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Abstract  

Paracetamol is a potent analgesic and antipyretic with limited side effects compared to 

the nonsteroidal anti-inflammatory drugs (NSAIDs) and opiates. Worldwide 

paracetamol is commonly used to treat pain and fever in both children and adults. 

Although, this drug has been in clinical use for more than a century, the mechanisms of 

action are not fully understood. Historically some of the actions of paracetamol were 

attributed to the inhibition of central cyclooxygenase (COX-1 and COX-2) enzymes 

however given the weak inhibitory effects on COX-1 and COX-2 enzymes, alternative 

targets have been suggested including a possible novel COX-3.  

The inhibition of COX-2 is accepted as the mechanism by which paracetamol reduces 

core temperature (Tc) in febrile animals. However, in non-febrile animals where COX-2 

is not induced, paracetamol has also been shown to cause hypothermia by a mechanism 

that is not fully understood. Both the reduction of pyresis and induction of hypothermia 

can only occur when peripheral metabolic rate decreases and/or heat loss increases. In 

terms of antipyresis and hypothermia, the inhibition of lipolysis, fatty acid oxidation 

and mitochondria function are obvious alternative targets. Studies were undertaken to 

identify and characterise the putative COX-3 at protein and mRNA level using western 

blot analysis and reverse transcription polymerase chain reaction (RT-PCR) in mouse 

brain endothelial cells (b.End3) and whole brain tissues isolated from male C57BL/6 

mice. Additional studies were also undertaken to assess if the hypothermic properties of 

paracetamol could be attributed to direct inhibition of thermogenic pathways in both 

3T3-L1 adipocytes and primary brown adipocytes isolated from male Wistar rats. 

Adipocytes and isolated mitochondria were exposed to paracetamol and lipolysis, fatty 

acid oxidation (FAO), mitochondrial electron transport chain (ETC), assessed by 

measuring oxygen consumption rate (OCR).   

In these studies no expression of the COX-3 protein could be detected in brain 

endothelial cells and homogenates and no evidence of a COX-3 was detected at mRNA 

level. However, paracetamol caused a significant decrease (upto 70%; P<0.01, from 

control) in both basal and stimulated lipolysis at 1, 3 and 24 hours without affecting cell 

viability. Paracetamol (10 mM) and its metabolite N-acetyl-p-benzoquinone imine 

(NAPQI) at 50 µM also significantly (P<0.01, from control), reduced endogenous and 

exogenous FAO by 50% and 70% respectively. NAPQI (50 µM) had limited effect on 

mitochondrial uncoupling. Finally, paracetamol and other antipyretic compounds also 

significantly reduced ETC activity (upto 90%; P<0.01, from control). Both the 
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maintenance of normal body temperature (Tb) and the induction of pyresis require 

increased mitochondrial ETC activity normally initiated centrally and driven 

peripherally by reduction of substrates such as fatty acids and glucose. The failure to 

identify the COX-3 protein and the direct inhibition of lipolysis, FAO and ETC activity 

indicate that antipyretic actions of paracetamol could partly be attributed to it actions on 

peripheral energy generation systems and provide new drug targets for reducing fever 

and chemically inducing hypothermia. 

 

Keywords: paracetamol, acetaminophen, hypothermia, COX-3, lipolysis, fatty acid 
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Gi                                          Inhibitory regulative G-protein 

Gs                                          Stimulative regulative G-protein 

SULT                                     Sulfotransferase 

SNS                                        Sympathetic nervous system 

TXs                                         Thromboxanes 

TXA2                                      Thromboxanes A2 

TXB2                                       Thromboxanes B2 

TRPA1                                    Transient receptor potential ankyrin 1  

TRPA1−/−                              Transient receptor potential ankyrin 1 knockout 

TRPV1                                    Transient receptor potential vanilloid 1 

TRPV1−/−                               Transient receptor potential vanilloid 1 knockout 

TCA                                         Tricarboxylic acid cycle 

TGs                                          Triglycerides 

UDP                                         Uridine 5'-diphospho 

UGT                                         UDP-glucuronosyl transferases 

UCPs                                        Uncoupling proteins 

UCP1                                        Uncoupling protein 1 

UCP2                                        Uncoupling protein 2 

UCP3                                        Uncoupling protein 3 

U.K.                                          United Kingdom 

U.S.A.                                       United States of America 

V                                               Volts 

WAT                                         White adipose tissue 

WT                                            Wild type 
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Chapter 1: Introduction 
 

1.1. Paracetamol  

Paracetamol, (acetaminophen) or N-acetyl-p-aminophenol (APAP) is one of the most 

widely used antipyretic and analgesic drugs worldwide (Yoon et al., 2016; Jóźwiak-

Bebenista and Nowak, 2014). Paracetamol related compounds first came to notice in the 

1880s when acetanilide was dispensed by mistake to a patient in place of naphthalene 

and caused a significant reduction in fever. 

Phenacetin and paracetamol were originally synthesized by Morse in 1878 (Morse, 

1878), however clinical trials by Von Mering concluded by error that paracetamol was 

more toxic therefore phenacetin was introduced into medical practice in 1887 and 

became the most widely used analgesic until it was discovered to be nephrotoxic (Von 

Mering, 1893). In 1948, paracetamol was rediscovered (Brodie and Axelrod, 1948) and 

by 1955, paracetamol was being marketed by McNeil Laboratories in the form of a 

prescribed medication (Tylenol) for children (Jóźwiak-Bebenista and Nowak, 2014). 

One year later, paracetamol was available as an over the counter medication (Panadol) 

in the United Kingdom (U.K.) produced by Frederick Stearns & Co (Jóźwiak-Bebenista 

and Nowak, 2014). Today many prescription and non-prescription formulations contain 

paracetamol alone or in combination with other drugs (Ghanem et al., 2016). 

Paracetamol is available as tablets, effervescent tablets, suspension, powder (sachets) 

and rectal suppositories (Jóźwiak-Bebenista and Nowak, 2014). When administered 

orally the clinical actions of paracetamol can be seen by 30 minutes or after 15 minutes 

using fast-release tablets. 

Since the 1980’s paracetamol has become the first drug of choice for treating pain and 

fever in children in situations where use of nonsteroidal anti-inflammatory drugs 

(NSAIDs) are contraindicated (Cranswick and Coghlan, 2000; Leung, 2012). After of 

over a century of discovery and use some of the mechanism of actions of paracetamol 

particularly around the impact on cyclooxygenase (COX) enzymes remains a matter 

fierce of debate (Gentry et al., 2015; Eberhardt et al., 2017). It is generally accepted that 

paracetamol has similar analgesic and antipyretic properties as NSAIDs, without anti-

inflammatory activity. By contrast paracetamol is associated with fewer side effects 

than the NSAIDs (Jóźwiak-Bebenista and Nowak, 2014). 
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1.2. Paracetamol: Proposed mechanisms of action 

In terms of their main actions, traditionally both paracetamol and the NSAIDs were 

thought to inhibit the conversion of arachidonic acid (AA) into prostaglandin H - PGH₂, 

catalysed by prostaglandin H synthase (PGHS) or cyclooxygenase (COX). Historically 

two isoenzymes of PGHS termed COX-1 (PGHS-1) and COX-2 (PGHS-2) (Hinz and 

Brune, 2002) have been discovered.   

Traditional NSAIDs and COX-2 inhibiting drugs exert their actions by inhibiting the 

COX enzyme by competing with arachidonic acid to bind to the enzyme active site 

(Anderson, 2008). By contrast paracetamol is thought to act by reducing a ferryl 

protoporphyrin IX radical cation (Fe4+=OPP*+) at peroxidase site.  

 

1.3. Paracetamol absorption and metabolism   

The absorption of paracetamol occurs rapidly in the duodenum (McGill and Jaeschke, 

2013). At safe doses, peak concentrations will be achieved within 1.5 hours and half-life 

of 1.5 – 3 hours, at overdose peak serum concentrations is observed within 4 hours 

(McGill and Jaeschke, 2013). Paracetamol goes through the blood brain barrier with 

ease and is distributed uniformly in the central nervous system (CNS) at all doses 

(Courad et al., 2001; Kumpulainen et al., 2007; Ara and Ahmad, 1980; Massey et al., 

1982; Fischer et al., 1981). In man a plasma concentration of 200-300 µg/mL is 

considered toxic and the patient is in need of serious treatment. Similarly in rodent 

studies doses of 100 mg/kg and above are associated with some biomarkers of toxicity, 

by 300 mg/kg there is gross evidence of toxicity. In addition doses of 100-500 mg/kg 

have been linked to plasma concentration of 1-10 mM in rodents. In vitro, similar 

concentrations are normally associated with alterations of cellular and mitochondrial 

function (Fischer et al., 1981; Orbach et al., 2017). 

Metabolism primarily occurs within liver and involves three major routes (Figure 1.1). 

The majority (∼90%) of the drug enters phase II metabolic pathways, where 

paracetamol is conjugated via UDP-glucuronosyl transferases (UGT) or sulfotransferase 

(SULT), with conversion to glucuronidated and sulfated metabolites eliminated in the 

urine (McGill and Jaeschke, 2013). About 2% of the drug is excreted in the urine 

without having undergone any metabolism (McGill and Jaeschke, 2013). Another 

portion of paracetamol (∼10%) undergoes phase I oxidation by hepatic cytochrome 
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CYP 2E1 (to a lesser extent with CYP 1A2 and 3A4) producing the highly reactive 

toxic metabolite, N-Acetyl-p-benzoquinone imine (NAPQI), (Jaeschke et al., 2012a; 

2012b; Yuan and Kaplowitz, 2013; McGill et al., 2012; Jaeschke et al., 2015). In 

addition to the urine, paracetamol metabolites are also excreted into the bile (McGill 

and Jaeschke, 2013).  At non-toxic doses, NAPQI undergoes rapid conjugation by 

hepatic GSH to form non-toxic mercaptate and cysteine compounds (McGill and 

Jaeschke, 2013). At hepatotoxic doses, the glucuronidation and sulfonation pathways 

become saturated; as a result majority of paracetamol is metabolized to NAPQI 

resulting in GSH depletion and then increased toxicity (Jaeschke et al., 2012a; 2012b). 

Most of the toxicity of paracetamol can be attributed to the covalent binding of NAPQI 

to sulfhydryl groups on cysteine and lysine molecules in proteins within the 

mitochondria of hepatocytes and other cells (McGill and Jaeschke, 2013; Yuan and 

Kaplowitz, 2013). The mitochondrial protein adducts formed, lead to oxidative injury 

and hepatocellular necrosis. 

 

 

 

Figure 1.1: Paracetamol metabolism. Paracetamol mainly undergoes metabolism via 

sulfation and glucuronidation. NAPQI formation results via oxidation by CYPs, leading 

to toxicity, or detoxification via GSH conjugation (Adapted from Moyer et al., 2011). 
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In the CNS paracetamol undergoes other important reactions which are beyond the 

scope of this thesis, for example interaction with fatty acid amide hydrolase (FAAH) 

and AA and producing fatty acid amide N-(4-hydroxyphenyl) arachidonylamide 

(AM404) in the CNS of rodents (Rivera et al., 2017; Muramatsu et al., 2016). 

 

1.4. Paracetamol Toxicity   

Paracetamol induced liver injury is the most common form of drug induced liver injury 

(DILI) in humans and a leading cause for almost 50% of the cases of acute liver failure 

around the world (Lee, 2012). This damage can be demonstrated in rodents after acute 

administration of doses above 100mg/kg (Riveria et al., 2017).   

Several studies involving mouse models have been conducted. Paracetamol metabolite 

protein adducts seem to cause disruption of the electron transport chain (ETC) and 

results in reactive oxygen and reactive nitrogen species formation in mitochondria 

(Jaeschke et al., 2012a). In C57BL/6 mice (150 mg/kg) other actions include opening of 

membrane permeability transition pore (MPTP) and deoxyribonucleic acid (DNA) 

breakage linked to mitochondrial dysfunction in hepatocytes with no alanine 

transaminase (ALT) release. However, high dose (300 mg/kg) resulted irreversible 

mitochondrial dysfunction and necrosis (Jaeschke et al., 2012a; Kon et al., 2004; Gujral 

et al., 2002; Hu et al., 2016). 

In relating the animal studies to humans the Rumack-Matthew nomogram suggest that 

patients with levels of 200 μg/mL at 4 hours and 25 μg/mL at 16 hours falls under 

“probable toxicity line”, with 60% incidence of severe hepatotoxicity (defined as 

aspartate transaminase (AST) > 1000 IU/L) and 5% mortality (Rumack 2002; Heard, 

2008; Prescott et al., 1979; Harrison et al., 1991; Smilkstein et al., 1988; Kerr et al., 

2005; de Andrade et al., 2015; McGovern et al., 2015). A “high toxicity line” starting 

with 300 μg/mL at 4 hours shows 90% incidence of severe hepatotoxicity and 24% 

mortality (Heard, 2008). In the United States of America (U.S.A), Australia and New 

Zealand, a different “treatment line,” was introduced beginning at a 4-hour paracetamol 

concentration of 150 μg/mL to avoid errors in intake history and lab results (Rumack 

2002; Smilkstein et al., 1988). 
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1.5. Cyclooxygenases  

COXs are important enzymes with a number of key physiological roles including 

catalysing the formation of prostaglandins and thromboxane (Figure 1.2).  

Prostaglandins (PGs) are autocoid mediators affecting processes under physiological 

and pathological conditions. There is extensive evidence linking the activity of COX 

enzymes to both pyresis and hypothermia. COXs are member of heme-dependent 

myeloperoxidase superfamily (Daiyasu and Toh, 2000) are the main enzymes catalysing 

the alteration of AA to prostanoids such as PGs, thromboxanes (TXs) and prostacyclins 

(PGI₂). These AA metabolites are involved in fever, pain, inflammation, renal function, 

platelet aggregation and gastrointestinal integrity (Toussaint et al., 2010).  

 

 

 

Figure 1.2: The arachidonic acid (AA) pathways. AA is converted by COX-1 or COX-2 

to PGG₂ and PGH₂. Later on, PGH₂ is metabolized by cytosolic prostaglandin 

synthases to different prostanoid products (Adapted from Botting, 2004). 
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Based on the phylogenetic analysis, both isoforms of COXs appeared to arise from a 

duplication of an ancestral COX gene which occurred early on or before origin of 

vertebrate species (Kawamura et al., 2014; Jarving et al., 2004). Both enzymes are 

almost identical in their structures with 60-65% homology, 85%-90% between species 

(Kawamura et al., 2014) and contain 600 amino acids (Simmons et al., 1991). Three 

high mannose oligosaccharides are present in both COX-1 and COX-2, thus helps in 

folding of protein whereas a fourth is only present in COX-2, responsible for 

degradation (Rouzer and Marnett, 2009).  

Both COX isoforms are located in the lumen of nuclear membrane and endoplasmic 

reticulum (Simmons et al., 2004); however, COX-1 is also found in lipid bodies in cells 

(Bozza et al., 1996). The hydrophobic signal peptides are different in size in both 

isoforms (Simmons et al., 2004). COX-1 contains eight amino acids after the signal 

peptide unlike COX-2. In 2010, Xu et al. showed that removal of these 7 amino acids in 

human COX-1 resulted in enzymatically active mutant and sensitive to aspirin to a 

similar extent. In COX-1, glycosylation of asparagine at 410 is crucial for COX and 

POX functions and to fold protein properly (Otto et al., 1993).  

The gene for human COX-1 and COX-2 is found on chromosome 9q32–q33.3 and 

1q25.2–q25.3. A large human COX-1 gene (>28 kb) has 11 exons and 10 introns. In 

case of COX-2, the gene (∼8 kb) is short (Simmons et al., 2004). COX-2 consists of 10 

exons and 9 introns. In the COX-1 gene (5′ end), signal peptide is encoded by exon 1 

and 2, dimerization domain by exon 3 and membrane-binding domain by exon 4. 

Encoding of catalytic domain occur by exon 6–11 (Roos and Simmons, 2005). 

Therefore, complete exon skipping intron retention would affect the resulting protein 

(Roos and Simmons 2005). 

 

1.6. Existence of COX variants 

Various types of alternative splicing have been proposed for the COXs isoforms. COX-

1 alternative transcripts are thought to be more common than COX-2 (Roos and 

Simmons, 2005). Diaz et al. (1992) first reported a COX-1 splice variant that lacked 

exon 9 in human fibroblasts, thus eliminating the N-glycosylation site at residue 409, 

essential for proper folding and enzyme activity. The protein resulting from partially 

deleted exon 9 was detected in mammalian as well as insect cells; however, no COX 

http://pharmrev.aspetjournals.org/content/56/3/387.long#ref-214
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products were observed in vivo (Schneider et al., 2005). In addition, a splice variant of 

COX-1 was identified that lacked exon 1 with partially retained intron 2 in rat and 

thought to form nonsense enzyme (Kitzler et al., 1995). Another variant of COX-1 was 

observed in endothelial cells (Hla, 1996).  

In an attempt to evaluate the biological relevance of COX splice variants, Roos and 

Simmons (2005) emphasised that such variants should represent physiologically 

relevant concentrations and cell-specificity, that COX translation must be identified as a 

functional protein in vivo. In 2018, in almost all cases these requirements have yet to be 

achieved. 

 

1.7. Evidence for COX-3 

The somewhat different properties of paracetamol to classical NSAIDs led to the 

suggestion of a previously unknown COX isoform more sensitive to paracetamol than 

COX-1 or COX-2 and named as COX-3 (Vane and Botting, 1996; Botting et al., 2000). 

Furthermore, it was proposed that the activity of this inducible enzyme could accounts 

for the antipyretic and analgesic actions of paracetamol (Simmons et al., 1999). 

The evidence for a COX-3 has been supported by the cloning, characterisation and 

expression of COX-1 splice variant initially named as COX-3 from dog and human 

brain (Chandrasekharan et al., 2002). It differs from COX-1 only in the retention of 

intron 1, resulting in a potential in-frame insertion of 30 amino acids to the N-terminal 

hydrophobic signal peptide of the COX-3 molecule. COX-3 is thought to have similar 

catalytic and structural features to that of the other two COX isoforms 

(Chandrasekharan et al., 2002). 

COX-1 contains 10 introns, whereas COX-2 has 9 introns with the difference in the 

placement of intron 1. There is a high degree of conservation of the intron 1 sequence 

from species such as dog, human and mouse. Further investigations revealed retention 

of intron 1 results in the insertion of 90 nucleotides with 75% sequence matching to 

COX-1 of human or mouse intron 1 sequences. However, alignment of the gene 

sequences from the start codon with no gaps showed little sequence homology and 

would result in a totally different protein in different species (Kis et al., 2005).  

The COX messenger ribonucleic acid (mRNA) transcript corresponded to the 2.6 kb 

complementary deoxyribonucleic acid (cDNA) clone with unspliced intron 1; termed as 



8 
 

COX-3. COX-3 mRNA is found at about 5% of COX-1 mRNA in canine cerebral 

cortex (Chandrasekharan et al., 2002). Like COX-1, canine COX-3 was thought to be 

regulated during development due to its high expression in some cells and tissues 

(Schwab et al., 2003a). As canine COX-3 matches to COX-1, apart from the N- 

terminus which does not contribute to the enzymatic activity, it was proposed that 

canine COX-3 would have similar activity to other COX enzymes (Simmons et al., 

2004).  

The presence of two previously uncharacterized COX-1-related mRNA transcripts (5.2 

and 2.8 kb) was also reported in human tissues with human intron-1-targeting probe 

with highest levels of 5.2 kb transcript hybridised in the cerebral cortex and then heart 

(Chandrasekharan et al., 2002). However, these observations were different from 

previously reported COX-1 mRNA expression patterns (O’Neill and Ford-Hutchinson, 

1993).  

Retention of intron 1 in COX-1 in humans would result in the addition of 94 

nucleotides, thus shifting the downstream COX-3 sequence out of frame, a strong 

argument against a functional protein (Dinchuk et al., 2003). However, those who 

proposed the active COX-3 protein argue that processes such as ribosomal frame 

shifting could result an active COX-3 protein (Chandrasekharan et al., 2002). However, 

it was argued that no downstream alternative splices would be able to rescue the reading 

frame and a catalytically active form of this enzyme making it unlikely to present in 

humans (Schwab et al., 2003b; Dinchuck et al., 2003). Moreover, COX-3 is more likely 

to simply be a splice error (Shaftel et al., 2003).  

Another argument against the reported COX-3 protein is that using antibodies raised in 

one species targeting another species. This primarily due to the minimal sequence 

homology between human and canine COX-3 if we consider the actual reading frame 

following inclusion of intron 1. It would only be 7 out of the 12 amino acids from the 

target peptide that would match between human and canine COX-3, making unlikely for 

an antibody targeting N-terminus of human COX-3 to identify canine COX-3 (Kis et al., 

2005; Davies et al., 2004). However, using antibodies specific to intron 1 amino acid 

sequence (MSREXDPXA) predicted in mammals, expression of both COX-3 and 

PCOX-1a was detected in insect cells (Chandrasekharan et al., 2002). Looking at the 

actual published data some argue that it is difficult to interpretate the cropped western 

blots due to lack of molecular weight marker (Kis et al., 2005) whereas the author 

justified the cropped blots due to space limitations (Simmons et al., 2005). In terms of 
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activity, the PGE₂ levels produced by COX-3 were found to be 20% of that of COX-1 

(about 20% of the activity of COX-2). However, lack of appropriate controls made it 

difficult to conclude if the low levels of PGE₂ production actually represented canine 

COX-3 activity (Kis et al., 2005). 

The half-life of COX-3 mRNA in humans was similar to COX-1 (Cui et al., 2004) and 

human COX-3 protein was expected to be only 8.7 kDa. However, using either COX-1 

monoclonal or COX-3 polyclonal antibodies, a COX-3 65 kDa protein was detected in 

human aorta and about 25% of the level of COX-1. Moving from the molecular 

evidence to enzyme activity, the IC₅₀ value of paracetamol was 64 μM at 5 µM of 

arachidonic acid as a substrate and the order of selectivity was COX-3> COX-1> COX-

2. At higher substrate concentrations (30 μM), dipyrone was slightly more potent 

inhibitor of COX-3 with an IC₅₀ of 52 μM different to phenacetin (102 μM) and 

paracetamol (460 μM) (Chandrasekharan et al., 2002). Interestingly, antipyrine and 

aminopyrine showed a reduced ability to inhibit this enzyme. However, these 

analgesic/antipyretic drugs with low anti-inflammatory activity were demonstrated to 

preferentially inhibit COX-3. The enzyme activity also confirm that although 

paracetamol inhibits the putative COX-3, it is not unique or the most sensitive drug. 

Those who advocate the unique activity of paracetamol against COX-3 argue that the 

altered sub-cellular localisation of COX-3 could change redox environments and 

substrate concentrations, thus affecting inhibition by paracetamol (Simmons, 2003). 

Differences in the IC₅₀ of COX-1 and canine COX-3 in vitro only suggest the possibility 

of specific inhibition of canine COX-3 by paracetamol. 

Among NSAIDs, diclofenac was the most potent COX-3 inhibitor (IC₅₀ value 0.008) 

followed by indomethacin, ibuprofen, aspirin. Although these drugs (except aspirin) 

inhibited COX-3 preferably over COX-1 and COX-2 they were far more potent than 

paracetamol against COX-3. However, it has been proposed that the polar nature of 

diclofenac and ibuprofen make them less likely to reach COX-3 expressed in brain 

effectively (Chandrasekharan et al., 2002; Botting and Ayoub, 2005; Berenbaum, 2004).  

One explanation from the frameshifting argument is that alternative polyadenylation is 

considered to overcome the impact of frameshift in intron-1, resulting in intron-1 

antibody-identified proteins (Simmons, 2003). However, others argue that although, two 

stem-loop structures which are thought to be relevant in splicing intron-1 and 

transcription of COX-1 or COX-3 cannot also explain the possible -1 frameshifting (Kis 

et al., 2005). In 2003, Shaftel et al. confirmed the existence of COX-3 mRNA in 
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multiple C57BL/6 mice tissues such as spleen, astrocyte, brain and cultured glial cells 

using standard RT-PCR. COX-1 expression was greater than COX-3. The primers 

designed for this study was COX-1/3 that would anneal within exon 1 and 3 of COX-1, 

resulting in COX-3 (349 base pairs) and COX-1 (247 base pairs) products whereas 

COX-3 specific primers would be confined to the first intron of COX-1 and within exon 

3 resulting in 164 base pair COX-3 product. Using COX-3 specific primers, abundance 

of this splice variant was observed in spleen, brain and microglial samples. Retention of 

intron 1 resulted in addition of 102 nucleotides in-frame in the mouse. It was pointed 

out that intron 1 in mice and rats is 98 nucleotides and expected to cause a frameshift 

and resulting in a protein entirely different than COX-1, and with doubtful COX 

activity. Theoretically, another site of initiation or downstream alternative splicing 

could cause restoration of the reading frame and a functional COX-3 (Kis et al., 2005). 

As COX-3 mRNA matches to COX-1 but retains intron 1, the sense primer targeted 

intron 1 and antisense primer anneals to exon 5 (497 base pairs). There was highest 

mRNA expression of COX-3 in cerebral endothelial cells (Kis et al., 2003), and 

suggesting the target for antipyretic the actions of paracetamol may be due to the key 

role of cerebral endothelial cells in mediating temperature regulation (Matsumura et al., 

1998). 

Schwab et al. (2003c) assumed that the analgesic effect of paracetamol is answered in 

the form of COX-3, however the results demonstrated by Kis group could not support 

this idea due to lack of COX-3 mRNA expressed in neurons. By contrast paracetamol 

does not seem to inhibit COX-3 at standard oral doses (0.5–1 g/day) (Schwab et al., 

2003c). Also, there is no correlation between the site of COX-3 expression (cerebral 

cortex) and temperature regulation in the hypothalamus. From the height of the COX-3 

research to the present day, an active COX-3 protein has yet to be proven in humans 

(Berenbaum, 2004).  

Evaluation of the appearance of three COXs after lipopolysaccharide (LPS) treatment in 

endothelial cells, astrocytes, epithelial cells, and pericytes showed an increase in COX-2 

mRNA expressed but COX-1 and COX-3 did not alter, confirming constitutive COX-3 

expressed in rat brain at mRNA level similar to COX-1 (Kis et al., 2003). The results 

indicate involvement of COX-3 in membrane-based COX signalling or when basal 

COX-1 or COX-2 expression levels persist. Using an anti-human COX-3 antibody 

raised against the N-terminal peptides (first 13 amino acids of COX-3 in humans) 

(MSRECDPGARWGC), COX-3 protein immunoreactivity was detected in human 
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hippocampus and stressed neurons without any specific information about the COX-3 

band size (Cui et al., 2004). 

In 2004, Kis et al. went a step ahead and demonstrated the presence of COX-3 mRNA 

in male Wistar rat brain in vivo using primers that could differ COX-1 and COX-3. 

Furthermore, this study showed regional demonstration of COX-3 mRNA in different 

brain regions with considerable variability. In addition to Kis’s findings, COX-3 (497 

base pairs) expressed in aorta, brain, cerebellum, heart, and lung of male Wistar rats. 

However, western blot analysis showed that commercially available anti-canine or anti-

human antibodies could not detect COX-3 protein (data not shown in the article), COX-

1 protein expression was demonstrated in all tissues whereas only brain and cerebellum 

were COX-2 immunopositive. It was noted that commercially available anti-COX-3 

antibodies are species-selective (Warner et al., 2004). 

Another study suggested there was no evidence of paracetamol sensitive COX activity 

in cerebellum or brain when compared to naproxen, rofecoxib and SC560. They also 

argue that COX-3 mRNA if expressed would lead to a production of a different protein 

and may explain the absence of COX-3 activity (Warner et al., 2004). 

 

1.8. Evidence for the involvement of COX-3 in thermoregulation 

Considering the hypothesis that COX-3 in rodents would have a totally altered amino 

acid sequence than COX-1 and COX-2 without being active (Snipes et al., 2005), some 

found the findings of Ayoub et al. (2004) surprising (Davies et al., 2004). In the same 

year, a study was published by Ayoub et al. suggested COX-3 inhibition is associated 

with paracetamol induced hypothermia. Under basal conditions, when paracetamol is 

administered intraperitoneally (100–300 mg/kg) in C57/BL6 male mice, it resulted in a 

dose dependent decrease of 0.4°C, 0.8°C, and 2°C in rectal temperature. Although no 

toxicity was assessed, these doses correlate with reported toxic doses of paracetamol 

(Jollow et al., 1973; James et al., 2003; Williams et al., 2010; Agarwal et al., 2011; 

Ramachandran et al., 2011; Bajit et al., 2011; McGill et al., 2012; McGill et al., 2013; 

Ramachandran et al., 2013; Xie et al., 2015; Noh et al., 2015; Zhang et al., 2015; Du et 

al., 2017).  

A time course study showed a maximum hypothermic effect 1 hour after taking 300 

mg/kg paracetamol and returned to normal after 4–5 hours. The hypothermic effects 

were suggested to correlate with paracetamol plasma concentrations (Fischer et al., 
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1981). Other putative COX-3 inhibitors showed the greatest hypothermic response with 

50 mg/kg aminopyrine after 30 minutes with the same recovery time as that of 

paracetamol treatment. Similarly 100 mg/kg antipyrine showed maximum hypothermia 

after 30 minutes to the same extent as shown by paracetamol treatment; however the 

recovery was inconsistent after 4-5 hours. Furthermore, there seemed to be a direct 

relationship between body temperature and PGE₂ levels in brain with maximum effect 

after 1 hour resulting in 96% reduction in PGE₂ levels in paracetamol treated group and 

60% after 30 minutes of antipyrine and aminopyrine treatment (data not shown in the 

article) (Ayoub et al., 2004). 

At doses of 300 mg/kg, COX-1 KO mice showed a decrease in the hypothermic effect 

of paracetamol, whereas it was unaltered in COX-2
+/–

 and COX-2
–/–

 mice. Interestingly, 

the greatest drop in body temperature was noticed in COX-2
–/–

 paracetamol treated 

group. However, paracetamol induced hypothermia was not fully diminished in COX-1
–

/–
 group (–2.05°C in COX-1

–/–
 and –3.9°C in WT group) suggesting only partial 

involvement of COX-independent mechanisms.  

Reduction of brain PGE₂ levels after 1 hour of administration of 300 mg/kg paracetamol 

was completely disappeared in COX-1
–/–

 mice. In COX-1
–/–

 group, the basal PGE₂ levels 

were 30% of those in WT mice, demonstrating COX-1 as a major source of PGE₂ 

production in brain. Changes in PGE₂ levels in vehicle treated wild-type, COX-1
+/–

 and 

COX-1
–/– 

groups was not very clear. Also, if paracetamol exerts its hypothermic actions 

through COX-1 gene derived protein then one would expect a dramatic decrease in the 

PGE₂ levels in COX-2
+/–

 or COX-2
–/–

 versus WT mice. 

