxicity based on liver 

and kidney serum 

biomarkers.  

[51] 

O. 

lamiifolium 
Protect 

Co-incubation, 

1 mg/ml, 24h 
N/A 

Rat liver 

slices 

Prevented APAP-

induced ATP depletion 

and histopathological 

changes 

[97] 

Oleanolic 

acid 
Protect 

Pretreatment 

(daily for 3-

days), 100 

mg/kg, oral 

IP, Single 

(500 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT and liver 

histopathology. 

[45] 
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Table 1. (Continued) 

 

Compound Effect 

Dietary 

Supplement 

Dose 

APAP dose Model Responses References 

Oxymatrine Protect 

Pretreatment 

(daily for 3-

days), 150 

mg/kg, oral 

IP, Single 

(500 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT and liver 

histopathology. 

[45] 

P. japonicusd Protect 

Pretreatment 

(daily for 3-

days), 50 

mg/kg, oral 

IP, Single 

(500 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT and liver 

histopathology. 

[45] 

P. 

notoginsenge 
Protect 

Pretreatment 

(daily for 3-

days), 50 

mg/kg, oral 

IP, Single 

(500 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT and liver 

histopathology. 

[45] 

Phytochemic

al-

nutraceutical 

mixture 

(PNM) 

Protect 

Pretreatment 

(daily for 4 

weeks) 5.7mg 

per mouse, diet 

IP, Single 

(400 

mg/kg) 

Mice 

Reduced animal 

mortality, ALT, decrease 

genomic DNA 

fragmentation. 

[107] 

Picroliv Protect 

Posttreatment 

(daily for 7 

days), 50 and 

100 mg/kg, 

oral 

Oral, Single 

(100 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, lipid 

peroxidation, and liver 

histopathology. 

[100] 

Premna 

tomentosa (L. 

Verbenaceae) 

Protect 

Pretreatment 

(daily for 15 

days), 750 

mg/kg, oral 

IP, Single 

(640 

mg/kg) 

Rats 

Reduced APAP induced 

liver toxicity based on 

decreased lipid 

oxidation. 

[108] 

Proanthocyan

idins (Grape 

Seeds) 

Protect 

Pretreatment 

(daily 3-days or 

7-days), 100 

mg/kg, oral 

IP, Single 

(400 

mg/kg) 

Mice 

Reduced animal 

mortality and liver 

damage based on serum 

ALT, DNA damage and 

histopathology. Inhibit 

CYP2E1 in mice. 

[109] 

Probiotic 

Enterococcus 

lactis 

Protect 

Pretreatment 

(daily for 7-

days), 107 -109 

units, oral 

Oral, 14-

day, 1 g/kg 
Rats 

Restored GSH and other 

antioxidants, inhibited 

apoptosis, prevent DNA 

damage. 

[110] 

Probiotic 

Enterococcus 

lactis e 

Protect 

Pre-, Co-, Post-

incubation, 20 

µg LABSN /5 

µg silymarin 

N/A 
Rat 

hepatocytes 

Pre/Co-treatment 

restored GSH, inhibited 

apoptosis, prevented 

mitochondrial and DNA 

damage, and reduced 

cytotoxicity. 

[111] 

Silibin Protect 

Pre or co-

incubation, 25 

µM 

N/A 
Rat 

hepatocytes 

Prevented DNA damage, 

no effect on cytoxicity. 
[93] 

Silymarin Protect 

Posttreatment 

(daily for 7 

days), 50 and 

100 mg/kg, 

oral 

Oral, Single 

(100 

mg/kg) 

Mice 

Reduced APAP induced 

liver toxicity based on 

ALT, AST, lipid 

peroxidation, hepatic 

glutathione levels and 

liver histopathology. 

[100] 

Syringic acid Protect 

Pretreatment 

(daily for 6-

days), 25-100 

mg/kg, oral 

IP, Single 

(750 

mg/kg) 

Rats 

Reduced ALT, AST, 

ALP, GGT, lipid 

peroxidation and 

histopathological 

damage. Restored 

antioxidants, including 

GSH.  

[112] 
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Compound Effect 

Dietary 

Supplement 

Dose 

APAP dose Model Responses References 

Ulva 

reticulata 
Protect 

Pretreatment 

(daily for 15 

days), 150 

mg/kg, IP 

IP, Single 

(800 

mg/kg) 

Rats 

Reduced ALT, AST, 

ALP, GGT, lipid 

peroxidation and 

histopathological 

damage. Restored 

antioxidants, including 

GSH.  

