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ARTICLE INFO ABSTRACT

Keywords: Meats consist of edible portions originating from domestic and wild animals. Meat’s palatability
Acetaminophen and sensory accessibility largely depend on its tenderness to consumers. Although many factors
Paracetamol influence meat tenderness, the cooking method cannot be neglected. Different chemical, me-
APAP chanical, and natural means of meat tenderization have been considered healthy and safe for
Meat tenderness . . . .
Tenderization consumers. However, many households, food vendors, and bars in developing countries engage in
Over-the-counter drugs the unhealthy use of acetaminophen (paracetamol/APAP) in meat tenderization due to the cost
Toxicity reduction it offers in the overall cooking process. Acetaminophen (paracetamol/APAP) is one of
Biochemical mechanisms the most popular, relatively cheap, and ubiquitous over-the-counter drugs that induce serious

toxicity challenges when misused. It is important to note that acetaminophen during cooking is
hydrolyses into a toxic compound known as 4-aminophenol, which damages the liver and kidney
and results in organ failure. Despite the reports on the increase in the use of acetaminophen for
meat tenderizing in many web reports, there have not been any serious scientific publications on
this subject. This study adopted classical/traditional methodology to review relevant literature
retrieved from Scopus, PubMed, and ScienceDirect using relevant key terms (Acetaminophen,
Toxicity, Meat tenderization, APAP, paracetamol, mechanisms) and Boolean operators (AND and
OR). This paper provides in-depth information on the hazard and health implications of
consuming acetaminophen tenderized meat via genetic and metabolic pathways deductions.
Understanding these unsafe practices will promote awareness and mitigation strategies.

1. Background

Meat is the edible portion of domestic and wild animals [1]. It is rich in proteins, essential amino acids, and fats, including omega-3
fatty acids, minerals, vitamins, and folic acids [1-3]. However, these nutritional constituents and the sensory evaluations in meat
varies due to different genotype, diet, meat cut, and climate and environmental conditions influence [4]. Due to the growing human
population, meat consumption in developing countries will exponentially increase to satisfy human protein needs [5]. Healthy meat
consumption is crucial in maintaining life and health status in human evolution. It provides essential protein requirements in humans

* Corresponding author. Department of Biochemistry, Faculty of Biological Sciences, University of Nigeria, Nsukka, Enugu State, 410001, Nigeria.
E-mail address: timothy.ezeorba@unn.edu.ng (T.P.C. Ezeorba).

https://doi.org/10.1016/j.heliyon.2023.e15628

Received 14 October 2022; Received in revised form 10 April 2023; Accepted 17 April 2023

Available online 21 April 2023

2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:timothy.ezeorba@unn.edu.ng
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e15628
https://doi.org/10.1016/j.heliyon.2023.e15628
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e15628&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e15628
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.L. Ezugwu et al. Heliyon 9 (2023) 15628

[5-7]. Meat is ranked among the vital, nutritious, and calorie-rich natural products humans consume to cover their daily body needs
for growth and development [1]. Although few studies have linked its consumption to the possible elevation of cardiovascular diseases,
cancer, and metabolic disorders [8-10], its roles in the brain and intellectual advancement cannot be neglected [3]. A worrisome
concern of the meat industries in many Africa nations such Nigeria, is the high tendency of meat contamination from the onset of the
animal slaughter in the abattoir to the stage of final consumption by customers through sale by food vendors [11]. Hence, enforcement
of handling/treatment precautionary measures at each stage of meat production may be the way forward. In many African nations,
regulatory agencies for food safety have failed in enforcing food vendors to operate in such a manner that is generally regarded as safe
and healthy for the consumers, probably due to deep-rooted corrupt practises [11,12]. This paper present one of the very common
ill-practice by food vendors - using acetaminophen for meat tenderization.

Paracetamol (acetaminophen) is an antipyretic and analgesic drug available over the counter and is one of the most prescribed
analgesic drugs globally [13]. It is the recommended first-line drug for pharmacological therapy by WHO and various international
guidelines for managing acute and severe pain conditions using painkiller drugs [14,15]. It exists in different forms, such as capsules,
liquids, tablets, and granules. It is used to manage mild to moderate pains and their severity. Some conditions treated with paracetamol
include muscle, head, back, toothaches, colds, flu, fever, sore throat, and phycological processes [13-16]. Although the mechanism of
acetaminophen analgesic action is largely unknown, studies have demonstrated that it inhibits prostaglandin synthesis within the
central nervous system and the peripheral tissues [17]. Acetaminophen is administered orally and also intravenously. The recom-
mended dose for adults and teenagers weighing at least 44.90 kg is 1000 mg at once but not above 4000 mg in 24 h. While children less
than 12 years are advised not to take more than 5 doses in 24 h and strictly adhere to the number of mg per recommended dose for
children with respect to their weight and age [18]. It has been reported that an overdose of this drug causes liver damage and possible
death [13,17-19]. There may also be side effects or allergic reactions associated with consuming acetaminophen. These side effects
may include breathing difficulty, rashes and redness of the skin, swelling of the face, and blisters on the tongue and lips. In severe cases,
stomach pain, loss of appetite, weakness, dark urine, and jaundice are reported [13]. Notwithstanding the toxicity and side effects of
acetaminophen consumption, many food vendors have, unethically daily, used this drug as a faster means of tenderizing meat [12].

Tenderization is a vital process employed in cooking to ensure improved palatability and sensory attributes of meat [20]. The major
factors determining meat tenderness are collagen content, aging processes, muscle contraction during slaughter, sex, genetic influence,
species, and stress conditions [3,21]. The cooking method is also a determinant of meat tenderness [22]. The enzymatic method of
meat tenderization has been adjudged healthier and more economical than the conventional physical and chemical methods [20].
Proteinases from plants such as papain from papaya, bromelain from pineapple, and ficin from fig have effectively tenderized con-
nective tissue and muscle proteins in meat [20,23]. The sensory attributes of meat are based on its visual appearance, palatability to
the mouth, and the flavor produced [3]. The consumers’ satisfaction and meat eating quality are principally determined by its
tenderness and flavor [4]. It has been reported that many households, food vendors, and bars, especially those operated by low-income
owners, apply the unhealthy use of paracetamol (acetaminophen) in meat tenderization due to the high cost of fuel procurements and
precipitation of cooking time [12]. Unfortunately, acetaminophen, during cooking, hydrolyses into a toxic compound known as 4-ami-
nophenol, which damages the liver and kidney and results in organ failure [12,19].

Many studies have focused mainly on the processes and methods of meat tenderization and the application of exogenous plant
enzymes (proteases) for achieving meat tenderness [3,11,20,23]. There is a paucity of information on the unhealthy use of acet-
aminophen in meat tenderization and its possible health hazard to consumers. Therefore, this review focuses on this subject and
recommends solutions to mitigating these dangerous practices by food vendors to pave the way for green and sustainable meat
tenderization.

2. Methodology

This study adopted classical/traditional methodology to review relevant literature retrieved from Scopus, PubMed, and Science-
Direct databases using key terms such as Acetaminophen, Toxicity, Meat tenderization, APAP, paracetamol, and mechanisms. The
Boolean operators (AND and OR) were used to streamline the search focus and retrieve relevant publications on this subject. The paper
included in this review much be reported in the English language and be focused on acetaminophen and its toxicities as well as other
alternative and safe methods for tenderizing meats and meat products. Recent studies were prioritized over older ones, especially in
cases of information redundancy.

3. Chemistry of acetaminophen

Acetaminophen (N-(4-hydroxyphenyl) ethanamide, also known as paracetamol) is a basic bioactive compound containing an N-
acetylated aromatic amine with the acyl group bonded to the nitrogen atom (Fig. 1) [24].
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Fig. 1. The chemical structure of acetaminophen.
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The benzene ring core of the aromatic amine is substituted by one ~OH group. The hydroxyl group and the amide moiety’s nitrogen
atom (N) are bonded to the benzene nucleus in the para position [24]. The presence of these active groups makes the aromatic group
very reactive during electrophilic aromatic substitution reactions. The acetaminophen molecule is highly conjugated because of the
lone pair on the carbonyl oxygen, nitrogen, hydroxyl oxygen, and the aromatic pi cloud and p orbital on the carbonyl carbon. This
reduces the basic value of nitrogen and oxygen atoms, making the hydroxyl group acid group via delocalization of the charge on the
phenoxide ion [25]. The molecular formula of acetaminophen is CgHgNO,, with a molecular mass of 151.18 g/mol [24].

Paracetamol synthesis involves converting phenol via electrophilic aromatic substitution to para-substituted nitrophenol in the
presence of dilute sulphuric acid and sodium nitrate (Fig. 2). The nitro moiety of the nitrophenol is converted to an amine by direct
hydrogenation or sodium borohydride reduction (Fig. 3). The para-aminophenol, therefore, reacts with acetic anhydride to form
acetaminophen [26-28]. During this reaction, the acetic anhydride’s carbonyl group (which is electrophilic) is attacked by the
nucleophilic amine (Fig. 4). A new and easy method of acetaminophen synthesis involves a diazotization reaction. The reaction starts
with a nitration reaction of acetanilide to form p-nitro acetanilide, followed by a reduction of the final product to produce p-amino
acetanilide, creating a diazonium salt which then reacts with 10% of 2.5 M sodium hydroxide [29].

4. Possible effects and biochemical changes of acetaminophen after heating

Heat has a serious effect on the stability of acetaminophen. Under dry conditions, acetaminophen is very stable [30]. However, in
moist conditions and at elevated temperatures, acetaminophen loses its analgesic/antipyretic properties and degrades rapidly into an
organic compound known as p-aminophenol, which subsequently undergoes additional oxidative changes to other toxic intermediates
[11,30]. Other intermediates of acetaminophen degradation include hydroquinone, p-nitrophenol, N-acetyl-benzoquinone imine, and
1, 4-benzoquinone [11,31]. These intermediates are highly toxic to the liver and the kidney and are challenging to degrade using
conventional, expensive methods [11,31,32]. The degradation of acetaminophen in aqueous solutions is pH-dependent and follows
first-order kinetics [30]. The mode of formation, toxicity, and structures of these intermediates are summarized in Table 1.