 

1.9. Evidence for COX-3; questions about experimental design 

COX-3 mRNA was detected as 290 base pairs product in whole brain tissues of all 

genotypes of COX-2 KO and WT mice. This study also suggested that constitutive 

COX-3 is a target for hypothermic action of paracetamol and this COX-1 gene derived 

enzyme is located most probably in brain endothelial cells and involved in regulation of 

body temperature in mice through COX-3 derived PGE₂ (Ayoub et al., 2004). It was 

speculated that COX-3 is present in hypothalamic region of the CNS and responsible for 

a constant PGE₂ release for thought to be required for temperature regulation. As a 

majority of laboratory animals are kept at 22°C and the thermoneutral temperature of 
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mice is 32–34°C and, a constant biosynthesis of PGE₂ is proposed to be required to 

maintain body temperature (Botting and Ayoub, 2005).   

The techniques used to determine the COX-3 data prompt a few questions. Given that 

COX-3, a splice variant of COX-1 there has to be a question whether a COX-1
–/–

 mouse 

is also a COX-3
–/–

 mouse. The disruption of C-terminus of COX-1 by the retention of 

intron-1 would possibly result in a protein without the C-terminus sequence of 120 

amino acids responsible for COX-1 activity, but would still retain the full sequence of 

COX-3 protein (Kis et al., 2005). mRNA data of COX-1
+/–

 and COX-1
–/–

mice in Ayoub 

et al. (2004) and Dou et al. (2004) studies would have been helpful (Davies et al., 2004) 

to conclude whether paracetamol induced hypothermia is mediated by COX-3 

inhibition. In addition, the primer sets used in the COX-3 mRNA studies targeted 

PCOXa (Ayoub et al., 2004; Dou et al., 2004). More importantly, COX-3 remain 

unidentified in Western blot analysis and immunohistochemistry data was not 

considered as conclusive considering the non-specificity of the technique and polyclonal 

antibodies used (Kis et al., 2005). There seemed to be an issue with anti-mouse COX-3 

antibody used specific to sequence of 13-amino acids (MSREFDPEAPRNC); being 

more than 50% different from the actual sequence for COX-3 in mouse or rat 

(MSRESDPSGAPTR), thus COX-3 remain unrecognised in mouse or rat (Davies, 

2004). Simmons et al. (2005) clarified that the antibody used was a human and mouse 

peptides mixture (50:50) corresponding to first 12 amino acids encoded by exon 1 and 

the retained intron 1.  

In an attempt to better reflect the role of COX-3, Snipes et al. (2005) preferably called 

COX-1 variant as COX-1b. Sequence analysis has shown the generation of COX-1b 

mRNA (573 base pairs) from cerebral endothelial cells (CECs) and cerebral 

microvessels retaining 98 bp intron 1. This encodes an expected protein of 127 amino 

acid without homology to existing COX sequence. An anti-rat polyclonal antibody 

corresponding to 2–17 amino acids (SRESDPSGAPTRPGIR) was generated. The 

highest expression of COX-1b protein was detected in heart, kidney, and neuronal 

tissues. This finding was further confirmed by immunostaining of rat primary CECs 

(Snipes et al., 2005).  

However using exogenous arachidonic acid in COS-7 cells, rat COX-1b was found not 

to be catalytically active and sensitive to paracetamol inhibition. Two COX-1 

transcripts retaining intron 1 (>4.5 kb and 2.8 kb) was found in majority of human 

tissues using an intron 1-specific probe (26 to 63 base pair within intron 1) were 
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reported. In brain, the expression was highest in the cerebral cortex. Using anti-human 

COX-1 intron 1 targeted antibody, COX-1b (75 kDa) and PCOX-1a (55 kDa) proteins 

alongside two smaller uncharacterized proteins (15 kDa) were detected (Qin et al., 

2005). 

To generate a protein there could be two possibilities as to how the reading frameshift 

was restored; single-nucleotide polymorphisms (SNPs) or RNA editing resulting in 

removal of a single nucleotide. DNA sequencing study showed the presence of three 

splice variants of COX-1b. Major COX-1b₁ retains entire intron 1, leading to a 

frameshift and addition of a stop codon approximately after 249 bp which would most 

likely form a COX-inactive protein. COX-1b₂ and COX-1b₃ contain almost the full 

intron 1 with only exception of guanidine or cytosine, which would lead to a self-

rectifying frameshift and thus encoding probably a full length COX-active protein. 

These variants showed less than 25% identity between human and canine versions (Qin 

et al., 2005). 

When COX-1b₂ was expressed in insect Sf9 cells, COX-1 was found to be more active 

in conversion of arachidonic acid to PGF₂α. Paracetamol, dipyrone and phenacetin did 

not show varied potency between human COX-1 and COX-1b₂. It was suggested that 

retention of intron 1 may change protein topology resulting in a different glycosylation 

pattern, enzyme activity and selectivity. When human COX-1 and COX-1b₂ were 

compared, it showed no significant differences, proposing human COX-1b₂ is not the 

target for paracetamol’s actions (Qin et al., 2005). The key publications related to COX-

3 is presented in Table 1.1. 

 

Table 1.1: COX-3 experimental data related studies  

Canine Mouse Rat Human 

Chandrasekharan 

et al., 2002. 

Shaftel et al., 2003; Dou 

et al., 2004; Ayoub et al., 

2004; Cui et al., 2004; 

Kis et al., 2006; Ayoub et 

al., 2006. 

Kis et al., 2003; 

Kis et al., 2004; 

Warner et al., 2004;  

Kis et al., 2005; 

Snipes et al., 2005;  

Abd el-aleem et al., 

2009; Oksuz et al., 

2016. 

Chandrasekharan 

et al., 2002; Qin 

et al., 2005; 

Nurmi et al., 

2005; Censarek 

et al., 2006; 

Reinauer et al., 

2013. 
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1.10. Paracetamol induced hypothermia: the role of COX enzymes 

 

The antipyretic action of paracetamol during fever has been extensively studied over the 

last 30 years and there is general consensus about this aspect of the mechanisms 

involved. The most widely accepted view is that paracetamol inhibits the COX-2 

enzyme which is normally expressed following infection or trauma which leads to fever 

(Engström et al., 2013). It has also been known for some time that in many small 

mammals paracetamol can cause hypothermia (Walker et al., 1981; Massey et al., 1982; 

Ayoub et al., 2004; Li et al., 2008; Corley et al., 2009; Ayoub et al., 2011; Briyal and 

Glutai 2013; Gentry et al., 2015; Ahangar et al., 2016; Fukushima et al., 2017).  

 

Over the last 15 years there has been increased interest in paracetamol induced 

hypothermia in non-febrile rodents (rats and mice). This phenomenon has been noted at 

doses >100mg/kg which is the same dose required to reduce LPS induced fever in these 

animals. However in non-febrile animals there is no involvement of the COX-2 enzyme 

(Ayoub et al., 2004, 2011; Ayoub and Botting 2005). Another point for consideration is 

that the equivalent of the therapeutic dose (>100 mg/kg) of paracetamol in mice, at least 

in terms of antipyresis is very close to the dose where there is clear evidence of 

biomarkers of toxicity, particularly in mice.  

 

The mechanism by which paracetamol causes hypothermia in pyrogen free rodents has 

been the subject of fierce debate, primarily around the role of the COX-1 enzyme. In 

particular the suggestion that the hypothermia was due to the inhibition of the COX-1 

variant enzyme (Ayoub et al., 2004). The suggestion  was that the expression of this 

novel variant COX-1 was to regulate core temperature (Tc) in rodents housed at 

temperatures which require them to produce extra heat to maintain normal body 

temperature (Ayoub et al., 2004). A more detailed discussion on the regulation of Tc 

will be undertaken later in this chapter. However, this interpretation of the data has been 

challenged and there have been numerous studies to determine both the existence and 

role of the COX-1 variant termed COX-3 in paracetamol induced hypothermia (Kis et 

al., 2005; Li et al., 2008). Confirmation of the existence and role of COX-3 could 

transform our understanding of how both paracetamol and the NSAIDs work, with 

obvious implications. 
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1.11. Paracetamol induced hypothermia: other than COX? 

 

Walker et al. (1981) demonstrated a central mechanism of action of paracetamol 

induced hypothermia and proposed that hypothermia and hepatotoxicity are two 

separate events in mice as administration of paracetamol (125–750 mg/kg) in Swiss 

white mice resulted in decreased body temperature (Tb) before liver injury and hepatic 

congestion became evident. However it is possible for the hypothermic of paracetamol 

to be evident before gross toxicity. When N-acetylcysteine (NAC) coadministered with 

paracetamol, hepatotoxicity was prevented and to some extent hypothermia was 

protected confirming the above (Walker et al., 1981).  

The same research group indicated that the parent compound is responsible for causing 

early hypothermia in mice rather than its toxic reactive metabolite as mice pre-treated 

with phenobarbital that induces oxidative drug metabolism did not have any effect on 

paracetamol induced hypothermia. However, this hypothermic effect was enhanced 

when pre-treated with mixed-function oxidase blockers. In the same study, it was also 

indicated that paracetamol induced hypothermia is mediated centrally as the levels of 

parent compound in brain was associated with the degree of hypothermia, while it was 

not the case in liver. Paracetamol administered intracerebroventricularly caused 

significant hypothermic effect within 20 minutes (Massey et al., 1982). 

In 2009, Corley et al. hypothesised that paracetamol induced hypothermia might be 

dependent on opioid and cannabinoid (CB₁) or activating nociceptin/orphanin FQ 

peptide (NOP) receptor. Dose dependent hypothermia was observed with paracetamol 

administered intraperitoneally (100, 250, 375 or 500 mg/kg) in rats. Pre-treatment with 

an opioid, CB₁ or NOP antagonists could not alter the hypothermic effect of 

paracetamol (400 mg/kg).  

After presenting findings that paracetamol induced hypothermia may be mediated 

through COX-1 gene derived protein in mice, Ayoub et al. (2011) showed this 

phenomena does not rely on CB and transient receptor potential vanilloid 1 (TRPV1). 

BQ123, an endothelin-A receptor antagonist and paracetamol resulted in a significant 

increase (41%) in hypothermic response as opposed to paracetamol group alone (Briyal 

and Glutai, 2013). 

Other researchers further investigated the hypothermic activity of paracetamol. 

Subcutaneous, but not intrathecal, administration of this drug has shown to decrease 
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body temperature in WT mice dose dependently. Pre-treatment with resiniferatoxin that 

destroy or defunctionalize peripheral TRPV1 expressing terminals, but resistant to COX 

inhibition abolished the hypothermic effect. As paracetamol evoked hypothermia was 

identical in wildtype and TRPV1−/− mice, and not reduced by the maximum effective 

dose of a TRPV1 antagonist, it was concluded that this phenomena is independent of 

TRPV1. Since Transient receptor potential ankyrin 1 (TRPA1) is co-expressed with 

TRPV1, it was predicted to cause hypothermia similar to TRPV1 agonists. Interestingly, 

a TRPA1 antagonist inhibited the hypothermic effect of paracetamol and this drug did 

not have an effect on body temperature in TRPA1−/− mice (Gentry et al., 2015).  

The hypothermic effect of paracetamol has also been linked to Gamma-aminobutyric 

acid (GABA) and benzodiazepine receptors (Ahangar et al., 2016). An acute therapeutic 

dose of paracetamol (20 mg/kg lean body mass) was shown to impact on Tc of non-

febrile humans in a sub-neutral environment. This observation suggested that 

paracetamol might cause an inhibition of the mechanisms involved in thermogenesis 

which are important to maintain Tc in humans (Foster et al., 2016). 

 

1.12. Thermoregulation 

There is clear evidence that paracetamol and the NSAIDs have an impact on body 

temperature either in febrile or non-febrile animals. Thermoregulation is a complex 

process involving both temperature receptors and receptors located centrally and 

peripherally. Regulation of Tb depends on the ability of a thermoregulatory circuitry to 

sense and integrate thermal information from the external environment and deep within 

the body core (Bicego et al., 2007), thus involving various relatively independent 

thermoeffector loops along with afferent and efferent pathways (Romanovsky, 2007) 

(Figure 1.3). 

Homeotherms are capable of maintaining their Tc within a fairly constant range (36.0-

37.5°C) through the process of thermoregulation. The reference or set-point temperature 

is established by the firing rate of thermoregulatory neurons in the hypothalamus 

(Boulant, 2000). However, certain environmental and biological factors such as time of 

day, site of temperature measurements, level of physical activity, age, sex and race can 

cause slight variations. 
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Figure 1.3: Thermoregulatory circuitry. Peripheral thermosensors detects body 

surface temperature. These are cold sensors (most common, location; epidermis, 

signals; thin myelinated A δ fibers) and warm sensors (less common, location; slightly 

deeper in the dermis, signals; unmyelinated C fibers). Peripheral deep-body sensors 

respond to the Tc (location; esophagus, stomach, large intra-abdominal veins, and 

other organs). Brain temperature is detected by central thermosensors (most common; 

warm-sensitive whereas less common; cold sensitive). The preoptic area of anterior 

hypothalamus (POA) is a region thought to integrate information about local brain 

temperature and other body temperatures and to regulate the level of output for a set of 

thermoregulatory responses that are most suitable for given internal and environmental 

temperatures. Warm sensitive neurons are inherently sensitive to their own 

hypothalamic temperature and synaptically receive afferent information from skin and 

spinal thermoreceptors (Romanovsky, 2007). Preoptic warming elicits a variety of heat 

loss responses including panting, increased saliva secretion and increased skin blood 

flow, as well as behavioural responses. Preoptic cooling evokes heat production 

responses such as shivering and non-shivering thermogenesis, and heat retention 

responses including cutaneous vasoconstriction and behavioural responses (Adapted 

from Bicego et al., 2007).  

 

Generally, it is believed that mice share the same thermoeffector mechanisms of other 

homeotherms with few a exceptions. They replace grooming saliva for sweating to 

increase evaporative heat loss and possess BAT as a source of heat production. Due to 

their large surface area mass ratio, smaller mammals rely more on changing their 

metabolic heat production to regulate Tc. Additionally; rodents may also employ 
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behavioural thermoregulation strategies such as huddling and nest building to respond 

to changes in ambient temperature (Ta). Mice are nocturnal and exhibit a circadian 

rhythm, the average daytime Tc of laboratory mice at midday is 36.0°C whereas during 

the night due to increased activity this increases to 37°C. Laboratory mice tend to 

regulate their Tc approximately 1°C below that of laboratory rats. They prefer warm Ta 

during the daytime when the animal is inactive and cooler temperature at night during 

the time of higher activity and elevated Tc.  

 

1.13. Basic concept of thermogenesis and thermoneutral zone 

Heat production or thermogenesis is a key component of thermoregulation and could be 

either obligatory or facultative (Figure 1.4).  

 

Figure 1.4: Types of thermogenesis in homeothermic species. The horizontal line on 

the right vertical axis represents constant body temperature independent of the 

environment. Thermoneutrality temperature is represented on the x-axis. In colder 

environment, there is an increase in the magnitude of facultative thermogenesis 

whereas in warmer ambient temperature, thermoneutrality temperature is reached at 

which obligatory thermogenesis is enough for maintenance of body temperature 

(Adapted from Silva, 2003). 

 

Heat production is usually derived from sustaining vital functions or obligatory 

thermogenesis sometimes such as basal metabolic rate or resting energy expenditure. 

Obligatory thermogenesis comprised of two components; the heat resulting via 
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minimum energy cost of living that is not enough for maintaining Tb in cold 

environments. Secondly, the excess heat results from basal metabolic activity called 

basal thermogenesis and it is independent of Ta (Silva, 2003). Basal thermogenesis 

could be explained by more active metabolism of homeothermic species than 

poikilotherms, thus sustaining greater energy transactions/time (Silva, 2003; Else and 

Hulbert, 1981). 

A number of strategies are used to augment obligatory thermogenesis; these include 

vasoconstriction, piloerection, changed posture and reduced mobility. Due to the 

limitations of these mechanisms, additional facultative or adaptive thermogenesis is 

needed. In birds, the major site of this form of thermogenesis is likely to be the skeletal 

muscle and in case of mammals, it is brown adipose tissue (BAT) (Silva, 2006; 

Duchamp, 1993; Cannon and Nedergaard, 2004). Apart from cold stimuli, facultative 

thermogenesis can be activated by food, dissipating excess calories (Silva, 2003).  

Thermoneutrality or thermoneutral zone is a range of Ta where the obligatory 

thermogenesis is enough to maintain a stable Tc. The thermoneutral temperature of an 

animal varies according to body surface area-to-volume ratio resulting in a value of 

about 23°C in an adult man, 28°C in rats and 30°C in mice (Silva, 2003; Gordon, 1993). 

 

1.14. Thermogenic Mechanisms 

Homeotherms generally use two major mechanisms to increase heat generation. 

Increased production and utilization of adenosine triphosphate (ATP) (same amount of 

heat per ATP), most notably by accelerating ion movement against gradients. Ironically 

increased heat generation occur by reducing the efficiency of the mitochondrial ATP 

production through regulated proton leak in many tissues including brown adipose. 

Although mechanism is still not clear it involves uncoupling proteins (UCPs) 

particularly uncoupling protein 1 (UCP1). Hormones such as thyroid hormone may also 

be a regulator of thermogenesis (Silva, 2006). All the varying forms of thermogenesis 

require the supply of substrates to the mitochondria; the greater the demand for heat, the 

more substrate is required. Substrate supply relies on the catabolism/metabolism of 

glucose and triglycerides (TGs) producing primarily NADH for the ETC.  The greater 

the demand for heat the more susceptible the substrate supply or ETC is to disruption. 
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1.15. The Adipose Tissue: 

Adipose tissue plays a major role in metabolic regulation (Luo and Liu, 2016). Adipose 

tissue acts as the fuel reservoir, involved in conservation of heat and responsible for 

regulating lipid utilization (Luo and Liu, 2016). Excess energy is stored as neutral TGs 

via lipogenesis (Vaughan, 1962). When energy intake is insufficient or increased 

demands are stimulated, glycerol and fatty acids can be released from TGs into the 

blood and penetrate into different organs, thus distributing lipids and control energy 

balance (Luo and Liu, 2016). In addition to a fuel reservoir, adipose tissue is a major 

endocrine organ secreting various bioactive compounds that affect muscles, liver, 

pancreas and brain thus acts as a modulator of systemic metabolism (Luo and Liu, 

2016). 

 

1.16. Types of Adipose tissue 

Adipose tissue is divided into two main categories: white adipose tissue (WAT) and 

BAT. WAT stores excess energy as TGs whereas BAT which contain abundant UCP1, 

also called thermogenin, short-circuits the coupling of the respiratory chain to ATP 

synthetase (Ràfols, 2014). As a result, it dissipates chemical energy as heat (Cannon and 

Nedergaard, 2004) and prevents hypothermia and obesity via oxidation of lipids (Luo 

and Liu, 2016).  

 

1.17. Adipocytes 

Adipocytes are the main cell type in adipose tissue (Luo and Liu, 2016). They can vary 

in origin, morphology, mitochondria number and genes expressed in thermogenesis 

(Luo and Liu, 2016). Primarily based in WAT, white adipocytes vary in size from 25–

200 μm, appear as unilocular lipid droplet, and possess a small number of mitochondria 

with limited rate of oxidation (Luo and Liu, 2016). They possess high capacity of 

storing energy as TGs (Tan and Vidal-Puig, 2008).  

Brown adipocytes appeared as multilocular, abundant mitochondria as well as UCP1, 

and dissipate stored energy as heat via uncoupling ATP synthesis from the ETC (Luo 

and Liu, 2016). Increased expression of β-adrenergic receptors mediate cold-induced 

lipolysis in adipose tissues. Also, during cold stress, movement of large amounts of 
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lipids occur from WAT into BAT is accompanied by mitochondrial biogenesis (Blüher 

et al., 2004). As a result of β-adrenergic signalling in BAT, peroxisome proliferator-

activated receptor γ coactivator 1α (PGC-1α) is expressed, this stimulates UCP1 

expression and mitochondrial genes (Fortier et al., 2005).  

Unlike WAT, BAT is only found in mammals (Ràfols, 2014). In rodents, BAT is 

particularly abundant in the perinatal period, but persists throughout their adult life 

(Ràfols, 2014). In rodents, brown adipocytes mainly present in the interscapular and 

peri-renal sections whereas in humans and infants, it is located in abdominal sites which 

have a good blood supply (Luo and Liu, 2016). 

 

1.18. Adipogenesis and its regulation 

Differentiation of preadipocytes into mature fat cells is called adipogenesis, an 

important process for adipose tissue growth and energy balance (Lefterova and Lazar 

2009; Ali et al., 2013). Preadipocytes are small cells with fibroblasts morphology which 

upon stimulation form mature adipocytes. Adipocyte volume reflects the balance 

between lipogenesis and lipolysis whereas adipocyte number reflects the balance 

between preadipocyte proliferation, differentiation, and apoptosis, and apoptosis of 

adipocytes depending on tissue sites (Ràfols, 2014; Tchkonia et al., 2005). Various cell 

models of white preadipocytes (3T3-L1, 3T3-F442A) and immortal lines of brown 

preadipocytes have been used to investigate the differentiation process (Rosen, 2000). 

The four stages reported includes proliferation arrest induced by contact inhibition 

indicates confluence (Figure 1.5). Clonal expansion induced by hormone signals and 

represented by a few mitotic divisions for cell cycle synchronisation. Early 

differentiation stage arresting cell division, expressing characteristic adipocyte genes 

and initiating lipid accumulation. Lastly, typical adipocyte morphology is finally 

reached with the terminal differentiation phase with induction of transcription of genes, 

typical of mature adipocytes. In addition to the heterogeneity of the preadipocyte 

population when cultured in vitro, differences between mature adipocytes in a same 

WAT site have also been reported (Ràfols, 2014). 
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Figure 1.5: Differentiation of preadipocytes into adipocytes. Different stages of 

adipogenesis (Adapted from Ràfols, 2014). 

 

1.19. Lipolysis 

Lipolysis is the catabolic process result in conversion of stored TGs into free fatty acids 

(FFAs) and glycerol release (Luo and Liu, 2016). The classical physiological lipolytic 

pathway involves catecholamine release via sympathetic nervous system (SNS). 

Catecholamines bind to plasma membrane bound β-adrenergic receptors and activate 

membrane-bound AC leading to activation of cyclic adenosine monophosphate (cAMP) 

dependent PKA (Taylor et al. 2004; Carmen and Victor, 2006; Thompson et al., 2010) 

(Figure 1.6).  

Adrenergic receptors have seven transmembrane domains and are G-protein coupled 

receptors. β₁, β₂ and β₃ adrenergic receptors are couple to Gαs which stimulate adenylyl 

cyclase (AC) activity. α₁ and α₂ adrenergic receptors are coupled to Gαi which inhibits 

AC activity (Lafontan and Berlan, 1993). Due to a lower affinity of β-receptors for 

catecholamines than the α-receptors, the AC activity will be low under basal conditions 

as catecholamine levels are low (Thompson et al., 2010). Increased AC activity is 

favoured at high concentrations of catecholamines due to activation of the β-receptors 

and increased abundance compared to the α-receptors (Thompson et al., 2010).  

The β3-adrenergic receptor is highly expressed in rodent BAT and, unlike the β1 and β2 

adrenergic receptors; it is relatively specific to these tissues (Chaves et al., 2011). In 

mice the β₃ receptor is the major regulator of lipolysis (Lafontan and Berlan, 1993).  In 

humans, β₁ and β₂ provide the stimulating side while α₂ controls the inhibitory side 
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(Lafontan and Berlan, 1993). The main mechanism in the regulation of lipolysis in 

adipocytes is the balance of AC activity (Thompson et al., 2010).  

 

 

 

Figure 1.6: Regulation of lipid metabolism by adipose tissue. Lipolysis converts TG to 

FFA and glycerol that undergoes oxidation. SNS =sympathetic nervous system; AR = 

adrenergic receptor; cAMP＝ cyclic adenosine monophosphate; PKA = protein kinase 

A; TG = Triglyceride; DG = Diglyceride; HSL = Hormone sensitive lipase; MG = 

Monoglyceride; FFA = Free fatty acid (Adapted from Luo and Liu, 2016). 

 

During basal state, hormone sensitive lipase (HSL) is present in the cytoplasm. Perilipin 

A (perilipin 1) is a structural protein coating lipid droplets, thus protecting TG 

molecules from HSL access and thus inhibits basal lipolysis (Zhang et al., 2008). 

Adipose triglyceride lipase (ATGL) is located in the cytosol as well as on the surface 

(MacPherson and Peters, 2015). A key coactivator of ATGL is comparative gene 

identification-58 (CGI-58), (MacPherson and Peters, 2015), its binding to perilipin A 

restrict CGI-58-ATGL interaction. This results in low lipolytic activity and fatty acids 
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released due to TG hydrolysis are re-esterified (Lafontan and Langin, 2009), thus TG 

levels remain relatively constant. 

Under stimulated state, PKA causes phosphorylation of Perilipin A, ATGL, CGI-58 and 

HSL (MacPherson and Peters, 2015). Once phosphorylated, perilipin A causes ATGL 

activation and allows ATGL and HSL to access lipid droplet (MacPherson and Peters, 

2015). Catecholamines can stimulate lipolysis not only by PKA, mitogen-activated 

protein kinase (MAPK) and extracellular signal-regulated kinase (ERK) (Greenberg et 

al., 2001). It was suggested that lipolysis has an impact on heat generation and energy 

utilization by providing a source of fatty acids for increased β-oxidation (MacPherson 

and Peters, 2015).  

 

1.20. Brown and beige fat mediated non-shivering thermogenesis 

Brown and beige fat are responsible for dissipating energy as heat and provide a new 

option to fight obesity and related conditions (Luo and Liu, 2016; Lowell and 

Spiegelman, 2000; Cannon and Nedergaard, 2004). As a result of cold, feeding or stress 

exposure, norepinephrine (NE) release from sympathetic fibres bind to β₃-adrenergic 

receptor located on fat cells (Ueta et al., 2012). This leads to activating cAMP 

dependent PKA, lipolytic process and thermogenesis (Luo and Liu, 2016). Prolonged 

cold exposure activates BAT in adult humans, increases moving of lipids to BAT and 

oxidation of lipids via heat generation in mitochondria (Luo and Liu, 2016). 

 

1.21. Paracetamol and thermogenesis 

Regardless of the impact of paracetamol on COX activity, the relatively high 

concentrations of paracetamol required to induce hypothermia in rodents may have 

other effects on the animals both centrally and peripherally. Mice (and other rodents) 

rely on increased metabolic activity to maintain their Tc at Ta below their thermoneutral 

zone (30°C). In particular, increased activity of BAT is key to thermoregulation in many 

species.  
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Figure 1.7: Mechanism of fatty acid induced activation of uncoupling protein (UCP) 

and increased heat generation. FFA are transformed into acyl-CoA and transported 

into mitochondria as acyl-carnitine. Thus, generates the electron donors, nicotinamide 

adenine dinucleotide (NADH) and flavin adenine dinucleotide (FADH₂). NADH- and 

FADH₂-derived electrons move down the respiratory chain, and pumping of protons 

from mitochondrial matrix into the intermembrane space. This creates across the inner 

mitochondrial membrane an electrochemical proton gradient which generates the 

proton motive force being used in most tissues to drive conversion of ADP to ATP by 

ATP synthase. Hence, fatty acids activate UCP1, which causes the dissipation of proton 

motive force as heat and results in a reduction of the mitochondrial membrane 

potential. Secondly, free fatty acids are metabolized by mitochondrial β-oxidation 

(Adapted from Sell et al., 2004). 

 

Paracetamol may cause hypothermia by disrupting thermogenesis at one or more of the 

following stages. Signalling from the hypothalamus, the ability of the nerve 

innervations to release norepinephrine, lipolysis, oxidation of fatty acids or the 

interaction of fatty acids with the UCP.  

One of the most likely potential targets for paracetamol is preventing the binding of 

fatty acids (AA) to UCP1 thereby preventing uncoupling (Figure 1.7). It is possible that 

paracetamol may compete with arachidonic acid and other fatty acids in a manner 

similar to the inhibition of COX enzymes. 
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1.22. Cellular Respiration  

Energy is a pre-requisite for all life processes including biological and molecular events 

as well as for various cellular functions (Owen et al., 2011) and made available via a 

process of cellular respiration (Hill, 2014). The chemical energy in food is stored as 

ATP through slow combustion of carbohydrates, fats, and proteins or released as heat 

(Shutt and McBride, 2013). The majority of ATP production occurs via aerobic cellular 

respiration of glucose that represents 80% of carbohydrate metabolism (Owen et al., 

2011). 

 

1.23. Fatty Acid β-Oxidation  

Fatty acid oxidation involves breaking long chain acyl-CoA to acetyl-CoA in 

mitochondria. Fatty acids require protein transporters located on the cell surface to enter 

a cell (Lopaschuk et al., 2010) (Figure 1.8). These transporters are fatty acid translocase 

(FAT/CD36), and plasma membrane bound fatty acid binding protein (FABPpm) 

(Lopaschuk et al., 2010).  

The next step involves addition of a CoA to the molecule of fatty acid via fatty acyl-

CoA synthase (FACS) and leads to long chain acyl-CoA formation and then long chain 

acylcarnitine via carnitine palmitoyltransferase 1 (CPT1). This would allow the 

transportation of fatty acid moiety across the inner membrane of the mitochondria via 

carnitine translocase (CAT), thus exchanging long chain acylcarnitines and carnitine. 

The former then converts again to long chain acyl-CoA via inner mitochondrial 

membrane carnitine palmitoyltransferase 2 (CPT2) which then enters the β-oxidation 

pathway. This would form one acetyl-CoA per β-oxidation cycle.  

The final step in fatty acid β-oxidation involves a series of complex enzyme catalysed 

steps including acyl-CoA dehydrogenase, enoyl-CoA hydratase, hydroxyacyl-CoA 

dehydrogenase, and ketoacyl-CoA thiolase enzymes ((Fillmore et al., 2017; Schulz, 

2008). NADH and FADH₂ formation occur during β-oxidation which then utilized by 

ETC to generate ATP.   
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Figure 1.8: The fatty acid β-oxidation (FAO) pathway. Fatty acid protein transporters 

allow fatty acids entry inside the cell. FACS then adds a CoA group to the fatty acid 

forming long-chain acyl-CoA. It is then converted to long-chain acylcarnitine via CPT1, 

transported by CAT across the inner mitochondrial membrane and converted back to 

long-chain acyl-CoA via CPT2. Long-chain acyl-CoA follows β-oxidation pathway, 

forming one acetyl-CoA which then enters the tricarboxylic acid (TCA) cycle. NADH 

and FADH₂ produced utilised to produce ATP via electron transport chain (ETC). 

(Adapted from Fillmore et al., 2017). 