[113] 

Vitamin C Protect 

Pretreatment 

(daily for 7-

days), 500 

mg/kg, oral 

Oral, 14-

day, 1 g/kg 
Rats 

Restored GSH and other 

antioxidants, inhibited 

apoptosis, prevented 

DNA damage. 

[110] 

Vitamin E  Protect 

Pretreatment 

(30 minutes), 

30m g/kg, IP 

IP, Single 

(900 

mg/kg) 

Mice 

Reduced APAP induced 

toxicity based on liver 

and kidney serum 

biomarkers.  

[105] 

Vitamin E 

and cysteine 
Protect 

Pretreatment 

(daily for 15 

weeks),2,200 

U/kg (vitamin 

E), 9.5 g/kg 

(cysteine), diet 

Oral, Single 

(90.5 

mg/kg) 

Cats 

Reduced APAP induced 

liver toxicity based on 

oxidant damage and 

hepatic glutathione 

levels. 

[91] 

 

Note: a polyherbal formulation_HD-03: Solanum nigrum L.(Solanaceae; whole plant, 30%), Cichorium 

intybus L. (Compositae; seeds, 20%), Picrorrhiza kurroa Benth. (Scrophulariaceae; roots, 20%), 

Tephrosia purpurea L. (Papilionaceae; whole plant, 20%) and Andrographis paniculata Nees. 

(Acanthaceae;Leaves, 10%). b Liv 52, Livergen, Livokin, Octogen, Stimuliv, and Tefroliv; c 

Nutrient mixture contains: vitamin C (as ascorbic acid and as Mg, Ca, and palmitate ascorbate) 700 

mg; L-lysine 1000 mg; L-proline 750 mg; L-arginine 500 mg; N-acetyl cysteine 200 mg; 

standardized green tea extract (80% polyphenol) 1000 mg; selenium 30 μg;copper 2 mg; 

manganese 1 mg; d Total saponins of P. japonicus contains ginsengnosides and oleanolate saponin; 

e Total saponins of P. notoginseng contains ginsengnosides and notogensenosides; e Probiotic 

Enterococcus lactis IITRHR1 (ElSN) and Lactobacillus acidophilus MTCC447 (LaSN) 

 

 

exceeded. Problems may also arise if a DS lowers the threshold of toxicity (shifts the toxicity 

curve to the left- see Figure 2) and a previously safe therapeutic dose now becomes 

hepatotoxic. A DS may also protect against APAP hepatotoxicity; however, given the 

availability of the clinically-effective antidote NAC, the role of DS in preventing APAP 

appears less critical. Also, unless a DS has undergone clinical trails to assess its efficacy in 

preventing or lessening APAP hepatotoxicity, it is best to use proven therapies and adhere to 

APAP dosing instructions to prevent APAP hepatotoxicity.  
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ABSTRACT 
 

Acetaminophen is an analgesic and antipyretic. It is safe when taken as directed but 

can cause extreme harm and even death in amounts above recommended doses. N-

acetylcysteine is the standard clinical antidote for treating overdoses of acetaminophen. 

However, the optimal dose, route, and duration of N-acetylcysteine therapy remain 

unknown despite more than 30 years of experience with this antidote. The search for a 

novel and effective antidote for acetaminophen overdose continues. Sesame oil has been 

widely used in Chinese and Indian herbal medicine. Sesame oil and its lignan sesamol 

have been proved effective for treating various drug-induced and chemically induced 

liver injuries. Sesame oil and sesamol not only maintain glutathione levels but also 

reduce mitochondrial oxidative stress by inhibiting the generation of reactive oxygen 

species during acetaminophen intoxication. Sesame oil and sesamol‘s multi-beneficial 

actions may be useful for treating acetaminophen-overdose-associated liver injuries. 