5. Proposed mechanism of the role of acetaminophen in meat tenderness

Along with appearance and juiciness, tenderness is among the essential qualities consumers look out for in meat products. This is
because the satisfaction and taste perception are highly dependent on this factor, and it determines to a large extent if such products
will enjoy continued patronage [40,41]. It is proposed that postmortem meat tenderness results from the fragmentation of muscle
structural and associated proteins (e.g., myosin, actin, collagen, and elastin) via the activity of endogenous proteases and the continued
degradation of cytoskeleton proteins and energy metabolism [42]. These proteins’ degradation levels are associated directly or
indirectly with the expression levels of various apoptotic molecules such as the calpains, caspases, and heat shock proteins [43]. Many
techniques have been employed to enhance postmortem meat tenderization. They include aging tenderization and enzymatic tech-
niques involving modifying endogenous protease systems and the addition of exogenous proteases to degrade muscle proteins
responsible for meat toughness [44,45]. There are also chemical processing techniques involving the addition of salts, organic acids,
and other chemical additives within required limits. Other techniques of tenderization include low-temperature long-time cooking,
microwave heating, and high-pressure and ultrasonic processing [46].

Many food vendors have continued using acetaminophen for meat tenderization despite numerous warnings from health pro-
fessionals about the health implications of this practice. Although no systematic research has elucidated the exact mechanisms by
which acetaminophen contributes to postmortem meat tenderness, we propose that the mechanism could be similar to that of the
postmortem aging tenderization effect. Postmortem aging significantly affects meat tenderness, flavor, and water-holding capacity.
Aging tenderization involves several processes, including activating apoptosis (via activation of caspases), activating the calpain
system, increasing reactive species generation and oxidative stress, increasing intracellular Ca?* release, and reducing pH [46]. All
aspects of apoptotic signaling in the cell are mediated directly or indirectly by the action of caspases. Procaspases are considered the
best indicators of apoptosis in cells [43,47].

The primary step in converting muscle to meat is the induction of apoptosis mediated by activating different caspases, including
caspase-3 and caspase-9 [46,47]. Apoptotic pathways trigger the activation of intracellular proteases and endonucleases, which are
responsible for cell breakdown. It is reported that increased caspase-3 activity during apoptosis influences the calpain system by
inhibiting the activity of the calpain inhibitor calpastatin during postmortem meat tenderization. Kato and his colleagues [48] showed
that caspases promote calpain activity by suppressing the activity of its main inhibitor, calpastatin, in human Jurkat T cells during
apoptosis. The same phenomenon was reported by Isabella Porn-Ares et al. [49]. They reported that the 110-120 kDa calpastatin
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Fig. 2. Nitration of phenol.
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Table 1
Examples and mechanism of toxicity of some degradation products of acetaminophen.
Products of Mode of formation from Mechanism of toxicity Structure of the metabolite References
acetaminophen acetaminophen
degradation
1 N-Acetyl-p- Oxidation Produces free radicals in an organism which in N CH3 [33-35]
benzoquinone imine turn leads to oxidative damage, induces 7z \n/
apoptosis and necrosis in cells o)
o}
2 p-aminophenol Hydrolysis of Causes nephrotoxicity and teratogenic toxicity. OH [36]
acetaminophen Can cause methemoglobinemia.
NH,
3 hydroquinone Hydrolysis and oxidation Toxicity involves the generation of reactive [37]

oxygen species (ROS)

acetaminophen and cells and cause respiratory complications
oxidation of p-aminophenol

OH
OH

4 p-nitrophenol Hydrolysis of Carcinogenic and induces genotoxic effects on OH [38,39]
NO,

protein of Jurkat T-lymphocytes and U937 monocytic leukemia cells was cleaved to a 65-70 kDa form after the induction of apoptosis
with san anti-CD95 monoclonal antibody, staurosporine or tumor necrosis factor (TNF) attributing this effect to the activity of
caspase-3 [50].

The calpain system consists of endogenous proteases implicated for their role in the postmortem degradation of muscle protein and
has been linked to meat tenderness. They are a large family of calcium-dependent cysteine proteases optimally active at neutral pH.
The most studied isoforms of this enzyme system are the myofibril-bound p-calpain, the cytosolic m-calpain requiring a higher Ca**
concentration for its activity than the former, and calpastatin, which acts to inhibit the activities of the calpains [42,51]. Calpains
promote meat tenderness by degrading (by protease hydrolysis) essential proteins in myofibrils (e.g., nebulin, titin, troponin-T, and
desmin) responsible for meat toughness, causing myofibril fragmentation and meat tenderness [46]. On the other hand, calpastatin
inhibits calpain catalytic activity by preventing its membrane binding capacity and the activation of protease hydrolysis [52]. The
postmortem meat tenderness rate depends on the expression levels of calpain/calpastatin in the meat. Calpastatin content of muscle
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decreases gradually after slaughter, and its rate of degradation or inactivation is related to the expressive proteolysis in muscle.
Increased calpain/calpastatin ratio will increase protease hydrolysis, muscle tenderness, and vice-versa [52].

Metabolism of acetaminophen is associated with generating toxic metabolites with high oxidant capacities, which overwhelm
cellular antioxidant systems, resulting in significant oxidative stress conditions [53,49]. Increased oxidative stress promotes the
initiation of apoptotic signaling by increasing factors such as cytochrome c displacement and the caspase cascade. Several studies have
reported apoptosis activation as one of the mechanisms of acetaminophen toxicity. In two different studies, Kon and colleagues re-
ported that incubation of rat hepatocytes with a high dose of acetaminophen resulted in caspase activation and apoptosis [54,55]. In
other studies, acetaminophen overdose caused significant reductions in procaspases —3, —8, and —9 indicating the activation of the
related caspases [45,56]. Kucera et al. [57] also reported that acetaminophen overdose increased caspase-3 activity in rat hepatocytes.
Therefore, it is logical to speculate on the possible mechanism of acetaminophen-mediated tenderization in meat by directly activating
the apoptotic signaling cascade and indirectly influencing meat’s calpain/calpastatin activities.

6. Biotransformation of acetaminophen residues and metabolites from consumption of APAP-tenderized meat in humans

Acetaminophen is a common drug for analgesic and antipyretic activities without toxicity under prescribed conditions. However,
due to APAP misuse, abuse, and overdose, several forms of toxicity affecting the hepatic and nephron systems have been reported due
to APAP metabolites or bio-transformed products [58]. Although there has not been any study that has experimentally investigated the
events of biotransformation of APAP residues and metabolites consumed from tenderized meat, we present this section as a perspective
from countless evidence from animal studies, and food ingredients and other common drug interactions with APAP, possibly consumed
alongside with the tenderized meat.

6.1. Biotransformation and mechanism of toxicity of acetaminophen (APAP)

When APAP is taken within the therapeutic dose and safe range — below 4 g/day for adults and 40-75 mg/kg/day for children, it
performs its normal analgesic and antipyretic functions either majorly via the eicosanoid pathway (inhibitory action on prostaglandins
synthesis), or through other minor pathways (endocannabinoid, serotonergic, and nitric oxide) as described by recent studies [25,59].
On completion of the analgesic activities, the body gets rid of the drug via the detoxification and metabolic activities of the liver and its
enzymes [60]. Although APAP could be administered intravenously, it has been reported to have high bioavailability (88%), reaching
its peak blood plasma concentration around 90 min after oral intake. Studies have shown its half-life in the blood plasma to be between
1.5 and 2.5 h before transportation to the liver for complete detoxification [58].

In the liver, the APAP, through glucuronide and sulfate conjugation, are bio-transformed into their inactive APAP-glucuronide and
APAP-sulfate conjugates and transported to the kidney through the blood for excretion as urine [61]. Experiments of urine analysis in
individuals administered with less than 4 g per day of APAP showed about 52-57% of APAP-glucuronide metabolite, 30-44% APAP
sulfates, and less than 5% unconjugated [58]. Other studies have reported that some of the unconjugated fractions of APAP (5-10%) in
the liver are oxidized to an active and toxic metabolite, N-acetyl-p-benzoquinone imine (NAPQI) [53]. However, at a normal thera-
peutic dose of APAP, the NAPQI and other toxic metabolites are overcomed by the antioxidant activities of glutathione (GSH), which
bind to the metabolites, inactive them, and foster that excretion through the urine as cysteine and mercapturic acid conjugates [60].

When APAP intake is over the supra-therapeutic dose, the sulfation pathway gets saturated, followed by the glucuronidation
pathway, causing an elevated amount of unconjugated APAP in the plasma and the urine. Consequently, increased oxidation products
and toxic metabolites from the unconjugated APAP overwhelm the GSH antioxidant system’s capacity, resulting in liver damage, renal
failure, and even death [49]. NAPQI, one of the toxic oxidative metabolites, has been reported to target mitochondrial protein and ion
channels, resulting in energy depletion, ion imbalance, and cellular death [62,63]. Studies have shown that administering N-ace-
tylcysteine (NAC) within 8-10 h of APAP ingestion rescues hepatotoxicity to only 5% [64,65]. A study on the chronic exposure of APAP
to Daphnia magna reported an upregulation of the detoxification gene within 24-48 h. In contrast, prolonged exposure resulted in the
downregulation of detoxification genes CYP360A8 and CYP314 and the physiological and reproductive parameters in D. magna [66].
Hence, acute APAP toxicity can be tackled, whereas worrisome challenges and destruction of hepatic cells can result from prolonged or
chronic exposure.

In detail, the glucuronidation reaction is usually mediated by the UDP-glucuronosyl transferases (UGT), Sulfation by cytosolic
sulfotransferases (SULT), and oxidation to NADQI by Cytochrome P450 enzymes [61]. Moreover, these different enzymes are
controlled by several polymorphic genes that express different isoforms based on APAP concentration. For instance, human hepato-
cytes have been reported to express UGT1A1, UGT1A6, UGT1A9, and UGT2B15 (different isoforms of UGT) at different concentrations
of APAP [67]. While UGT1A®6 is predominant at a low concentration of APA, UGT1A1 and UGT1A9 are predominant mostly at high
and toxic doses [68]. Similarly, CYP2E1, CYP1A2, and CYP2A6 are the different cytochrome P450 isoforms implicated in oxidizing
APAP to NAPQI at toxic do [69]. In contrast, CYP3A4 was controversially agreed from different in vitro and in vivo experiments to be
involved in low-dose APAP bioactivation [58]. Moreover, organs such as kidneys having a reduced Cytochrome P450 activity,
prostaglandin Hy synthases (PTGS) have been implicated in the oxidation of unconjugated APAP to NAPQI and NAPSQI (N-ace-
tyl-p-benzosemiquinone imine). Conversely, Isoforms activities of SULT vary from fetal to adult. While SULT1A1 and SULT1A3/4 are
enzymes for Sulfation in adult humans, SULT1E1 and SULT2A1 are predominant in fetal microsomal and hepatic tissues [63]. Hence, a
lower saturation point of APAP concentration for the fetal isoforms of the SULT enzymes exists compared to the adult variants.