 

1.24. Electron Transport Chain 

The ETC consists of five protein complexes including NADH dehydrogenase-

ubiquinone oxidoreductase or complex I with approximately 46 subunits, catalysing 

NADH electron. Succinate dehydrogenase-ubiquinone oxidoreductase or complex II 

with 4 subunits, also an enzyme of the Krebs/TCA cycle. Ubiquinone-

cytochrome c oxidoreductase or complex III with 11 subunits, catalyses electron 

transfer from reduced ubiquinone or coenzyme Q10 to cytochrome c. 
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Cytochrome c oxidase or complex IV with 13 subunits and ATP synthase or complex V,  

with approximately 16 subunits. The ETC also need two small electron carriers, 

ubiquinone/coenzyme Q and cytochrome c (Perier and Vila, 2012). Coenzyme Q 

(CoQ), or ubiquinone, is unique in that it is a carrier that is not a protein-bound 

prosthetic group. It only carries hydrogen atoms (protons plus electrons).   

Electrons formed via energy substrates (such as NADH and FADH₂) formed in 

glycolysis, β-oxidation and the TCA cycle pass through different complexes to 

molecular oxygen and produce water. Also, proton pumping out of the mitochondria  

via complexes I, III, and IV, generates an electrochemical gradient called mitochondrial 

membrane potential, Δψ or the proton motive force which promotes the ADP 

phosphorylation via the ATP synthase (FoF1 ATPase — complex V) (Perier and Vila, 

2012; Bratic and Trifunovic, 2010). Fo domain of complex V couples proton 

translocation across the inner mitochondrial membrane (IMM) with the phosphorylation 

of ADP to ATP (Bratic and Trifunovic, 2010).   

 

1.25. Inhibitors of Oxidative Phosphorylation 

Rotenone and amytal block electron transfer at Complex I, thus preventing NADH 

utilization. However, oxidation of succinate remains unimpaired as these electrons enter 

via Complex II. Malonate blocks Complex II. Antimycin A interferes with electron flow 

from Complex III whereas cyanide (CN-) blocks complex IV. Other agents include 

azide (N3-) or carbon monoxide (CO). As a result of ETC inhibition, ATP synthesis is 

also inhibited as there is no proton-motive force generated. Oligomycin prevent protons 

entering through ATP synthase, thus ceasing ETC to operate which clearly illustrates 

tight coupling between electron transport and ATP synthesis (Berg et al., 2002).  

 

1.26. Regulated Uncoupling and Heat Generation 

Proton leaking or mitochondrial uncoupling occurs with the re-entry of protons into 

mitochondrial matrix and releasing energy of proton electrochemical gradient as heat 

instead of ATP production (Cannon et al., 2006). Protonophores (such as FCCP) and 

UCPs can facilitate this process (Voet and Voet, 2004; Mozo et al., 2005).  It is an 

important process to generate heat during hibernation, in newborns and cold adapted 

mammals. Adipose tissue specializes in non-shivering thermogenesis with high levels 

https://www.ncbi.nlm.nih.gov/books/n/mcb/A7315/def-item/A7752/
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of UCP1 or thermogenin of 33 kDa subunits and resembling ATP-ADP translocase. 

UCP1 short-circuits the mitochondrial proton battery to produce heat and primarily 

relies on FFAs for its activation. These fatty acids are released from TGs via signals 

such as β-agonists (Berg et al., 2002). 

UCP2 and UCP3 have also been identified. The former shows 56% sequence similarity 

to UCP1, present in various tissues. UCP3, exhibits 57% sequence similarity with UCP1 

and 73% with UCP2 and found in the skeletal muscle and brown fat. UCP2 and UCP3 

may be involved in energy homeostasis. The use of uncoupling proteins is not restricted 

to animals (Osellame et al., 2012; Berg et al., 2002). 

The ability of electrons to leak from the ETC prematurely allows their access to oxygen 

as opposed to being transferred to oxygen to produce water at complex IV, causing thus 

superoxide formation and oxidative stress (Osellame et al., 2012). 

 

1.27. Research Aims and Hypothesis 

Current understanding and research shows that the administration of paracetamol to 

mammals leads to the attenuation of increased temperature during fever and to 

hypothermia in non-febrile animals. The attenuation of increased temperature in humans 

can be achieved at non-toxic concentrations making paracetamol a safe antipyretic 

medication. This action is thought to be linked to the inhibition of COX-2. By contrast, 

the induction of hypothermia observed in non-febrile small mammals is at paracetamol 

concentrations where markers of toxicity are also detected. One explanation for the 

hypothermia is the inhibition of a variant of the COX-1 gene called COX-3. However, 

the evidence for the existence and biological activity of the COX-3 protein is 

inconclusive and disputed. Given the toxicity associated with hypothermia in non-

febrile mammals, other mechanisms may be involved and must be investigated. 

Elucidation of this pathway could lead to the development of more effective novel 

antipyretic agents. 

The aim of this research is to investigate the mechanisms by which paracetamol induces 

hypothermia in non-febrile rodents (mice and rats). The working hypothesis: 

paracetamol induced hypothermia in rodents is due to the inhibition of a novel COX-1 

variant protein (COX-3) expressed in brain endothelial cells.  The alternative hypothesis 

is that paracetamol induced hypothermia is linked to inhibition of peripheral 

thermogenic pathways. 
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1.28. Research Plan 

In order to test the above hypothesis, two approaches are being used:  

 

1. Identification and Characterisation of  the putative variant COX-3 enzyme:  

 Studies were undertaken to isolate and identify the COX-3 mRNA and 

protein in endothelial cells and tissues from mice. 

 The successful isolation of the protein would have been followed by 

characterisation of the putative COX-3 protein in terms of effect of 

paracetamol and other antipyretic compounds on the catalytic activity of 

the enzyme.  No COX-3 protein was isolated so studies switched to the 

effect of paracetamol on peripheral thermogenesis. 

 

2. Investigation of the effect of paracetamol on peripheral thermogenesis:  

Studies on the peripheral pathways involved assessing the effect of paracetamol 

and other putative specific COX-3 inhibitors on thermogenesis pathways 

including: 

 Lipolysis by measuring the release of glycerol from triglycerides.  

 Mitochondrial fatty acid uptake and oxidation. 

 The impact on the function of the mitochondrial ETC. 
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Chapter 2: Materials & Methods 

2.1. Suppliers 

 Ms Elizabeth Wood, Queen Mary University of London, U.K. 

 Sigma-Aldrich, Dorset, U.K. 

 Envigo, Huntingdon, U.K. 

 Melford, Suffolk, U.K. 

 Bio-Rad, Watford, U.K. 

 Fisher Scientific, Loughborough, U.K. 

 Cayman Chemical, Michigan, U.S.A. (U.K. Distributor: Cambridge Bioscience, 

Cambridge, U.K.).   

 Alpha Diagnostics International, San Antonio, U.S.A. (U.K. Distributor: Source 

Bioscience, Nottingham, U.K.).   

 Eurofin Genomics, Wolverhampton, U.K. 

 Life Technologies, Thermo Fisher Scientific, Loughborough, U.K. 

 Promega, Southampton, U.K.  

 Roche Diagnostics, Basel, Switzerland. 

 Agilent Technologies, Cheshire, U.K. 

 Nuaire, Caerphilly, U.K. 

 RS Biotech, Irvine, U.K. 

 Beckman Coulter, High Wycombe, U.K. 

 B.Braun, Sheffield, U.K. 

 OPTIKA, Bergamo, Italy. 

 AMG, Mill Creek, U.S.A. 

 Edmund Bühler, Bodelshausen, Germany. 

 BioTek, Winooski, U.S.A. 

 Eppendrof , Hamburg, Germany. 

 Thermo Scientific, Waltham, U.S.A. 

 HANNA instruments, Leighton Buzzard, U.K. 

 Hettich, Manchester, U.K. 

 Nanodrop Technologies, Wilmington, U.S.A. 

 Janke & Kunkel (IKA), Staufen im Breisgau, Germany. 

 Scie-Plas, Cambridge, U.K. 

 GraphPad Software,  San Diego, U.S.A. 
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2.2. Materials 

                                                                                                                                                                                     

Items                                                                                            Manufacturer/Supplier 

Mouse brain endothelial cell line (b.End3)                           Ms Elizabeth Wood 

Mouse pre-adipocyte cell line (3T3-L1)                                      Sigma-Aldrich 

Dulbecco’s Modified Eagle’s Medium (DMEM) –                            Sigma-Aldrich 

high glucose for b.End3 cell line  

Dulbecco’s Modified Eagle’s Medium (DMEM) –                            Sigma-Aldrich 

high glucose for 3T3-L1 cell line  

Fetal Bovine Serum (FBS)                                                              Sigma-Aldrich                                                                                     

MEM Non-essential Amino Acid Solution (100×)                           Sigma-Aldrich                                     

L-Glutamine                                                                                       Sigma-Aldrich                                                                                   

2-Mercaptoethanol                                                                          Sigma-Aldrich                                         

Sodium Pyruvate                                                                          Sigma-Aldrich                                           

Penicillin/Streptomycin                                                              Sigma-Aldrich                                                    

Amphotericin B                                                                          Sigma-Aldrich                                                

Phosphate buffered saline (PBS) tablets                                       Sigma-Aldrich                                            

Trypsin from porcine pancreas                                                  Sigma-Aldrich                                               

Ethylenediaminetetraacetic acid (EDTA) disodium salt               Sigma-Aldrich  

Trypan blue solution                                                                          Sigma-Aldrich                                    

Dimethyl Sulfoxide (DMSO)                                                              Sigma-Aldrich                                 

C57BL/6JOlaHsd (Male, 8-10 weeks old)                                         Envigo 

Male Wistar Rats 300 g                                                                  Envigo 

Mammalian Cell Lysis Kit                                                              Sigma-Aldrich                                           

Tris(hydroxymethyl) aminomethane (TRIS)                                         Melford 

Bovine Serum Albumin (BSA)                                                  Sigma-Aldrich                                                

Bradford Reagent                                                                             Bio-Rad                                       

4X Laemmli Sample Buffer                                                                 Bio-Rad                                    

Dithiothreitol (DTT)                                                                              Bio-Rad                                      

Trans-Blot® Turbo™ Mini PVDF Transfer Packs                              Bio-Rad                                         

Glycine                                                                                      Sigma-Aldrich                                                  
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Sodium dodecyl sulfate (SDS)                                                     Fisher Scientific  

Methanol                                                                                         Fisher Scientific  

Sodium Chloride (NaCl)                                                                 Fisher Scientific  

Triton x-100                                                                                         Sigma-Aldrich                                                                                                                                                                                

Clarity Western ECL Substrate                                                       Bio-Rad                                         

COX-1 mouse Polyclonal antibody                                                     Cayman Chemical                        

COX-1 mouse blocking peptide                                                     Cayman Chemical                                        

Goat anti-rabbit IgG HRP                                                                 Cayman Chemical                            

Goat anti-mouse IgG HRP                                                                 Cayman Chemical                           

Anti-Mouse Cyclooxygenase 3 (COX-3),                                             Alpha Diagnostics                

(Polyclonal)                                                                                            International 

Mouse Monoclonal Anti-β-Actin antibody                                        Sigma-Aldrich   

Mouse Cyclooxygenase 3 (COX-3) Control/blocking peptide             Alpha Diagnostics                                                                                                                                                                                                                                                                              

                                                                                                    International 

Precision Plus Protein™ Dual Color Standards                            Bio-Rad 

Lipopolysaccharides from Escherichia coli 0111:B4                 Sigma-Aldrich                                

GenElute™ Direct mRNA Miniprep Kit                                        Sigma-Aldrich                                    

Custom-made oligonucleotides                                                    Eurofin Genomics     

Agarose                                                                                        Melford 

SYBR® Safe DNA Gel Stain                                                                Life Technologies 

Blue/orange 6X loading dye  Promega                                                                          

DNA Molecular Weight Marker VI                                                    Roche Diagnostics 

AccessQuick™ RT-PCR System                                                    Promega                                     

Nuclease-Free Water                                                                             Promega 

Acetic acid                                                                                             Fisher Scientific 

Insulin solution from bovine pancreas                                        Sigma-Aldrich                                 

Isobutylmethylxanthine (IBMX)                                                   Sigma-Aldrich                                                  

Dexamethasone                                                                           Sigma-Aldrich                                         

Rosiglitazone                                                                                       Cayman Chemical                                              

Formaldehyde, Pure, Solution,                                                    Fisher Scientific 

10% (v/v) in 0.9% Sodium Chloride Solution                

Isopropanol                                                                                        Fisher Scientific  
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Oil Red O solution                                                                              Sigma-Aldrich  

Thiazolyl Blue Tetrazolium Bromide (MTT)                               Sigma-Aldrich  

Dulbecco’s Modified Eagle’s Medium - low glucose                  Sigma-Aldrich  

Bovine Serum Albumin (fatty acid free)                                          Sigma-Aldrich  

Free glycerol reagent                                                                              Sigma-Aldrich  

Glycerol standard solution                                                                  Sigma-Aldrich  

Acetaminophen (Paracetamol)                                                      Sigma-Aldrich  

4-Dimethylaminoantipyrine (Aminopyrine)                                          Sigma-Aldrich  

Antipyrine                                                                                          Sigma-Aldrich  

Isoprenaline hydrochloride (Isoproterenol)                                          Sigma-Aldrich  

(±)-Norepinephrine (+)-bitartrate salt                                                      Sigma-Aldrich  

Forskolin                                                                                          Sigma-Aldrich  

8-Bromoadenosine 3′,5′-cyclic monophosphate (8-Br-cAMP)      Sigma-Aldrich  

Potassium Chloride (KCl)                                                                  Fisher Scientific  

Calcium Chloride (CaCl₂)                                                                  Fisher Scientific  

Magnesium Sulfate (MgSO₄ (7H₂O))                                                      Fisher Scientific 

Potassium dihydrogen orthophosphate (KH₂PO₄)                              Sigma-Aldrich  

Sodium phosphate dibasic (Na₂HPO₄)                                                     Sigma-Aldrich  

Glucose                                                                                                 Sigma-Aldrich  

Fructose                                                                                          Fisher Scientific  

Bovine Serum Albumin (BSA)                                                      Sigma-Aldrich  

Collagenase from Clostridium histolyticum                                          Sigma-Aldrich  

Seahorse XFp Cell Culture Miniplates                                    Agilent Technologies 

Seahorse XFp FluxPak                                                            Agilent Technologies 

Seahorse XF Calibrant                                                            Agilent Technologies 

Seahorse XF Base Medium                                                            Agilent Technologies 

Sodium hydroxide (NaOH)                                                                  Fisher Scientific 

Seahorse XFP Cell Mito Stress Test kit                                    Agilent Technologies 

Sucrose                                                                                          Sigma-Aldrich  

Mannitol                                                                                          Sigma-Aldrich  

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES)      Sigma-Aldrich  

Ethylene glycol-bis(β-aminoethyl ether)-                                                Sigma-Aldrich  
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N,N,N',N'-tetraacetic acid) (EGTA)  

Magnesium chloride (MgCl₂)                                                                  Sigma-Aldrich  

Sodium succinate dibasic hexahydrate                                          Sigma-Aldrich  

D-(+)-Malic acid                                                                              Sigma-Aldrich  

Potassium hydroxide (KOH)                                                                  Fisher Scientific 

Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP)      Sigma-Aldrich  

Rotenone                                                                                          Sigma-Aldrich  

Oligomycin A                                                                                          Sigma-Aldrich  

Antimycin A from Streptomyces sp                                                      Sigma-Aldrich  

Ethanol                                                                                          Fisher Scientific  

L-Ascorbic acid                                                                               Sigma-Aldrich  

N1,N1,N1,N1tetramethyl-1,4-phenylene diamine (TMPD)                   Sigma-Aldrich  

Malonate                                                                                Sigma-Aldrich  

Sodium Azide                                                                                           Sigma-Aldrich  

Dulbecco’s Modified Eagle’s Medium (DMEM) –  

no glucose, no glutamine, no phenol red for FAO Assay                 Fisher Scientific

  

L-Carnitine hydrochloride                                                                 Sigma-Aldrich  

(+)-Etomoxir sodium salt hydrate                                                      Sigma-Aldrich  

XF Palmitate-BSA FAO Substrate                                                Agilent Technologies 

XF BSA control FAO                                                                        Agilent Technologies 

N-Acetyl-p-benzoquinone imine (NAPQI)                                            Cayman Chemical  

4–15% Mini-PROTEAN® TGX™ Precast Protein Gels,                          Bio-Rad 

10-well                                                                                      
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2.3. Equipment   

 

Equipment (model)                                                                                Manufacturer 

Class II Biological Safety Cabinet (CELLGARD)                                  Nuaire 

CO₂ Incubator (Galaxy R+)                                                                     RS Biotech 

Centrifuge (Avanti J-26S XP)                                                                  Beckman Coulter 

Waterbath (Thermomix® Me)                                                                 B.Braun 

LED Microscope (B-190)                                                                        OPTIKA 

Digital Inverted Microscope (EVOS® XI)                                              AMG 

Orbital shaker (KS 10)                                                                             Edmund Bühler  

Tissue homogeniser (Ultra Turrax TP 18/10)                                          Janke & Kunkel  

Multi-Mode Reader (Synergy HTX)                                                        BioTek 

Thermomixer Comfort (Comfort)                                                            Eppendrof 

Electrophoresis System (Mini-PROTEAN® Tetra Cell)                   Bio-Rad  

Power Supply (PowerPac™ Basic)                                                       Bio-Rad  

Imaging System for immunoblots (ChemiDoc™ XRS+)                        Bio-Rad                             

Western Blotting Transfer System (Trans-Blot® Turbo™)                   Bio-Rad  

Imaging System for nucleic acids (Gel Doc™ EZ)                                  Bio-Rad  

Horizontal gel electrophoresis unit (HU6 Mini)                                      Scie-Plas                      

Non-CO₂ 37°C incubator (Heratherm™)                                    Thermo Scientific 

Seahorse Analyzer (XFp)                                                            Agilent Technologies 

Multiparameter pH Meter (edge® 2210)                                          HANNA instruments 

Centrifuge (5920R)                                                                               Eppendrof 

Benchtop Centrifuge (Mikro 120)                                                            Hettich 

Thermal Cycler (T100)                                                                   Bio-Rad  

Nanodrop spectrophotometer (ND-1000)                                                Nanodrop    

                                                                                                                 Technologies 
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2.4. Methods 

 

2.4.1. Cell culture 

The mouse brain endothelial cell line (b.End3) was maintained under standard culture 

conditions (37°C, 5% CO₂, 95% air) with medium containing DMEM supplemented 

with 10% fetal bovine serum (FBS), 1% w/v non-essential amino acids, 2 mM 

glutamine, 1 mM sodium pyruvate, 5 µM 2-mercaptoethanol, 10,000 units 

penicillin/mL, 10 mg streptomycin/mL (5 mL/500 mL of medium) and 250 μg/mL 

amphotericin B (5 mL/500 mL of medium) (Public Health England, U.K.). Sub-

confluent cultures (70-80%) were seeded at 20-40,000 cells/cm² using 0.25% trypsin 

and 0.03% EDTA. The confluency of cells was at 60%-70% in experiments. Cell 

viability was assessed by trypan blue dye assay. 

The mouse 3T3-L1 pre-adipocyte cell line was maintained in the same manner as the 

b.End3 cells with medium containing DMEM supplemented with 10% FBS, 2 mM 

glutamine, 10,000 units penicillin/mL, 10 mg streptomycin/mL (5 mL/500 mL of 

medium) and 250 μg/mL amphotericin B (5 mL/500 mL of medium) (Public Health 

England, U.K.). Sub-confluent cultures (70-80%) were seeded at 10-20,000/ cm² using 

0.25% trypsin and 0.03% EDTA. The culture was not allowed to become fully 

confluent and subcultured every 3 days. Cell viability was assessed by trypan blue dye 

assay. 

 

2.4.2. Sample preparation to determine COX protein expression 

Mouse brain endothelial cells at 60%-70% confluent were removed by gentle scraping, 

placed in a centrifuge tube and spun at 500 x g for 5 minutes at 4°C to remove the 

medium. Cells were resuspended in 1 ml of PBS at 4°C, spun at 13000 x g for 2 minutes 

at 4°C and the cell pellet was kept at -20°C.  

Animals (male C57BL/6 mice) were killed by cervical dislocation and whole brain 

tissues were removed immediately, washed in PBS at 4°C and stored immediately in -

80°C.  
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2.4.3. Bradford protein assay and western blotting to determine COX protein 

expression 

Samples (cells or tissues) were incubated with cell lysis buffer for 15 minutes at 4°C on 

an orbital shaker according to manufacturer’s instructions (Sigma-Aldrich, U.K.). In 

case of tissues, samples were then homogenized at 4°C (Sigma-Aldrich, U.K.). Protein 

concentration was determined using Bradford assay. BSA stock (1 mg/mL) was 

prepared by dissolving BSA in distilled water. BSA standards (0.05 mg/mL, 0.1 

mg/mL, 0.2 mg/mL, 0.3 mg/mL, 0.4 mg/mL, and 0.5 mg/mL) were prepared. The 

samples were diluted in 50 mM tris buffer (pH 7.5) and 10 µL of this was transferred to 

a 96-well plate. 200 µL Bradford reagent (1:4 dilution) was added and the plate was 

read at 595 nm (Bradford, 1976).  

For western blotting, samples were reconstituted in 4X Laemmli sample buffer (25 µL 

of 2 M DTT added) and then heated at 99°C for 5 minutes in a thermomixer. 4-15% 

Mini-PROTEAN® TGX™ precast gels were placed in the frames of the protean system 

after taking out the bottom tape. The gel plate frames were filled with 1X running buffer 

(25 mM Tris base, 250 mM Glycine, 0.1% (w/v) SDS dissolved in distilled water and 

the pH was 8.3). 10 µL of prestained molecular weight marker was added in the 1st well 

and the rest of the wells were loaded with samples according to the plan of each 

experiment. The gel plate frames were placed in the tank and 1X running buffer was 

added upto the mark according to the total number of the gels in the tank. The lid was 

placed and tank was attached to the Power Pac set at 100 V and was switched off as 

samples were 2 cm from the bottom of the gel. 

The prepackaged transfer pack was opened and the bottom of the pack containing the 

membrane was placed on the Bio-Rad transfer cassette. After removing the gels 

between the glass plates, the stacking gel was removed and placed on the top of the 

membrane followed by the top portion of the pack. The transfer sandwich was rolled 

using a roller to avoid air bubbles. The lid of the transfer cassette was placed and 

inserted in the Trans-Blot® Turbo™ Transfer System and Bio-Rad mini tgx 3 minutes 

transfer (2.5 A; upto 25 V) was selected. Once transfer was completed, membranes were 

placed in a container containing small volume of 1X washing buffer (50 mM Tris base, 

150 mM Sodium Chloride, 0.1% (v/v) Triton x-100 dissolved in distilled water) to 

cover the membrane.  
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Washing of membranes involved using 1X washing buffer 3 times for 5 minutes 

followed by addition of 10 mL of 1X blocking buffer (0.1% (w/v) BSA, 5% (w/v) Dried 

Skimmed milk (less than 1% fat) in washing buffer) to each membrane. The membranes 

were kept on a rotating platform for the duration of an hour at room temperature.  

Again, washing of membranes involved using 1X washing buffer 3 times for 5 minutes. 

COX-1 and COX-3 polyclonal antibodies were diluted in 1X blocking buffer as 

outlined in Table 2.1 (Ayoub et al., 2006). β-actin (mouse) monoclonal antibody was 

diluted 1:10,000 in 1X blocking buffer (Sigma-Aldrich, U.K.). 

For COX-1 control peptide + COX-1 immunoblot, COX-1 (mouse) polyclonal antibody 

and COX-1 (mouse) blocking peptide were mixed together in a 1:1 (v/v) ratio i.e. 10 µL 

of antibody and 10 µL of peptide in a microfuge tube. This mixture was incubated at 

room temperature for an hour with occasional mixing prior to further dilution and 

application of mixture to the immunoblot. This mixture was further diluted to 1:1000 

and added to the respective membrane (Cayman Chemical, U.S.A.). 

 

Table 2.1: COX-1 and COX-3 antibodies 

Name Antigen Antibody host/type Reactivity Dilution 

COX-1  274-288 amino acids peptide 

of Mouse COX-1, internal 

region of COX-1 

Rabbit, polycolnal 

(affinity- purified IgG) 

Mouse, 

Rat 

1:1000 

COX-3  1-12 amino acids peptide of 

Mouse COX-3, N-terminus 

Rabbit, polyclonal 

(affinity- purified IgG) 

Mouse 1:250 

 

For COX-1 mouse blocking peptide immunoblot, COX-1 (mouse) polyclonal antibody 

and COX-1 mouse blocking peptide were mixed together in a 1:1 (v/v) ratio i.e. 10 µL 

of antibody and 10 µL of peptide in a microfuge tube. This mixture was incubated at 

room temperature for an hour with occasional mixing prior to further dilution and 

application of mixture to the immunoblot. This mixture was further diluted to 1:1000 

and added to the respective membrane (Cayman Chemical, U.S.A.). 
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After adding respective primary antibodies, membranes were kept on a rotating platform 

overnight at 4°C. Next day, washing of membranes involved using 1X washing buffer 3 

times for 5 minutes. The Goat anti-Rabbit IgG-HRP, a secondary antibody in 1:2000 

dilution whereas for β-actin, Goat anti-mouse IgG HRP a secondary antibody in 1:2000 

dilution in 1X blocking buffer and the membranes were kept for an hour on rotating 

platform at room temperature. 

Washing of membranes involved using 1X washing buffer 2 times for 5 minutes and 

then placed on cling film. The membranes were incubated with 2 mL of Clarity western 

ECL substrate (kit components were mixed in a 1:1 ratio) for 5 minutes and then placed 

in the ChemiDoc imaging system. 

 

2.4.4. Dot blots 

For COX-1 and COX-3 blots, 10 µL of COX-1 or COX-3 control peptide was added on 

nitrocellulose membrane, dried and then 5 mL of 1X blocking buffer was added to the 

membrane and incubated for an hour on rotating platform at room temperature. It was 

washed twice with 5 mL 1X washing buffer per blot for 5 minutes. 10 µL of COX-1 or 

COX-3 antibody was added to 10 mL of 1X blocking buffer (1:1000) and then placed 

on COX-1 or COX-3 blots with 5 mL/blot.  

Blots were incubated overnight at 4°C. The next day, blots were washed twice with 5 

mL washing buffer/blot for 5 minutes. 10 µL of secondary antibody was added in 20 

mL of blocking buffer (1:2000) and 5 mL/blot was added and incubated for an hour. 

After washing twice, blots were visualised with 250 µL of Clarity western ECL 

substrate (kit components were mixed in a 1:1 ratio) for 5 minutes and then placed in 

the ChemiDoc imaging system. 

 

2.4.5. Sample preparation for mRNA extraction 

Unstimulated and LPS stimulated b.End3 cells for 3 hours (1 µg/mL LPS dissolved in 

complete DMEM) were scraped and placed in a centrifuge tube and spun at 500 x g for 

5 minutes at 4°C. Cells were resuspended in PBS at 4°C, they were spun at 13000 x g 

for 2 minutes at 4°C and the pellet was kept at -80°C.  
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2.4.6. Direct mRNA extraction 

Direct mRNA extraction was performed with the help of manufacturer’s kit instructions 

(Sigma Aldrich, U.K). For b.End3 cells, the cells were lysed using lysis solution, 

pipetted thoroughly until all clumps disappeared and then transferred into a filtration 

column and spun at 16,000 x g for 2 minutes. The homogenized lysate (flow-through 

liquid) was then incubated at 65 °C for 10 minutes. Sodium chloride solution was added 

to the digested cell lysate and then resuspended oligo(dT) beads were added to the 

lysate-sodium chloride mixture and mixed thoroughly by vortexing until homogenous. 

The lysate/bead mixture was kept at room temperature for 10 minutes. The oligo(dT) 

beads:mRNA complex was pelleted by centrifuging for 5 minutes at 16,000 x g and the 

supernatant was carefully removed and discarded by pipetting without disturbing the 

pellet. 

For mRNA enrichment, initially the bound material first set free from beads into fresh 

lysis solution; mRNA is then rebounded to the same beads by adding lysis solution and 

sodium chloride solution and vortexed thoroughly. The suspension was kept at 65 °C 

for 5 minutes followed by at room temperature for 5 minutes. The bead:mRNA complex 

was pelleted for 2 min and the supernatant was removed and discarded. The pellet was 

resuspended in wash solution and transferred to spin filter-collection tube assembly by 

pipetting and spun for 1-2 minutes at 16,000 x g. The flow through liquid was discarded 

but retained the collection tube. Same steps were repeated for second and third wash 

using low salt wash solution. The spin filter was placed into a fresh collection tube and 

preheated elution solution (65°C) was added onto the spin filter ensuring that it contacts 

the bead:mRNA complex and incubated for 2-5 minutes at 65°C, spun for 1-2 minutes 

and the flow-through liquid contained most of the purified mRNA. Same steps were 

repeated for second elution. For qualitative and quantitative measurements, samples 

were analysed using Nanodrop and stored at -80°C. 

For frozen whole brain tissues, samples were quickly sliced and weighed upto 40 mg 

per preparation. The tissues were homogenised using the lysis solution immediately 

until no visible pieces remained and same steps were performed as above. 
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2.4.7. Expression of COX mRNA using RT-PCR 

Using 0.1 µg of extracted mRNA from each sample, cDNA was synthesized and 

amplified by a one step RT-PCRs according to manufacturer’s kit instructions 

(Promega, U.K.) using primer sets targeting the COXs mRNA. Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) primers were also included as controls to evaluate 

the quality of the extracted mRNA samples. Also reverse transcription was omitted in 

controls. 

The published primers (Ayoub et al., 2004) of COX-1, COX-2, COX-3, and GAPDH 

were used (Figure 2.1; Table; 2.2). A few errors were noted in the nucleotide sequence 

of published GAPDH primer set (2, 15 and 18 positions in sense primer and 21 position 

in antisense primer and the corrected sequence includes sense 5′- ATG GTG AAG GTC 

GGT GTG AA CG-3′ and antisense 5′-GCC AAA AGG GTC ATC ATC TCC GCC-3′). 

However, the published GAPDH primer set was able to amplified product of expected 

size. The published RT-PCR conditions of all the primers were used, but further 

optimisation was carried out for COX-1 and COX-3 (Table 2.3). 