 

 

DRUG-INDUCED LIVER INJURY 
 

The liver is vital for the bodily disposition of drugs. Because of its strategic location as 

the delta of the portal blood stream, it is massively exposed to drugs and other foreign 

compounds absorbed through the intestine [1]. Drug-induced liver injury (DILI) is broadly 

classified into intrinsic and idiosyncratic types; intrinsic DILI is generally dose-dependent 

and predictable (e.g., acetaminophen toxicity), whereas idiosyncratic DILI is unpredictable 

                                                           
*
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and does not depend directly on dose [2]. Patients with DILI have a wide variety of clinical 

presentations. Clinically, biochemically, and histologically, DILI can simulate almost all 

forms of acute and chronic liver injuries. Thus, patients with DILI can present with acute liver 

failure with severe encephalopathy, with acute hepatitis with or without jaundice, and with 

chronic hepatitis with both symptomatic and asymptomatic elevated liver tests [3]. Several 

different drugs have been associated with liver injury [4]. Antibiotics, different analgesics, 

and non-steroidal anti-inflammatory drugs are the most common type of drugs associated 

with DILI [5-8]. 

 

 

ACETAMINOPHEN 
 

Acetaminophen (also called paracetamol (N-(4-hydroxyphenyl)-acetamide)) is a 

commonly used effective analgesic and antipyretic agent, which is available as an over-the-

counter medication. Acetaminophen is considered safe at therapeutic doses, but higher doses 

may cause acute liver failure and even death, which is a major problem in countries such as 

the United States, the United Kingdom, Denmark, Australia, and Taiwan [9-13]. According to 

poison centers in the United States, acetaminophen poisoning was responsible for more than 

70,000 visits to health care facilities and about 300 deaths in 2005 [14]. Acetaminophen 

poisoning can be caused by a single overdose (usually as an attempt at self-harm), or by 

repeated excessive doses or too-frequent standard doses, with therapeutic intent. Repeated 

supratherapeutic doses are increasingly recognized as a significant clinical problem [11, 15]. 

Regardless of whether acetaminophen poisoning occurs because of a single overdose or after 

repeated supratherapeutic ingestion, its progression can be categorized into four stages: 

preclinical toxic effects (a normal serum alanine aminotransferase concentration), hepatic 

injury (an elevated alanine aminotransferase concentration), hepatic failure (hepatic injury 

with hepatic encephalopathy), and recovery. This categorization is useful because each stage 

has a different prognosis and is managed differently. Transient liver injury may develop in 

patients who are treated during the preclinical stage, but they recover fully [11, 15-17]. 

Patients who are not treated until hepatic injury has developed have a variable prognosis, and 

patients who present with hepatic failure have a mortality rate of 20% to 40% [11, 15, 18]. 

 

 

ACETAMINOPHEN METABOLISM AND TOXICITY 
 

When taken in therapeutic doses, acetaminophen is safely metabolized and excreted by 

glucuronidation and sulfation reactions [19]. However, when taken in toxic doses, 

acetaminophen is metabolized by the cytochrome P450 enzyme system into the highly 

electrophilic N-acetyl-p-benzoquinoneimine (NAPQI) [20]. NAPQI is extremely toxic to the 

liver, possibly because of its covalent binding to proteins and nucleic acids [21]. However, 

NAPQI is rapidly detoxified by interaction with glutathione to form cysteine and mercapturic 

acid conjugates [22]. As long as sufficient glutathione is present, the liver is protected from 

injury. Overdoses of acetaminophen (either a single large ingestion or repeated 

supratherapeutic ingestion) deplete hepatic glutathione stores and cause liver injury [23]. 

Metabolic activation of acetaminophen results in the generation of reactive oxygen species, 
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which leads to oxidative stress and liver damage [24, 25]. Because acetaminophen toxicity 

depletes glutathione [26], the major peroxide detoxification system is predictably inhibited. 

Thus, an increase in the generation of superoxide, which is formed by several enzymatic 

reactions, including acetaminophen oxidation to NAPQI, may lead to an increase in hydrogen 

peroxide and to the initiation of oxidative stress via the Fenton mechanism. Excess hydrogen 

peroxide and ferrous ions react and form the hydroxyl radical, a potent oxidant that may 

oxidize lipids, which then causes lipid peroxidation [27-30]. It has been proposed [31] that 

mitochondria are the primary target of reactive metabolite. Oxidative stress and mitochondrial 

oxidative damage have been implicated in the etiology of numerous common diseases. The 

development of various mitochondrial dysfunctions has been observed with acetaminophen 

toxicity, including the inhibition of respiration, the downregulation of hepatic ATP levels and 

membrane potential, and the loss of mitochondrial calcium ions [32-35]. 