At a normal dosage of APAP, the minimal NAPQI (<5%) generated due to the activities of CYP450 enzymes are mopped up either
by the spontaneous conjugation to GSH or catalyzed by Glutathione-S-transferases (GSTs) enzymes [62]. In the spontaneous
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non-enzymatic reactions, 3-(Glutathione-S-yl)-acetaminophen (APAP-GSH) conjugate, free APAP, and oxidized glutathione disulfide
(GSSQG) is the end product. In contrast, the enzymatic conjugations yield only APAP-GSH and free APAP [70]. Similar to other
microsomal and hepatic enzymes, different isoforms for GST correlate with either a reduced APAP dosage or an increased toxic dose
[71]. In addition to the major pathway of metabolism of acetaminophen, there exist other minor pathways such as the deacetylation
pathway - catalyzed by N-deacetylase to generate p-aminophenol of APAP [72], and thiomethyl shunt pathway — catalyzed by thio-
methyltransferase to yield APAP-thiomethylconjugate, which have an extended half-life in the plasma [73,74]. Several studies have
implicated p-aminophenol in cases of nephrotoxicity, especially in rodents. Moreover, other studies have discovered the conjugation of
p-aminophenol to arachidonic acid yielding N-arachidonoylphenolamine (AM404) in the brain. The conjugation reaction is catalyzed
by the Fatty Acid Amide Hydrolase (FAAH) enzyme, and the AM404 product has been reported to possess a great affinity for the TRPV1
receptor of the brain and spinal cord, mediating pro-inflammatory and painful stimuli [61,75]. Therefore, it is evidence that APAP
concentration affects the expression of different microsomal/hepatic enzymes, resulting in strains and damage to the liver cells.

In conclusion, the regulatory pathway and mechanism involved in APAP-induced toxicity have not been completely elucidated.
New findings have implicated some long-chain ncRNA such as HNF1a-AS1 and HNF4a-AS1 to play regulatory roles in controlling
activities of CYP450 systems and as well as other detoxification enzymes [76]. Despite the complexity of pathways, proteins, and genes
involved, the majority of studies both on in vitro cell lines, animal models, and human subjects still point towards the detrimental
impacts of APAP on liver and kidney tissues, to a lesser extent, reproductive general physiological signaling.

6.2. Acetaminophen interactions with tenderized meat components and possible co-consumed foods or drinks — suggestive mechanism of
enhanced toxicity

Acetaminophen (APAP) has gained a secondary function as a meat tenderizing agent for many food vendors in several developing

Table 2
Interaction with food substance possibly consumed with APAP-tenderized meat.
Meat components, other Food  Effects on APAP Toxicity Genes and Dosage/treatments References
ingredients, drinks and drugs proteins
implicated
Alcohol (Beer, Spirit, Red - Hepatotoxicity even at therapeutic doses ~ JGSH >4.0 g APAP/day in human [79,80,
wine and others) and - NAPQI accumulation 1 CYP2E1 83-86]
APAP-tenderized meat - Alcohol and APAP competition for liver 1CYP3A
detoxifying enzymes
- Acute interstitial nephritis
- mortality
Fasting (Food deprivation) - hepatocellular necrosis 1 CYP2EI 800 mg APAP/kg of rat a) 16 h of [81,82,84]
before consumption of - increase in NAPQI + Ugtla6 fasting
APAP-tenderized meat + Sultlal b) 30% ad libitum food restrictions.
=+ Gstml
Grapefruit juice and - increase the bioavailability of APAP |CYP3A4 10-100 mg/kg of APAP orally fed to [871
consumption of APAP- - inhibits p-gp lp-gp BALB/c mice
tenderized meat - Increased in Serum APAP
- the decreased half-life of APAP in serum
Ginger spices (Zingiber - Increase in liver marker enzymes 1GST 1 g of APAP/kg body weight of rat for [88]
officinale) in APAP- - hypoalbuminemia | GR 21 days
tenderized meat - hyperglobulinemia IGPX 1% w/w ginger in diet
- decrease in GSH and antioxidant enzymes TAST, LDH, ALP
and GGT
Free cholesterol (obesity, fat - increase APAP induced hepatotoxicity lactive Rab7 500 mg APAP/kg body weight [89]
diet) via the TLR9/inflammasome pathway protein intraperitoneally administered to mice

tcleaved TLR9 after starvation for 15 h.
protein

accumulation of free cholesterol in Liver
sinusoidal endothelial cells (LSECs)
disrupt Rab7 membrane trafficking
recycling mechanism
Enhance TLR9 signal transduction
Cholesterol impairs membrane transport
of TLR9 protein; hence elevation of
cleaved TLR9 protein
Vitamin C (fruits and fruit Vit C (Ascorbic acid) compete for - Oral administration of 3 g ascorbic acid [90]
juices) and APAP- available sulfate in the body and 1 g of APAP after 1.5 h
tenderize meat

- Inhibit sulfate conjugation of APAP
Increase APAP biological half-life from
23+02t031+05h

1 - increase or upregulation; | - decrease or downregulation; + - no significant change in effect: Ugtla6 - UDP-glucuronosyltransferase 1A6; Sultlal -
sulfotransferase 1A1; Gstm1 - glutathione S-transferase M1; GR - glutathione reductase, GPx - glutathione peroxidase, and GST - glutathione-S-
transferase; GGT - Gamma-glutamyl Transferase.
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countries [11]. However, the practice continued due to the paucity of research findings, publications, and awareness campaigns on the
detrimental effects of APAP when consumed alongside tenderized meat. This section presents several possibilities and routes of
toxicities of APAP in tenderized meat on humans.

Generally, many vendors that adopt APAP for tenderizing meat do not quantify the amount used per time. However, adult humans
can only accommodate a limited amount (less than 4 g) of APAP in their body system per day [77]. Hence, individuals who consume
this meat are unaware of the quantity of APAP residues ingested into their bodies and possibly be exposed to a chronic level of APAP,
depending on the amount and frequency of consumption of such meat tenderized with APAP. Therefore, it is not out of place to state
that APAP-tenderized meat is a potent risk factor for hepatic and nephro-toxicities and several physiological and metabolic distortions
[78].

Although APAP has been reported to be very stable even up to 140-160 °C, depending on the cooking system which is used - such as
pressurized steaming or roasting after a brief tenderization, the APAP in the meat sample could be degraded and oxidized, yielding
several metabolites such as p-nitrophenol, hydroquinone, p-aminophenol and N-Acetyl-p-benzoquinone imine [30]. These degraded
products pose another toxicity level and risk to human health, as described in Table 1.

A more complex route of toxicity could emerge from interactions with APAP residues and its metabolites with the component of
meats, cooking ingredients, and spices or drinks consumed alongside. Summarized in Table 2 are studies of the possible mechanism of
interaction of different substances such as alcohol, grapefruit, ascorbic acid, and spices like ginger possibly consumed with APAP-
tenderized meat. Several studies have reported that alcohol intake with APAP or APAP intake by chronic alcoholics could result in
severe acute hepatic toxicity even at therapeutic doses [79]. Generally, alcohol competes with APAP for liver detoxifying and anti-
oxidant enzymes such as GSH. The co-consumption of alcohol and APAP from tenderized meat can lead to the upregulation of some
cytochrome P450 genes, such as CYP2and CYP3A, which are known to foster liver damage [80]. Similarly, consumption of
APAP-tenderized meat after fasting conditions could result in similar toxicity due to the activities of ketone bodies [81]. It was reported
that rats administered with APAP after a 16 h fast, as well as those deprived of about 30% of their normal ad libitum feed, led to an
upregulation of the cyp2el gene, although other genes like Ugtla6, Sultlal, and Gstm1 were not affected [82].

TTLRI (cleaved)
TCYP2E1

LRab7

Alcohol
& T1CYP2E1
fasting T1CYP3A
LGSH

Cholesterol

APAP
Tenderized
Meat

Spices eg
Ginger

Grapefruit
&
Vitamins

< Toxicity Gradient <

Fig. 5. APAP-tenderized meat interaction with food components and associated toxicity.
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Spices used for cooking meat, such as Ginger (Zingiber officinale), have been reported in the past to heighten the toxic consequence
of APAP. A study by Lebda et al. [91] reported a drastic downregulation of GST, GR, and GPX while upregulation of liver marker
enzymes such as AST, LDH, ALP, and GGT in rats fed with 1% w/w of ginger as well as 1 g of APAP for 21 days. On the contrary,
grapefruit juice has been reported to counter the toxic consequences of APAP and could be adopted as a home remedy for acute APAP
toxicities. In BALB/c mice, grapefruit juice improved the bioavailability of APAP by inhibiting the gastrointestinal p-glycoprotein,
hence shortening the half-life of the APAP in the animal. Furthermore, CYP3A4, a cytochrome P450 enzyme, was significantly
downregulated than normal control [87]. Similarly, several classes of water and fat-soluble vitamin have been reported to possess
ameliorative effects on APAP-induced toxicity [92,91]. However, other different studies on ascorbic acid showed contrasting results
[93,90].

High fat and cholesterol levels have been reported to increase APAP-induced hepatotoxicity via the TLR9/inflammasome pathway
[89]. Accumulation of free cholesterol in liver sinusoidal endothelial cells (LSECs) disrupts the Rab7 membrane trafficking recycling
mechanism, enhancing TLRO signal transduction. Cholesterol impairs membrane transport of TLR9 protein, hence elevation of cleaved
TLR9 protein, which consequence of inducing the hepatotoxic cascade of APAP [89].