Primer sets were also specifically designed for COX-1 and COX-3 (Figure 2.1; Table 

2.4). The first primer set named as COX-1/3.The sense primer anneals within exon 1 

and the antisense primer within exon 3 of COX-1, to amplify a smaller fragment for 

COX-1 (product size of 227 bp) and a larger sequence for COX-3 (325 bp), thus 

distinguishes between COX-1 and COX-3. The second set of primers named as COX-

1/3P. The sense primer anneals within exon 1, and the antisense primer within exon 4 

and 5 of COX-1, to amplify a smaller fragment for COX-1 (product size of 402 bp) and 

a larger sequence for COX-3 (500 bp). This differ between COX-1 and COX-3 as well 

as COX-3 and “partial” COXs (PCOX-1a, PCOX-1b) as antisense primer binds to exon 

5, which is lacking in PCOXs (Chandrasekharan et al., 2002). The RT-PCR conditions 

of these primers are outlined in Table 2.5. 
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A. COX-1 

 

B. COX-2 

 

C. COX-3 

 

D. COX-1 

 

E. COX-1/3 

 

F. COX-1/3P 

 

Exon         Intron    

 

Figure 2.1:  Primers used for RT-PCR: A,B,C. Published primers for COX-1, COX-2 

and COX-3 (Ayoub et al., 2004). C,D,E. Custom made primers for COX-1 and COX-3.  
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Table 2.2: Published primers 

 

 

Table 2.3: RT-PCR conditions for published primers 

 

 

 

Gene Primer Sequences Melting  

Temperature 

Product 

(bp) 

COX-1 

Sense 

Antisense 

 

5′-AGG AGA TGG CTG CTG AGT TGG-3′ 

5′-AAT CTG ACT TTC TGA GTT GCC-3′ 

 

61.8 

55.9 

 

602 

COX-2 

Sense 

Antisense 

 

5′-ACA CAC TCT ATC ACT GGC ACC-3′ 

5′-TTC AGG GAG AAG CGT TTG C-3′ 

 

59.8 

56.7 

 

274 

COX-3 

Sense 

Antisense 

 

5′-ATG AGT CGT GAG TCC GAC CCC AGT-

3′  

5′-TGT CGA GGC CAA AGC GGA-3′ 

 

66.1 

58.2 

 

290 

GAPDH 

Sense 

Antisense 

 

5′-AAG GTG AAG GTC GGA GTC AAC G-3′ 

5′-GGC AGA GAT GAT GAC CCT TTT GGC-

3′ 

 

62.1 

64.4 

 

363 

Primers Reverse 

Transcription 

Denaturation Annealing Extension Final 

Extension 

Cycles 

COX-1 94°C for 3 min 94°C for 15 

sec 

60°C for 15 

sec 

65°C for 1 

min 

72°C for 7 

min 

32 

COX-2 94°C for 3 min 94°C for 15 

sec 

55°C for 15 

sec 

72°C for 1 

min 

72°C for 7 

min 

40 

COX-3 95°C for 2 min 95°C for 30 

sec 

56°C for 1 

min 

72°C for 1 

min 

72°C for 7 

min 

35 

GAPDH 94°C for 3 min 94°C for 30 

sec 

60°C for 30 

sec 

72°C for 1 

min 

72°C for 

10 min 

30 

(Ayoub et al., 2004) 

 

COX-1 94°C for 3 min 94°C for 15 

sec 

50°C for 

30 sec 

72°C for 

1 min 

72°C for 7 min 32 

COX-3 95°C for 2 min 95°C for 30 

sec 

53°C for 

1 min 

72°C for 

1 min 

72°C for 7 min 35 

(Further optimised) 
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Table 2.4: Custom made primers for COX-1 and COX-3: 

Gene Primer Sequences Melting 

temperature 

Product 

length (bp) 

COX-1 

Sense 

Antisense 

 

5′-GGC TTC GTG AAC ATA ACC GC-3′ 

5′-ATC CAC AGC CAC ATG CAG AA-3′  

 

59.4 

57.3 

 

437 

COX-1/3 

Sense 

Antisense 

 

5′-GGC ATT GCA CAT CCA TCC AC-3′  

5′-TAG CCC GTG CGA GTA CAA TC-3′ 

 

59.4 

59.4 

 

COX-1 (227) 

COX-3 (325) 

COX-1/3P 

Sense 

Antisense 

 

5′-GGC ATT GCA CAT CCA TCC AC-3′  

5′-GTT GGA CCG CAC TGT GAG TA-3′ 

 

59.4 

59.4 

 

COX-1 (402) 

COX-3 (500) 

(NCBI Reference Sequence: NM_008969.4) 

 

Table 2.5: RT-PCR conditions for custom made primers for COX-1 and COX-3: 

 

The cDNA products were viewed on 2% (w/v) agarose gel. The gel was directly 

prepared in SYBR Safe gel stain. The stain was diluted in 1X TAE buffer (40 mM Tris, 

20 mM acetic acid, 1 mM EDTA, pH 8.0), added to the powdered agarose and heated in 

a microwave for 2 minutes to dissolve. The gel was left to set for 30 minutes. The gel 

was placed in a tank filled with 1X TAE buffer and loaded with 10 µL PCR product 

mixed with blue/orange 6X loading dye and 5 µL of DNA ladder. The gel was run at 

100 V for 30 minutes and the bands were visualised using Gel Doc™ EZ system. 

 

2.4.8. Differentiation of 3T3-L1 pre-adipocytes  

For the differentiation of pre-adipocytes, once cells become confluent, they were further 

allowed to grow for four additional days and this was treated as Day 0. At Day 1, cells 

were placed in DMEM differentiation medium with 10% fetal bovine serum, 1 µg/mL 

insulin, 0.5 mM isobutylmethylxanthine (IBMX), 1 µM dexamethasone, 2 µM 

Primers Reverse 

Transcription 

Denaturation Annealing Extension Final 

Extension 

Cycles 

COX-1 94°C for 3 min 94°C for 15 

sec 

52°C for 

30 sec 

72°C for 1 

min 

72°C for 7 

min 

32 

COX-

1/3 and 

COX-

1/3P 

95°C for 2 min 95°C for 30 

sec 

54°C for 1 

min 

72°C for 1 

min 

72°C for 7 

min 

35 
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rosiglitazone for 48 hours. On day 3, the differentiation medium was switched to 

DMEM containing 10% FBS and 1 µg/mL insulin and changed after every 48 hours 

from this stage until fully differentiated 3T3-L1 adipocytes formation (Public Health 

England, U.K.; Zebisch et al., 2012; Zenbio, U.S.A). 

 

2.4.9. Oil Red O staining 

The differentiation process was confirmed by Oil Red O staining. The culture medium 

was removed and after washing cells twice with sterile PBS and fixed with 10% 

formalin for 30 minutes at room temperature. Washing step involved using sterile water 

and incubated with 60% isopropanol solution. After 5 minutes, 60% isopropanol was 

removed and working solution of Oil Red O was prepared by mixing 3 parts of stock 

solution to 2 parts of sterile water was filtered and added to the cells. After 15-20 

minutes, the cells were again washed twice with sterile water and the staining of lipid 

droplets and cell morphology was observed under microscope. For quantification, 

sterile water was removed and the stain was extracted with 100% isopropanol by adding 

100 µL of 100% isopropanol in each well and placed on orbital shaker at room 

temperature for 5 minutes with gentle rocking. The absorbance was read at 510 nm 

(BioVision, U.S.A.). 

 

2.4.10. MTT assay on 3T3-L1 differentiated adipocytes 

The 3T3-L1 adipocytes were exposed to different concentrations of test compounds in 

24-well plates. After 24 or 48 hours, 50 µL MTT solution (5 mg/mL in PBS and filter 

sterilised) was added to cells and kept for an hour. After an hour exposure with MTT, 

the medium was aspirated and 100% isopropanol was added to each well and mixed 

until the formazan crystal product get dissolved. The absorbance was measured at 

570 nm. 

 

2.4.11. Lipolysis assay in 3T3-L1 differentiated adipocytes 

After two hours of serum-free incubation (Schweiger et al., 2014) for all experiments, 

the differentiated cells were exposed to different concentrations of paracetamol or 
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aminopyrine or antipyrine (1 mM or 10 mM) with 2% BSA (fatty acid free) and 

glycerol release was measured after 1, 3 and 24 hours for basal lipolysis. 

For norepinephrine stimulated lipolysis, cells were pre-incubated with different 

concentrations of paracetamol (1 mM or 10 mM) with 2% BSA (fatty acid free) for 30 

minutes and then incubated with norepinephrine (1 µM) with 2% BSA (fatty acid free) 

and glycerol release was measured after 1, 3 hours.  

For isoproterenol stimulated lipolysis, cells were treated with different concentrations of 

paracetamol (1 mM or 10 mM) and isoproterenol (0.001 - 0.1 µM) with 2% BSA (fatty 

acid free) added simultaneously. Alternatively, cells were pre-incubated with different 

concentrations of paracetamol (1 mM or 10 mM) with 2% BSA (fatty acid free) for 30 

minutes and then incubated with different concentrations of isoproterenol (0.001 - 10 

µM) with 2% BSA (fatty acid free) and glycerol release was measured after 1, 3, 24 and 

48 hours.  

For forskolin and 8-Br-cAMP stimulated lipolysis, cells were pre-incubated with 

different concentrations of paracetamol (1 mM or 10 mM) with 2% BSA (fatty acid 

free) for 30 minutes and then incubated with forskolin (100 µM) or 8-Br-cAMP (1 mM) 

with 2% BSA (fatty acid free) and glycerol release was measured after 1, 3 and 24 

hours.  

Glycerol standards (1.95 µg/mL, 3.9 µg/mL, 7.8 µg/mL, 15.6 µg/mL, 31.25 µg/mL, 

62.5 µg/mL, 125 µg/mL) were prepared using glycerol standard solution (260 µg/mL) 

in distilled water. 25 µL of each sample or standard was transferred to a new 96-well 

plate and 100 µL of glycerol reagent was added and read at 540 nm (Sigma-Aldrich, 

U.K.). 

 

2.4.12. Isolation of rat primary brown adipocytes 

2 rats were killed by cervical dislocation and brown adipose tissue from the 

interscapular depots was dissected out and placed on a parafilm in a small volume of 

Krebs/Ringer phosphate buffer (114.7 mM NaCl, 1.3 mM KCl, 1.5 mM CaCl₂, 1.4 mM 

MgSO₄ (7H₂O), 5.6 mM KH₂PO₄, 16.7 mM Na₂HPO₄, 10 mM glucose, 10 mM 

fructose; pH was adjusted with Tris-OH or HCl to 7.4). The tissue was cleaned from 

white fat and connective tissue, and pooled (Cannon and Nedergaard, 2008). The brown 

adipose tissue was minced with scissors and placed in a centrifuge tube containing 3 mL 
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Krebs/Ringer phosphate buffer with 4% crude bovine serum albumin and 0.83 mg/mL 

collagenase. The first incubation was carried out for 5 minutes in a water bath set at 

37°C and the tube was vortexed for 5 seconds after the addition of 7 mL of 

Krebs/Ringer phosphate buffer.  

The tissue fragments were filtered through a cell strainer and the filtrate was discarded. 

The tissue fragments were transferred to a small volume of Krebs/Ringer phosphate 

buffer on a square of parafilm and minced with scissors. The second incubation was 

carried out for in 3 mL fresh, albumin and collagenase containing buffer as above for 25 

minutes, with 5 seconds vortexing every fifth minute. The contents of the vial were 

filtered after adding 7 mL of Krebs/Ringer phosphate buffer and vortexing the vial for 

15 seconds.  

The filtrate was collected and centrifuged at 65 x g for 5 minutes. The remaining tissue 

pieces were incubated as above for 15 minutes and the cells were collected in order to 

increase the yield. The infranatants in all tubes were discarded and the cells were 

combined and washed with 10 mL of Krebs/Ringer phosphate buffer and centrifuged at 

65 x g for 2 minutes and allowed to stand at room temperature. The cells were counted 

and used immediately for experiments. 

 

2.4.13. MTT assay on rat primary brown adipocytes 

Isolated rat primary brown adipocytes were cultured in 96-well plates and then treated 

with different concentrations of test compounds. After 2 and 24 hours, 10 µL MTT 

solution (5 mg/mL in PBS and filter sterilised) added to cells and kept for an hour. After 

an hour exposure with MTT, 100% isopropanol was added to each well and mixed until 

the formazan crystal product get dissolved. The absorbance was measured at 570 nm. 

 

2.4.14. Lipolysis assay in rat primary brown adipocytes 

Brown adipocytes were treated with different concentrations of paracetamol or 

aminopyrine or antipyrine (250 µM - 10 mM) and glycerol release was measured after 1 

and 24 hours as in section 2.4.11. 

For norepinephrine stimulated lipolysis, brown adipocytes were pre-incubated with 

different concentrations of paracetamol or aminopyrine or antipyrine (1 mM or 10 mM) 
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for an hour followed by addition of norepinephrine (1 µM) and then glycerol release 

was assayed after 1 and 24 hours as in section 2.4.11. 

 

2.4.15. Measurement of oxygen consumption rate (OCR) using XFp Seahorse 

Analyser  

When assessing how agents affect fatty acid oxidation and mitochondrial function, the 

oxygen consumption rate (OCR) of cells and isolated mitochondria can be assessed 

using the Agilent Seahorse XF Cell Mito Stress Test (Figure 2.2). By measuring OCR, 

the Seahorse equipment allows the determination of key parameters of cellular and 

mitochondrial function (Table 2.6.).  

 

 

Figure 2.2:  Schematic of Agilent Seahorse XF Cell Mito Stress Test Profile (Figure 

adapted from Agilent Seahorse, U.K.). 

 

The process starts by establishing the OCR required for basal respiration and this 

reflects the oxygen consumption needed to support the basic energetic requirement of a 

cell. Basal OCR is made up of the oxygen required for both cellular ATP demand and 

mitochondrial proton leak.  Once basal respiration has been established, oligomycin can 

be added. Oligomycin blocks ATP synthase and will therefore block all oxygen 

consumption linked to ATP production, the remaining consumption will be due to 

proton leak. The ratio of OCR between ATP production and proton leak is a measure of 
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coupling efficiency with adipocytes having very low (<30%) coupling efficiency. A 

high rate of proton leak in the absence of an exogenous chemical will normally indicate 

damaged mitochondria possibly during preparation or storage. Carbonyl cyanide-4 

(trifluoromethoxy) phenylhydrazone (FCCP) is then added to determine the OCR at 

maximal respiration. FCCP is known as an uncoupler as it breaks the link between 

oxidation from the production of ATP in the mitochondria. Oxygen consumption in the 

presence of FCCP demonstrates the theoretical maximum capacity of mitochondrial 

ETC. The addition of rotenone and antimycin A will completely block any substrate 

driven oxygen consumption. Any oxygen consumption observed following the addition 

of rotenone and antimycin A will be due to non-mitochondrial respiration. 

Determination of non-mitochondrial respiration is necessary to accurately assess other 

cellular enzyme activity which consumes oxygen. The system also allows the 

measurement of spare respiratory capacity which indicates how closely cells respire to 

their maximum respiration rate. 

Table 2.6: Mitochondrial function parameters  

Parameter Value Equation 

Non-mitochondrial Oxygen 

Consumption 

Minimum rate measurement after Rotenone/antimycin 

A injection 

Basal Respiration (Last rate measurement before first injection) – (Non-

Mitochondrial Respiration Rate) 

Maximal Respiration (Maximum rate measurement after FCCP injection) – 

(Non-Mitochondrial Respiration) 

Proton Leak (Minimum rate measurement after Oligomycin 

injection) – (Non-Mitochondrial Respiration) 

ATP Production (Last rate measurement before Oligomycin injection) – 

(Minimum rate measurement after Oligomycin 

injection) 

Spare Respiratory Capacity (Maximal Respiration) – (Basal Respiration) 

Spare Respiratory Capacity 

(%) 

(Maximal Respiration) – (Basal Respiration) x 100 

Coupling Efficiency (%) (ATP Production Rate) / (Basal Respiration Rate) x 100 

(Table adapted from Agilent Seahorse, U.K.). 
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2.4.15.1. General Setup: seeding 3T3-L1 cells in Seahorse XFp cell culture 

miniplates 

Model no. 1: 

In an XFp cell culture miniplate, using 8-channel pipettor set to 180 μL, sterile water 

was added to both sides of the moat (two tips will fit into each chamber) around the cell 

culture wells. 100 μL of growth medium only (no cells) was added to background 

correction wells A and H. Cells were harvested and resuspended in growth medium, 

counted and then diluted to the desired seeding concentration (5000 cells/well). 100 μL 

of cell suspension was added to wells B-G. Cells were allowed to grow in a cell culture 

incubator and differentiated. Cells were monitored to ensure that the moat did not dry 

out during this period. The growth and health of cells were checked using a microscope 

(Agilent Seahorse, U.K.). 

Model no. 2: 

3T3-L1 cells were differentiated in 24-well plates. In an XFp cell culture miniplate, 

using 8-channel pipettor set to 180 μL, sterile water was added to both sides of the moat 

(two tips will fit into each chamber) around the cell culture wells. 100 μL of growth 

medium only (no cells) was added to background correction wells A and H. 

Differentiated cells were then harvested and resuspended in growth medium, counted 

and then diluted to the desired seeding concentration (5000 cells/well). 100 μL of cell 

suspension was added to wells B-G. Cells were placed in a cell culture incubator 

overnight. Cells were monitored to ensure that the moat did not dry out during this 

period. The growth and health of cells were checked using a microscope. 

 

2.4.15.2. Hydration of Seahorse XFp sensor cartridge 

Procedure no.1 

The day prior to assay, the utility plate and sensor cartridge were separated and the 

sensor cartridge was placed upside down on the bench. Each well of the utility plate was 

filled with 200 μL of Seahorse XF calibrant whereas the moats around the outside of the 

wells were filled with 400 μL per chamber. The Seahorse XFp sensor cartridge was 

returned to the utility plate that now contains calibrant. The cartridge assembly was 

placed in a non-CO₂ 37°C incubator overnight. To prevent evaporation of the Seahorse 
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XF calibrant, the incubator was humidified.  Following the overnight incubation and on 

the day of assay, the cartridge assembly was removed from the incubator. The sensor 

cartridge was lifted completely out of the calibrant and utility plate and was then 

immediately returned back onto the utility plate, submerging the sensors in calibrant. 

This step eliminated any bubbles that might had formed during the overnight hydration 

(Agilent Seahorse, U.K.). 

Procedure no.2 

The day prior to assay, 5 mL of Seahorse XF calibrant was aliquoted into a 15 mL 

conical tube and placed in a non-CO₂ 37°C incubator overnight. The sensor cartridge 

was placed upside down next to the utility plate. Each well of the utility plate was filled 

with 200 μL of sterile water and moats around the outside of the wells were filled with 

400 μL per chamber. The sensor cartridge placed on the utility plate submerging the 

sensors in water. The water level was verified as high enough to keep the sensors 

submerged and was placed in a non-CO₂ 37°C incubator overnight. To prevent 

evaporation, the incubator was humidified.  

On the assay day, the conical tube of calibrant and assembled sensor cartridge with 

utility plate was removed from incubator. The sensor cartridge was placed upside down 

next to the utility plate and the water was removed from the utility plate. Each well of 

the utility plate was filled with 200 μL of pre-warmed Seahorse XF calibrant and the 

moats around the outside of the wells with 400 μL of calibrant per chamber. The sensor 

cartridge was placed on the utility plate submerging the sensors in calibrant and was 

placed in a non-CO₂ 37°C incubator for 45 – 60 minutes prior to loading drug ports of 

the sensor cartridge (Agilent Seahorse, U.K.). 

 

2.4.15.3. Loading the Seahorse XFp sensor cartridge with compounds 

Before starting the compound loading process, the compounds were prepared in the 

assay medium of choice and a loading plan based on the experimental design. The 

Seahorse XFp assay cartridge was placed on bench with well labels (A-H) to the left 

and the triangular notch in the bottom left-hand corner. A constant compound 

concentration (10X of the final port concentration) and variable loading volume 

approach was selected. Using p100 or p200 μL pipette, the desired volume of 

compound to be injected was dispensed into the desired port at an angle (<5°). The 
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assay template based on the experimental design was selected on the Seahorse XFp. 

Unless specified, the default Mix-Wait-Measure times of 3 minutes – 0 minute – 3 

minutes were selected. Each measurement cycle consisted of a mixing time of 3 minutes 

and a data acquisition period of 3 minutes (data points). 3 basal measurements were 

taken prior to the addition of each reagent, and 3 response measurements were taken 

after the addition of each compound. OCR data points referred to the average rates 

during the measurement cycles. OCR reported as absolute rates (pmoles/min for OCR). 

On the Run Screen, ‘Start’ option was selected. The plate lid of the cartridge/utility 

plate assembly was removed before inserting the cartridge into the Seahorse XFp 

Analyzer to start calibration (Agilent Seahorse, U.K.). 

 

2.4.15.4. Washing cells in Seahorse XFp cell culture miniplates 

The growth medium was replaced with assay medium for adherent cells grown in 

Seahorse XFp cell culture miniplates prior to being assayed using a Seahorse XFp 

Analyzer. The assay medium was warmed up to 37°C and the Seahorse XFp cell culture 

miniplate was removed from the tissue culture incubator. The time was noted and cells 

were checked under the microscope. It was made sure that the background wells (A and 

H) did not contain cells. The culture medium was removed from each well leaving 

behind 20 μL to keep the cells from drying out. Approximately 200 μL of assay medium 

was added and then removed but again leaving behind 20 μL. Assay medium to a total 

volume of 180 µL or the volume recommended by the particular assay protocol was 

added. The assay wells were observed under the microscope to ensure that cells were 

attached. The plate was placed in a 37°C incubator without CO₂ for one hour prior to 

the assay. When prompted by the XFp Seahorse Analyser, the utility plate was replaced 

with the cell plate and assay was initiated (Agilent Seahorse, U.K.). 

 

2.4.16. XFp Experiments 

2.4.16.1. Effect of paracetamol on fatty acid oxidation (FAO): 

Reagents preparation: 

Substrate-Limited Medium: DMEM containing 0.5 mM glucose, 1 mM glutamine, 0.5 

mM carnitine,  and 1% FBS. Carnitine was included fresh on the day of media change. 
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FAO Assay Medium: Krebs Henseleit Buffer (KHB): (111 mM NaCl, 4.7 mM KCl, 

1.25 mM CaCl₂, 2 mM MgSO₄, 1.2 mM NaH₂PO₄ dissolved in H₂O and filter sterilized) 

and 2.5 mM glucose, 0.5 mM carnitine, and 5 mM HEPES was added on assay day; pH 

7.4 at 37°C. Respiration Reagent Stocks: 10 mM FCCP, 2 mM rotenone, 5 mg/mL 

oligomycin and 40 mM antimycin A in 95% ethanol were prepared. 0.5 mM carnitine 

and 10 mM etomoxir dissolved in H₂O with pH 7.4. XF Palmitate-BSA FAO Substrate 

and stock respiration reagents were kept at -20°C (Agilent Seahorse, U.K.). 

 

Assay preparation: 

In this assay, model no. 2 was used for seeding cells and procedure no.2 for hydrating 

XFp sensor cartridges. The growth medium was removed and substrate-limited medium 

added 24 hours prior to the assay. The cells were washed twice with FAO assay 

medium 45 min before the assay (t = -45 min). 135 μL FAO assay medium was added 

to the each well of cells and kept in a non-CO₂ incubator for 30-45 min at 37°C. The 

assay cartridge was loaded with XFp Cell Mito Stress Test reagents using FAO assay 

medium as port A, 20 µL of 25 µg/mL oligomycin (2.5 µg/mL, final); port B, 22 µL of 

40 μM FCCP (4 µM, final); port C, 24 µL of 20 µM rotenone/ 40 µM antimycin A (2 

μM/4 μM, final, respectively). The default template of the Seahorse XFp Cell Mito 

Stress Test was selected on the Seahorse XFp. The plate lid of the cartridge/utility plate 

assembly was removed before inserting the cartridge into the Seahorse XFp Analyzer to 

start calibration. 10 mM stock solution of etomoxir was diluted to 400 μM in FAO assay 

medium 15 minutes before initiating prior the assay (t = -15 minutes). 15 μL etomoxir 

was added or vehicle to each well (final concentration; 40 µM). For paracetamol group, 

100 mM paracetamol (final concentration in the wells was 10 mM) was added. For 

NAPQI group, 500 µM NAPQI (final concentration in the wells was 50 µM) was added. 

The XFp cell culture miniplate was incubated for 15 minutes min at 37°C in a non-CO₂ 

incubator. Before initiating the assay (t = 0 minute), 30 μL XF Palmitate-BSA FAO 

Substrate (1 mM: 0.17 mM) or BSA control (0.17 mM) was added to the appropriate 

wells. The XFp cell culture miniplate was immediately inserted into the XFp Analyzer 

and the assay was initiated (Agilent Seahorse, U.K.). Different XF FAO assay 

parameters were measured as outlined in Table 2.7.  
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Table 2.7: XF FAO assay parameters 

Parameter Value Equation 

Oxygen Consumption due to 

uncoupling by FFA 

Oligomycin Palm:BSA-Eto rate minus 

Oligomycin BSA-Eto rate. 

Basal Respiration due to utilization 

of exogenous FAs 

Basal Palm:BSA-Eto rate minus Basal BSA-

Eto rate minus OCR due  to uncoupling by 

FFA. 

Basal Respiration due to utilization 

of endogenous FAs  

Basal BSA-Eto rate minus basal BSA+Eto rate. 

 

Maximal Respiration due to 

utilization of endogenous FAs 

Maximal BSA-ETO rate minus maximal 

BSA+Eto rate 

Maximal Respiration due to 

utilization of endogenous FAs 

Maximal Palm:BSA-Eto rate minus Maximal 

BSA-Eto rate - OCR due to uncoupling by 

FFA. 

(Table adapted from Agilent Seahorse, U.K.). 

 

2.4.16.2. Mitochondrial bioenergetic profile of 3T3-L1 adipocytes using Seahorse 

XFp Cell Mito Stress Test 

In this assay, model no. 1 was used for seeding cells and procedure no.1 for hydrating 

XFp sensor cartridges. 10 mM glucose, 2 mM glutamine and 1 mM pyruvate was added 

in the required volume of XF Seahorse base medium and allowed to dissolve; pH 7.4 

using 1 N NaOH and this medium was filter sterilized. The medium was warmed at 

37°C until use. The contents of each reagent of Seahorse XFP Cell Mito Stress Test kit 

was re-suspended with prepared assay medium and loaded as port A, 20 µL of 50 µM 

oligomycin (5 µM, final); port B, 22 µL of 50 μM FCCP (5 µM, final); port C, 25 µL of 

25 µM rotenone/ antimycin A (2.5 µM, final, respectively). The default template of the 

Seahorse XFp Cell Mito Stress Test was selected on the Seahorse XFp (Agilent 

Seahorse, U.K.). 
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2.4.16.3. Effect of paracetamol on basal and norepinephrine and isoproterenol 

stimulated OCR in 3T3-L1 adipocytes: 

In this assay, model no. 1 was used for seeding cells and procedure no.1 for hydrating 

XFp sensor cartridges. Using assay medium, the port injections were: port A, 20 µL of 

50 mM (5 mM, final) or 100 mM (10 mM, final) paracetamol (Agilent Seahorse, U.K.). 

For norepinephrine or isoproterenol stimulated OCR and using assay medium, the port 

injections were: port A, 20 µL of 10 µM (1 µM, final) norepinephrine or 10 µM (1 µM, 

final) isoproterenol (Agilent Seahorse, U.K.). 

In subsequent assays, using assay medium, the port injections were: port A, 20 µL of 10 

µM (1 µM, final) norepinephrine or 10 µM (1 µM, final) isoproterenol, port B, 22 µL of 

10 mM (1 mM, final); port C, 25 µL of 40 mM (4 mM, final); port D, 27 µL of 50 mM 

(5 mM, final) paracetamol (Agilent Seahorse, U.K.). 

 

2.4.16.4. Effect of paracetamol, aminopyrine and antipyrine on basal and 

norepinephrine and isoproterenol stimulated OCR in 3T3-L1 adipocytes: 

In this assay, model no. 2 was used for seeding cells and procedure no.2 for hydrating 

XFp sensor cartridges. Using assay medium, the port injections were: port A, 20 µL of 

10 mM (1 mM, final); port B, 22 µL of 40 mM (4 mM, final); port C, 25 µL of 50 mM 

(5 mM, final); 27 µL of 10 mM (10 mM, final) paracetamol. In subsequent assays, port 

A, 20 µL of 10 mM (1 mM, final); port B, 22 µL of 40 mM (4 mM, final); port C, 25 

µL of 50 mM (5 mM, final) aminopyrine or antipyrine (Agilent Seahorse, U.K.). 

For isoproterenol stimulated OCR and using assay medium, the port injections were: 

port A, 20 µL of 0.1 µM (0.01 µM, final); port B, 22 µL of 1 µM (0.1 µM, final); port 

C, 25 µL of 10 µM (1 µM, final); 27 µL of 100 µM (10 µM, final) isoproterenol 

(Agilent Seahorse, U.K.).  

In subsequent assays, port A, 20 µL of 50 mM (5 mM, final) or 100 mM (10 mM, final) 

paracetamol or aminopyrine or antipyrine, port B, 22 µL of 1 µM (0.1 µM, final); port 

C, 25 µL of 10 µM (1 µM, final); 27 µL of 100 µM (10 µM, final) isoproterenol 

(Agilent Seahorse, U.K.). 
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2.4.16.5. Elucidation of mechanistic activity of inhibitors that affect mitochondrial 

function using electron flow assay: 

Reagents preparation: 

Mitochondrial Isolation Buffer consists of 70 mM sucrose, 210 mM mannitol, 5 mM 

HEPES, 1 mM EGTA and 0.5% (w/v) fatty acid-free BSA, pH 7.2. Mitochondrial 

Assay Solution (MAS, 1X) consists of 70 mM sucrose, 220 mM mannitol, 10 mM 

KH₂PO₄, 5 mM MgCl₂, 2 mM HEPES, 1 mM EGTA and 0.2% (w/v) fatty acid-free 

BSA, pH 7.2 and kept at 37°C. 3X stock MAS was used to dilute substrates and 

respiratory reagents. Substrate stocks: 0.5 M succinate, 0.5 M malate, 0.5 M glutamic 

acid, 0.5 M pyruvic acid made in water; pH 7.2 with potassium hydroxide. Pyruvate 

stock was made fresh on assay day. Respiration Reagent Stocks: 10 mM FCCP, 2 mM 

rotenone, 5 mg/mL oligomycin and 40 mM antimycin A in 95% ethanol. 1.0 M 

ascorbate in H₂O, pH 7.2 was mixed with 10 mM N1,N1,N1,N1tetramethyl-1,4-

phenylene diamine (TMPD) in H₂O, pH 7.2. All reagents were kept at -20°C (Agilent 

Seahorse, U.K.). 

 

Isolation of Rat Liver Mitochondria: 

The liver was extracted from male Wistar rat and placed in a chilled beaker, weighed 

and washed with PBS 2-3 times. It was finely chopped with scissors, washed with small 

volume of isolation buffer twice, minced  with  7X volume of isolation buffer at 4°C. 

All steps were carried out on ice. The tissue was then homogenised using a glass tissue 

homogenizer using 2-3 strokes. The homogenate was spun at 800 x g for 5 minutes at 

4°C. Supernatant was placed in another tube and spun at 8000 x g for 10 minutes at 4°C. 

This time, the supernatant was removed whereas the pellet was dissolved in small 

volume of isolation buffer. Total protein (mg/mL) was assessed by Bradford reagent 

(Agilent Seahorse, U.K.). 