 

 

ACETAMINOPHEN AND N-ACETYLCYSTEINE 
 

In the late 1960s, physicians recognized that an acute acetaminophen overdose caused a 

dose-related liver injury and that, without treatment, many patients died [36]. Animal studies 

describing the metabolism of acetaminophen to NAPQI [22, 37] have shown that the 

prolonged presence of hepatic glutathione prevented cytotoxicity. Thereafter, reports [38, 39] 

showed that methionine and cysteamine prevent acetaminophen-induced hepatic injury. The 

use of these agents resulted in dramatic increases in survival, but their side effects led 

researchers to seek alternative treatments. N-Acetylcysteine was first suggested as an antidote 

for acetaminophen toxicity in 1974 [40]. Intravenous N-acetylcysteine was efficacious after a 

20-hour regimen, but oral N-acetylcysteine was efficacious only after a 72-hour regimen. N-

acetylcysteine has an unpleasant odor and taste, and vomiting is common with the oral form 

of the drug. The intravenous form also has some adverse effects. Hence, the duration of 

treatment and side effects spurred researchers to seek an alternative agent for acetaminophen-

induced acute hepatic injury. 

 

 

SESAME OIL 
 

Description 
 

Sesame oil is derived from the plant species Sesamum indicum L. and belong with 

Pedaliaceae family [41]. Sesame has been used for millennia in Chinese and Indian herbal 

medicine. Although often recommended as a laxative, sesame was used as early as the 4th 

century A.D. as a Chinese folk remedy for toothache and gum disease. In modern times, 

sesame has been embraced by Western herbalists for a variety of therapeutic purposes. The 

oil is also used in cooking and as an ingredient in margarine and salad dressings as well as in 

certain cosmetics and skin softening products. Native to Asia and Africa, sesame is primarily 

cultivated in India, China, Africa, and Latin America. Only the seeds and oil of the sesame 

plant are used for medicinal purposes. Sesame oil consists of olein, stearin, palmitin, myristin, 

linolein, sesamin, and sesamolin [42]. 
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Beneficial effects of Sesame Oil 
 

Sesame oil is effective against various diseases, including atherosclerosis, hypertension, 

and the effects of aging [43-45]. Along with sesaminol, which is the principle antioxidant 

component in sesame oil [46], the lignans in the oil contributes its antioxidant and anti-

mutagenic properties [47, 48]. Sesame oil contains phenol, sesamin, sesamol, and sesamolin 

and a relatively small amount of tocopherol, which contributes to its superior oxidative 

stability [49]. Sesame oil is a better antioxidant than canola oil [50]. Compared with other 

dietary oils, such as those from ground nuts and sunflower seeds, sesame oil offers better 

protection against increased blood pressure, hyperlipidemia, and lipid peroxidation by 

increasing enzymatic and non-enzymatic antioxidants [51]. Sesame oil and its active 

ingredient sesamol are stronger antitumor agents than are resveratrol and sunflower seed oil 

[52]. Sesamol is one of the nonfat antioxidants in sesame oil [53]. It is effective against drug-

induced and chemically induced organ injuries [54, 55]. Sesamol is anti-photo-oxidative 

because it scavenges singlet oxygen [56]. It inhibits lipid peroxidation, hydroxyl radical-

induced deoxyribose degradation, and DNA cleavage [57]; it attenuates the production of 

nitric oxide and hydrogen peroxide; and it reduces monoamine oxidase activity in glial 

astrocytes [58]. 

 

 

Sesame Oil and Sesamol protect against Acetaminophen-induced Liver 

Injury 
 

Sesame oil significantly attenuates acetaminophen-induced acute hepatic injury. It 

maintains the glutathione level and hepatic architecture and scavenges oxygen-free radicals in 

hepatic tissue injured by acetaminophen-induced oxidative stress [29]. Sesame oil does not 

alter the concentration of acetaminophen in serum, which shows that the huge oil load on the 

stomach in acetaminophen-overdosed rats does not affect the absorption of acetaminophen. 

Sesamol is water-soluble and has the same active constituents as natural sesame seed oil. It is 

a potent anti-inflammatory agent during lipopolysaccharide intoxication [59]. It is also active 

against various drugs and chemically induced organ injuries [59, 60]. It maintains glutathione 

levels and protects against acetaminophen-induced liver injury in rats [30]. It protects the 

liver by maintaining mitochondrial aconitase activity and inhibiting iron and hydrogen 

peroxide levels in the Haber-Weiss and Fenton reactions in acetaminophen-overdosed rats 

[30]. Acetaminophen-induced acute hepatic injury or failure that requires liver transplantation 

is a major concern in developing and developed countries [61, 62]. It is important to provide 

an alternative to reduce the incidence of liver transplantation after acetaminophen-induced 

acute hepatic injury or failure. Thus, sesame oil‘s and sesamol‘s protection against 

acetaminophen-induced liver damage [29, 30, 63, 64] suggests its high therapeutic value. 