Although there are no specific studies on toxicities emerging from APAP-tenderized meat, it is vivid that the nature of interactions
of food components and APAP is complex, and there are possibilities of enhanced toxicities, as shown in Fig. 5. We, therefore,
recommend more studies to understand the safety or toxic profile of adopting APAP in tenderized meat.

7. Strategies for mitigating the abuse of acetaminophen by food vendors

The use of acetaminophen for tenderizing meat for food can be referred to as an abusive drug repurposing. Although the high
dosage allowance (<4 g/day) in an adult human, its unscrupulous use in food processing possibly fosters consumption of more than the
required dosage, hence drug abuse [94]. Conc concerted efforts are needed to mitigate APAP abuse in meat tenderizing. Presented in
this section are suggestions to end the menace possibly.

7.1. A formal ban on the use of APAP for meat tenderizing

There is a need for governments of nations and institutions to place a formal ban on APAP for tenderizing meat. More so, setting up
enforcement and monitoring agencies to foster adherence to the laws by food vendors is a step in the right direction. Some other
toxicants of foods, such as calcium carbide for fruit-ripening and some azo-dyes in food products, have been successfully banned in
many developed and developing countries [95]. Adopting strategies that ensured the successful ban of other well-known toxicants
could yield similar results in enforcing the ban on the abusive use of APAP by food vendors.

7.2. Education and awareness campaign

Most food vendors use APAP to tenderize meat because they are cheap, readily available, and cost-effective. However, many of
these vendors are unaware of the negative implication of APAP from tenderizing meat samples on human health. Therefore, creating
awareness through campaigns on social media, television programs, radios, and even newspapers could drastically reduce the practice.
Studies have shown that poor education and awareness contribute tremendously to the heightened use of many toxicants in food
processing [96]. Hence, educating food vendors and the general populace of a nation would create a more enlightened society that
deceases from such ill-practice of adopting APAP for meat tenderizing.

7.3. Promotion of the use of natural tenderizers

Promoting studies on natural and healthy products as an alternative to acetaminophen can also be helpful. Studies have shown that
papain from papaya extract, bromelain from pineapple, curcumin from turmeric, and many plant products have interesting meat
tenderizing abilities [97-99]. These natural products are non-toxic and least affect the sensory properties of meat when compared to
APAP. Therefore, if a better and more promising alternative is brought to many foods vendors’ awareness, the menace of adopting
APAP for meat tenderizing would drastically be reduced.

7.4. Developing an easy and customer-friendly detection method of APAP in meat

Several analytical technologies have been developed to detect APAP in other drugs, human serum, and urine samples. Some of these
technologies use electrometric, potentiometric, or voltammetry principles to detect paracetamol [100,101]. Moreover, recent studies
have reported other sensing technologies, such as piezoelectric and ratio-metric sensing, with tremendous success in detecting
paracetamol [102]. Despite the success of these technologies, none have been adopted for detecting APAP in meat samples. Moreover,
the complexities of their protocol make these technologies not feasible for a quick check of meat bought by customers from food
vendors. Therefore, there is a need to develop an easy detection approach for APAP in tenderizer meat. For instance, the development
of detection strips and the adoption of Al techneorology to differentiate between sensory qualities of APAP-tenderized meat and other
means of meat tenderizing can be a step in the right direction [103,104].
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8. Conclusion

Meat remains a major source of proteins, minerals, fats, vitamins and so many other nutritional needs of man. The continuous quest
for meat will continuously increase upwards so as to serve the overwhelming global population growth. The tenderness and the
nutritional values in meat is the hallmark of consumers’ acceptability. However, many food vendors have thrown caution to air and
resort to using acetaminophen in meat tenderizations without regards to the health and hazardous implications to consumers. Special
attention should be paid to this growing trend so as to savage the wholesomeness of meat and likewise save the lives of uninformed
consumers.

Author contribution statement

All authors listed have significantly contributed to the development and the writing of this article.
Data availability statement

Data included in article/supplementary material/referenced in article.
Additional information

No additional information is available for this paper.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

List of abbreviation

APAP Acetaminophen or Paracetamol
COX Cyclooxygenase

PGH,, Prostaglandin Hy

HETEs hydroxyeicosatetraenoic acids
5-HT 5-hydroxytryptamine

TRPV1 transient receptor potential vanilloid 1
CB1 cannabinoid 1

THC tetrahydrocannabinol

NAPQI  N-acetyl-p-benzoquinone imine
GSH Glutathione

NAC N-acetylcysteine

SULT cytosolic sulfotransferases

UGT UDP-glucuronosyl transferases
CYP Cytochrome P450

AM404 N-arachidonoylphenolamine
FAAH  Fatty Acid Amide Hydrolase
THC Tetrahydrocannabinol

References

[1] D.M. Klurfeld, What is the role of meat in a healthy diet, XX, https://doi.org/10.1093/af/vfy009, 2018.

[2] L.E.O. Connor, J.E. Kim, W.W. Campbell, Total Red Meat Intake of $ 0 . 5 Servings/D Does Not Negatively Influence Cardiovascular Disease Risk Factors : a
Systemically Searched Meta-Analysis of Randomized Controlled Trials 1, 2016, https://doi.org/10.3945/ajen.116.142521, 2.

[3] M. Font-i-furnols, L. Guerrero, Consumer preference , behavior and perception about meat and meat products : an overview, MESC 98 (2014) 361-371,
https://doi.org/10.1016/j.meatsci.2014.06.025.

[4] M. Henchion, M. Mccarthy, V.C. Resconi, D. Troy, Meat consumption : trends and quality matters, MESC 98 (2014) 561-568, https://doi.org/10.1016/j.
meatsci.2014.06.007.

[5] F. Leroy, 1. Praet, Meat Traditions. The Co-evolution of Humans and Meat, Appetite., 2015, https://doi.org/10.1016/j.appet.2015.03.014.

[6] P. Manuela, D.C. Cardoso, A. Filipa, B. Vicente, Meat nutritional composition and nutritive role in the human diet, MESC 93 (2013) 586-592, https://doi.org/
10.1016/j.meatsci.2012.09.018.

[7] A. Vergnaud, T. Norat, D. Romaguera, T. Mouw, A.M. May, N. Travier, J. Luan, N. Wareham, N. Slimani, S. Rinaldi, E. Couto, V. Cottet, D. Palli, C. Agnoli,
S. Panico, R. Tumino, P. Vineis, A. Agudo, L. Rodriguez, M.J. Sanchez, P. Amiano, A. Barricarte, J.M. Huerta, T.J. Key, E.A. Spencer, B. Bueno-de-mesquita, F.
L. Bu, P. Orfanos, A. Naska, A. Trichopoulou, S. Rohrmann, S. Hermann, H. Boeing, B. Buijsse, I. Johansson, V. Hellstrom, J. Manjer, E. Wirfa, M.U. Jakobsen,


https://doi.org/10.1093/af/vfy009
https://doi.org/10.3945/ajcn.116.142521
https://doi.org/10.1016/j.meatsci.2014.06.025
https://doi.org/10.1016/j.meatsci.2014.06.007
https://doi.org/10.1016/j.meatsci.2014.06.007
https://doi.org/10.1016/j.appet.2015.03.014
https://doi.org/10.1016/j.meatsci.2012.09.018
https://doi.org/10.1016/j.meatsci.2012.09.018

A.L. Ezugwu et al. Heliyon 9 (2023) 15628

[8]
[91

[10]
[11]

[12]
[13]

[14]
[15]
[16]
[17]
[18]

[19]

[20]

[21]

[22]
[23]
[24]
[25]
[26]

[27]
[28]

[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]
[37]
[38]
[39]

[40]
[41]

[42]
[43]
[44]
[45]
[46]

[47]

K. Overvad, A. Tjonneland, J. Halkjaer, E. Lund, T. Braaten, D. Engeset, A. Odysseos, E. Riboli, P.H.M. Peeters, Meat consumption and prospective weight
change in participants of the EPIC-PANACEA study 1 3 (2010) 398-407, https://doi.org/10.3945/ajcn.2009.28713.bohydrates.

T. Piissa, Toxicological Issues Associated with Production and Processing of Meat, 2013, https://doi.org/10.1016/j.meatsci.2013.04.032. MESC.

W. De Vries, S.J. Vermeulen, M. Herrero, K.M. Carlson, M. Jonell, M. Troell, Options for Keeping the Food System within Environmental Limits, 2018, https://
doi.org/10.1038/541586-018-0594-0.

K. Papier, G.K. Fensom, A. Knuppel, P.N. Appleby, T.Y.N. Tong, J.A. Schmidt, R.C. Travis, T.J. Key, A. Perez-cornago, Meat Consumption and Risk of 25
Common Conditions : Outcome-wide Analyses in 475, 000 Men and Women in the UK Biobank Study, 2021, pp. 1-14.

A.W. Ebuete, S. Isiya, L.E. Ndiwari, 1.Y. Ebuete, P.T.A. Walson, H.I. Wolisi, The food and the poison , a retrospect of abattoir , butcher markets and buckateria
in Nigeria : an emperical study -, Am. J. Epidemiol. Public Heal. 4 (2020) 24-31.

P.I. Okeke, Chika, David Aduge-Ani, Ihejirika, Concerns as More Nigerians Use Paracetamol to Cook Meat, Newsp. Publ., 2020.

G. Stephens, S. Derry, M. Ra, G. Stephens, S. Derry, M. Ra, Paracetamol (Acetaminophen) for Acute Treatment of Episodic Tension-type Headache in Adults
(Review), 2016. https://dx.doi.org/10.1002/14651858.CD011889.pub2.www.cochranelibrary.com.

G. Pickering, N. Macian, F. Libert, J.M. Cardot, P. Perovitch, M. Maury, C. Dubray, Buccal Acetaminophen Provides Fast Analgesia : Two Randomized Clinical
Trials in Healthy Volunteers, 2014, pp. 1621-1627.

C.I. Ghanem, M.J. Pérez, J.E. Manautou, A.D. Mottino, New insights into drug pharmacological, Pharmacol. Res. (2016), https://doi.org/10.1016/j.
phrs.2016.02.020.

A. Keaveney, E. Peters, B. Way, Effects of Acetaminophen on Risk Taking, 2020, pp. 1-8, https://doi.org/10.1093/scan/nsaal08.