 

Assay Preparation: 

After diluting mitochondria 10X in 1X MAS containing substrate at 4°C, further 

dilution was made based on the concentration needed to plate them. The substrate was 

added during the initial dilution steps and centrifugation. 25 µL of mitochondrial 
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preparation was added to each well (excluding background correction wells) of plate 

kept on ice. It was then spun in a centrifuge containing a microplate swinging bucket, at 

2000 x g for 20 minutes at 4°C (Agilent Seahorse, U.K.). Using the procedure no.2 for 

hydrating XFp sensor cartridges, the port injections were loaded as follows:  

 

With 2.5 and 5 μg isolated rat liver mitochondria 

For control group, with isolated rat liver mitochondria per well, initial substrate mix of 

10 mM and 2 mM of pyruvate and malate + 4 µM FCCP. For known ETC inhibitors 

controls, 2 µM rotenone, 10 mM malonate, 4 µM antimycin A, 20 mM sodium azide, 

2.5 µg/ml oligomycin were also added in the initial substrate mix. Port injections were 

made as: port A, 20 µL of 20 µM rotenone (2 µM, final); port B, 22 µL of 100 mM 

succinate (10 mM, final); port C, 24 µL of 40 µM antimycin A (4 µM, final); port D, 26 

µL of 100 mM ascorbate and 1 mM TMPD (10 mM and 100 µM final) (Agilent 

Seahorse, U.K.). 

For paracetamol groups, 1-10 mM paracetamol was also added in the initial substrate 

mix. Port injections were made as: port A, 20 µL of 40 mM paracetamol (4 mM, final) 

or 20 µL of 50 mM paracetamol (5 mM, final) or 20 µL of 100 mM paracetamol (10 

mM, final); port B, 22 µL of 100 mM succinate (10 mM, final); port C, 24 µL of 50 

mM paracetamol (5 mM, final) or 24 µL of 100 mM paracetamol (10 mM, final); port 

D, 26 µL of 100 mM ascorbate and 1 mM TMPD (10 mM and 100 µM final) (Agilent 

Seahorse, U.K.). 

For aminopyrine group, 10 mM aminopyrine was also added in the initial substrate mix. 

Port injections were made as: port A, 20 µL of 100 mM aminopyrine (10 mM, final); 

port B, 22 µL of 100 mM succinate (10 mM, final); port C, 24 µL of 100 mM 

aminopyrine (10 mM, final); port D, 26 µL of 100 mM ascorbate and 1 mM TMPD (10 

mM and 100 µM final) (Agilent Seahorse, U.K.). 

For antipyrine group, 10 mM antipyrine was also added in the initial substrate mix. Port 

injections were made as: port A, 20 µL of 100 mM antipyrine (10 mM, final); port B, 22 

µL of 100 mM succinate (10 mM, final); port C, 24 µL of 100 mM antipyrine (10 mM, 

final); port D, 26 µL of 100 mM ascorbate and 1 mM TMPD (10 mM and 100 µM 

final) (Agilent Seahorse, U.K.). 
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With isolated rat liver mitochondria per well, compounds that affect mitochondrial 

function were added as initial conditions. The initial substrate mix of 10 mM and 2 mM 

pyruvate and malate + 4 µM FCCP allows for the evaluation of maximal respiration 

driven by Complex I, while the injection of rotenone (2 µM) followed by succinate (10 

mM) allows for the assessment of maximal respiration driven by Complex II. The 

injection of Antimycin A (4 µM), an inhibitor of Complex III, followed by the injection 

of ascorbate and TMPD (10 mM and 100 µM) allow for the evaluation of respiration 

driven by Complex IV since the Ascorbate and TMPD is an electron donor to Complex 

IV (Rogers et al., 2011). 

The Mix-Wait-Measure times of 1 minute – 0 minute – 2.5 minutes were selected. 3 

basal measurements were taken prior to the addition of each reagent, and 2 response 

measurements were taken after the addition of each compound. On the Run Screen, 

‘Start’ option was selected. The plate lid of the cartridge/utility plate assembly was 

removed before inserting the cartridge into the Seahorse XFp Analyzer to start 

calibration. Once centrifuged, 155 µL pre-warmed (37°C) 1X MAS + substrate + initial 

conditions were transferred to each well. Also, plates were checked using microscope at 

20X to confirm that mitochondria were still attached and then plates were placed in the 

Seahorse XFp Analyzer and the experiment begun (Agilent Seahorse, U.K.). 

 

2.5. Statistical analysis 

The results were analysed using GraphPad Prism 4.02 and presented as mean ± standard 

deviation (SD). The results were analysed with analysis of variance (ANOVA), 

followed by Dunnett's Multiple Comparison Test or Bonferroni's Multiple Comparison 

Test. A *P < 0.05, ** P<0.01, *** P<0.001 from control was considered statistically 

significant. 
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Chapter 3: Identification of COX-3 mRNA and protein in rodents 

 

3.1. Introduction 

Historically pharmacologists have struggled to explain the varying degrees to which 

paracetamol inhibits the synthesis of PGs in different tissues. It is generally accepted 

that paracetamol has a greater impact on COX activity in CNS particularly the brain 

when compared to peripheral tissues (Flower and Vane, 1972). One possible 

explanation was that there may be subtle variations in the COX enzymes expressed in 

the different tissues. In 2002, Chandrasekharan et al. characterised and cloned a COX 

enzyme from canine brain which they argued was more sensitive to paracetamol 

inhibition than COX-1 or COX-2. They argued that this enzyme was a variant of COX-

1 gene and designated it COX-3. They further argued that the activity of this variant 

enzyme could explain the pharmacological actions of antipyretic analgesic drugs such 

as paracetamol which were weak inhibitors of COX-1 and COX-2. The in vivo actions 

of paracetamol on this putative COX-1 variant enzyme were suggested to be due to the 

ability of this group compounds to easily penetrate the CNS where this variant enzyme 

was thought to be primarily expressed. By contrast NSAIDs including diclofenac or 

ibuprofen which also potently inhibited the variant enzyme do not accumulate in the 

CNS in sufficient concentrations to have a physiological effect (Chandrasekharan et al., 

2002; Botting and Ayoub 2005). 

The variant enzyme is thought to result from a splice variant which results in the 

translation of the COX-1 gene with an N-terminus extended due to retained intron-1 and 

the signal peptide (Chandrasekharan et al., 2002). If intron 1 is retained, it would result 

in a protein with extra 30-34 amino acids in mammals. The group also claimed COX-3 

mRNA appeared to be selectively expressed in tissues and greatest in the heart and brain 

in humans (Chandrasekharan et al., 2002). The story then moved on when it was 

suggested that in rodents particularly mice, paracetamol induces hypothermia (in the 

absence of fever) by a mechanism that did not involve COX-2 inhibition (Ayoub et al., 

2004). The potential discovery of a COX-3 mRNA in whole brain tissues of mice was 

used to suggest that paracetamol induced hypothermia was due to the inhibition of  

COX-3 in the CNS. It was proposed that in order for mice to maintain their normal Tb 

at Ta (22°C) which is significantly below their thermoneutral zone (32-34°C),  COX-3 

was constitutively expressed, most likely in brain endothelial cells, involved in the 
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PGE₂ synthesis. However, the hypothermic action of paracetamol was only partially 

decreased in COX-1 knockout animals and the brain levels of PGE₂ were only 

approximately 30% of those of controls and these were not reduced further by 

paracetamol treatment. This finding suggested that the hypothermic actions of 

paracetamol could involve another mechanism not related to COX inhibition (Ayoub et 

al., 2004). 

Despite a series of publications led by the Simmon’s group supporting the existence and 

possible function of the COX-3 enzyme. Other groups argued that at the molecular level 

even if the COX-3 mRNA existed, it would be unlikely to be expressed in many species 

including mouse, rat and humans (Schwab et al., 2003b; Kis et al., 2005).  In addition to 

the molecular biology arguments, there were issues with experimental design and the 

quality of the data presentation (Schwab et al., 2003b; Kis et al., 2005).  One of the key 

issues was around primer design and the fact that there were very few studies which 

showed COX-3 at protein level. In an attempt to determine the role of the COX-1 

variant protein (COX-3) in paracetamol induced hypothermia, studies were undertaken 

to determine the level of COX-3 protein and mRNA level in mouse b.End3 cells and 

brain tissues. 

 

3.2 Methods  

3.2.1. Studies were undertaken to detect the level of COX-1 and COX-3 protein in 

mouse b.End3 cells and brain homogenates as described in sections 2.42 -2.44.  

 

3.2.2. Studies were undertaken to detect the level of COX-1 and COX-3 mRNA in 

mouse b.End3 cells and brain homogenates as described in sections 2.45 -2.47.  
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3.3. Results 

3.3.1. Detection of COX-1 and COX-3 protein expression in b.End3 cells 

COX-1 protein expression was observed in b.End3 cells in Figure 3.1(A) whereas no 

COX-3 protein expression was detected in Figure 3.1(B).  

 

                    A. COX-1                                                      B. COX-3 

                             

  

                  

                       C. β-Actin                                      D. COX-1 Control Peptide + COX-1 

                             

  

                                                    

                                                E. Secondary Antibody Control 

 

 

 

Figure 3.1 (A-E): Detection of COX-1, COX-3, β-actin protein expression, COX-1 

control peptide, secondary antibody control by Western blotting in b.End3 cells. Lane 

1= Molecular weight marker, Lane 2-4= 30 µg, 50 µg and 100 µg of protein. COX-1 

molecular weight = 70 kDa, COX-3 molecular weight = 65kDa, β-actin molecular 

weight = 42 kDa. Data are representative of 4 replicates. 

       1          2           3           4        

   1            2           3           4        

   1          2           3           4        

               4         3           2         1            

       1          2           3           4        
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β-actin protein expression has been detected in the protein loaded in Figure 3.1(C). 

Absence of bands in Figure 3.1(D) confirmed that the bands observed in Figure 3.1(A) 

were specific to COX-1 primary antibody immunoreactivity. Absence of bands in 

Figure 3.1(E) further confirmed that the secondary antibody is specific to the COX-1 

primary antibody. 

 

3.3.2. Detection of COX-1 and COX-3 protein expression in C57BL/6 mice brain 

homogenates 

Two distinct bands of approx. 100 kDa and 45 kDa were detected with COX-1 

immunoreactivity in Figure 3.2(A), whereas no COX-3 protein expression was detected 

in Figure 3.2(B). Absence of bands in the presence of COX-1 control peptide in Figure 

3.2(C) further confirmed that the bands observed in Figure 3.2(A) were specific to 

COX-1 primary antibody immunoreactivity. Increased β-actin protein expression has 

been detected with an increase for protein loaded in Figure 3.2(D). 

 

                          A. COX-1                                                                   B. COX-3                                                        

                                  

  

 

  C. COX-1 Control Peptide + COX-1        D. β-Actin 

                                              

 

Figure 3.2 (A-D): Detection of COX-1, COX-3, COX-1 control peptide, β-actin 

protein expression by Western blotting in C57BL/6 mice brain homogenates. Lane 1= 

Molecular weight Marker, Lane 2-5= 15 µg, 30 µg, 50 µg and 100 µg of protein. COX-

1 molecular weight = 70 kDa, β-actin molecular weight = 42 kDa, COX-3 molecular 

weight = 65kDa. Data are representative of 4 replicates. 

1         2         3          4           5 1       2        3       4         5 

1         2        3       4        5 1         2        3        4         5 
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3.3.3. Detection of COX immunoreactivity using Dot blots 

In an attempt to confirm antibody specificity, dot blots were performed using antibodies 

and control peptides (Hawkes et al., 1982). COX-1 antibody showed immunoreactivity 

with COX-1 control peptide sequence in Figure 3.3(A). COX-3 antibody showed 

immunoreactivity with COX-3 control peptide confirming that the antibody has the 

potential to bind to the cognate sequence in Figure 3.3(B). Interestingly, COX-1 

antibody also showed immunoreactivity to the COX-3 peptide sequence in Figure 

3.3(D) whereas COX-3 antibody could not detect the COX-1 control peptide in Figure 

3.3(C). These findings further confirmed the functionality of the commercially available 

antibodies and their specific immunoreactivities. 

 

A. COX-1 Control Peptide + COX-1            B. COX-3 Control Peptide + COX-3 

                                                                                                                                                              

                                                               
 

 
C. COX-1 Control Peptide + COX-3             D. COX-3 Control Peptide + COX-1 

 

                                                         
 

                                                                                             

Figure 3.3 (A-D): Detection of immunoreactivity of COX-1 and COX-3 using dot 

blots. Data are representative of 3 replicates. 

 

3.3.4. Expression of COX mRNA in naive and LPS stimulated b.End3 cells 

Expression of COX-1, COX-2, and COX-3 mRNA was investigated in naive and LPS 

stimulated b.End3 cells using RT-PCR. Faint COX-1 bands were detected in both naive 

and LPS stimulated b.End3 cells after 1 and 3 hours in Figure 3.4 whereas distinct 

COX-2 mRNA expressed in naive b.End3 cells and an increase in the expression of 

COX-2 in LPS stimulated b.End3 cells at 3 hours was observed in Figure 3.5. The 
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COX-3 mRNA expression could not be detected in the same set of samples in Figure 

3.6. GAPDH mRNA expressed in both the samples. 

 

COX-1 

      

 

Figure 3.4: mRNA expression of COX-1 and GAPDH by RT-PCR in naive and LPS 

stimulated b.End3 cells for 1 and 3 hours: Lane 1= Molecular weight marker, Lane 2-

3= COX-1 expression in control (naive b.End3 cells) at 1 hour and in b.End3 cells 

stimulated with LPS 1 µg/ml at 3 hours, Lane 4-5= Negative control for RT-PCR , Lane 

6-7 = GAPDH expression in control (naive b.End3 cells) at 1 hour and in b.End3 cells 

stimulated with LPS 1 µg/ml at 3 hours, Lane 8-9 = Negative control for RT-PCR. 

Molecular weights for amplified products for COX-1 and GAPDH are 602 bp and 363 

bp (RT-PCR conditions for GAPDH were based on Ayoub et al., 2004 whereas RT-PCR 

conditions for COX-1 were optimised).  

 

COX-2 

     

 

Figure 3.5: mRNA expression of COX-2 and GAPDH by RT-PCR in naive and LPS 

stimulated b.End3 cells for 1 and 3 hours: Lane 1= Molecular weight marker, Lane 2-

3= COX-2 expression in control (naive b.End3 cells) at 1 hour and in b.End3 cells 

stimulated with LPS 1 µg/ml at 3 hours, Lane 4-5= Negative control for RT-PCR , Lane 

6-7 = GAPDH expression in control (naive b.End3 cells) at 1 hour and in b.End3 cells 

stimulated with LPS 1 µg/ml at 3 hours, Lane 8-9= Negative control for RT-PCR. 

Molecular weights for amplified products for COX-2 and GAPDH are 274 bp and 363 

bp (RT-PCR conditions for GAPDH and COX-2 were based on Ayoub et al., 2004).  
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COX-3 

       

  

Figure 3.6: mRNA expression of COX-3 and GAPDH by RT-PCR in naive and LPS 

stimulated b.End3 cells for 1 and 3 hours: Lane 1= Molecular weight marker, Lane 2-

3= COX-3 expression in control (naive b.End3 cells) at 1 hour and in b.End3 cells 

stimulated with LPS 1 µg/ml at 3 hours, Lane 4-5= Negative control for RT-PCR , Lane 

6-7= GAPDH expression in control (naive b.End3 cells) at 1 hour and in b.End3 cells 

stimulated with LPS 1 µg/ml at 3 hours, Lane 8-9 = Negative control for RT-PCR. 

Molecular weights for amplified products for COX-3 and GAPDH are 290 bp and 363 

bp (RT-PCR conditions for GAPDH and COX-3 were based on Ayoub et al., 2004).  

 

3.3.5. Expression of COX mRNA in C57BL/6 mice brain homogenates 

Expression of COX-1, COX-2, and COX-3 mRNA was investigated in C57BL/6 mice 

brain homogenate using RT-PCR. Distinct GAPDH (lane 2), however the published set 

of COX-1 and COX-3 primers could not detect COX-1 (lane 3) and COX-3 (lane 4) in 

mice brain homogenate in Figure 3.7.  

 

 

   

Figure 3.7: mRNA expression of GAPDH, COX-1 and COX-3 by RT-PCR in mice 

brain homogenate. Lane 1= Molecular weight marker, Lane 2 = GAPDH, Lane 3 = 

COX-1 and Lane 4 = COX-3 expression. Molecular weights for amplified products for 

GAPDH, COX-1 and COX-3 are 363 bp, 602 bp and 290 bp (RT-PCR conditions for 

GAPDH, COX-1 and COX-3 were based on Ayoub et al., 2004).  

 

                            1              2                3             4           5            6              7             8               9      
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When RT-PCR conditions were further optimised, there was a distinct GAPDH (lane 2), 

no COX-1 (lane 3), only faint COX-2 band (lane 4) and no COX-3 was detected in 

Figure 3.8. 

 

 

  

Figure 3.8: mRNA expression of GAPDH, COX-1, COX-2 and COX-3 by RT-PCR in 

mice brain homogenate. Lane 1= Molecular weight marker, Lane 2 = GAPDH, Lane 3 

= COX-1, Lane 4 = COX-2 and Lane 5 = COX-3 expression. Molecular weights for 

amplified products for GAPDH, COX-1, COX-2 and COX-3 are 363 bp, 602 bp, 274 bp 

and 290 bp (RT-PCR conditions for GAPDH and COX-2 were based on Ayoub et al., 

2004 whereas RT-PCR conditions for COX-1 and COX-3 were optimised).  

 

3.3.6. Expression of COX-1 and COX-3 mRNA in b.End3 cells 

Expression of COX-1 and COX-3 mRNA was investigated in b.End3 cells using new 

set of specifically designed RT-PCR primers in Figure 3.9. 

 

 

  

Figure 3.9: mRNA expression of GAPDH, COX-1 and COX-3 by RT-PCR in b.End3 

cells: Lane 1= Molecular weight marker, Lane 2 = GAPDH, Lane 3 = COX-1, Lane 4 

= a smaller fragment for COX-1 using COX-1/3P primer set and Lane 5 = a smaller 

fragment for COX-1 using COX-1/3 primer set. Molecular weights for amplified 

products for GAPDH, COX-1, COX-1(COX-1/3P primer set) and COX-1(COX-1/3 

primer set) are 363 bp, 437 bp, 402 bp and 227 bp (RT-PCR conditions for GAPDH 

were based on Ayoub et al., 2004 whereas RT-PCR conditions for COX-1, COX-1/3P 

and COX-1/3 were optimised).  

                                                    1               2                   3                   4                  5                 
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Distinct GAPDH (lane 2) and COX-1 (lane 3) were detected in Figure 3.9. Using COX-

1/3P and COX-1/3 primers that could amplify both COX-1 and COX-3, only a smaller 

fragment for COX-1 (lane 4 and lane 5) was detected. However, these primer sets did 

not amplify any COX-3 product of expected sizes (500 bp and 325 bp) in lane 4 and 5 

in Figure 3.9. 

 

3.3.7. Expression of COX-1 and COX-3 mRNA in C57BL/6 mice brain 

homogenates 

Expression of COX-1 and COX-3 mRNA was investigated in C57BL/6 mice brain 

homogenates using new set of specifically designed RT-PCR primers. Distinct GAPDH 

(lane 2) and COX-1 (lane 3) were detected in Figure 3.10. However, both COX-1/3P 

and COX-1/3 primers did not amplify both COX-1 and COX-3 products of expected 

size in lane 4 and 5 in Figure 3.9. 

 

 

  

 

Figure 3.10: mRNA expression of GAPDH, COX-1 and COX-3 by RT-PCR in mice 

brain homogenate: Lane 1= molecular weight marker, Lane 2 = GAPDH, Lane 3 = 

COX-1, Lane 4 = COX-1/3P primer set and Lane 5 = COX-1/3 primer set. Molecular 

weights for amplified products for GAPDH and COX-1 are 363 bp and 437 bp (RT-

PCR conditions for GAPDH were based on Ayoub et al., 2004 whereas RT-PCR 

conditions for COX-1, COX-1/3P and COX-1/3 were optimised).  
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3.4. Discussion: 

The possibility of a viable COX-3 protein poses two major questions; what species and 

tissues is the protein expressed in and what is the role of the protein?  The strongest 

evidence for the COX-3 has primarily been at the mRNA level in canine brain, rat, 

human and mouse. In terms of a protein (functional) the evidence is less clear. In terms 

of the hypothermia induced by paracetamol most studies were undertaken in rats and 

mice.  In the present study, western blot using the previously reported anti-COX-3 

antibody, could not detect the COX-3 protein in mouse brain endothelial cells or mouse 

brain homogenates (Figure 3.1-3.2). By contrast in terms of immunoreactivity, there 

was clear COX-1 protein detected in cells and tissues. These studies were controlled for 

both primary and secondary antibodies for COX-1 and COX-3. Furthermore, the 

immunoreactivity of the COX-1 and COX-3 antibody was confirmed with blotting 

assays using the COX-1 and COX-3 peptides (Figure 3.3). 

The failure to detect the COX-3 protein in mouse brain endothelial cells is not 

surprising and in line with what is known about the COX-1 gene where a viable protein 

is unlikely (Schwab et al., 2003b; Warner et al., 2004; Snipes et al., 2005). Retention of 

intron-1 in the mouse will result in an out of frame sequence and no protein should be 

produced. The detection of the COX-3 protein from mouse brain previously may be due 

to the use of polyclonal antibody which is more likely to produce cross reactivity 

(Ayoub et al., 2006). In the present study, it was demonstrated that the COX-1 antibody 

binds to COX-3 peptide. This would also confirm that had the COX-3 protein existed in 

mouse brain tissue there was a double chance of seeing it.  A similar argument can be 

used for the COX-3 in rat.  

These studies also failed to confirm the presence of a COX-3 mRNA in the endothelial 

cells and in mouse brain (Figure 3.6-3.10). No definitive conclusions can be drawn from 

the failure to isolate COX-3 mRNA in these samples in terms of the existence of COX-3 

generally. However, given the varying levels of COX-1 observed under the varying 

experimental conditions in this study it may be possible that the cells and tissues 

analysed in these studies simply did not express COX-3. However, given the proposed 

conditions required for COX-3 expression by those who propose a role for COX-3 in 

thermoregulation it would have been expected that COX-3 would have seen in the brain 

tissue homogenates at the very least (Ayoub et al., 2004). One possible explanation for 

the previously reported COX-3 mRNA could be the amplification of incompletely 

processed mRNA before intron-1 is spliced. The COX-3 primer is targeted at intron-1 
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so at any given time in a cell expressing COX-1 a small proportion of the mRNA will 

be unprocessed and could be amplified. This would explain the widespread expression 

of the COX-3 mRNA alongside the COX-1 mRNA but always at a significantly lower 

level; around 10% of the COX-1. However, only the final COX-1 mRNA would be 

translated into active COX-1 protein. 

The initial aim of these studies was to identify and characterise the COX-3 protein at the 

molecular level. Studies would then have moved onto enzyme activity and inhibition by 

paracetamol, NSAIDs and other antipyretic drugs.  However, in the absence of the 

protein in cells and tissues, studies were then undertaken to assess how paracetamol 

would impact on other aspects of the thermogenesis pathway in particular, lipolysis, 

FAO and the ETC. 
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Chapter 4: Effect of paracetamol, aminopyrine and antipyrine on lipolysis in 

rodent adipocytes 

 

4.1. Introduction 

Fever in mammals is mainly associated with increased COX-2/PGE₂ activity. 

Historically it has generally been assumed that paracetamol and NSAID exerts their 

antipyretic actions by inhibiting the COX-2 enzyme. Over the last 20 years, many 

studies have revealed that the administration of paracetamol (>100 mg/kg) to non-

febrile rodents, for which there is no induction of COX-2 results in hypothermia, 

suggesting other mechanisms may be involved. The initial suggestion was that 

paracetamol was inhibiting a novel COX-1 variant (COX-3). The COX-3 hypothesis 

was supported by the observation that other drugs such as aminopyrine and antipyrine, 

which are putative COX-3 inhibitors, also produce hypothermia in mice. However, in 

the absence of clear evidence of a COX-3 enzyme in the previous chapter combined 

with the prevailing evidence in the literature suggest that the existence of COX-3 cannot 

solely explain the hypothermic properties of paracetamol, alternative explanations were 

sought.  

In terms of thermoregulation, rodents (homeotherms) are capable of maintaining their 

Tc within a fairly constant range (36.0-37.5°C). Small mammals at temperatures below 

their thermoneutral zone due to their large surface area mass ratio must rely more on 

changing their metabolic heat production to regulate Tc (Gordon, 2012).  To maintain 

Tc, rodents rely on metabolism in BAT to generate fuel for heat production (Gordon, 

2012). The process usually starts with the stimulation of lipolysis, a catabolic process 

converting TGs stored in adipocytes and causing fatty acids and glycerol release (Luo 

and Liu, 2016). Upon cold stress, NE is released from sympathetic fibres. It binds to β₃-

receptor located on adipocytes (Ueta et al., 2012). As a result, a sequence of events is 

initiated starting with the release of AC, cAMP/PKA pathway leading to lipolysis (Luo 

and Liu, 2016). BAT is also activated following prolonged cold treatment in adult 

humans and leads to increase in mobilizing lipids from other fat stores to BAT. In turn, 

promoting FAO via heat generation inside mitochondria (Luo and Liu, 2016). 

In most laboratory situations, mice are housed at 20–24°C (Gordon, 1993, 2004) but 

their thermoneutral zone range is 26–34°C whereas the range for rats is 26–30°C 

(Gordon, 1993). However, most researchers agree that the lower critical temperature of 
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a single mouse is around 30°C (Gordon, 2004). When animals are kept at or just below 

the standard housing temperatures, such mild cold stressors are enough to increase basal 

metabolic rates (Gordon, 1985, 1990, 1993).  It is reasonable to hypothesize that 

animals housed under conditions where there is increased metabolic stress may be more 

sensitive to compounds which could even mildly decrease metabolic activity and lead to 

hypothermia. 

In an attempt to better understand the possible mechanisms by which paracetamol and 

other putative COX-3 inhibitors could induce hypothermia as reported by Ayoub et al. 

(2004). Studies were undertaken to assess the impact of paracetamol, aminopyrine and 

antipyrine on lipolysis in a mouse pre-adipocyte cell line (3T3-L1) and in rat primary 

adipocyte cultures. Lipolysis was assessed in basal and catecholamine stimulated cells 

by measuring the level of glycerol release.  

 

4.2. Methods 

4.2.1. Studies were initially undertaken to differentiate 3T3-L1 pre-adipocytes and 

assess viability as described in sections 2.4.8-2.4.10. 

4.2.2. Studies were then undertaken to assess the level of lipolysis in basal and 

catecholamine stimulated 3T3-L1 adipocytes. In addition, studies were conducted to 

assess the impact of various compounds including paracetamol on lipolysis in these 

cells as described in section 2.4.11. 

 4.2.3. Studies were also undertaken to assess viability and the level of lipolysis in basal 

and catecholamine stimulated primary brown adipocytes. In addition, studies were 

conducted to assess the impact of various compounds including paracetamol on 

lipolysis in these cells as described in sections 2.4.12-2.4.14. 

The results were analysed with analysis of variance (ANOVA), followed by Dunnett's 

Multiple Comparison Test. A *P < 0.05, ** P<0.01, from control was considered 

statistically significant. 
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4.3. Results: 

4.3.1. 3T3-L1 differentiation 

Modification of the currently available protocols resulted in the complete differentiation 

of 3T3-L1 pre-adipocytes into adipocytes (Public Health England; Zebisch et al., 2012). 

Within a week from the start of differentiation, lipid droplets increased both in number 

and size (Figure 4.1). The extent of adipose conversion was quantitated by staining the 

accumulated lipid using Oil Red O (Figure 4.2). The differentiated 3T3-L1 adipocytes 

were then used for the lipolysis studies. 

 

                                                

A. Day 0                              B. Day 1                              C. Day 3 

 

                

C. Day 5                              D. Day 7 

                                                                                

Figure 4.1: Microscopic images of Oil Red O stained 3T3-L1 cells (passage 8) 

subjected to adipocyte differentiation for 7 days (Qualitative). Lipid accumulation in 

the adipocytes was measured by oil red o-staining. Lipid droplets increased in both 

number, size over the following days, and took a week to become fully differentiated. 

Data are representative of 4 replicates. 
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Figure 4.2: Quantitative analysis of 3T3-L1 cells differentiation using Oil Red O 

staining: Lipid droplets increased in both number, size over the following days, and 

took a week to become fully differentiated. Data are representative of n=3 replicates 

expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 from control). 

 

4.3.2. Effect of paracetamol on basal lipolysis in 3T3-L1 adipocytes 

Prior to the lipolysis studies, the cells were assessed for the impact of paracetamol, 

aminopyrine and antipyrine on cell viability and proliferation over 48 hours. These 

compounds had no effect on the viability and proliferation of 3T3-L1 and primary 

adipocytes up to 48 hours (data not shown). 

TGs hydrolysis results in glycerol and FFA release from adipocytes, glycerol release 

was assayed as an indicator of lipolytic pathway (Schweiger et al., 2014). In 3T3-L1 

adipocytes incubated with paracetamol at 10 mM there was a significant decrease in 

glycerol release indicating a reduction in basal lipolysis. This inhibitory effect began as 

early as 1 hour with a 47% decrease in glycerol levels, followed by 57% and 52% at 3 

and 24 hours in Figure 4.3. 
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         A.                                                                         B.         

                      

         C.                                                                       D. 

                                                  

         E.     F. 

          

 Figure 4.3: Effect of paracetamol on basal lipolysis in 3T3-L1 adipocytes at 1, 3 and 

24 hours: Differentiated 3T3-L1 adipocytes were treated with serum free DMEM for 2 

hours and were then treated with different concentrations of paracetamol (PA). For 

basal lipolysis, cells were treated at the same time with an appropriate volume of 

vehicle. Lipolysis was determined by measuring glycerol released into the culture media 

at 1(A), 3(C) and 24(E) hours. Data are representative of n=4 replicates expressed as 

means ± Standard deviations (*P < 0.05, **P < 0.01 from control). Same data was 

plotted as scatter graphs (B, D, F) for each time point to show individual data points.  
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4.3.3. Effect of paracetamol on norepinephrine stimulated lipolysis in 3T3-L1 

adipocytes 

To determine whether paracetamol has an impact on adrenergic stimulated lipolysis, the 

effect of paracetamol was examined using a well-known catecholamine norepinephrine 

(combined α/β agonist). Norepinephrine stimulated lipolysis in control cells in Figure 

4.4 (A,B). In paracetamol (10 mM) pre-treated cells, the response to norepinephrine-

stimulated lipolysis was significantly attenuated (43% and 24%) at 1 and 3 hours in 

Figure 4.4 (C,D). 