 

 

SUMMARY 
 

In sesame‘s long history as a crop and oil, no harmful effects of sesame seed extracts 

have been reported. Sesame oil and sesamol show no observable adverse effects when 
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treating acetaminophen intoxication in rats. Sesame oil‘s and sesamol‘s multi-actions may be 

important in treating acetaminophen-overdosed patients. However, their efficacies in humans 

are yet to be tested. 
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ABSTRACT 
 

Paracetamol is an effective agent for pain relief and is generally regarded as a safe 

medication at therapeutic doses. It is widely used in elderly patients with 

recommendations that are common to those for adults. Recent reports have however 

questioned the safety of recommended doses and suggest that the elderly patient might be 

at an increased risk of developing adverse events when on paracetamol treatment. 

Glutathione depletion, polymedication including CYP450 inducing drugs and 

anticoagulant therapy, increased incidence of organ insufficiency with age, malnutrition, 

dehydration, fragility are factors that may favour the development of serious adverse 

events. While the benefit/risk ratio of paracetamol is evident in clinical practise, 

clinicians should be aware of the potential and preventable adverse side-effects of this 

centenarian pain treatment favourite analgesic. 

 

Keywords: Pain, aging, acetaminophen, France 

 

 

INTRODUCTION 
 

Paracetamol is one of the most widely prescribed and used drugs for the treatment of pain 

and fever and is generally regarded as a safe medication at therapeutic doses. Although it has 

been used for the past century, its mechanism of action is just starting to be more clearly 

defined, and paracetamol appears to produce analgesia through a central rather than a 
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peripheral mechanism (1,2). In recommended doses (1g three to four times daily) its efficacy, 

safety, availability and low cost justify its worldwide use for pain treatment. Adverse effects 

are rare, with hepatotoxicity the principle safety concern. Paracetamol is widely used in the 

elderly, mainly because of the high prevalence of joint pathologies but elderly age per se is 

not considered to be a risk factor of developing hepatotoxicity. Recent reports have however 

questioned the safety of recommended doses (3,4) and of the chronic use of paracetamol: in 

the light of these studies, we look at how the elderly patient might be at risk of developing 

adverse events when on paracetamol treatment. 

 

 

EFFICACY AND PRESCRIBING OF PARACETAMOL IN THE ELDERLY 
 

Paracetamol is an effective agent for pain relief due to osteoarthritis as can be seen from a 

large meta-analysis focused on paracetamol use in osteoarthritis, by far the commonest 

chronic pain pathology of the elderly (5). Non-steroidal anti-inflammatory (NSAIDs) drugs 

display a higher efficacy score than paracetamol, especially as regards stiffness which is very 

disabling in the elderly population, but weighed against the good safety record of 

paracetamol, the latter is recommended as the first line oral analgesic in the management of 

osteoarthritis. Consumption and potential dangers of acetaminophen in elderly patients are 

however poorly documented in the literature and are shadowed by the prescription of 

NSAIDs and opiates because of their high risk of side-effects. There is a tendency in 

outpatient settings to use NSAIDs more frequently and opioids less so than younger patients, 

and a study on more than 7000 nursing home elderly patients showed that 28.8% and 17.3% 

use NSAIDs and opiates respectively, with only 3,7% using paracetamol (6). Addition of 

paracetamol to NSAIDs reduces opioid consumption and improves pain relief during the early 

post-surgery period (7), and intravenous acetaminophen, 1 g, administered over a 24-h period 

in patients with moderate to severe pain after orthopedic surgery, provides rapid and effective 

analgesia and is well tolerated (8). Paracetamol is commonly prescribed in elderly patients 

without risk factors at the recommended dose of 500-1000mg every 4-6 hours to a maximum 

of 4000 mg daily. There are, to our knowledge, no studies in very old patients or in fragile 

elderly patients, and most clinical studies refer to ―young older‖ people around 65 years. 