G.H.H. Diener, A. May, C. Meyer, H. Morck, A. Straube, P. Wessely, S. Evers, Self-medication of migraine and tension-type headache : summary ne of the
evidence-based recommendations of the Deutsche Migra und Kopfschmerzgesellschaft (DMKG), the Deutsche Gesellschaft sterreichische
Kopfschmerzgesellschaft r Neurologie, DGN, 2011, pp. 201-217, https://doi.org/10.1007/510194-010-0266-4.

A. Qaseem, T.J. Wilt, R.M. Mclean, M.A. Forciea, T. Audience, Noninvasive Treatments for Acute , Subacute , and Chronic Low Back Pain : A Clinical Practice
Guideline from the American College of, 2017, https://doi.org/10.7326/M16-2367.

E. Roberts, V.D. Nunes, S. Buckner, S. Latchem, M. Constanti, P. Miller, M. Doherty, W. Zhang, F. Birrell, M. Porcheret, K. Dziedzic, I. Bernstein, E. Wise, P.
G. Conaghan, Paracetamol : Not as Safe as We Thought ? A Systematic Literature Review of Observational Studies, 2015, pp. 1-8, https://doi.org/10.1136/
annrheumdis-2014-206914.

G.D.M.P. Madhusankha, R.C.N. Thilakarathna, Meat tenderization mechanism and the impact of plant exogenous proteases : a review, Arab. J. Chem. 14
(2021), 102967, https://doi.org/10.1016/j.arabjc.2020.102967.

J.F. Hocquette, D. Bauchart, D. Micol, R. Polkinghorne, B. Picard, Beef quality, in: W. Przybylski, D. Hopkins (Eds.), Meat Qual. Genet. Environ. Factors, first
ed., CRC Press Taylor & Francis Group, Boca Raton, 2015, pp. 333-363 (accessed March 7, 2023), https://www.researchgate.net/publication/282875727_
Hocquette_JF_Bauchart D_Micol_D_Polkinghorne R Picard_B_2015_BEEF_QUALITY In_Meat_Quality_Genetic_and_Environmental Factors_A_Volume_in_the_
Chemical Functional Properties_of Food_Components_Series_Drs.

A.K. Maiti, S.S. Ahlawat, APPLICATION OF NATURAL TENDERIZERS IN MEAT- A REVIEW 29 (2008) 226-230.

G. Noida, G.B. Nagar, S. Bio, P. Limited, G. Noida, G.B. Nagar, Meat tenderization using bromelain enzyme extracted from pineapple waste 5 (2021) 363-370.
M. Srabovic, M. Huremovic, B. Catovic, S. Muratovic, Design synthesis and crystallization of acetaminophen, J. Chem. Biol. Phys. Sci. 7 (2017) 218-230.
U. Freo, C. Ruocco, A. Valerio, I. Scagnol, E. Nisoli, Paracetamol: a review of guideline recommendations, J. Clin. Med. 10 (2021) (2021) 3420, https://doi.
org/10.3390/JCM10153420, 3420. 10.

M.H.G. Musa NU, A.A. Ambi, A.Y. Usman, A. Hassan, A. Umar, Synthensis and comparative analysis of pharmaceutical formulation, Glob. Sci. Journals. 8
(2020) 845-854.

I. Kingsley Ogemdi, A review on the properties and uses of paracetamol, Int. J. Pharmaceut. Chem. 5 (2019) 31, https://doi.org/10.11648/].ijpc.20190503.12.
S. Thakurta, Revisiting aspirin, paracetamol and ibuprofen: discovery of synthetic procedures and mode of actions, Trends Tech. Sci. Res. 4 (2020) 37-40,
https://doi.org/10.19080/ttsr.2020.04.555636.

M. a Guma, Synthesis and characterization of acetaminophen (paracetamol) ® from acetanilide by diazotization reaction and comparing with crude, Univ.
Anbar - Coll. Sci. 6 (2012) 2-7.

R.K. Gilpin, W. Zhou, Studies of the thermal degradation of acetaminophen using a conventional HPLC approach and electrospray ionization-mass
spectrometry, J. Chromatogr. Sci. 42 (2004) 15-20, https://doi.org/10.1093/CHROMSCI/42.1.15.

M.A. Lopez Zavala, C.R. Jaber Lara, Degradation of paracetamol and its oxidation products in surface water by electrochemical oxidation, Environ. Eng. Sci. 35
(2018) 1248-1254, https://doi.org/10.1089/ees.2018.0023.

M.A. Lépez Zavala, E.E. Estrada, Degradation of acetaminophen and its transformation products in aqueous solutions by using an electrochemical oxidation
cell with stainless steel electrodes, Water (Switzerland) 8 (2016) 1-12, https://doi.org/10.3390/w8090383.

P.R. Tentscher, B.I. Escher, R. Schlichting, M. Konig, N. Bramaz, K. Schirmer, U. von Gunten, Toxic effects of substituted p-benzoquinones and hydroquinones
in in vitro bioassays are altered by reactions with the cell assay medium, Water Res. 202 (2021), https://doi.org/10.1016/j.watres.2021.117415.
Emmanuel Tonbra Egoro, Effects of indiscriminate consumption of paracetamol (acetaminophen) on selected biochemical parameters in Rattus norvegicus
rats, GSC Biol. Pharm. Sci. 13 (2020), https://doi.org/10.30574/gscbps.2020.13.3.0373, 054-063.

T. Bin Jeong, J.-H. Kim, S.H. Kim, S. Lee, S.W. Son, Y. Lim, J.-Y. Cho, D.Y. Hwang, K.S. Kim, J.-H. Kwak, Y.-S. Jung, Comparison of toxic responses to
acetaminophen challenge in ICR mice originating from different sources, Lab. Anim. Res. 35 (2019) 1-7, https://doi.org/10.1186/542826-019-0017-x.
U.B.R. Khandavilli, L. Keshavarz, E. Skofepovd, R.R.E. Steendam, P.J. Frawley, Organic salts of pharmaceutical impurity p-aminophenol, Molecules 25 (2020)
1-10, https://doi.org/10.3390/molecules25081910.

A. Abdulhamid, W.A. Morgan, Evaluation of hydroquinone target organ toxicity against liver (BRL3A) and dermal (A375p) cell lines, Eur. J. Exp. Biol. 2 (2012)
1444-1450.

F.M.M. Tchieno, LK. Tonle, P-Nitrophenol determination and remediation: an overview, Rev. Anal. Chem. 37 (2018) 1-26, https://doi.org/10.1515/revac-
2017-0019.

M. Majewska, F. Khan, L.S. Pieta, A. Wroblewska, R. Szmigielski, P. Pieta, Toxicity of selected airborne nitrophenols on eukaryotic cell membrane models,
Chemosphere 266 (2021), https://doi.org/10.1016/j.chemosphere.2020.128996.

A. Garmyn, Consumer preferences and acceptance of meat products, Foods 9 (2020) 708, https://doi.org/10.3390/FOODS9060708.

C. Felderhoff, C. Lyford, J. Malaga, R. Polkinghorne, C. Brooks, A. Garmyn, M. Miller, Beef quality preferences: factors driving consumer satisfaction, Foods 9
(2020), https://doi.org/10.3390/FOODS9030289.

B. Lee, J.Y. Kim, Y.M. Choi, Associations of apoptotic and anti-apoptotic factors with beef quality, histochemical characteristics, and palatability of hanwoo
longissimus thoracis muscle, Anim. an Open Access J. from MDPI. 12 (2022), https://doi.org/10.3390/ANI12040467.

F. Huang, Z. Ding, C. Zhang, H. Hu, L. Zhang, H. Zhang, Effects of calcium and zinc ions injection on caspase-3 activation and tenderness in post-mortem beef
skeletal muscles, Int. J. Food Sci. Technol. 53 (2018) 582-589, https://doi.org/10.1111/1JFS.13631.

X. Wang, X. Wang, B. Muhoza, T. Feng, S. Xia, X. Zhang, Microwave combined with conduction heating effects on the tenderness, water distribution, and
microstructure of pork belly, Innovat. Food Sci. Emerg. Technol. 62 (2020), 102344, https://doi.org/10.1016/J.IFSET.2020.102344.

A. Wang, D. Kang, W. Zhang, C. Zhang, Y. Zou, G. Zhou, Changes in calpain activity, protein degradation and microstructure of beef M. semitendinosus by the
application of ultrasound, Food Chem. 245 (2018) 724-730, https://doi.org/10.1016/J.FOODCHEM.2017.12.003.

H. Shi, F. Shahidi, J. Wang, Y. Huang, Y. Zou, W. Xu, D. Wang, Techniques for postmortem tenderisation in meat processing: effectiveness, application and
possible mechanisms, Food Prod. Process. Nutr. 3 (2021) 1-26, https://doi.org/10.1186/543014-021-00062-0, 2021 31.

C.M. Kemp, T. Parr, Advances in apoptotic mediated proteolysis in meat tenderisation, Meat Sci. 92 (2012) 252-259, https://doi.org/10.1016/J.
MEATSCI.2012.03.013.