        A.                                                                        B.  

            

       C.                                                                        D. 

       

Figure 4.4: Effect of paracetamol on norepinephrine stimulated lipolysis in 3T3-L1 

adipocytes at 1 and 3 hours: Differentiated 3T3-L1 adipocytes were treated with serum 

free DMEM for 2 hours. Cells were either treated with norepinephrine (NE) alone (A) 

or pre-incubated with different concentrations of paracetamol for 30 minutes and then 

norepinephrine was added (C). Lipolysis was determined by measuring glycerol 

released into the culture media at 1 hour (A,C) and 3 hours (B,D). Data are 

representative of n=4 replicates expressed as means ± Standard deviations (*P < 0.05, 

**P < 0.01 from control). 
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4.3.4. Effect of paracetamol on isoproterenol stimulated lipolysis in 3T3-L1 

adipocytes (added simultaneously) 

The effect of paracetamol on lipolytic stimulation by isoproterenol (an activator of β-

adrenoceptor) was then examined. 3T3-L1 adipocytes were incubated with various 

concentrations of isoproterenol alone or paracetamol and isoproterenol added 

simultaneously. Addition of isoproterenol elevated glycerol release from adipocytes as 

compared with that under basal conditions in Figure 4.5-4.7 (A).  

 

        A.                                                                       B.              

                

        C.                                                                       D.   

                              

 

Figure 4.5: Effect of paracetamol on isoproterenol stimulated lipolysis in 3T3-L1 

adipocytes at 1 hour: Differentiated 3T3-L1 adipocytes were treated with serum free 

DMEM for 2 hours. Cells were either treated with different concentrations of 

isoproterenol (Iso) alone (A) or treated with different concentrations of paracetamol 

and isoproterenol added simultaneously (B-D). Lipolysis was determined by measuring 

glycerol released into the culture media at 1 hour. Data are representative of n=4 

replicates expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 from 

control). 
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Paracetamol at both 1 and 10 mM concentration suppressed isoproterenol-stimulated 

release of glycerol (41% and 54%; Iso 0.001 µM), (39% and 66%; Iso 0.01 µM) and 

(51% and 56%; Iso 0.1 µM) at 1 hour in Figure 4.5 (B-D), (36% and 49%; Iso 0.001 

µM), (32% and 61%; Iso 0.01 µM), (50% and 66% Iso 0.1 µM) at 3 hours in Figure 4.6 

(B-D) and (29% and 48%; Iso 0.001 µM), (36% and 65%; Iso 0.01 µM), (50% and 

66%; Iso 0.1 µM) at 24 hours in Figure  4.7 (B-D). 

 

        A.                                                                       B.    

                                                                    

 

         C.                                                                        D.    

           

Figure 4.6: Effect of paracetamol on isoproterenol stimulated lipolysis in 3T3-L1 

adipocytes at 3 hours: Differentiated 3T3-L1 adipocytes were treated with serum free 

DMEM for 2 hours. Cells were either treated with different concentrations of 

isoproterenol alone (A) or treated with different concentrations of paracetamol and 

isoproterenol added simultaneously (B-D). Lipolysis was determined by measuring 

glycerol released into the culture media at 3 hours. Data are representative of n=4 

replicates expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 from 

control). 
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        A.                                                                         B.    

                          

        C.                                                                         D.                                     

           

Figure 4.7: Effect of paracetamol on isoproterenol stimulated lipolysis in 3T3-L1 

adipocytes after 24 hours: Differentiated 3T3-L1 adipocytes were treated with serum 

free DMEM for 2 hours. Cells were either treated with different concentrations of 

isoproterenol alone (A) or treated with different concentrations of paracetamol and 

isoproterenol added simultaneously (B-D). Lipolysis was determined by measuring 

glycerol released into the culture media at 24 hours. Data are representative of n=4 

replicates expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 from 

control). 

 

4.3.5. Effect of paracetamol pre-treatment on isoproterenol stimulated lipolysis in 

3T3-L1 adipocytes 

Prior exposure of 3T3-L1 adipocytes with paracetamol for 30 minutes followed by 

isoproterenol (0.001 µM - 0.1 µM) treatment resulted in attenuated lipolysis at 1, 3 and 

24 hours. Isoproterenol stimulated lipolysis in control cells in Figure 4.8-4.10 (A). 

Paracetamol significantly inhibited the glycerol release (24% and 72%; Iso 0.001 µM), 

(21% and 52%; Iso 0.01 µM), (35% and 63%; Iso 0.1 µM) at 1 hour in Figure 4.8 (B-

D), (18% and 80%; Iso 0.001 µM), (41%; Iso 0.01 µM), (42%; Iso 0.1 µM) at 3 hours 
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in Figure 4.9 (B-D), and (6% and 44%;  Iso 0.001 µM),), (10% and 47% Iso 0.01 µM), 

(38% and 33% Iso 0.1 µM) at 24 hours in Figure 4.10 (B-D). 

 

       A.                                                                        B.  

           

       C.                                                                        D. 

           

 

Figure 4.8: Effect of paracetamol pre-treatment on isoproterenol stimulated lipolysis 

in 3T3-L1 adipocytes at 1 hour: Differentiated 3T3-L1 adipocytes were treated with 

serum free DMEM for 2 hours. Cells were either treated with different concentrations 

of isoproterenol alone (A) or preincubated with different concentrations of paracetamol 

for 30 minutes and then isoproterenol added (B-D). Lipolysis was determined by 

measuring glycerol released into the culture media at 1 hour. Data are representative 

of n=4 replicates expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 

from control). 
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        A.                                                                       B.         

            

     

        C.                                                                        D.                                                        

           
 

Figure 4.9: Effect of paracetamol pre-treatment on isoproterenol stimulated lipolysis 

in 3T3-L1 adipocytes at 3 hours: Differentiated 3T3-L1 adipocytes were treated with 

serum free DMEM for 2 hours. Cells were either treated with different concentrations 

of isoproterenol alone (A) or preincubated with different concentrations of paracetamol 

for 30 minutes and then isoproterenol added (B-D). Lipolysis was determined by 

measuring glycerol released into the culture media at 3 hours. Data are representative 

of n=4 replicates expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 

from control). 
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       A.                                                                       B. 

           

         

           C.                                                                    D. 

           

Figure 4.10: Effect of paracetamol pre-treatment on isoproterenol stimulated lipolysis 

in 3T3-L1 adipocytes at 24 hours: Differentiated 3T3-L1 adipocytes were treated with 

serum free DMEM for 2 hours. Cells were either treated with different concentrations 

of isoproterenol alone (A) or preincubated with different concentrations of paracetamol 

for 30 minutes and then isoproterenol added (B-D). Lipolysis was determined by 

measuring glycerol released into the culture media at 24 hours. Data are representative 

of n=4 replicates expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 

from control). 
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4.3.6. Chronic effect of paracetamol pre-treatment on isoproterenol stimulated 

lipolysis in 3T3-L1 adipocytes 

3T3-L1 adipocytes were pre-treated with paracetamol for 30 minutes followed by 

stimulation with isoproterenol (1 µM - 10 µM) and glycerol release was measured after 

24 and 48 hours.  

          A.                                                                    B. 

          

           C.                                                                    D. 

                                                                   

  

Figure 4.11(A-D): Chronic effect of paracetamol pre-treatment on isoproterenol 

stimulated lipolysis in 3T3-L1 adipocytes after 24 and 48 hours: Differentiated 3T3-L1 

adipocytes were treated with serum free DMEM for 2 hours. Cells were either treated 

with isoproterenol alone (A) or preincubated with different concentrations of 

paracetamol for 30 minutes and then isoproterenol added (B). Lipolysis was determined 

by measuring glycerol released into the culture media at 24 (A,B) and 48 (C,D) hours. 

Data are representative of n=4 replicates expressed as means ± Standard deviations 

(*P < 0.05, **P < 0.01 from control). 
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Isoproterenol stimulated lipolysis in control cells in Figure 4.11 (A,C,E). In the case of 

1 µM isoproterenol stimulation, paracetamol (1000 µM and 2000 µM) significantly 

inhibited the glycerol release (9% and 10%) at 24 hours in Figure 4.11 (B) whereas the 

inhibitory effect of paracetamol (2000 µM) on lipolysis in response to isoproterenol was 

not abrogated at 48 hours and decreased glycerol release (10%) in Figure 4.11(D).  

Interestingly, paracetamol (250 µM and 1000 µM) seemed to be less effective to 

produce the same extent of inhibition at higher isoproterenol stimulation (10 µM). 

However, paracetamol (2000 µM) still decrease glycerol release (21%) significantly at 

24 hours in Figure 4.11(F). 

             E.                                                                   F. 

        

Figure 4.11(E-F): Chronic effect of paracetamol pre-treatment on isoproterenol 

stimulated lipolysis in 3T3-L1 adipocytes after 24 hours: Differentiated 3T3-L1 

adipocytes were treated with serum free DMEM for 2 hours. Cells were either treated 

with isoproterenol alone (E) or preincubated with different concentrations of 

paracetamol for 30 minutes and then isoproterenol added (F). Lipolysis was determined 

by measuring glycerol released into the culture media at 24 (E,F) hours. Data are 

representative of n=4 replicates expressed as means ± Standard deviations (*P < 0.05, 

**P < 0.01 from control). 

 

4.3.7. Effect of paracetamol on forskolin stimulated lipolysis in 3T3-L1 adipocytes 

In order to assess the post receptor impact of paracetamol, forskolin (an activator of 

AC) was used. Forskolin stimluated lipolysis in control cells in Figure 4.12 (A,C,E). 

Prior exposure of 3T3-L1 adipocytes to paracetamol (10 mM) decreased the lipolysis 

induced by forskolin by 32%, 35% and 46% at 1, 3 and 24 hours in Figure 4.12 (B,D,F) 

similar to norepinephrine. 
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         A.                                                                      B. 

                  

        C.                                                                       D.   

               

        E.                                                                        F.  

           

Figure 4.12: Effect of paracetamol on forskolin stimulated lipolysis in 3T3-L1 

adipocytes at 1(A), 3(B) and 24(C) hours: Differentiated 3T3-L1 adipocytes were 

treated with serum free DMEM for 2 hours. Cells were either treated with forskolin 

(Fsk) alone (A) or preincubated with different concentrations of paracetamol for 30 

minutes and then forskolin added (B). Lipolysis was determined by measuring glycerol 

released into the culture media at 1(A,B), 3(C,D) and 24(E,F) hours. Data are 

representative of n=4 replicates expressed as means±Standard deviations (*P < 0.05, 

**P < 0.01 from control). 
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4.3.8. Effect of paracetamol on 8-Br-cAMP stimulated lipolysis in 3T3-L1 

adipocytes 

To assess the impact of paracetamol at the level of cAMP, a cAMP analog 8-Br-cAMP 

which has greater resistance to phosphodiesterases than cAMP was used.  

         

        A.                                                                      B. 

         

        C.                                                                      D. 

          

Figure 4.13: Effect of paracetamol on 8-Br-cAMP stimulated lipolysis in 3T3-L1 

adipocytes at 3 and 24 hours: Differentiated 3T3-L1 adipocytes were treated with 

serum free DMEM for 2 hours. Cells were either treated with 8-Br-cAMP alone (A) or 

preincubated with different concentrations of paracetamol for 30 minutes and then 8-

Br-cAMP added (C). Lipolysis was determined by measuring glycerol released into the 

culture media at 3(A,C) and 24(B,D) hours. Data are representative of n=4 replicates 

expressed as means ± Standard deviations (*P < 0.05, **P < 0.01 from control). 

 

8-Br-cAMP stimulated lipolysis in control cells in Figure 4.13 (A,B). Paracetamol (10 

mM) still showed marked decrease in glycerol release (45%) at 3 hours and still 
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persisted (40%) at 24 hours in Figure 4.13 (C,D) confirming that the paracetamol effect 

was not located at the cAMP level.       

     

4.3.9. Effect of aminopyrine and antipyrine on basal lipolysis in 3T3-L1 adipocytes  

In addition to paracetamol, the effect of aminopyrine and antipyrine on lipolysis under 

basal conditions was also investigated considering their previously reported 

involvement in induced hypothermia (Ayoub et al., 2004).  

        A.                                                                      B. 

           

                                              

                                             C. 

 

Figure 4.14: Effect of aminopyrine and antipyrine on basal lipolysis in 3T3-L1 

adipocytes at 1, 3 and 24 hours: Differentiated 3T3-L1 adipocytes were treated with 

serum free DMEM for 2 hours and were then treated with aminopyrine (AM) or 

antipyrine (AT). Lipolysis was determined by measuring glycerol released into the 

culture media at 1(A), 3(B) and 24(C) hours. For basal lipolysis, cells were treated at 

the same time with an appropriate volume of vehicle. Data are representative of n=4 

replicates expressed as means ± Standard deviations (**P < 0.01 from control). 
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4.3.10. Effect of paracetamol, aminopyrine and antipyrine on basal lipolysis in rat 

primary brown adipocytes 

In addition to cultured adipocytes lipolysis was assessed in rat primary brown fat 

adipocytes. High level of basal lipolysis was noticed in primary brown adipocytes. 

When cells were preincubated with various concentrations of paracetamol for an hour 

and glycerol release was measured, there was a significant decrease in basal lipolysis by 

17%, 15% and 16% with increasing concentrations of paracetamol in Figure 4.15 (A). 

Aminopyrine (250 µM – 1000 µM) also attenuated glycerol release (25%, 29% and 

23%) at 1 hour whereas antipyrine treated cells showed a decrease in glycerol levels 

(18%, 15% and 21%) in Figure 4.15 (B,C). The observed inhibition was not as 

extensive as with the 3T3 cells.         

       A.                                                                        B.  

                              

                                             C.  

 

 

Figure 4.15: Effect of paracetamol, aminopyrine and antipyrine on basal lipolysis in 

rat primary brown adipocytes at 1 hour: Brown adipocytes were treated with different 

concentrations of paracetamol, aminopyrine and antipyrine and glycerol release was 

measured at 1 hour.  Data are representative of n=4 replicates expressed as means ± 

Standard deviations (*P < 0.05, **P < 0.01 from control). 
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4.3.11. Effect of paracetamol, aminopyrine and antipyrine on basal lipolysis in rat 

primary brown adipocytes 

Pre-treatment of primary brown adipocytes with higher concentrations of paracetamol 

(PA 1 mM – 10 mM) for an hour reduced basal lipolysis with a significant decrease in 

glycerol levels (10% and 19%) at 1 hour and (19% and 26%) at 24 hours (Figure 4.16). 

Similarly, aminopyrine (AM 1 mM – 10 mM) attenuated glycerol release (22% and 

17%) at 1 hour and (34% and 26%) at 24 hours (Figure 4.17). In case of antipyrine 

treated cells, there was a marked decrease in glycerol release (10% and 11%) at 1 hour 

and (21% and 19%) at 24 hours (Figure 4.18) at all concentrations used.  

 

       A.                                                                        B. 

         

 

Figure 4.16: Effect of paracetamol on basal lipolysis in rat primary brown adipocytes 

at 1 and 24 hours: Brown adipocytes were treated with different concentrations of 

paracetamol and glycerol release was measured at 1(A) and 24(B) hours.  Data are 

representative of n=4 replicates expressed as means ± Standard deviations (**P < 0.01 

from control). 
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        A.                                                                      B. 

         

 

Figure 4.17: Effect of aminopyrine on basal lipolysis in rat primary brown adipocytes 

at 1 and 24 hours: Brown adipocytes were treated with different concentrations of 

aminopyrine and glycerol release was measured at 1(A) and 24(B) hours.  Data are 

representative of n=4 replicates expressed as means ± Standard deviations (**P < 0.01 

from control). 

 

        A.                                                                     B.  

     
 

 

Figure 4.18: Effect of antipyrine on basal lipolysis in rat primary brown adipocytes at 

1 and 24 hours: Brown adipocytes were treated with different concentrations of 

antipyrine and glycerol release was measured at 1(A) and 24(B) hours. Data are 

representative of n=4 replicates expressed as means ± Standard deviations (**P < 0.01 

from control). 
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4.3.12. Effect of paracetamol, aminopyrine and antipyrine on norepinephrine 

stimulated lipolysis in rat primary brown adipocytes 

Primary brown adipocytes were preincubated with higher concentrations of 

paracetamol, aminopyrine and antipyrine for 1 hour followed by addition of 

norepinephrine and then glycerol release was assayed after 1 and 24 hours. Paracetamol 

(PA 1 mM – 10 mM) caused a significant inhibition of lipolysis in the presence of 

norepinephrine (15% and 16%) at 1 hour and (14% and 21%) at 24 hours (Figure 4.19). 

Similarly, aminopyrine (AM 1 mM – 10 mM) attenuated glycerol release (21% and 

19%) at 1 hour and (26% and 17%) markedly at 24 hours (Figure 4.20). In case of 

antipyrine treated cells, there was a decrease in glycerol release (12% and 12%) at 1 

hour and (15% and 21%) at 24 hours (Figure 4.21) at all concentrations used. 

 

       A.                                                                       B. 

         

 

Figure 4.19: Effect of paracetamol on norepinephrine stimulated lipolysis in rat 

primary brown adipocytes at 1 and 24 hours: Brown adipocytes were preincubated 

with different concentrations of paracetamol for an hour and then treated with 

norepinephrine. Lipolysis was determined by measuring glycerol released into the 

culture media at 1(A) and 24(B) hours. Data are representative of n=4 replicates 

expressed as means ± Standard deviations (**P < 0.01 from control). 
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       A.                                                                        B.   

           

Figure 4.20: Effect of aminopyrine on norepinephrine stimulated lipolysis in rat 

primary brown adipocytes at 1 and 24 hours: Brown adipocytes were preincubated 

with different concentrations of aminopyrine for an hour and then treated with 

norepinephrine. Lipolysis was determined by measuring glycerol released into the 

culture media at 1(A) and 24(B) hours. Data are representative of n=4 replicates 

expressed as means ± Standard deviations (**P < 0.01 from control). 

 

        A.                                                                       B.                     

           

Figure 4.21: Effect of antipyrine on norepinephrine stimulated lipolysis in rat 

primary brown adipocytes at 1 and 24 hours: Brown adipocytes were preincubated 

with different concentrations of antipyrine for an hour and then treated with 

norepinephrine. Lipolysis was determined by measuring glycerol released into the 

culture media at 1(A) and 24(B) hours. Data are representative of n=4 replicates 

expressed as means ± Standard deviations (**P < 0.01 from control). 
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4.4. Discussion: 

For homeotherms housed at temperature below their thermoneutral zone, heat 

generation starts with signals coming from the preoptic area of anterior hypothalamus 

(POA) to stimulate peripheral effectors leading to the increased lipolysis, mitochondrial 

metabolism and heat generation. Given the lack of agreement about the actions of 

paracetamol centrally, it is reasonable to examine its impact at other points along the 

heat generation pathway.  

Lipolysis is a critical metabolic function of adipocytes and is a key process that 

provides fatty acids for combustion and to induce UCP1 activation, thus directly leading 

to thermogenesis (Ohlson et al., 2004). Conversion of stored TGs into FFAs through a 

process of lipolysis is stimulated by β-adrenergic signalling to activate the cAMP 

mediated PKA pathway (Chrysovergis et al., 2014; McKnight et al., 1998). This 

mediates phosphorylation and activation of lipolytic enzymes including HSL, ATGL, 

and perilipin (MacPherson and Peters, 2015; Schweiger et al., 2006; Heeren and 

Münzberg 2013; Marcelin and Chua 2010).  

Prior to the lipolysis studies, the 3T3-L1 cells were assessed for the impact of 

paracetamol on viability at the concentrations used. The concentrations (up to 10 mM) 

were similar to or lower than concentrations known to induce hypothermia in animals in 

vivo. At these concentrations over 48 hours, there was no loss of viability indicating that 

the effects observed could not be attributed to loss of cell numbers or viability. Prior to 

the lipolysis assays, the 3T3-L1 pre-adipocytes were shown to successfully differentiate 

into adipocytes. 

Although lipolysis can be directly assessed by measuring glycerol release (Schweiger et 

al., 2014), the addition of BSA (fatty acid-free) to the culture  medium is required to 

prevent fatty acid reesterification (Paar et al., 2012). In this study, to examine whether 

paracetamol could have an impact on lipolysis, glycerol release was measured in mouse 

3T3-L1 adipocytes, the most frequently used an in vitro model of lipolysis. In the model 

used, adipocytes were incubated in a low glucose medium to ensure lipolysis. Under 

basal conditions, paracetamol at 10 mM was found to significantly reduce glycerol 

release as early as 1 hour (Figure 4.3). This initial observation suggests that paracetamol 

is impacting on the lipolysis pathway in the absence of any form of external stimulation, 

possible indication that the actions of paracetamol may be post receptor. Another 

possibility is that paracetamol could act on the α1 or α₂ receptors which are thought to 
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inhibit lipolysis. Stimulation of α₂-receptors is thought to decrease AC activity and thus 

cAMP production (Fain et al., 1984) whereas stimulation of α1-receptors activates a 

calcium-dependent phosphodiesterase and possibly decrease cAMP (Bronnikov et al., 

1984) and thermogenesis.  

To investigate whether stimulation of inhibitory α1 or α₂ pathways was necessary to 

observe the inhibitory effect of paracetamol, the effect of paracetamol could have been 

compared with α-receptor agonist. When cells were stimulated with NE, a combined α-

/β-agonist for different subtypes of α/β-adrenergic receptors lipolysis was increased. 

Again, paracetamol was able to lower NE stimulated lipolysis (43% and 24%) at 1 and 

3 hours (Figure 4.4).  

To further investigate the impact of paracetamol on the catecholamine receptor, the β-

agonist such as isoproterenol was selected to stimulate lipolysis. Paracetamol also 

inhibited isoproterenol induced lipolysis when added simultaneously with the agonist 

(Figure 4.5-4.7). This effect was concentration dependent, moreover, paracetamol pre-

treatment of 3T3-L1 adipocytes attenuated isoproterenol stimulated lipolysis, however 

the effect was better observed at the higher concentrations  and after a short (1,3 hours) 

incubation, suggesting an impact of drug metabolism (Figure 4.8-4.10). 

The inhibitory effect of paracetamol could be located downstream of the coupling 

process between the β-receptor and AC. To investigate whether the paracetamol effect 

is located at the level of AC, forskolin a direct activator of AC was used. Forskolin 

stimulated lipolysis in the control cells. In the paracetamol preincubated cells, there was 

a time dependent decrease in lipolysis and the response to forskolin (Figure 4.12). This 

observation confirmed that the paracetamol inhibition was not located at the 

receptor/cyclase coupling process and must therefore be distally located. 

The next step was to investigate the effect on paracetamol on cAMP levels which would 

partly impact on phosphodiesterases activity.  To determine the role of increased cAMP 

breakdown in paracetamol inhibition, a cAMP analog 8-Br-cAMP with a greater 

resistance to phosphodiesterases than cAMP itself was used. 8-Br-cAMP induced an 

increase in lipolysis in control cells. The glycerol release was, however, still much 

attenuated by paracetamol, about 45% lower than in control cells at 3 hours (Figure 

4.13), confirming that the paracetamol effect was not located to phosphodiesterase 

function.  
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If time allowed, the effect of paracetamol on the link between a given amount of cAMP 

and the resulting lipolysis could had been measured simultaneously in cells stimulated 

with the AC activator forskolin. Moreover, to confirm whether paracetamol had a direct 

effect on AC, its activity could have been directly measured in membrane preparations 

from 3T3-L1 adipocytes. More importantly the effect of paracetamol on other key 

enzymes in the lipolysis process such as HSL, ATGL and perilipin activities needs to be 

investigated.  

In addition to paracetamol, the effect of aminopyrine and antipyrine was also studied 

primarily as they were reported to be putative COX-3 inhibitors. These agents are 

classified as pyrazolones and considered as oldest synthetic pharmaceuticals. Antipyrine 

(phenazone) exhibits analgesic, antipyretic and antirheumatic activity. Aminopyrine 

(aminophenazone) is thought to possess greater antipyretic and analgesic activity, 

marked anti-inflammatory property but more toxic than antipyrine (Volz and Kellner, 

1980). However like paracetamol, little is understood about the impact of these 

compounds on lipolysis.  In the present studies, both aminopyrine and antipyrine were 

effective in significantly reducing glycerol release at 1 and 3 hours in 3T3-L1 cells in a 

manner similar to paracetamol (Figure 4.14). In addition, like paracetamol the effect 

was most pronounced at the earlier time points suggesting the parent compounds may 

be involved rather than metabolites. The results parallel the hypothermic and COX-3 

inhibitors action of all three compounds.  

Although the differentiated 3T3-L1 cells are a widely used model for lipolysis and fat 

metabolism studies, investigations were also undertaken using rat primary brown 

adipocytes which are known for their involvement in thermoregulation in small 

mammals. In addition, these cells may give a more realistic picture of the effect of the 

test compound on lipolysis. The cells showed high levels of basal lipolysis which may 

reflect the fact that they have just been removed from an animal below their 

thermoneutral zone and simply it may be a reflection of the level of both cold and other 

stress in freshly isolated cells. The compounds (paracetamol, aminopyrine and 

antipyrine) inhibited lipolysis in the primary cells in a manner similar to the 3T3-L1 

cells under basal conditions and to a greater limit when NE was present (4.15-4.21) 

Paracetamol, aminopyrine and antipyrine are not the only antipyretic compounds to 

inhibit lipolysis. Indomethacin has shown to inhibit enzymes involved in basal and 

stimulated lipolysis in the kidney, thus inhibiting PG synthesis via lowering the AA and 

through directly interacting (Erman et al., 1980). NSAIDs (aspirin, naproxen, 
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nimesulide, and piroxicam) are known to activate NADPH oxidase (NOX) isoform 

(NOX4) in adipocytes to produce hydrogen peroxide (H₂O₂), which impairs cAMP-

dependent PKA-II activation, thus inhibiting isoproterenol activated lipolysis. H₂O₂ 

signalling is a novel COX independent effect of NSAIDs in adipocytes and may play a 

role in antipyresis (Vázquez-Meza et al., 2013). 

These studies confirm that hypothermic agents such as paracetamol, aminopyrine and 

antipyrine are capable of inhibiting lipolysis. Even at the level of inhibition reported in 

this study could negatively impact on a small mammal’s ability to thermoregulate at 

temperatures below their thermoneutral zone. 

Although lipolysis is a key step in the thermogenesis process, paracetamol and other 

hypothermic compounds could also work at sites downstream to the generation of fatty 

acids, for example by inhibiting FAO. 
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Chapter 5: Effect of Paracetamol on Mitochondrial Fatty Acid uptake and 

Oxidation 

 

5.1. Introduction 

Hypothermia occurs only when the metabolic rate (heat production) decreases and/or 

heat loss increases (Moriyama et al., 2006). The ultimate determinant of Tc in small 

mammals at Ta below their thermoneutral zone is their ability to switch on and maintain 

thermogenesis process in peripheral tissues, regardless of the existence and role of 

COX-3. The observation of hypothermia in rodents following administration of 

paracetamol may indicate that paracetamol might have an impact on peripheral 

thermoregulatory effector mechanisms. In the previous chapter, paracetamol was shown 

to attenuate lipolysis. However, it may be possible that this compound may also have 

additional effects further down on the thermogenesis effector pathways. 

Following lipolysis, a main step in the process of heat production is the conversion of 

reduced cofactors such as NADH and fatty acids in the mitochondria directly to heat 

(uncoupling), or indirectly through the production of ATP. Fatty acids released via 

lipolysis can only undergo β-oxidation (Pauw et al., 2009) once they cross the 

mitochondrial membranes (Begriche et al., 2011). Entry of fatty acids into the 

mitochondria depends on their lengths; with short to medium fatty acids penetrate easily 

whereas long chain (C14–C18) fatty acids, also called LCFA rely on a shuttle system 

(Begriche et al., 2011). They are first changed to LCFA-coenzyme A (acyl-CoA) 

thioesters through the action of acyl-CoA synthetases (ACS) and then to acyl-carnitine 

derivative by CPT 1 (Begriche et al., 2011) and translocated into the matrix via CAT 

(Begriche et al., 2011). The acyl group in carnitine moves back to coenzyme A via CPT 

2 (Begriche et al., 2011). LCFA-CoA thioesters undergoes β-oxidation and form acetyl-

CoA moieties. 

Oxidation of fatty acids in mitochondria forms NADH and FADH₂ and electrons are 

transferred to the respiratory complexes (Begriche et al., 2011). In the mitochondrial 

ETC, electrons are sequentially transferred from the reduced co-factors to various 

complexes to oxygen (Begriche et al., 2011). ATP produced from fatty acid oxidation is 

a key requirement for lipolysis. For some time it has been know that decreased ATP 

levels resulting from the actions of uncouplers or inhibitors of the mitochondrial ETC 

can inhibit catecholamine induced lipolysis (Fassina et al., 1974).  This indicates a 
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direct link between lipolysis and the functionality of mitochondrial oxidative 

phosphorylation (OXPHOS) system (Pauw et al., 2009). 

Drug-induced inhibition of mitochondrial FAO involves various mechanisms and may 

require interactions with different mitochondrial enzymes (Fromenty and Pessayre, 

1995; Labbe et al., 2008). Drugs including ibuprofen can cause direct inhibition of one 

or more mitochondrial FAO enzymes (Fromenty and Pessayre, 1995). Many of the toxic 

properties of paracetamol are mediated by the metabolism by cytochrome P450 system 

to the highly reactive metabolite NAPQI including the inhibition of FAO 

enzymes (Chen et al., 2009).  CPT1 could be a key target for these drugs (Begriche et 

al., 2011). Drug induced blockade of mitochondrial FAO can also occur via formation 

of coenzyme A and  l-carnitine esters, decreasing important cofactors involved in FAO 

as in case of salicylic acid, and ibuprofen (Fromenty and Pessayre, 1995; Deschamps et 

al.,1991; Fréneaux et al., 1990). Severe inhibition of the ETC can directly inhibit 

mitochondrial FAO by reducing the level of co-factors and ATP (Fromenty and 

Pessayre, 1995; Labbe et al., 2008). Other process that could be considered includes 

ETC damage and lactic acidosis via inhibition of the TCA cycle (Labbe et al., 2008; 

Cornejo-Juarez et al., 2003; Walker et al., 2004).  

 

In an attempt to establish if the hypothermia caused by paracetamol and related 

compounds is due to the inhibition of endogenous or exogenous FAO, oxygen 

consumption rate (OCR) was assessed in 3T3-L1 cells in the absence and presence of 

palmitate and results compared to etomoxir (Eto), a known inhibitor of fatty acid uptake 

into the mitochondria. The Agilent Seahorse XF FAO assay allows the sources of fatty 

acid (endogenous or exogenous) to be identified and how specific test compounds affect 

mitochondrial function.  The rate of oxidation of exogenously added fatty acids to cells 

will depend on the availability of other substrates and the demand for ATP.  In addition, 

fatty acids from exogenous source can also uncouple mitochondria reducing coupling 

efficiency. Both can be assessed by measuring OCR in the presence of palmitate-BSA, 

an extensively used substrate and the classic inhibitor Eto which inhibits CPT1 (Agilent 

Seahorse, U.K.). 
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5.2. Methods 

5.2.1. Effect of paracetamol, etomoxir and NAPQI on both endogenous and exogenous 

(in the presence of palmitate:BSA) FAO was determined using the Agilent Seahorse XF 

FAO Assay as described in section 2.4.15-2.4.16.1.  