Patients at risk of hepatotoxicity may be found in this group of old, very old and fragile 

patients, and there are no real guidelines for at risk patients when dose modifications of 

paracetamol have to be envisaged. Officially, an increased risk of hepatotoxicity concerns 

several patient groups: first, patients with depleted glutathione stores, associated usually with 

malnutrition or prolonged fasting or underweight. Secondly, patients with hepatic, renal or 

cardiac impairment, dehydration. Thirdly, patients taking CYP-450 enzymes inducing drugs. 

It is obvious that the elderly patient fits in well with these three risk factors as will be exposed 

below. 

 

 

PHARMACOLOGY AND TOXICITY OF PARACETAMOL 
 

Liver is typically and by far the most involved organ in paracetamol metabolism and 

acute toxicity. Following absorption, 90% of paracetamol normally undergoes hepatic 
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glucuronide (40–67%) and sulphate (20–46%) conjugation to form inactive, harmless 

metabolites, which are eliminated in urine. 5 to 15% of paracetamol is oxidized by the CYP-

450 oxidase system (CYP2E1,CYP1A2, CYP3A4, and CYP2A6), resulting in the formation 

of N-acetyl-p-benzoquinoneimine (NAPQI). Glutathione combines with NAPQI and the 

resulting complex is converted to non-toxic cysteine or mercaptate conjugates, which are 

eliminated in urine. With appropriate paracetamol dosing, glutathione supply far exceeds that 

which is required to detoxify NAPQI. After paracetamol overdose glutathione stores are 

depleted below a critical value (about 30% of normal stores). NAPQI covalently binds cell 

proteins, inducing a series of events that may result in cell death with possible DNA 

fragmentation and mitochondrial injury. Fatal liver damage occurs unless sulphydryl 

replacement therapy is given, usually in the form of N-acetyl cysteine, but transplantation 

may be necessary in patients with a poor prognosis. Over the past 15 years especially in 

Europe and in the USA, paracetamol has become the most important cause of liver failure, 

and intentional overdoses (more than 10g a day in one administration) have been for a 

number of years the cause of paracetamol-related hepatotoxicity and liver failure, accounting 

for a high number of emergency room visits, hospital admissions and deaths. More recently 

however, unintentional overdoses have overridden intentional overdoses (with doses as low as 

7g a day), and the safety of paracetamol has been under considerable debate by the US Food 

and Drug Administration (3), focusing on legal restriction in the availability of paracetamol. 

But a review concluded that no change was needed in how the drug was sold (9). There are 

however a number of issues about the safety of paracetamol at therapeutic doses. 

 

 

ARE THERAPEUTIC DOSES OF PARACETAMOL  

SAFE IN THE ELDERLY? 
 

A number of studies have shown that therapeutic doses of paracetamol might be 

associated with increased concentrations of transaminases and with liver injury, especially in 

the context of a clinical onset of liver injury (viral hepatitis (10) or antitubercular drug (9). A 

recent study (11) showed that healthy volunteers with 4g paracetamol daily had 

concentrations of alanine aminotransferase that were more than three times over the normal 

upper limit while the placebo group had a normal hepatic profile (p<0.001). This questioning 

study should be repeated on a larger scale in healthy volunteers to be confirmed, and there are 

today no such studies in elderly persons. 

At normal doses of paracetamol, only trace amounts of NAPQI are formed, which is 

bound and inactivated by glutathione. Excess doses are known to deplete glutathione stores 

and NAPQI binds covalently to hepatocyte proteins and leads to cell death. Depleted 

glutathione stores may however occur outside paracetamol overdoses, as in fasting (12), poor 

nutritional status or alcoholism (13). Animal studies have shown that a 24-h fasting period 

depletes hepatic glutathione stores (14) and that these begin to decline at therapeutic levels of 

paracetamol at doses of 0.5 to 3 g (15). A case of paracetamol-induced hepatotoxicity is 

described in a study (12) after intake of paracetamol at a recommended dosage in a severely 

malnourished woman. The absence of hepatotoxicity in the same patient after a re-challenge 

at a lower dose a few months later led the authors to conclude that this phenomenon may be 

dose-related rather than idiosyncratic. Other studies report hepatotoxicity with chronic 
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paracetamol intake at therapeutic doses, and suggest that this could be due to an idiosyncratic 

(with hypersensitivity/allergy) or non idiosyncratic origin (associated with malnutrition and 

fasting). A clinical trial in healthy young volunteers showed a significant reduction in serum 