10


https://doi.org/10.3945/ajcn.2009.28713.bohydrates
https://doi.org/10.1016/j.meatsci.2013.04.032
https://doi.org/10.1038/s41586-018-0594-0
https://doi.org/10.1038/s41586-018-0594-0
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref10
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref10
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref11
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref11
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref12
https://dx.doi.org/10.1002/14651858.CD011889.pub2.www.cochranelibrary.com
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref14
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref14
https://doi.org/10.1016/j.phrs.2016.02.020
https://doi.org/10.1016/j.phrs.2016.02.020
https://doi.org/10.1093/scan/nsaa108
https://doi.org/10.1007/s10194-010-0266-4
https://doi.org/10.7326/M16-2367
https://doi.org/10.1136/annrheumdis-2014-206914
https://doi.org/10.1136/annrheumdis-2014-206914
https://doi.org/10.1016/j.arabjc.2020.102967
https://www.researchgate.net/publication/282875727_Hocquette_JF_Bauchart_D_Micol_D_Polkinghorne_R_Picard_B_2015_BEEF_QUALITY_In_Meat_Quality_Genetic_and_Environmental_Factors_A_Volume_in_the_Chemical_Functional_Properties_of_Food_Components_Series_Drs
https://www.researchgate.net/publication/282875727_Hocquette_JF_Bauchart_D_Micol_D_Polkinghorne_R_Picard_B_2015_BEEF_QUALITY_In_Meat_Quality_Genetic_and_Environmental_Factors_A_Volume_in_the_Chemical_Functional_Properties_of_Food_Components_Series_Drs
https://www.researchgate.net/publication/282875727_Hocquette_JF_Bauchart_D_Micol_D_Polkinghorne_R_Picard_B_2015_BEEF_QUALITY_In_Meat_Quality_Genetic_and_Environmental_Factors_A_Volume_in_the_Chemical_Functional_Properties_of_Food_Components_Series_Drs
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref22
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref23
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref24
https://doi.org/10.3390/JCM10153420
https://doi.org/10.3390/JCM10153420
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref26
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref26
https://doi.org/10.11648/j.ijpc.20190503.12
https://doi.org/10.19080/ttsr.2020.04.555636
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref29
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref29
https://doi.org/10.1093/CHROMSCI/42.1.15
https://doi.org/10.1089/ees.2018.0023
https://doi.org/10.3390/w8090383
https://doi.org/10.1016/j.watres.2021.117415
https://doi.org/10.30574/gscbps.2020.13.3.0373
https://doi.org/10.1186/s42826-019-0017-x
https://doi.org/10.3390/molecules25081910
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref98
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref98
https://doi.org/10.1515/revac-2017-0019
https://doi.org/10.1515/revac-2017-0019
https://doi.org/10.1016/j.chemosphere.2020.128996
https://doi.org/10.3390/FOODS9060708
https://doi.org/10.3390/FOODS9030289
https://doi.org/10.3390/ANI12040467
https://doi.org/10.1111/IJFS.13631
https://doi.org/10.1016/J.IFSET.2020.102344
https://doi.org/10.1016/J.FOODCHEM.2017.12.003
https://doi.org/10.1186/S43014-021-00062-0
https://doi.org/10.1016/J.MEATSCI.2012.03.013
https://doi.org/10.1016/J.MEATSCI.2012.03.013

A.L. Ezugwu et al. Heliyon 9 (2023) 15628

[48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]

[56]

[57]
[58]

[59]

[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]

[68]

[69]
[70]
[71]
[72]
[73]

[74]

[75]
[76]

[77]

M. Kato, T. Nonaka, M. Maki, H. Kikuchi, S. Imajoh-Ohmi, Caspases cleave the amino-terminal calpain inhibitory unit of calpastatin during apoptosis in human
Jurkat T cells, J. Biochem. 127 (2000) 297-305, https://doi.org/10.1093/OXFORDJOURNALS.JBCHEM.A022607.

L.K. Schnackenberg, J. Sun, S. Bhattacharyya, P. Gill, L.P. James, R.D. Beger, Metabolomics analysis of urine samples from children after acetaminophen
overdose, Metab 7 (2017) (2017) 46, https://doi.org/10.3390/METABO7030046, 46. 7.

M. Isabella Porn-Ares, A. Samali, S. Orrenius, Cleavage of the calpain inhibitor, calpastatin, during apoptosis, Cell Death Differ. 5 (1998) 1028-1033, https://
doi.org/10.1038/sj.cdd.4400424, 1998 512.

Z.F. Bhat, J.D. Morton, S.L. Mason, A.E.D.A. Bekhit, Role of calpain system in meat tenderness: a review, Food Sci. Hum. Wellness 7 (2018) 196-204, https://
doi.org/10.1016/J.FSHW.2018.08.002.

E. Huff Lonergan, W. Zhang, S.M. Lonergan, Biochemistry of postmortem muscle — lessons on mechanisms of meat tenderization, Meat Sci. 86 (2010)
184-195, https://doi.org/10.1016/J.MEATSCI.2010.05.004.

A. Moles, S. Torres, A. Baulies, C. Garcia-Ruiz, J.C. Fernandez-Checa, Mitochondrial-lysosomal axis in acetaminophen hepatotoxicity, Front. Pharmacol. 9
(2018) 453, https://doi.org/10.3389/FPHAR.2018.00453/BIBTEX.

K. Kon, J.S. Kim, H. Jaeschke, J.J. Lemasters, Mitochondrial permeability transition in acetaminophen-induced necrosis and apoptosis of cultured mouse
hepatocytes, Hepatology 40 (2004) 1170-1179, https://doi.org/10.1002/HEP.20437.

K. Kon, K. Ikejima, K. Okumura, T. Aoyama, K. Arai, Y. Takei, J.J. Lemasters, N. Sato, Role of apoptosis in acetaminophen hepatotoxicity, J. Gastroenterol.
Hepatol. 22 (Suppl 1) (2007), https://doi.org/10.1111/J.1440-1746.2007.04962.X.

P. Cao, J. Sun, M.A. Sullivan, X. Huang, H. Wang, Y. Zhang, N. Wang, K. Wang, Angelica sinensis polysaccharide protects against acetaminophen-induced acute
liver injury and cell death by suppressing oxidative stress and hepatic apoptosis in vivo and in vitro, Int. J. Biol. Macromol. 111 (2018) 1133-1139, https://doi.
org/10.1016/J.1JBIOMAC.2018.01.139.

0. Kucera, R. Endlicher, D. Rychtrmoc, H. Lotkovd, O. Sobotka, Z. Cervinkova, Acetaminophen toxicity in rat and mouse hepatocytes in vitro, Drug Chem.
Toxicol. 40 (2017) 448-456, https://doi.org/10.1080/01480545.2016.1255953.

L.L. Mazaleuskaya, K. Sangkuhl, C.F. Thorn, G.A. Fitzgerald, R.B. Altman, T.E. Klein, PharmGKB summary: pathways of acetaminophen metabolism at the
therapeutic versus toxic doses, Pharmacogenetics Genom. 25 (2015) 416, https://doi.org/10.1097/FPC.0000000000000150.

M. Lundgren, L.J. Steed, R. Tamura, B. Jonsdottir, P. Gesualdo, C. Crouch, M. Sjoberg, G. Hansson, W.A. Hagopian, A.G. Ziegler, M.J. Rewers, A. Lernmark,
J. Toppari, J.X. She, B. Akolkar, J.P. Krischer, M.J. Haller, H. Elding Larsson, K. Bautista, J. Baxter, R. Bedoy, D. Felipe-Morales, K. Driscoll, B.I. Frohnert,
M. Hoffman, R. Karban, E. Liu, J. Norris, A. Samper-Imaz, A. Steck, K. Waugh, H. Wright, O.G. Simell, A. Adamsson, S. Ahonen, H. Hy6ty, J. Ilonen, S. Jokipuu,
T. Kallio, L. Karlsson, M. Kdhonen, M. Knip, L. Kovanen, M. Koreasalo, K. Kurppa, T. Latvaaho, M. Lonnrot, E. Méntymé&ki, K. Multasuo, J. Mykkénen,

T. Niininen, S. Niinisto, M. Nyblom, P. Rajala, J. Rautanen, A. Riikonen, M. Riikonen, J. Rouhiainen, M. Romo, T. Simell, V. Simell, A. Stenius, M. Leppanen,
S. Vainionpad, E. Varjonen, R. Veijola, S.M. Virtanen, M. Vaha-Makila, M. /‘-’\kerlund, K. Lindfors, D. Schatz, D. Hopkins, J. Thomas, J. Adams, K. Silvis,

M. Gardiner, R. McIndoe, A. Sharma, J. Williams, G. Young, S.W. Anderson, L. Jacobsen, A. Beyerlein, E. Bonifacio, M. Hummel, S. Hummel, K. Foterek,
N. Janz, M. Kersting, A. Knopff, S. Koletzko, C. Peplow, R. Roth, M. Scholz, J. Stock, K. Warncke, L. Wendel, C. Winkler, D. Agardh, C.A. Aronsson, M. Ask,
J. Bremer, U.M. Carlsson, C. Cilio, E. Ericson-Hallstrom, L. Fransson, T. Gard, J. Gerardsson, R. Bennet, M. Hansen, S. Hyberg, F. Johansen, M. Lindstrom,
M. Méansson-Martinez, M. Markan, J. Melin, Z. Mestan, K. Ottosson, K. Rahmati, A. Ramelius, F. Salami, Sara Sibthorpe, Birgitta Sjoberg, U. Swartling, E.
T. Amboh, C. Torn, A. Wallin, A. Wimar, S. f\berg, Michael Killian, J. Skidmore, J. Carson, M. Dalzell, K. Dunson, R. Hervey, C. Johnson, R. Lyons, A. Meyer,
D. Mulenga, A. Tarr, M. Uland, J. Willis, D. Becker, M. Franciscus, M. Ellen, D.E. Smith, A. Daftary, M.B. Klein, C. Yates, M. Abbondondolo, S. Austin-Gonzalez,
M. Avendano, S. Baethke, R. Brown, B. Burkhardt, M. Butterworth, J. Clasen, D. Cuthbertson, Christopher Eberhard, S. Fiske, D. Garcia, J. Garmeson,

V. Gowda, K. Heyman, F.P. Laras, H.S. Lee, S. Liu, X. Liu, K. Lynch, J. Malloy, C. McCarthy, S. Meulemans, H. Parikh, C. Shaffer, L. Smith, S. Smith, N. Sulman,
U. Uusitalo, K. Vehik, P. Vijayakandipan, K. Wood, J. Yang, R.D. Lori Ballard, D. Hadley, W. McLeod, L. Yu, D. Miao, P. Bingley, A. Williams, K. Chandler,
S. Rokni, C. Williams, R. Wyatt, G. George, S. Grace, H. Erlich, S.J. Mack, A.L. Fear, S. Ke, N. Mulholland, S.S.S.S. Rich, W.M. Chen, S. Onengut-Gumuscu,
E. Farber, R.R. Pickin, J. Davis, D. Gallo, J. Bonnie, P. Campolieto, K. Bourcier, T. Briese, S.B. Johnson, E. Triplett, Analgesic antipyretic use among young
children in the TEDDY study: No association with islet autoimmunity, BMC Pediatr. 17 (2017) 1-9, https://doi.org/10.1186/512887-017-0884-Y/TABLES/3.
T.J. Athersuch, D.J. Antoine, A.R. Boobis, M. Coen, A.K. Daly, L. Possamai, J.K. Nicholson, I.D. Wilson, Paracetamol metabolism, hepatotoxicity, biomarkers
and therapeutic interventions: a perspective, Toxicol. Res. 7 (2018) 347-357, https://doi.org/10.1039/C7TX00340D.