The results were analysed with analysis of variance (ANOVA), followed by Dunnett's 

Multiple Comparison Test or Bonferroni's Multiple Comparison Test. A *P < 0.05, ** 

P<0.01, *** P<0.001 from control was considered statistically significant. 

 

5.3. Results: 

5.3.1. Effect of paracetamol on FAO: 

Under conditions of limited substrate concentration, the XF Palmitate-BSA FAO 

substrate was used along with Eto, and the XF Cell Mito Stress Test, the XF FAO assay 

measures FAO in cells during basal and stressed energy needs (Agilent Seahorse, U.K.). 

The effect of paracetamol (10 mM) was investigated under basal conditions and after 

oligomycin addition (2.5 µg/ml), FCCP (4 µM) and rotenone/antimycin A (2 µM/4 µM) 

versus BSA control and Palmitate: BSA control. 

During basal respiration, there was a significant decrease in OCR by 10% and 31% in 

BSA+Eto and BSA+PA group. The Palm: BSA+Eto and Palm:BSA+PA group resulted 

in a reduction in OCR by 20% and 29% indicating that a small segment of the basal 

respiration was as a result of oxidation of endogenous fatty acids in Figure 5.1(A,B). 

After the addition of oligomycin, the BSA+Eto and BSA+PA treatment group resulted 

in a further decrease by 12% and 15%, whereas reduced OCR was noticed in 

Palm:BSA+PA by 17% in Figure 5.1(C,D).  

 

Introduction of FCCP resulted in a significant rise in maximum respiration in the 

Palm:BSA treatment group that was supported by oxidizing exogenous fatty acids as 

Palm:BSA+Eto and Palm:BSA+PA group has shown a reduction in OCR by 42% and 

25% in Figure 5.2(A,B). The BSA+Eto and BSA+PA treatment group attenuated OCR 

by 8% and 18%. Finally, rotenone/antimycin A caused a further reduction in OCR by 

17% and 16% (BSA+Eto and BSA+PA) and 23% and 14% (Palm:BSA+Eto and 

Palm:BSA+PA in Figure 5.2(C,D) respectively. 
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Basal 

 

           A.                                                                       B. 

       

 

Oligomycin addition 

 

            C.                                                                     D.    

   

 

Figure 5.1: Effect of paracetamol on FAO during basal and after oligomycin addition 

in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes grown in substrate-limited 

medium overnight and combination of XF Palmitate-BSA FAO Substrate and the XF 

Cell Mito Stress Test was used. Data are representative of n=3 replicates expressed as 

means ± Standard deviations (*P < 0.05, **P < 0.01, *** P<0.001 from control). 
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FCCP addition 

 

            A.                                                                     B. 

       

 

Rotenone/Antimycin A addition 

 

           C.                                                                        D. 

            

 

Figure 5.2: Effect of paracetamol on FAO after FCCP and rotenone/ antimycin A 

addition in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes grown in substrate-

limited medium overnight and combination of XF Palmitate-BSA FAO Substrate and the 

XF Cell Mito Stress Test was used. Data are representative of n=3 replicates expressed 

as means ± Standard deviations (*P < 0.05, **P < 0.01, *** P<0.001 from control). 

 

 

 



103 
 

5.3.2. Effect of paracetamol on individual parameters of mitochondrial function 

using FAO assay 

In an attempt to investigate further the effect of paracetamol (10mM) on FAO, 

individual parameters of mitochondrial function were assessed and compared to Eto 

(Figure 5.3-5.4). 3T3-L1 adipocytes with Palm:BSA respired at basal rate of 12 pmol O₂ 

/min higher than the BSA group in Figure 5.3(A). Difference in proton leak between 

these groups confirmed that uncoupling contributed 5 pmol O₂/min to the increased 

basal respiratory rate, exogenous fatty acids contributed 7 pmol O₂/min. Paracetamol 

significantly decreased the basal respiration of both endogenous (PA+BSA) and 

exogenous (PA+Palmitate:BSA) fatty acid respiration by 44% and 29% in Figure 

5.3(A) respectively. 

          A.                                                                        B. 

                           

            C.                                                                      D. 

           

Figure 5.3: Effect of paracetamol on individual parameters of mitochondrial function 

using FAO assay in 3T3-L1 adipocytes. Basal respiration, proton leak, maximal 

respiration, spare respiratory capacity following the addition of oligomycin, FCCP, and 

rotenone/antimycin A respectively. Data are representative of n=3 replicates expressed 

as means ± Standard deviations (*P < 0.05, **P < 0.01 from control). 



104 
 

However paracetamol had no effect on proton leak, spare respiratory capacity or 

maximal respiration. Paracetamol attenuated non-mitochondrial respiration by 15% in 

Figure 5.4(A). Paracetamol hindered ATP production in both endogenous (PA+BSA) 

and exogenous (PA+Palmitate:BSA) fatty acid respiration by 51% and 33% in Figure 

5.4 (B). Endogenous (PA+BSA) spare respiratory capacity was significantly increased 

(59%) by paracetamol in Figure 5.4(D).  In the presence of paracetamol there was no 

change in maximal respiration in Figure 5.3(C). 

 

           A.                                                                        B. 

           

            C.                                                                       D.   

          

Figure 5.4: Effect of paracetamol on individual parameters of mitochondrial function 

using FAO assay in 3T3-L1 adipocytes. Non-mitochondrial respiration and ATP 

production following the addition of oligomycin, FCCP, and rotenone/antimycin A 

respectively. Coupling efficiency and spare respiratory capacity represented as %. Data 

are representative of n=3 replicates expressed as means ± Standard deviations (*P < 

0.05, **P < 0.01 from control). 
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5.3.3. Effect of paracetamol and NAPQI on FAO: 

In an attempt to determine whether paracetamol exerted some of its actions through the 

toxic metabolite, NAPQI, the effect of paracetamol (10 mM) and NAPQI (50 µM; 

Copple et al., 2008; Jan et al., 2014) on both endogenous and exogenous FAO was 

investigated under basal conditions and after oligomycin addition (2.5 µg/ml), FCCP (4 

µM) and rotenone/antimycin A (2 µM/4 µM) versus BSA control and Palmitate: BSA 

control. During basal respiration, there was a significant decrease in OCR by 63% in 

BSA+NAPQI group, a similar decrease was observed for the Palm:BSA+NAPQI group 

also showing a reduction in OCR by 63% Figure 5.5(A,B). 

Basal 

              A.                                                                    B.

 

Oligomycin addition 

              C.                                                                    D.   

 

Figure 5.5: Effect of paracetamol and NAPQI on fatty acid oxidation during basal 

and after oligomycin addition in 3T3-L1 adipocytes. Differentiated 3T3-L1 adipocytes 

grown in substrate-limited medium overnight and combination of XF Palmitate-BSA 

FAO Substrate and the XF Cell Mito Stress Test was used. Data are representative of 

n=3 replicates expressed as means ± Standard deviations (**P < 0.01, *** P<0.001 

from control). 
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After oligomycin addition, the decrease in respiration caused by paracetamol and 

NAPQI for endogenous (BSA+PA) and (BSA+NAPQI) was 8% and 46% respectively. 

A similar decrease was observed in the exogenous substrate (Palm:BSA+PA) and 

(Palm:BSA+NAPQI) respiration with OCR decreasing by 16% and 44% respectively 

Figure 5.5(C,D). Paracetamol and NAPQI did not affect cell viability at concentrations 

used. 

FCCP addition 

 

              A.                                                                   B.

 

Rotenone/Antimycin A addition 

 

             C.                                                                    D. 

 

 

Figure 5.6: Effect of paracetamol and NAPQI on fatty acid oxidation after FCCP and 

rotenone/ antimycin A addition in 3T3-L1 adipocytes. Differentiated 3T3-L1 

adipocytes grown in substrate-limited medium overnight and combination of XF 

Palmitate-BSA FAO Substrate and the XF Cell Mito Stress Test was used. Data are 

representative of n=3 replicates expressed as means ± Standard deviations (*P < 0.05, 

*** P<0.001 from control). 
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Introduction of FCCP resulted in a significantly increased maximal respiration in the 

Palm:BSA that was supported due to oxidizing exogenous fatty acids. As 

Palm:BSA+PA and Palm:BSA+NAPQI has shown a reduction in OCR by 31% and 

80% in Figure 5.6(A,B).  BSA+PA and BSA+NAPQI group attenuated OCR by 30% 

and 79%. 

Finally, rotenone/antimycin A caused a further reduction in OCR by 12% and 58% 

(BSA+PA and BSA+NAPQI) and 16% and 51% (Palm:BSA+PA and 

Palm:BSA+NAPQI) in Figure 5.6(C,D) respectively. 

 

5.3.4. Comparison of the effect of paracetamol and NAPQI on FAO: 

The effect of paracetamol and NAPQI on both endogenous and exogenous fatty acid 

oxidation was examined. At basal respiration, treatment with BSA+NAPQI reduced 

OCR by 50% compared to BSA+PA and by 52% in the case of Palm:BSA+NAPQI  

versus Palm: BSA+PA in Figure 5.7(A,B).  

After oligomycin addition, the extent of inhibition of OCR was again significantly 

greater in BSA+NAPQI (41%) as compared to BSA+PA as well as in 

Palm:BSA+NAPQI (33%) versus Palm: BSA+PA in Figure 5.7(C,D). After FCCP 

addition, the extent of inhibition of OCR was again significantly greater in 

BSA+NAPQI (70%) as compared to BSA+PA and in Palm:BSA+NAPQI (71%) versus 

Palm: BSA+PA in Figure 5.8(A,B).  

Finally, after rotenone/antimycin A addition, BSA+NAPQI declined OCR by 53% 

versus BSA+PA and by 41% in case of Palm:BSA+NAPQI up versus Palm: BSA+PA 

in Figure 5.8(C,D). 
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Basal 

 

             A.                                                                     B.    

 

 

Oligomycin addition 

 

            C.                                                                     D.   

 

 

Figure 5.7: Comparison of the effect of paracetamol and NAPQI on fatty acid 

oxidation during basal and after oligomycin addition in 3T3-L1 adipocytes. 

Differentiated 3T3-L1 adipocytes grown in substrate-limited medium overnight and 

combination of XF Palmitate-BSA FAO Substrate and the XF Cell Mito Stress Test was 

used. Data are representative of n=3 replicates expressed as means ± Standard 

deviations (*** P<0.001 from control). 
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FCCP addition 

 

              A.                                                                  B. 

  

 

 

Rotenone/Antimycin A addition 

 

              C.                                                                  D.   

 

 

Figure 5.8: Comparison of the effect of paracetamol and NAPQI on fatty acid 

oxidation after FCCP and rotenone/ antimycin A addition in 3T3-L1 adipocytes. 

Differentiated 3T3-L1 adipocytes grown in substrate-limited medium overnight and 

combination of XF Palmitate-BSA FAO Substrate and the XF Cell Mito Stress Test was 

used. Data are representative of n=3 replicates expressed as means ± Standard 

deviations (*** P<0.001 from control). 
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5.3.5. Effect of paracetamol and NAPQI on individual parameters of 

mitochondrial function using FAO assay: 

In an attempt to investigate further the effect of paracetamol and NAPQI on fatty acid 

oxidation, individual parameters of mitochondrial function were assessed as seen in 

Figure 5.9 and 5.10. NAPQI at much lower concentrations is a more potent inhibitor of 

basal respiration than paracetamol. NAPQI+BSA and NAPQI+Palmitate:BSA seemed 

to have a huge impact on basal respiration declined by 64% and 65% whereas PA+BSA 

also decreased basal OCR by 14% Figure 5.9(A). There was no effect on proton leak by 

PA and NAPQI in Figure 5.9(B). Maximum respiratory rates were greatly attenuated by 

NAPQI+BSA and NAPQI+Palmitate:BSA (93% and 94%) while PA+BSA caused a 

43% decrease in Figure 5.9(C). NAPQI completely inhibited spare respiratory capacity 

in Figure 5.9(D) and reduced non-mitochondrial respiration by 60% (NAPQI+BSA) and 

48% (NAPQI+Palmitate:BSA) in Figure 5.10(A). PA+BSA, PA+Palmitate:BSA, 

NAPQI+BSA and NAPQI+Palmitate:BSA  abolished ATP production by 52%, 26%, 

78% and 77% in Figure 5.10(B). PA+BSA decreased coupling efficiency by 19% 

whereas NAPQI+BSA and NAPQI+Palmitate:BSA by 39% and 34% in Figure 5.10(C). 

Finally, spare respiratory capacity represented in Figure 5.10(D) was significantly 

reduced by NAPQI+BSA and NAPQI+Palmitate:BSA by 81% and 84%. 

Basal respiration of 3T3-L1 adipocytes with BSA is 6 pmol O₂/min more versus 

BSA+PA group and 10 pmol O₂/min more versus BSA+NAPQI indicating that a small 

segment of the basal respiratory rate was a result to fatty acids oxidized from 

endogenous source and/or remaining fatty acids in the BSA preparation. The 

Palm:BSA+PA and Palm:BSA+NAPQI groups confirmed the significant increase in 

maximum respiration in the Palm:BSA as a result of oxidation of exogenous fatty acids. 

Maximum respiration of these cells with BSA is 7 pmol O₂/min more versus BSA+PA 

group and 15 pmol O₂/min more versus BSA+NAPQI group demonstrating that a 

segment of maximum respiration was supported due to endogenous oxidation of fatty 

acids and/or presence of remaining fatty acids in the BSA preparation. 
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             A.                                                                       B. 

            

 

             C.                                                                      D.  

         

 

Figure 5.9: Effect of paracetamol and NAPQI on individual parameters of 

mitochondrial function using FAO assay in 3T3-L1 adipocytes. Basal respiration, 

proton leak, maximal respiration and spare respiratory capacity following the addition 

of oligomycin, FCCP, and rotenone/antimycin A respectively. Data are representative 

of n=3 replicates expressed as means ± Standard deviations (*P < 0.05, ** P<0.01 

from control). 
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              A.                                                                       B. 

         

              C.                                                                      D. 

         

 

Figure 5.10: Effect of paracetamol and NAPQI on individual parameters of 

mitochondrial function using FAO assay in 3T3-L1 adipocytes. Non-mitochondrial 

respiration and ATP production following the addition of oligomycin, FCCP, and 

rotenone/antimycin A respectively. Coupling efficiency and spare respiratory capacity 

represented as %. Data are representative of n=3 replicates expressed as means ± 

Standard deviations (*P < 0.05, ** P<0.01 from control). 
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5.4. Discussion 

Increased lipolysis and the utilization of the released fatty acids is the main source of 

substrates for thermogenesis in small mammals at temperatures below their 

thermoneutral zone. The movement of long chain fatty acids inside mitochondria 

through CPT1 on the outer membrane is the main controlling step for FAO. Blocking 

the transport of fatty acids into the mitochondria should result in a decrease in the OCR 

provided there is no compensatory increase in non-fatty acid substrates. The classical 

fatty acid transport inhibitor is Eto, which binds irreversibly to the CPT1 transporter 

preventing fatty acid uptake in the mitochondria and ultimately hinders the oxidation 

process (Pike et al., 2011).  

 

In terms of the potential impact of paracetamol on the capacity of cells to utilize fatty 

acids liberated following lipolysis to support thermogenesis, OCR was assessed under 

different conditions and with paracetamol and different mitochondrial stress compounds 

(Figure 5.1-5.2). The results confirm that paracetamol was effective at inhibiting OCR 

in the presence and absence of palmitate suggesting the compound is capable of 

attenuating of both exogenous FAO and OCR driven by other substrates, including 

endogenous fatty acids. This conclusion was confirmed by the lack of inhibition of FAO 

in cells treated with Eto in the absence of palmitate. The greater inhibition of OCR in 

the presence of paracetamol compared to Eto suggest paracetamol may also be directly 

inhibiting FAO not just uptake. The observation also confirm that paracetamol is 

affecting other mitochondrial processes such as delivering substrates to complex I/II or 

the ETC directly. The decrease in OCR in the presence of paracetamol may also 

indicate the compound does not uncouple the mitochondria. 

To further probe the impact of paracetamol on exogenous FAO and the impact on other 

key mitochondrial parameters, other stress molecules were employed (Figure 5.3-5.4). 

The use of oligomycin allowed the determination of proton leak. The results confirmed 

that paracetamol had little effect on proton leak; further confirmed the lack of 

uncoupling by paracetamol. The use of oligomycin confirms paracetamol had a far great 

inhibitory effect on ATP production compared to Eto. The reduction of basal ATP 

production by 50% confirming a significant direct impact on the mitochondrial ETC. 

Although paracetamol was able to attenuate exogenous FAO, it was less effective then 

Eto as measured by the inhibition of maximal capacity.  Paradoxically in the presence of 

the uncoupling agent FCCP, paracetamol appears to not as effective at inhibiting OCR 
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possibly due to the fact that uncoupling by FCCP may reduce the impact of paracetamol 

on other aspects of the ETC. 

Paracetamol induced toxicity is mediated by initial step of metabolising via cytochrome 

P450 system to highly reactive metabolite NAPQI. At low doses of paracetamol, any 

NAPQI produced is efficiently detoxified by GSH but at high paracetamol 

concentrations the NAPQI produced depletes the GSH (Mitchell et al., 1973a, 1973b) 

and this results in covalent binding to cellular proteins to form 3-(cystein-S-yl)-

paracetamol adducts (Cohen et al., 1997) and oxygen/nitrogen stress occurs (Reid et al., 

2005; Burke et al., 2010). NAPQI may also covalently bind to mitochondrial proteins 

(Jeaschke and Bajt, 2006). In addition to the reduced or loss of mitochondrial function, 

cellular toxicity is considered to result from mitochondrial dysfunction (Burke et al., 

2010). In cellular models, NAPQI (400 μM) caused both GSH reduction and GSH 

conjugation of the quinone imine, leading to depletion of the mitochondrial ATP 

content (> 80% depletion after 1 minute exposure). NAPQI is much more potent than 

the parent drug, inhibiting ADP-stimulated respiration of liver mitochondria (Ramsay et 

al., 1989).  

Given the high levels of paracetamol in studies where hypothermia is observed, it is 

likely that some NAPQI would be generated in the mitochondria of animals given 

paracetamol specially at doses above 100 mg/kg. In this study the concentration of 

NAPQI selected appeared to have no impact on cell viability. However at micromolar 

concentrations, NAPQI had a significant impact on OCR and FAO a clear indication 

that once generated NAPQI could attenuate heat generation (Figure 5.5-5.6).  NAPQI 

proved to be a far more potent inhibitor of OCR than paracetamol at significantly lower 

concentrations suggesting a broad spectrum of targets on the membrane and within the 

mitochondria (Figure 5.7-5.8). If replicated in vivo this would suggest that once cellular 

protective mechanisms were overwhelmed which is likely at concentrations reported to 

cause hypothermia only a small amount of NAPQI would be needed to inhibit cellular 

respiration leading to hypothermia.  

These results also confirm that even at non toxicity concentrations NAPQI will cause 

mitochondrial dysfunction including inhibition of FAO. Unlike the parent compound 

NAPQI appeared to partly uncouple mitochondria; however this was complicated by the 

fact that NAPQI was such a potent inhibitor of the mitochondrial processes. 

Interestingly there was no evidence of increased proton leak suggesting no uncoupling 

making data interpretation difficult. As with paracetamol the impact of NAPQI on other 
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key mitochondrial parameters was also investigated using stress molecules (Figure 5.9-

5.10). Because NAPQI had such a devastating effect on all the OCR it is difficult to 

evaluate the impact on any of the parameters except to say even small amounts of 

NAPQI could be devastating for mitochondrial energy generation. The impact of 

NAPQI far exceeded that of paracetamol. The inhibition of fatty acid uptake and 

oxidation by either paracetamol or NAPQI may explain the accumulation of long chain 

acylcarnitines and FFAs in the serum of paracetamol treated WT mice (Chen et al., 

2009).   

The direct inhibition of both exogenous and endogenous fatty acid uptake and oxidation 

by paracetamol and the metabolite NAPQI has never been reported in adipocytes.  

These novel observations add to the possible target of paracetamol and related 

compound which cause hypothermia and antipyresis. The observation also provides an 

alternative explanation as to why despite their weak inhibition of COX enzymes these 

compounds are such potent antipyretic. 

Having established that paracetamol and NAPQI both reduce the ability of cells to take 

up and utilise fatty acids as substrates for energy production the final step is to assess 

the direct impact of these compound on mitochondrial ETC. 
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Chapter 6: Effect of Paracetamol, Aminopyrine and Antipyrine on cellular and 

mitochondrial oxygen consumption 

 

6.1. Introduction 

The release of catecholamines (norepinephrine) is a key peripheral response of small 

mammals to cold stress. The release of norepinephrine is known to stimulate not only 

lipolysis in adipocytes but also leads to the release and oxidation of fatty acids and other 

reducing cofactors which drive mitochondrial metabolism and heat generation. 

Mitochondria are essential in the process of heat production where reduced cofactors 

such as NADH, succinate, and fatty acids are converted in the mitochondria directly to 

heat (uncoupling), or indirectly through the production of ATP. Regardless of the 

mechanism, heat generation is always closely linked to the OCR and can be measured 

as an index of the efficiency of mitochondrial and cellular respiration. Compounds 

which can be shown to disrupt or inhibit mitochondrial function are therefore potential 

hypothermic agents.   

The disruption of mitochondrial function can occur at different stages, from attenuating 

substrate supply to the mitochondria to direct inhibition of any of the five complexes in 

the ETC. Several mechanisms could be involved in drug-induced OXPHOS impairment 

(Begriche et al., 2011). Alternatively uncoupling agents may compromise mitochondrial 

membrane integrity. Where substrate oxidation is maintained, ATP synthesis can be 

hindered leading to direct heat production from the uncoupled mitochondria, provided 

there is a constant supply of reduced substrates and ATP. It has been shown that some 

NASIDs can affect mitochondrial function. Drugs such as nimesulide (Berson et al., 

2006, 1996), salicylic acid and ibuprofen possess a mild uncoupling effect (Fromenty et 

al., 1995; Tokumitsu et al., 1977).  Compounds such as diclofenac cause OXPHOS 

uncoupling which is associated with more harmful impact on MPTP opening leading to 

cell injury (Lim et al., 2006). OXPHOS uncoupling can also occur through blocking of 

the ETC activity leading to the loss of substrate oxidation such as observed with 

salicylic acid (Deschamps et al., 1994; Doi and Horie, 2010). There is also a long list of 

classical inhibitors of the different complexes of the ETC without any prior OXPHOS 

uncoupling (Begriche et al., 2011). The classical inhibitors can be used to investigate 

where disruption is taking place (Begriche et al., 2011). Using specific complex 

inhibitors such as rotenone and amytal which block transfer of electrons at Complex I, 
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Malonate which blocks Complex II, Antimycin A interferes with electron flow from 

Complex III and cyanide (CN-) which blocks complex IV. There are also specific 

inhibitors such as atractyloside for the ATP-ADP translocase (complex V).  

When assessing how potential hypothermic agents affect mitochondrial function, the 

OCR of cells and isolated mitochondria can be assessed using the Agilent Seahorse XF 

Cell Mito Stress Test.  

In an attempt to establish if the hypothermia caused by compounds such as paracetamol, 

antipyrine and aminopyrine in rodents could be linked to impairment of mitochondria 

function in cells associated with heat generation, studies were undertaken with 

adipocytes and isolated mitochondria. Adipocytes play a key role in rodent 

thermoregulation, both in direct thermogenesis and the supply of free fatty acids for 

mitochondrial oxidation. Differentiated 3T3-L1 adipocytes stimulated with 

catecholamines are an ideal model to study the impact of paracetamol and other 

compounds on OCR and ultimately hypothermia. Similarly isolated mitochondria are an 

ideal model to directly determinate the potential mitochondrial site of action of 

compound which impact on mitochondrial bioenergetics and heat production (Rogers et 

al., 2011).  Electron flow assays allow the sequential electron flow through different 

ETC complexes to be examined in an attempt to identify the specific site of action of 

the test compounds on mitochondrial function.  

 

6.2. Methods 

6.2.1. Mitochondrial bioenergetic profile of 3T3-L1 adipocytes was determined using 

Agilent Seahorse XF Mito Stress Test as described in sections 2.4.15 and 2.4.16.2. 

6.2.2. The effect of paracetamol and other antipyretic agents on basal and catecholamine 

stimulated OCR was determined as described in section 2.4.15 and 2.4.16.3-2.4.16.4. 

6.2.3. The effect of classical mitochondrial ETC inhibitors, paracetamol and other 

antipyretic agents on isolated rat liver mitochondrial OCR was determined using the 

Agilent Seahorse Electron Flow Assay as described in section 2.4.16.5. The results were 

analysed with analysis of variance (ANOVA), followed by Dunnett's Multiple 

Comparison Test. A *P < 0.05, ** P<0.01, from control was considered statistically 

significant. 
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6.3. Results: 

6.3.1. Mitochondrial bioenergetic profile of 3T3-L1 adipocytes: 

To determine how classical inhibitors affect mitochondrial function, 3T3-L1 pre-

adipocytes were differentiated in Agilent Seahorse XFp plates and OCR was measured 

under basal conditions. Following the addition of oligomycin, FCCP, and 

rotenone/antimycin A, significant changes in OCR were observed.  

           A.                               B. 

                

                                                  C. 

 

Figure 6.1: Bioenergetic profile of 3T3-L1 adipocytes. A. Measurement of OCR 

following the addition of oligomycin (5 µM), FCCP (5 µM), and rotenone/antimycin A 

(2.5 µM) respectively. B. Measurement of individual parameters of mitochondrial 

function C. Coupling efficiency and spare respiratory capacity represented as %. Data 

are representative of n=3 replicates expressed as means ± Standard deviations (** 

P<0.01 from control). 

Oligomycin lowered OCR by 29% whereas FCCP resulted in a marked increase (64%) 

followed by a 77% reduction in OCR upon rotenone/antimycin A addition in Figure 

6.1(A).  
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When the individual parameters of mitochondrial function were measured as a function 

of basal respiration rate, the result revealed that OCR was decreased by 43% in proton 

(H+) leak, by 69% in non-mitochondrial respiration and by 57% in ATP production, 

maximum respiration (86%) in Figure 6.1(B). Coupling efficiency (43%) and spare 

respiratory capacity (187%) represented in Figure 6.1(C). 

 

6.3.2. Effect of paracetamol on basal OCR: 

In an attempt to examine whether paracetamol affect basal respiration, 3T3-L1 pre-

adipocytes were differentiated in Agilent Seahorse XFp plates and basal OCR was 

measured. Paracetamol at both 5 and 10 mM attenuated OCR by 32% and 35% when 

cells were at basal respiration (Figure 6.2). 

 

         A.                                                                    B. 

            

 

Figure 6.2: Effect of paracetamol on basal OCR in 3T3-L1 adipocytes. Measurement 

of basal OCR followed by addition of different concentrations of paracetamol. Data are 

representative of n=3 replicates expressed as means ± Standard deviations (*P < 0.05 

from control). 
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6.3.3. Effect of paracetamol on norepinephrine and isoproterenol stimulated OCR: 

3T3-L1 adipocytes were assessed for their ability to respond to an acute exposure of the 

catecholamine. OCR was significantly increased in response to norepinephrine (53%) or 

isoproterenol (64%) exposure when compared with untreated cells in Figure 6.3(A,B). 

Paracetamol (10 mM) significantly attenuated catecholamine induced increase in OCR 

by 27% in case of norepinephrine and 34% for isoproterenol at higher concentrations of 

the drug in Figure 6.3(C,D). 

 

      A.                                                                      B. 

             

        C.                                                                     D. 

            

 

Figure 6.3: Effect of paracetamol on norepinephrine and isoproterenol stimulated 

OCR in 3T3-L1 adipocytes. A, B. Measurement of basal OCR followed by addition of 

norepinephrine or isoproterenol. C, D. Measurement of stimulated OCR 

(norepinephrine or isoproterenol) followed by addition of cumulative addition of 

paracetamol. Data are representative of n=3 replicates expressed as means ± Standard 

deviations (** P<0.01 from control). 
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6.3.4. Effect of paracetamol, aminopyrine and antipyrine on basal OCR: 

In an alternative model, 3T3-L1 cells were differentiated in 24-well plates and then 

seeded in Agilent Seahorse XFp plates. After basal OCR measurements, all three 

compounds; paracetamol, aminopyrine and antipyrine were tested. In case of 

paracetamol at 1 mM, 5 mM, 10 mM and 20 mM, OCR was significantly lowered by 

12%, 42%, 61% and 73% respectively in Figure 6.4(A). Similarly, aminopyrine both at 

5 mM and 10 mM attenuated OCR by 13% and 27% respectively Figure 6.4(B). Finally, 

antipyrine treated cells at 1 mM, 5 mM and 10 mM showed a marked decrease in OCR 

of 9%, 24% and 36% respectively Figure 6.4(C).  

 

         A.                                                                    B. 

             

 

                                            C. 

 

Figure 6.4: Effect of paracetamol, aminopyrine and antipyrine on basal OCR in 3T3-

L1 adipocytes. Measurement of basal OCR followed by cumulative addition of 

paracetamol (A) or aminopyrine (B) or antipyrine (C). Data are representative of n=3 

replicates expressed as means ± Standard deviations (*P < 0.05, ** P<0.01 from 

control). 
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6.3.5. Effect of paracetamol, aminopyrine and antipyrine on isoproterenol 

stimulated OCR: 

When cells were treated with isoproterenol (0.01-10 µM), there was no increase in OCR 

most probably due to trypsin treatment of these cells in Figure 6.5(A). Paracetamol 

reduced the OCR of 3T3-L1 cells by 39% and 54% at 5 mM and 10 mM respectively, 

addition of isoproterenol failed to reverse the OCR level to basal levels in Figure 6.5 

(B,C). 

                                             A. 

 

 

       B.                                                                       C. 

             

 

Figure 6.5: Effect of paracetamol on isoproterenol stimulated OCR in 3T3-L1 

adipocytes. Measurement of basal OCR followed by addition of different concentrations 

of isoproterenol (A). Measurement of basal OCR, followed by cumulative addition of 

paracetamol and then isoproterenol added (B,C). Data are representative of n=3 

replicates expressed as means ± Standard deviations (*P < 0.05, ** P<0.01 from 

control). 
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Aminopyrine at 5 mM and 10 mM also reduced basal OCR levels by 28% and 51% 

respectively Figure 6.6(A,B). After isoproterenol addition, the OCR decreased to 25%, 

28% and 30% at 5 mM and 40%, 41% and 41% at 10 mM Figure 6.6(A,B). In case of 

antipyrine at 5 mM and 10 mM, basal OCR was reduced by 18% and 42% respectively. 