‗total‘ antioxidant capacity when paracetamol is taken in therapeutic doses (1 g four times a 

day) for 14 days, and the authors conclude that reduction in glutathione is probably associated 

with chronic ingestion of maximum therapeutic doses of paracetamol. (16). Several studies 

report changes of antioxidant status in ageing, with a diminution of glutathione stores with 

age and a correlation between age reduced/oxidised glutathione ratio (17). Also, comparing 

gene expression in young and older rats, glutathione transferase is lower in older rats, 

suggesting that detoxification is less with age (18).Concerning the elderly patient, drug intake 

is known to influence nutritional status, and inversely (19). This applies also to paracetamol, 

considered generally as one of the most secure drugs for pain treatment. This corpus of 

clinical reports suggests that paracetamol administration should be carefully implemented in 

fasting patients and that nutritional status should be fully assessed, especially in suspected 

underweight and malnourished elderly patients. 

Cytochrome CYP3A13 plays a role in hepatotoxicity linked to paracetamol, and 

cytochrome CYP3A13 has been shown to be higher with age, suggesting that paracetamol 

metabolites production is also higher with age. Humans tend to show interindividual 

variations in P450-catalyzed reactions of drugs and chemicals, which have been associated 

with different susceptibilities of humans to toxicological and pharmacological products, and a 

number of genetic polymorphisms have been described for the human CYP2E1 gene (20). 

Use of cytochrome P450 enzyme-inducing drugs (isoniazide, carbamazepine…) increases the 

risk of hepatotoxicity when associated with a wide range of paracetamol doses including 

therapeutic doses. Drug consumption in the elderly is very high, with elderly patients being 

administered not infrequently with more than ten drugs a day, leading to an increased risk of 

side-effects (19). 

Recommended doses for the elderly are similar to recommendations for adults, including 

caution in the use of paracetamol in the case of hepatic, renal, cardiac insufficiency and 

dehydration. These pathologies affect more often the elderly and the very elderly than the 

younger population. Available studies in patients with chronic liver disease are somewhat 

discordant: some have shown that even if the half-life of acetaminophen may be prolonged, 

cytochrome P-450 activity is not increased and glutathione stores are not depleted to critical 

levels in those taking recommended doses. Furthermore, acetaminophen has been studied in a 

variety of liver diseases without evidence of increased risk of hepatotoxicity at currently 

recommended doses (21). A study in patients with viral hepatitis has however shown that the 

risk of hepatotoxicity may be increased (10). Despite discordant studies, acetaminophen can 

be used safely in patients with liver disease and is a preferred analgesic/antipyretic because of 

the absence of platelet impairment, of gastrointestinal toxicity and of nephrotoxicity 

associated with NSAIDs (21). 

Another reported adverse side-effect of paracetamol concerns its interaction with 

warfarin. The most plausible hypothesis to explain the in vivo interaction is that paracetamol 

(or its metabolites) interfere with enzymes involved in vitamin K-dependent coagulation 

factor synthesis (22). At the dosage of 4g daily, paracetamol potentiates the anticoagulant 

response produced by warfarin and increases the International Normalized Ratio (INR) by 

about one point, increasing the risk of warfarin-associated hemorrhage. Whether this 

interaction occurs when acetaminophen is taken in lower doses or is used sporadically 
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requires further study. Warfarin is widely used for the prevention and treatment of venous and 

arterial thromboembolism, pathologies particularly associated with increased age. Clinicians 

should therefore be aware of this clinically significant and underestimated interaction 

especially in elderly patients (23), since both paracetamol and oral anticoagulants are 

increasingly used in clinical practice, especially in the post-operative period. As paracetamol 

is however still the safest analgesic to use in combination with oral anticoagulants, close 

monitoring of INR in patients receiving this drug combination must be recommended. 

 

 

CONCLUSION 
 

Tolerability of therapeutic doses of paracetamol is a major factor in the very wide use of 

the drug. The literature however reports a number of clinical cases or clinical trials where 

hepatotoxicity could occur with therapeutic doses of paracetamol. While the benefit/risk ratio 

of this drug remains very high compared to placebo or NSAIDs, clinicians should however be 

aware of 1- the potential risks of the diminished anti-oxydant capacity in the prescription of 

paracetamol in malnourished, underweight, dehydrated and ill elderly patients, 2- drug 

interactions with CYP450 inductors and warfarin, in order to avoid iatrogenic pathologies that 

are responsible for many hospital admissions in the geriatric population. 
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