G.W. Przybyla, K.A. Szychowski, J. Gminiski, Paracetamol — an old drug with new mechanisms of action, Clin. Exp. Pharmacol. Physiol. 48 (2021) 3-19,
https://doi.org/10.1111/1440-1681.13392.

E.S. Fisher, S.C. Curry, Evaluation and treatment of acetaminophen toxicity, Adv. Pharmacol. 85 (2019) 263-272, https://doi.org/10.1016/BS.
APHA.2018.12.004.

M. Yan, Y. Huo, S. Yin, H. Hu, Mechanisms of acetaminophen-induced liver injury and its implications for therapeutic interventions, Redox Biol. 17 (2018)
274, https://doi.org/10.1016/J.REDOX.2018.04.019.

E. Yoon, A. Babar, M. Choudhary, M. Kutner, N. Pyrsopoulos, Acetaminophen-induced hepatotoxicity: a comprehensive update, J. Clin. Transl. Hepatol. 4
(2016) 131, https://doi.org/10.14218/JCTH.2015.00052.

A.L. Chiew, G.K. Isbister, S.B. Duffull, N.A. Buckley, Evidence for the changing regimens of acetylcysteine, Br. J. Clin. Pharmacol. 81 (2016) 471, https://doi.
org/10.1111/BCP.12789.

R. Ding, S. Liu, C. He, X. Nie, Paracetamol affects the expression of detoxification- and reproduction-related genes and alters the life traits of Daphnia magna,
Ecotoxicology 29 (2020) 398-406, https://doi.org/10.1007/510646-020-02199-Z.

E.E.J. Kasteel, K. Darney, N.I. Kramer, J.L.C.M. Dorne, L.S. Lautz, Human variability in isoform-specific UDP-glucuronosyltransferases: markers of acute and
chronic exposure, polymorphisms and uncertainty factors, Arch. Toxicol. 94 (2020) 2637-2661, https://doi.org/10.1007/500204-020-02765-8, 2020 948.
R. Meech, D.G. Hu, R.A. McKinnon, S.N. Mubarokah, A.Z. Haines, P.C. Nair, A. Rowland, P.I. Mackenzie, The UDP-Glycosyltransferase (UGT) superfamily: new
members, new functions, and novel paradigms, Physiol. Rev. 99 (2019) 1153-1222, https://doi.org/10.1152/PHYSREV.00058.2017 /ASSET/IMAGES/
LARGE/Z9J0011929000009 (JPEG).

P.T. Manyike, E.D. Kharasch, T.F. Kalhorn, J.T. Slattery, Contribution of CYP2E1 and CYP3A to acetaminophen reactive metabolite formation, Clin.
Pharmacol. Ther. 67 (2000) 275-282, https://doi.org/10.1067/MCP.2000.104736.

Y.S. Chiou, J.C. Wu, Q. Huang, F. Shahidi, Y.J. Wang, C.T. Ho, M.H. Pan, Metabolic and colonic microbiota transformation may enhance the bioactivities of
dietary polyphenols, J. Funct.Foods 7 (2014) 3-25, https://doi.org/10.1016/j.jff.2013.08.006.

M.R. McGill, H. Jaeschke, Metabolism and disposition of acetaminophen: recent advances in relation to hepatotoxicity and diagnosis, Pharm. Res. (N. Y.) 30
(2013) 2174, https://doi.org/10.1007/511095-013-1007-6.

R. Dargue, R. Zia, C. Lau, A.W. Nicholls, T.O. Dare, K. Lee, R. Jalan, M. Coen, I.D. Wilson, Metabolism and effects on endogenous metabolism of paracetamol
(acetaminophen) in a porcine model of liver failure, Toxicol. Sci. 175 (2020) 87-97, https://doi.org/10.1093/TOXSCI/KFAA023.

A. David, J. Chaker, T. Léger, R. Al-Salhi, M.D. Dalgaard, B. Styrishave, D. Bury, H.M. Koch, B. Jégou, D.M. Kristensen, Acetaminophen metabolism revisited
using non-targeted analyses: implications for human biomonitoring, Environ. Int. 149 (2021), 106388, https://doi.org/10.1016/J.ENVINT.2021.106388.
A.J.L. Cooper, B.F. Krasnikov, Z.V. Niatsetskaya, J.T. Pinto, P.S. Callery, M.T. Villar, A. Artigues, S.A. Bruschi, Cysteine S-conjugate p-lyases: important roles in
the metabolism of naturally occurring sulfur and selenium-containing compounds, xenobiotics and anticancer agents, Amino Acids 41 (2011) 7-27, https://
doi.org/10.1007/500726-010-0552-0/FIGURES/6.

S. Nakamura, T. Nonaka, S. Komatsu, T. Yamada, T. Yamamoto, Oral acetaminophen-induced spinal 5-hydroxytriyptamine release produces analgesic effects
in the rat formalin test, Biomed, Pharmacother 146 (2022), 112578, https://doi.org/10.1016/J.BIOPHA.2021.112578.

L. Chen, J.E. Manautou, X. Zhong, Impact on acetaminophen-induced hepatotoxicity by long non-coding RNAs HNF1a-AS1 and HNF4a-AS1 in HepaRG cells,
Faseb. J. 33 (2019), https://doi.org/10.1096/FASEBJ.2019.33.1_SUPPLEMENT.506.6, 506.6-506.6.

D.W. Kaufman, J.P. Kelly, D.R. Battista, M.K. Malone, R.B. Weinstein, S. Shiffman, Relation of health literacy to exceeding the labeled maximum daily dose of
acetaminophen, Am. J. Prev. Med. 50 (2016), https://doi.org/10.1016/J. AMEPRE.2015.11.005 €183-e190.

11


https://doi.org/10.1093/OXFORDJOURNALS.JBCHEM.A022607
https://doi.org/10.3390/METABO7030046
https://doi.org/10.1038/sj.cdd.4400424
https://doi.org/10.1038/sj.cdd.4400424
https://doi.org/10.1016/J.FSHW.2018.08.002
https://doi.org/10.1016/J.FSHW.2018.08.002
https://doi.org/10.1016/J.MEATSCI.2010.05.004
https://doi.org/10.3389/FPHAR.2018.00453/BIBTEX
https://doi.org/10.1002/HEP.20437
https://doi.org/10.1111/J.1440-1746.2007.04962.X
https://doi.org/10.1016/J.IJBIOMAC.2018.01.139
https://doi.org/10.1016/J.IJBIOMAC.2018.01.139
https://doi.org/10.1080/01480545.2016.1255953
https://doi.org/10.1097/FPC.0000000000000150
https://doi.org/10.1186/S12887-017-0884-Y/TABLES/3
https://doi.org/10.1039/C7TX00340D
https://doi.org/10.1111/1440-1681.13392
https://doi.org/10.1016/BS.APHA.2018.12.004
https://doi.org/10.1016/BS.APHA.2018.12.004
https://doi.org/10.1016/J.REDOX.2018.04.019
https://doi.org/10.14218/JCTH.2015.00052
https://doi.org/10.1111/BCP.12789
https://doi.org/10.1111/BCP.12789
https://doi.org/10.1007/S10646-020-02199-Z
https://doi.org/10.1007/S00204-020-02765-8
https://doi.org/10.1152/PHYSREV.00058.2017/ASSET/IMAGES/LARGE/Z9J0011929000009
https://doi.org/10.1152/PHYSREV.00058.2017/ASSET/IMAGES/LARGE/Z9J0011929000009
https://doi.org/10.1067/MCP.2000.104736
https://doi.org/10.1016/j.jff.2013.08.006
https://doi.org/10.1007/S11095-013-1007-6
https://doi.org/10.1093/TOXSCI/KFAA023
https://doi.org/10.1016/J.ENVINT.2021.106388
https://doi.org/10.1007/S00726-010-0552-0/FIGURES/6
https://doi.org/10.1007/S00726-010-0552-0/FIGURES/6
https://doi.org/10.1016/J.BIOPHA.2021.112578
https://doi.org/10.1096/FASEBJ.2019.33.1_SUPPLEMENT.506.6
https://doi.org/10.1016/J.AMEPRE.2015.11.005

A.L. Ezugwu et al. Heliyon 9 (2023) 15628

[78]

[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]

[89]

[90]

[91]

[92]

[93]
[94]
[95]
[96]

[97]
[98]

[99]
[100]
[101]
[102]
[103]

[104]

AW. Ebuete, S. Isiya, L.E. Ndiwari, 1.Y. Ebuete, P.T.A. Walson, H.I. Wolisi, The food and the poison, a retrospect of abattoir, butcher markets and buckateria in
Nigeria: an emperical study. Environmental perspectives view project assessment of physiochemical parameters of oil and gas terminal effluent of the bonny
estuary, rivers state, Nigeria. View project, Am. J. Epidemiol. Public Heal. 4 (2020) 24-31 (accessed April 4, 2022), www.scireslit.com.

M.A. Rahman, S. Kodidela, N. Sinha, S. Haque, P.K. Shukla, R. Rao, S. Kumar, Plasma exosomes exacerbate alcohol- and acetaminophen-induced toxicity via
CYP2E1 pathway, Sci. Rep. (2019) (2019) 1-10, https://doi.org/10.1038/541598-019-43064-2, 91. 9.

P. Draganov, H. Durrence, C. Cox, A. Reuben, Alcohol-acetaminophen syndrome, Postgrad. Med. 107 (2015) 189-195, https://doi.org/10.3810/
PGM.2000.01.831.

V.D. Souza, M. Shetty, M. Badanthadka, B.S. Mamatha, K. Vijayanarayana, The effect of nutritional status on the pharmacokinetic profile of acetaminophen,
Toxicol. Appl. Pharmacol. 438 (2022), 115888, https://doi.org/10.1016/J. TAAP.2022.115888.