Upon isoproterenol (0.1, 1 and 10 µM) addition OCR further decreased to 27%, 34% 

and 38% at 5 mM and 36%, 38% and 40% at 10 mM of antipyrine respectively Figure 

6.6(C,D). 

 

      A.                                                                        B.     

             

 

      C.                                                                        D.  

             

 

Figure 6.6: Effect of aminopyrine and antipyrine on isoproterenol stimulated OCR in 

3T3-L1 adipocytes. Measurement of basal OCR, followed by cumulative addition of 

aminopyrine (A, B) or antipyrine (C,D) and then isoproterenol added. Data are 

representative of n=3 replicates expressed as means ± Standard deviations (** P<0.01 

from control). 
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6.3.6. Elucidation of mechanistic activity of inhibitors that affect mitochondrial 

function: 

In an attempt to obtain a more direct estimation of the potential target of inhibitors, 

OCR was assessed with isolated mitochondria (Rogers et al., 2011). Studies were 

conducted with 5 μg isolated rat liver mitochondria/well. There was a 98% reduction in 

pyruvate and malate-dependent respiration by rotenone (2 µM), a complex I inhibitor. 

Addition of succinate as a complex II substrate resulted an increase (136%) in OCR 

whereas antimycin A that inhibits complex III, prevented complex I- and III-mediated 

respiration by 89% as complex III was inhibited, causing loss of function throughout 

until ascorbate and TMPD was added that caused a marked increase in OCR (96%), 

confirming that complex IV remained active in Figure 6.7(A). 

When mitochondria were initially pre-incubated with rotenone (2 µM), pyruvate and 

malate-dependent respiration reduced by 58% in Figure 6.7(B) as compared to control 

in which robust respiration was present in Figure 6.7(A). Addition of rotenone resulted 

in a further 24% decrease followed by an increase in complex II-driven respiration 

(253%). However the increase was significantly (50%) less than the complex II-driven 

in the absence of rotenone. Antimycin A caused a 58% decrease in both complex I-and 

II mediated OCR whereas ascorbate and TMPD-driven IV respiration increased (110%) 

in Figure 6.7(B). Further injections resulted in normal responses confirming that the rest 

of the ETC is functioning properly. 

When mitochondria were preincubated with malonate (10 mM) which competitively 

inhibit succinate dehydrogenase, the respiratory rates of complex II and III is inhibited 

by 85% and 68% without affecting complex I- and IV-driven respiration in Figure 

6.7(C). 

However, antimycin A (4 µM) that inhibits complex III, prevented complex I- and II-

supported respiration due to its inhibitory impact on complex III (-58%), resulting in 

loss of function throughout the assay (decreased complex I; 42% and complex II; 31%) 

until ascorbate and TMPD was added, as complex IV still active (254%) in Figure 

6.7(D).  

Inhibition of complex IV by sodium azide (20 mM) resulted in reduced respiration 

throughout the assay and ascorbate and TMPD could not increase flow of electrons at 

complex IV (data not shown). Finally, oligomycin (2.5 µg/ml), inhibits complex V 
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prevented only ATP formation; however it had no effect on the ADP-stimulated rate, 

only 53% decrease in complex-IV mediated OCR in Figure 6.7(E). 

                                 A. 

 

            B.                                                                    C. 

         

             D.                                                                    E. 

          

Figure 6.7: Elucidation of mechanistic activity of inhibitors that affect mitochondrial 

function (5 µg mitochondria). Electron flow experiments were performed as described 

in Methods. Initial conditions are as follows: A. Control (no additives), B. 2 µM 

rotenone, C. 10 mM malonate, D. 4 µM antimycin-A and E. 2.5 µg/mL oligomycin. 

Data are representative of n=3 replicates expressed as means ± Standard deviations. 

(*P < 0.05, ** P<0.01 from control). 
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6.3.7. Elucidation of the mitochondrial target of hypothermic agents  

Preincubating mitochondria with paracetamol (1-10 mM) had little effect on basal OCR. 

A further addition of 5-20 mM resulted in a concentration dependent decrease in basal 

respiration with OCR falling by 66% at 20 mM Figure 6.8(A-C). The addition of the 

complex II substrate succinate only cause a significant (30%) increase in OCR at 5 mM 

compared to a more than 100% in the absence of paracetamol Figure 6.8(A-C). At 10 

and 20 mM, there was no increase in OCR in the presence of succinate Figure 6.8(A-C). 

At very high concentrations (30 mM) of paracetamol there was an inhibition (30%) of 

complex IV driven OCR Figure 6.8(C). 

        A.                                                                  B. 

 

 

          C.                                                                      D.                       

        

 

Figure 6.8: Elucidation of the mitochondrial target of hypothermic agents (5 µg 

mitochondria). Electron flow experiments were performed as described in Methods. 

Initial conditions are as follows: A. 1 mM paracetamol, B. 5 mM paracetamol, C. 10 

mM paracetamol and D. 10 mM aminopyrine. Data are representative of n=3 replicates 

expressed as means ± Standard deviations (*P < 0.05, ** P<0.01 from control). 
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Paracetamol (5 mM) caused a significant reduction in complex I activity by 36% and 

induced a significantly reduced (29%) response to complex II stimulation by succinate 

(48%) in Figure 6.8(A). Respiratory rates for complex III and complex IV were 58% 

and 113% after cumulative addition of paracetamol (10 mM) in Figure 6.8(A).  

Addition of paracetamol (10 mM) resulted in 40% and 49% decrease in complex-I and 

II mediated respiration (125%) whereas further addition of paracetamol (15 mM) 

followed by complex III (43%) and complex IV (100%) in Figure 6.8(B).  

Moreover, this compound appeared to have a greater impact as the concentration of 

paracetamol (20 mM) increased, markedly reducing complex I and II-driven respiration 

by 60% and 61% with compromised complex II (96%) and III (98%) and IV (151%) 

OCR at 30 mM of this drug in Figure 6.8(C).  

Furthermore, aminopyrine (20 mM) attenuated complex I and II-mediated respiration by 

96% and 64%. Respiratory rates of succinate were completely inhibited and 

ascorbate/TMPD OCR was unaffected with OCR increasing to 62% of basal level 

Figure 6.8(D). 

 

6.3.8. Elucidation of the mechanistic activity of hypothermic agents  

In an attempt to further elucidate the inhibitory effects of test compounds and the impact 

of the concentration of mitochondria, studies were carried out in the presence of 2.5 μg 

isolated rat liver mitochondria. In control group in Figure 6.9(A), there was a 93% 

reduction in pyruvate and malate-dependent respiration by rotenone (2 µM), followed 

by an increase in OCR (69%) when succinate was added. Antimycin A prevented 

complex I- and III-mediated respiration by 91% as it inhibited complex III, causing loss 

of function throughout until ascorbate and TMPD was added that caused a marked 

increase in OCR (84%), indicating that complex IV remained active. For malonate (10 

mM), the respiratory rates of complex II and III is inhibited by 73% and 58%. No effect 

on complex I- and IV-driven respiration (98%) mediated by complex IV in Figure 

6.9(B). 

Paracetamol (10 mM) caused a significant reduction in complex I activity by 55% at the 

start of the assay versus control and induced a further reduced complex I activity by 

57% (20 mM). Paracetamol significantly reduced (62%) response to complex II 

stimulation by succinate (41%). Respiratory rates for complex III and complex IV were 
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decreased to 27% and 47% after cumulative addition of paracetamol (30 mM) in Figure 

6.9(C).  

        A.                                                                       B. 

            

        C.                                                                       D. 

                                        

                                              E. 

 

Figure 6.9: Elucidation of the mechanistic activity of hypothermic agents (2.5 µg 

mitochondria). Electron flow experiments were performed as described in Methods. 

Initial conditions are as follows: A. Control (no additives), B. 10 mM malonate, C. 10 

mM paracetamol and D. 10 mM antipyrine and 10 mM aminopyrine. Data are 

representative of n=3 replicates expressed as means ± Standard deviations (*P < 0.05, 

** P<0.01 from control). 
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In antipyrine treated mitochondria there was a 15% and 38% decrease in complex-I 

respiration at 10 mM and 20 mM whereas 78% reduction in case of II mediated 

respiration (45%). whereas further addition of antipyrine (30 mM) abolished respiratory 

rates of complex III and complex IV by 70% and 51% in Figure 6.9(D).  

Furthermore, aminopyrine (10 mM) attenuated complex I activity by 12% whereas 

further addition of this drug resulted in 46% decrease at 20 mM. Complex II-mediated 

respiration was inhibited by 73% with compromised activity (48%). Respiratory rates of 

complex III and ascorbate and TMPD were lowered by 59% and 32% in Figure 6.9(E). 
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6.4. Discussion 

In energy metabolism, the mitochondrial ETC plays a central role. Under normal 

conditions electrons flow through the complexes I–IV with the pumping out of protons 

and reducing oxygen to form water, the proton energy from the gradient drives ATP 

production (Bratic and Trifunovic, 2010). Under some conditions, the re-entering of 

protons into mitochondrial matrix without associated ATP synthesis can occur resulting 

in heat generation (Bratic and Trifunovic, 2010). Thus, uncoupling leads to a low ATP 

production with higher electron transfer and cellular respiration requiring a constant 

supply of substrates, cofactors and oxygen which is not sustainable (Cannon et al., 

2006). Mammals have evolved mechanisms to deal with cold stress including 

adrenergic stimulation of lipolysis. Fatty acids derived from lipolysis increase the UCP1 

H
+
 permeability, and the energy derived from the gradient, normally used for ATP 

synthesis, is converted into heat, although this requires substrates to be generated and 

supplied to the mitochondria. Drug induced mitochondrial dysfunction can affect 

OXPHOS (Chan et al., 2005). Loss of mitochondria function following toxic doses of 

paracetamol has been observed in rodent studies dating back to 1970s (Mitchell et al., 

1973a, 1973b).  

By using the electron flow assay and the specific complex inhibitors, electron flow 

through different ETC complexes was examined in an attempt of a more direct 

estimation of the possible target of agents that affect mitochondrial bioenergetics. 

Paracetamol (5-30 mM) caused a significant reduction in complex I-IV activities and 

depressed the ETC components (Figure 6.8-6.9). Furthermore, aminopyrine (20 mM) 

attenuated complex I and II-mediated respiration. The observation confirms that 

compounds which caused in vivo hypothermia are potent inhibitors of mitochondrial 

function as expressed by OCR. Complex I was most sensitive to paracetamol; however 

the compound appeared to be effective against all four complexes. This implies that 

paracetamol may be disrupting electron transport generally in the mitochondria. 

Antipyrine also affected all complexes but with greatest inhibition of this drug was at 

complex-II mediated respiration. A similar pattern was observed for aminopyrine 

(Figure 6.8-6.9). This is the first study where the effects of paracetamol, aminopyrine 

and antipyrine have demonstrated inhibition of specific mitochondrial function in both 

3T3-L1 adipocytes and isolated mitochondria. Additionally these studies have never 

been carried out using the Agilent Seahorse XF technology.  
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In vitro and in vivo studies have confirmed the effect of high concentrations of this drug 

leading to mitochondrial inhibition affecting membrane potential (Nazareth et al., 

1991), ATP concentration (Martin and McLean, 1995), and slowed the rate of electron 

moving from complex I to complex III in isolated kidney mitochondria (Porter and 

Dawson, 1979). Paracetamol (up to 10 mM) resulted in inhibition of glucose synthesis 

from glutamine or lactate and decreased ATP level, coupled and uncoupled respiration 

but not succinate mediated respiration (Porter and Dawson, 1979). Furthermore, 

inhibition of state 3 respiration by paracetamol reflects some interference with the ETC 

in mitochondria but did not uncouple oxidative phosphorylation in rat kidney and liver 

(Mingatto et al., 1996; Somasundaram et al., 1997). In vitro, paracetamol inhibited both 

state 3 and 4 respiration and respiratory control ratio (RCR), in a concentration-

dependent manner with glutamate but not succinate as substrate, differing with results 

obtained following in vivo exposure to mice and may result from a direct insult of the 

parent compound (Meyers et al., 1988).  

The impact on mitochondria is not limited to paracetamol but to other drugs with 

antipyretic properties. NSAIDs including aspirin, diclofenac sodium, mefenamic acid, 

and piroxicam both uncoupled and inhibited OXPHOS in mitochondria with 

glutamate/malate or with succinate substrate, while dipyrone only uncoupled and 

paracetamol only inhibited it (Somasundaram et al., 1997). The pattern of inhibition of 

these compounds was different to paracetamol, but similar to that expressed by the 

respiratory chain inhibitors in that the drugs inhibited respiration stimulated by both 

ADP (state 3) and the protonophoric uncoupler CCCP. In the former case, drug-

imposed inhibition of state 3 was not released by the CCCP. Paracetamol showed a 

pattern similar to that expressed by the FoF1-ATPase (oligomycin) and ADP/ATP 

carrier (atractyloside) inhibitors; that of drug-imposed inhibition of state 3 respiration 

was released by the uncoupler. Dipyrone only stimulated the state 4 respiration 

(Mingatto et al., 1996). Indomethacin, aspirin, naproxen, and piroxicam stimulate 

mitochondrial respiration (uncouple OXPHOS) of isolated rat liver mitochondria in 

micromolar concentrations whereas paracetamol did not. However, both paracetamol 

and NSAIDs at higher concentrations inhibited respiration in coupled mitochondria. 

Indomethacin, naproxen, aspirin, and paracetamol inhibit both glutamate/malate and 

succinate (with rotenone) stimulated respiration in uncoupled mitochondria. All the 

drugs inhibited electron transfer in complex I, and complexes II plus III, in a 

concentration dependent manner (data not shown in the article) (Somasundaram et al., 

1997). In vitro respiratory data showed that NSAIDs are inhibitory uncouplers, i.e. they 
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uncouple at low and inhibit respiration at higher concentrations (Somasundaram et al., 

2000).  

The concentration of paracetamol and other compounds used in these in vitro studies 

relate to the concentrations of paracetamol that have been shown to cause hypothermia 

and toxicity in vivo (Orbach et al., 2017; Rivera et al., 2017; Ahmed et al., 2011; Allen 

et al., 2005; Khetani and Bhatia 2008; Kikkawa et al., 2006; Messner et al., 2013; 

Nastevska et al., 1999; Shen et al., 2007; Toh et al., 2009).  

 

300 mg/kg is a dose that has been shown to cause significant hypothermia in mice and 

is a highly toxic dose for mice (Evdokimov et al., 2015). Paracetamol has shown to 

decrease MnSOD activity at 100, 200, and 300 mg/kg in mice suggesting this enzyme’s 

inactivation as an early effect of paracetamol induced damage again confirming that 

doses which cause hypothermia is linked to mitochondria toxicity (Agarwal et al., 

2010).  

 

Despite the widespread observation of the negative impact of paracetamol and related 

compounds on various aspects of mitochondrial function this is the first time that these 

observations have been linked to hypothermia or antipyresis. Regardless of the extent of 

inhibition in vivo, under cold stress conditions only a minor attenuation of energy 

production is required to cause hypothermia in small mammals in temperatures below 

their thermoneutral zone. 
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Chapter 7: Final discussion and future work 

The antipyretic properties of paracetamol have always been one of the main reasons for 

its widespread use, particularly to treat children with fever. The general consensus is 

that during fever paracetamol inhibits central COX-2 activity which has been 

upregulated. However, it has always been accepted that once activated centrally, 

increased temperature associated with fever is generated peripherally. This mode of 

antipyresis linked to paracetamol is thought to be similar to other COX-2 inhibitors used 

as antipyretics. However, researchers have always struggled to reconcile the potent 

antipyretic properties of paracetamol with the relatively weak inhibition of COX 

activity when compared to NSAIDs (Chandrasekharan et al., 2002). 

The situation is complicated by the fact that for some time it has been observed that in 

non-febrile small mammals the administration of relatively high levels of paracetamol 

(>100 mg/kg) results in a concentration dependent fall of several degrees in Tc within 

30 minutes of exposure. After a few hours, the animals usually recover to normal Tb 

confirming that the impact on Tb is transient. A fundamental flaw in most of these 

studies is the failure to assess the extent and long term toxicity impact during the 

hypothermic event or after. However, in other in vivo studies where hypothermia is not 

the focus but where similar paracetamol concentrations are used, it is widely 

documented that there are varying but clear signs of toxicity in mice and rats exposed to 

paracetamol at concentrations greater than 100 mg/kg from 1-24 hours after 

administration. Given the generally accepted view that the antipyresis of paracetamol is 

due to inhibiting COX-2 and the fact that COX-2 is not normally expressed in non-

febrile animals, an alternative explanation is necessary to explain the hypothermic 

properties of paracetamol in non-febrile animals. 

Over the last 20 years one of the most strongly asserted although very contentious 

explanations proposed in animals where this phenomenon is observed, is that 

paracetamol inhibits a novel variant (COX-3) of the COX-1 enzyme. Activation of the 

enzyme is thought to be necessary for animals to maintain normal Tb under cold stress. 

It was proposed that COX-3 would act like COX-2 during fever where the enzyme is a 

key mediator of increased thermogenesis during cold stress, so specific inhibition of 

COX-3 (by paracetamol) would result in hypothermia. However, there remained 

questions not only about the existence but also the functionality of such protein in a 

range of species for which paracetamol was known to cause hypothermia. 
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To address the working hypothesis that paracetamol induced hypothermia in rodents is 

due to the inhibition of a novel COX-1 variant protein (COX-3) expressed in brain 

endothelial cells, a number of questions had to be addressed. Most fundamental was 

about the existence and functionality of the COX-3 protein. If the protein did not exist 

or could not be linked to paracetamol induced hypothermia, the alternative question 

would then be what effect does paracetamol have on the peripheral thermogenic 

pathways downstream of PGE₂ in small mammals housed at temperatures several 

degrees below their thermoneutral zone.  Given the know effects of paracetamol on 

mitochondrial function, studies were focused on the impact on lipolysis and 

mitochondrial energy generation pathways which are essential for heat generation 

(Table 7.1). 

 

Table 7.1: Key findings of current research 

Chapters Research answers 

Is there a COX-3? 

(chapter 3) 

COX-3 mRNA and protein was not identified in mice 

b.End3 cells and brain homogenates. 

Impact on lipolysis? 

(chapter 4) 

Paracetamol, aminopyrine and antipyrine inhibits 

lipolysis in mice 3T3-L1 adipocytes and rat primary 

brown adipocytes. 

Impact on FAO? 

(chapter 5) 

Paracetamol and NAPQI inhibit FAO in mice 3T3-L1 

adipocytes. 

Impact on mitochondrial 

respiration? 

(chapter 6) 

Paracetamol, aminopyrine and antipyrine inhibits 

mitochondrial respiration in mice 3T3-L1 adipocytes. 

These compounds  also inhibit ETC activity in 

isolated rat liver mitochondria. 

 

 

The search for COX-3  

The first physical evidence of a COX-3 protein was provided by Chandrasekharan et al. 

in 2002. They expressed and isolated a canine COX-3 protein in insect cells which was 

then compared to the activity of murine COX-1 and COX-2. What they failed to address 

was that paracetamol was far from the most potent drug in the study with the IC₅₀ for 

COX-3 for paracetamol significantly greater than the NSAIDs. It would then follow that 

if COX-3 was responsible for temperature regulation in rodents then NSAIDs would 
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also cause hypothermia in non-febrile animals even if the NSAIDs did not accumulate 

in the brain at concentrations comparable to paracetamol. The concern was underpinned 

at a theoretical level by the molecular biology which ruled out the transcription of a 

viable mRNA. At the practical level, there was paucity of COX-3 protein reported in the 

literature.  

In the present study the main challenge was to confirm the existence of protein with a 

view of further characterisation. Mouse endothelial cell line was selected as the brain 

endothelial cells were proposed having the highest levels of expression. Similarly, tissue 

homogenates particularly brain from animals housed at around 22°C should also reveal 

any expressed COX-3 protein if COX-3 was acting as a regulator of Tc in these animals 

as proposed. The failure in this study to find any evidence for the expression of the 

protein in the endothelial cell line and tissue homogenate could be seen as surprising 

given the previous in vivo and in vitro reports.  However, a closer look at the literature 

on studies related to the COX-3 protein in mammalian cells or tissue reveals that only 

very few studies reported actual COX-3 protein. By contrast, most studies reported 

COX-3 at mRNA level and this was not established in this study. In this context, the 

explanation of results of this and previous studies makes a search to find and 

characterise the COX-3 protein less relevant as almost all reported versions of the COX-

3 protein where it has been tested suggest it is non- functional. 

The failure to find any COX-3 protein curtailed any experiments to biochemically 

characterise the protein. However, an examination of the key Chandrasekaran et al., 

2002 study will reveal that although the COX-3 was more sensitive to paracetamol and 

other putative COX-3 inhibitors than COX-1 or COX-2 the protein produced was even 

more sensitive to several NSAIDs and a different order of magnitude suggesting these 

NSAIDs should also cause hypothermia. However, no such experimentation has been 

published to counter or support this idea. 

 

The search for possible paracetamol targets: inhibition of lipolysis 

In the absence of a COX-3 protein and a credible explanation for the previously widely 

reported COX-3 mRNA observed in several animals. Studies were then undertaken to 

provide possible explanations as to how paracetamol could cause hypothermia in non-

febrile mice and other small mammals.  It is known that the peripheral pathways for 

thermogenesis start with the release of NE from neurons which innervate brown 
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adipocytes or from epinephrine released into the general circulation in response to cold 

stress. These act on receptors on the brown adipocytes to trigger lipolysis, this is 

thought to play two key roles in thermogenesis. Brown fat mitochondria are uniquely 

designed for non-shivering thermogenesis with a high expression of UCP1 which 

reduces mitochondrial coupling efficiency causing more energy to be diverted directly 

to heat production. The second role is in the liberation of increased levels of FFAs into 

the general circulation which is then used to increase general metabolic rate again 

driving increased oxygen consumption and heat generation.   

Numerous hormones and drugs can lead to lipolysis through different pathways 

(Lafontan and Langin, 2009). The major lipolysis signalling pathway starts with the 

binding of endogenous or synthetic catecholamines to β-adrenergic receptors on 

adipocytes. This leads to activation of AC, catalysing the conversion of ATP to cAMP.  

This secondary messenger activates HSL, which hydrolyzes triglycerides to produce 

FFAs and glycerol. All the components highlighted above in lipolysis signalling 

pathway are potential targets for paracetamol or similar drugs. Elevation of the 

concentration of NE in the plasma of animals under cold stress confirms the importance 

of this pathway. It can be assumed that in animals functioning at temperatures several 

degrees below their thermoneutral zone, even a small reduction in the supply of 

substrates (FFAs) as seen in this study could have an adverse effect on 

thermoregulation. In this study, paracetamol was shown to reduce both direct 

catecholamine stimulated and non-stimulated lipolysis in brown adipocytes and 3T3-L1 

cells. This novel observation if repeated in vivo would impact on the ability of small 

mammals to maintain sufficient substrate supply and consequently to maintain Tc at 

37°C when housed at temperatures several degrees below their thermoneutral zone.  

 

Given the complex signally pathways involved in lipolysis, from binding to the 

adrenergic receptor to the release of FFAs, an important objective was to gain an insight 

into where in the pathway paracetamol and related drugs may be acting. The use of AC 

activator Forskolin or the cAMP analogs, 8-Br-cAMP confirm the paracetamol 

inhibition is further downstream of the receptor and secondary messengers and more 

likely to affect the lipolysis from HSL. The exact target for HSL inhibition is a matter 

for further investigation. 
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The search for possible paracetamol targets: inhibition of fatty acid uptake and β-

oxidation  

The novel observation that paracetamol and other hypothermic agents may inhibit 

lipolysis in vitro points to one possible explanation of paracetamol induced 

hypothermia. However, there are other potential targets in the thermogenesis pathway 

that must be explored. In particular the β-oxidation of fatty acids liberated from 

lipolysis is an essential substrate to drive non-shivering thermogenesis. Before β-

oxidation, fatty acids must enter the mitochondria which involved a complex inner 

mitochondrial membrane shuttle. Paracetamol could either affect the activity of the 

shuttle, the β-oxidation process or both.  

 

Many compounds inhibit fatty acids β-oxidation with toxic consequences for example 

the hepatotoxicity induced by aspirin and hypoglycin has been linked to fatty acids β-

oxidation. Recently the inhibition of β-oxidation has been implicated in paracetamol-

induced hepatotoxicity with the associated disruption of lipid metabolism. In particular 

the increase in microvesicular steatosis and increase of TGs and FFAs has been linked 

to disruption of mitochondrial function (Cohen et al., 1998; Buttar et al., 1976). Other 

studies have shown that paracetamol or its metabolites can negatively affect fatty acid 

β-oxidation in the liver with increased levels of long-chain acylcarnitines the principal 

precursors of β-oxidation in the serum following exposure (Sandor et al., 1990). 

 

The present study shows that paracetamol inhibits both exogenously added fatty acids 

and endogenous oxidation. It is likely that during cold stress or even during fever 

adipocytes will release fatty acids into the general circulation to increase metabolic rate. 

However, cells can only metabolise fatty acids if the substrate can freely enter the 

mitochondria. Unlike the classical inhibitor of fatty acid oxidation Eto which blocks 

fatty acid entry into the mitochondria and therefore indirectly blocks oxidation, 

paracetamol appears to have a wider effect. The data shows paracetamol inhibits 

oxidation even when the source of the substrate is endogenous. Although many 

compounds have been shown to inhibit oxidation of fatty acids this is the first time that 

this has been so clearly demonstrated by paracetamol. Further this is the first time the 

inhibition of FAO was proposed to be a contributory factor in the hypothermia induced 

by paracetamol and related compounds in small mammals. 

 



138 
 

The search for possible paracetamol targets: inhibition of mitochondrial electron 

transport chain  

In chapters 4 and 5 the focus was on highlighting newly discovered knowledge around 

the impact of paracetamol on lipolysis in adipocytes and on FAO in the mitochondria. 

In chapter 6, the starting point is that paracetamol has been widely shown to alter or 

inhibit mitochondrial function both in vitro and in vivo. In C57BL/6 mice paracetamol 

(150 mg/kg) produces reversible MPTP linked mitochondrial dysfunction without 

causing ALT release whereas at 300 mg/kg it causes irreversible mitochondrial 

dysfunction, ALT release and necrosis (Hu et al., 2016).  Mitochondrial dysfunction 

was also observed in paracetamol overdose patients where the  release of biomarkers for 

mitochondrial damage such as mitochondrial DNA (mtDNA), glutamate dehydrogenase 

(GDH) and the indirect mitochondrial damage biomarker nuclear DNA fragments 

(nDNA) could be measured in plasma (McGill et al., 2012).  In vitro, paracetamol (up to 

10 mM) has been shown to cause a reversible and concentration based inhibition of 

mitochondrial respiration in isolated rat kidney. Experiments with submitochondrial 

particles revealed that the drug did not influence the activity of NADH dehydrogenase 

but slowed the rate at which electrons were transferred from reduced NADH 

dehydrogenase. 

The main findings in chapter 6 is that paracetamol has been shown to affect numerous 

mitochondrial functions including disrupting the delivery of substrates or electrons to 

complex I, II and IV, therefore oxygen consumption is disrupted. There was less 

evidence of uncoupling by paracetamol which can be associated with permanent 

damage to the mitochondrial membrane. Similarly the relatively low level of reversible 

toxicity observed as demonstrated by the attenuation of ETC activity, may explain why 

paracetamol is such an effective therapeutic compound. At therapeutic doses, the mild 

and reversible “toxic” effects may in fact be part of its mechanism of action at least in 

terms of reducing temperature.  

In vivo studies of hypothermia all involve animals housed at temperatures which are 

several degrees below the animal’s thermoneutral zone. These are undertaken on the 

false basis that small mammals used in laboratory experiments have the same 

thermoneutral zone as humans. The reality however for most experiments is that such 

animals are under continued cold stress and their thermogenic systems are required to 

work at elevated levels. Under such circumstances even a small attenuation of 

mitochondrial function is likely to have an exaggerated effect on Tb as have been 
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reported in this study. A similar hypothermia phenomenon has recently been observed 

in human volunteers exposed to cold stress when given paracetamol (Foster et al., 

2016). The study revealed a slight but significant decrease in body temperature at 

relatively low doses of paracetamol (20 mg/kg) when the volunteers were subject to 

cold stress for a relatively short period of time. By contrast, most laboratory animals 

housed around 22°C are continually under cold stress, making them susceptible to 

relatively minor attenuations of thermogenesis process. By contrast, dramatic 

temperature changes have been reported in animals exposed to high probably toxic 

concentrations of paracetamol.  Given the subtle temperature changes brought about by 

the low non-toxic doses of paracetamol in human studies, there is a need to assess 

temperature changes in non-febrile animals at lower concentrations of paracetamol. 

These changes are likely to be subtle requiring more sophisticated monitoring to detect. 

These mitochondrial changes may also partly explain the antipyretic effects of 

paracetamol where animals and humans are under other forms of temperature stress. 

During fever there is a greater demand for metabolic energy to increase Tb; this 

involves activating the same mechanisms which are activated during cold stress in 

laboratory animals, so it is reasonable to assume that paracetamol would have a similar 

attenuating effect on Tc during fever. If correct, this novel interpretation of well-

established observations could lead not only to a better understanding of how 

paracetamol and many other antipyretic drugs work, but could provide the impetuous 

for designing new drugs to treat pyresis regardless of the cause. Other potential uses 

could be for inducing hypothermia for medical reasons such as during surgery. 

Another novel finding from the data in Chapter 6 is the sheer potency of the 

paracetamol metabolite NAPQI. Although it is widely accepted that the metabolite is 

only generated in minute quantities the impact could be far greater than the parent 

compound on mitochondrial function. Mitochondrial dysfunction and toxicity is 

observed at significantly much lower concentrations when compared with paracetamol 

and other compounds. Further the metabolite is far less discriminating, both in the 

extent of damage to mitochondria but to the targets. There is clear evidence of extensive 

damage to the ETC function. In addition there is clear evidence of uncoupling which 

was not seen with the parent compound suggesting the damage is more severe and 

likely to be permanent. What can be assumed that at therapeutic doses very little 

NAPQI is generated although this has to be fully investigated particularly in adipocytes 

where little is understood about the metabolism of paracetamol and NSAIDs. 
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Conclusion and future direction 

This study was initiated to answer key questions about the mechanisms underlying 

paracetamol induced hypothermia in non-febrile animals. With a working hypothesis 

that “paracetamol induced hypothermia in rodents is due to the inhibition of a novel 

COX-1 variant protein expressed in brain endothelial cells”.  When the putative COX-3 

protein could not been found, the focus then changed to possible targets of paracetamol 

downstream of the central generation of PGs. The data revealed numerous potential 

targets for paracetamol and similar drugs including lipolysis, fatty acid uptake, FAO 

and most of the complexes of the ETC. The study revealed both new knowledge and 

new understanding about how paracetamol could work. The linking of the energy 

demands for pyresis (fever) to the maintenance of Tc when animals are housed several 

degrees below their thermoneutral zone provides new opportunities for research.    
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