Y. Tsuchiya, H. Sakai, A. Hirata, T. Yanai, Effects of food restriction on the expression of genes related to acetaminophen-induced liver toxicity in rats,

J. Toxicol. Pathol. 31 (2018) 267-274, https://doi.org/10.1293/T0OX.2018-0009.

J. Sinclair, E. Jeffery, S. Wrighton, V. Kostrubsky, J. Szakacs, S. Wood, P. Sinclair, Alcohol-mediated increases in acetaminophen hepatotoxicity: role of CYP2E
and CYP3A, Biochem. Pharmacol. 55 (1998) 1557-1565, https://doi.org/10.1016/50006-2952(97)00656-4.

W.M. Lee, N. Kaplowitz, Alcohol, fasting, and therapeutic dosing of acetaminophen: a perfect storm, Hepatology 73 (2021) 1634-1636, https://doi.org/
10.1002/HEP.31747.

A. Ghosh, 1. Berger, C.H. Remien, A. Mubayi, The role of alcohol consumption on acetaminophen induced liver injury: implications from a mathematical
model, J. Theor. Biol. 519 (2021), 110559, https://doi.org/10.1016/J.JTB1.2020.110559.

L.L. Fruchter, I. Alexopoulou, K.K. Lau, Acute interstitial nephritis with acetaminophen and alcohol intoxication, Ital. J. Pediatr. 37 (2011) 1-4, https://doi.
org/10.1186,/1824-7288-37-17/FIGURES/1.

A. Dasgupta, M.A. Reyes, S.A. Risin, J.K. Actor, Interaction of white and pink grapefruit juice with acetaminophen (paracetamol) in vivo in mice, 795-798,
http://Home.Liebertpub.Com/Jmf.11, 2008, https://doi.org/10.1089/JMF.2008.0059.

M.A. Lebda, N.M. Taha, M.A. Korshom, A. El-Wahab, A. Mandour, R.I. Goda, Ginger (Zingiber officinale) potentiate paracetamol induced chronic
hepatotoxicity in Rats, J. Med. Plants Res. 7 (2013) 3164-3170, https://doi.org/10.5897/JMPR2013.5252.

T. Teratani, K. Tomita, T. Suzuki, H. Furuhashi, R. Irie, S. Hida, Y. Okada, C. Kurihara, H. Ebinuma, N. Nakamoto, H. Saito, T. Hibi, S. Miura, R. Hokari,
T. Kanai, Free cholesterol accumulation in liver sinusoidal endothelial cells exacerbates acetaminophen hepatotoxicity via TLR9 signaling, J. Hepatol. 67
(2017) 780-790, https://doi.org/10.1016/J.JHEP.2017.05.020.

J.B. Houston, G. Levy, Drug biotransformation interactions in man VI: acetaminophen and ascorbic acid, J. Pharmaceut. Sci. 65 (1976) 1218-1221, https://
doi.org/10.1002/JPS.2600650822.

F.M. Abdulkhaleq, T.M. Alhussainy, M.M. Badr, A.A. Abu Khalil, O. Gammoh, B.Y. Ghanim, N.A. Qinna, Antioxidative stress effects of vitamins C, E, and B12,
and their combination can protect the liver against acetaminophen-induced hepatotoxicity in rats, Drug Des. Dev. Ther. 12 (2018) 3525, https://doi.org/
10.2147/DDDT.S172487.

T. Saravanan, S. Shanmugapriya, G. Sumitra, R.S. Dhayananth, A. Saravanan, A.K. Manicka Vasuki, Hepato-protective effect of folic acid and vitamin B12 in
comparison to n-acetylcysteine in experimentally induced acetaminophen toxicity in rats, Biomed. Pharmacol. J. 10 (2017) 549-555, https://doi.org/
10.13005/BPJ/1140.

A. Adeneye, J. Olagunju, Protective effect of oral ascorbic acid (vitamin C) on acetaminophen-induced renal injury in rats, Afr. J. Biomed. Res. 12 (2013)
55-61, https://doi.org/10.4314/ajbr.v12il.

R.C. Dart, J.L. Green, E.K. Kuffner, K. Heard, B. Sproule, B. Brands, The effects of paracetamol (acetaminophen) on hepatic tests in patients who chronically
abuse alcohol — a randomized study, Aliment. Pharmacol. Ther. 32 (2010) 478-486, https://doi.org/10.1111/J.1365-2036.2010.04364.X.

E.S. Okeke, I.U. Okagu, C.O. Okoye, T.P.C. Ezeorba, The use of calcium carbide in food and fruit ripening: potential mechanisms of toxicity to humans and
future prospects, Toxicology 468 (2022), 153112, https://doi.org/10.1016/j.tox.2022.153112.

M. Samtiya, R.E. Aluko, T. Dhewa, Plant food anti-nutritional factors and their reduction strategies: an overview, Food Prod. Process. Nutr. 2 (2020) 1-14,
https://doi.org/10.1186,/543014-020-0020-5, 2020 21.

AX. Maiti, S.S. Ahlawat, D.P. Sharma, N. Khanna, Application of natural tenderizers in meat-a review, Agric. Rev. 29 (2008) 226-230.

T.P.C. Ezeorba, K.I. Chukwudozie, C.A. Ezema, E.G. Anaduaka, E.J. Nweze, E.S. Okeke, Potentials for health and therapeutic benefits of garlic essential oils:
recent findings and future prospects, Pharmacol. Res. - Mod. Chinese Med. 3 (2022), 100075, https://doi.org/10.1016/J.PRMCM.2022.100075.

C.O. Okoye, E.S. Okeke, T.P.C. Ezeorba, K.I. Chukwudozie, C.O. Chiejina, N.S. Fomena Temgoua, Microbial and bio-based preservatives: recent advances in
antimicrobial compounds, in: Microbes Nat. Food Addit., Springer, Singapore, 2023, pp. 53-74, https://doi.org/10.1007/978-981-19-5711-6 4.

W. Boumya, N. Taoufik, M. Achak, N. Barka, Chemically modified carbon-based electrodes for the determination of paracetamol in drugs and biological
samples, J. Pharm. Anal. 11 (2021) 138-154, https://doi.org/10.1016/J.JPHA.2020.11.003.

A. Chatterjee, Different electrodes for paracetamol estimation using cyclic voltammetry technique: a review, Res. J. Pharmacol. Pharmacodyn. 9 (2017) 88,
https://doi.org/10.5958/2321-5836.2017.00015.5.

X. Chen, Y. Li, X. Li, R. Li, B. Ye, Transition metal copper composite ionic liquid self-built ratiometric sensor for the detection of paracetamol, Anal. Chim. Acta
(2021), 338992, https://doi.org/10.1016/J.ACA.2021.338992.

C. Mengucci, P. Ferranti, A. Romano, P. Masi, G. Picone, F. Capozzi, Food structure, function and artificial intelligence, Trends Food Sci. Technol. 123 (2022)
251-263, https://doi.org/10.1016/J.TIFS.2022.03.015.

N.R. Mavani, J.M. Ali, S. Othman, M.A. Hussain, H. Hashim, N.A. Rahman, Application of artificial intelligence in food industry—a guideline, Food Eng. Rev.
14 (2021) 134-175, https://doi.org/10.1007/512393-021-09290-Z, 2021 141.

12


http://www.scireslit.com
https://doi.org/10.1038/s41598-019-43064-2
https://doi.org/10.3810/PGM.2000.01.831
https://doi.org/10.3810/PGM.2000.01.831
https://doi.org/10.1016/J.TAAP.2022.115888
https://doi.org/10.1293/TOX.2018-0009
https://doi.org/10.1016/S0006-2952(97)00656-4
https://doi.org/10.1002/HEP.31747
https://doi.org/10.1002/HEP.31747
https://doi.org/10.1016/J.JTBI.2020.110559
https://doi.org/10.1186/1824-7288-37-17/FIGURES/1
https://doi.org/10.1186/1824-7288-37-17/FIGURES/1
http://Home.Liebertpub.Com/Jmf.11
https://doi.org/10.1089/JMF.2008.0059
https://doi.org/10.5897/JMPR2013.5252
https://doi.org/10.1016/J.JHEP.2017.05.020
https://doi.org/10.1002/JPS.2600650822
https://doi.org/10.1002/JPS.2600650822
https://doi.org/10.2147/DDDT.S172487
https://doi.org/10.2147/DDDT.S172487
https://doi.org/10.13005/BPJ/1140
https://doi.org/10.13005/BPJ/1140
https://doi.org/10.4314/ajbr.v12i1
https://doi.org/10.1111/J.1365-2036.2010.04364.X
https://doi.org/10.1016/j.tox.2022.153112
https://doi.org/10.1186/S43014-020-0020-5
http://refhub.elsevier.com/S2405-8440(23)02835-9/sref86
https://doi.org/10.1016/J.PRMCM.2022.100075
https://doi.org/10.1007/978-981-19-5711-6_4
https://doi.org/10.1016/J.JPHA.2020.11.003
https://doi.org/10.5958/2321-5836.2017.00015.5
https://doi.org/10.1016/J.ACA.2021.338992
https://doi.org/10.1016/J.TIFS.2022.03.015
https://doi.org/10.1007/S12393-021-09290-Z

	Meat tenderization using acetaminophen (paracetamol/APAP): A review on deductive biochemical mechanisms, toxicological impl ...
	1 Background
	2 Methodology
	3 Chemistry of acetaminophen
	4 Possible effects and biochemical changes of acetaminophen after heating
	5 Proposed mechanism of the role of acetaminophen in meat tenderness
	6 Biotransformation of acetaminophen residues and metabolites from consumption of APAP-tenderized meat in humans
	6.1 Biotransformation and mechanism of toxicity of acetaminophen (APAP)
	6.2 Acetaminophen interactions with tenderized meat components and possible co-consumed foods or drinks – suggestive mechan ...

	7 Strategies for mitigating the abuse of acetaminophen by food vendors
	7.1 A formal ban on the use of APAP for meat tenderizing
	7.2 Education and awareness campaign
	7.3 Promotion of the use of natural tenderizers
	7.4 Developing an easy and customer-friendly detection method of APAP in meat

	8 Conclusion
	Author contribution statement
	Data availability statement
	Additional information
	Declaration of competing interest
	List of abbreviation
	References


