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Abstract 

The peroxisome proliferator-activated receptors (PPARs) are ligand-

regulated transcription factors which are members of the nuclear receptor 

group. They induce transcription of multiple genes encoding proteins 

involved in fatty acid and glucose metabolism, as well as cell differentiation 

and inflammation. Fatty acids are important for mammals not only as 

nutrient molecules but also as mediators for intracellular signalling. They 

are highly hydrophobic and need a transporter system like fatty acid binding 

proteins (FABPs) to carry them across the cytoplasm and nucleus. FABPs 

are small cytosolic proteins capable of sequestering hydrophobic ligands 

and delivering them to a variety of target proteins and receptors within cells 

such as PPARs. The type of ligand bound by the FABP and the target 

receptor can influence a range of cellular signalling cascades. For example, 

PPAR lipid ligands known to be bound by FABPs can exhibit an anti-

nociceptive effect in animal models of pain. The main aim of this thesis was 

to study the role of the FABP and PPAR signalling axis in the inflammatory 

response in dorsal root ganglia (DRG) as the first relay point of the pain 

pathway. DRG are a collection of neuronal cell bodies at the peripheral 

nervous system. Each neuronal body is surrounded by satellite glial cells 

forming a distinct functional unit. The subpopulation distribution of the 

different types of FABPs and PPARs in rat DRG sections was determined by 

in situ hybridization (ISH) and TaqMan qPCR. Protein-protein interactions 

of FABPs and PPARs were studied by Bimolecular fluorescence 

complementation (BiFC) assays. Furthermore, the differential effects of 

PPAR agonists on inflammatory genes induced by lipopolysaccharides (LPS) 
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or flagellin in rat DRG cultures were investigated by TaqMan Low Density 

Array (TLDA). All PPAR isotypes together with FABP5, FABP7 and FABP8 can 

be detected in both neuronal and glial cells of DRG. Further analysis by ISH 

and TaqMan qPCR showed that PPARα was expressed significantly higher in 

glial cells, while PPARβ and PPARγ were expressed more in neuronal cells. 

FABP5 expression was higher in neuronal cells, FABP7 expressed almost 

equally in both cells and FABP8 expression was significantly higher in glial 

cells. Furthermore, protein-protein interaction assays between FABPs and 

PPARs by BiFC showed that FABP5 interacts with PPARα and PPARβ, and 

FABP8 interacts with all the PPAR isoforms. The protein-protein interaction 

was augmented in the presence of a respective PPAR agonist. Subsequently, 

the TLDA study showed that most of the inflammatory genes were inhibited 

by all three PPAR agonists in LPS-induced inflammation. Meanwhile, in 

flagellin-induced inflammation, PPARα agonist was more likely to be 

effective in suppressing some of the inflammatory gene expression. In 

addition, we also found that Toll-like receptor 4 (TLR4) and TLR5 were 

expressed in rat DRG, in which, TLR4 expression was higher in neuronal 

cells and TLR5 was higher in glial cells. Therefore, this might suggest that 

TLR4 activation by LPS is probably primarily in neuronal cells, thus the 

inflammatory genes were suppressed by the three PPARs that are all 

expressed in the neuronal cells. On the other hand, PPARα and TLR5 are 

expressed at high levels in glial cells, and there is a possibility that 

inflammatory mediators from flagellin-mediated activation of TLR5 on glial 

cells can mainly be suppressed by PPARα.  
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Understanding the underlying mechanism for the delivery of PPAR ligands 

by FABP and their dynamic interaction provide new potential therapeutic 

targets for the treatment of inflammatory pain. 
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Chapter 1: General Introduction 

1.1 Chronic Pain: A Clinical Problem 

Pain is one of the world’s most common symptoms. A large-scale survey of 

chronic pain in Europe showed 19% of adult Europeans suffered from 

chronic pain of moderate to severe intensity which significantly affected 

their quality of lives (Breivik, Collett, Ventafridda, Cohen, & Gallacher, 

2006). It is estimated that about one in five of the adult population in 

Europe suffers from chronic pain which is more prevalent than asthma or 

diabetes (van Hecke, Torrance, & Smith, 2013).  

Pain is a subjective unpleasant sensation associated with emotional 

and cognitive experiences induced by noxious or potentially harmful stimuli 

(Patel, 2010). There are a few types of pain such as acute or chronic pain, 

inflammatory and neuropathic pain. Chronic pain in most clinical and 

research reports is defined as pain that persists beyond the expected 

healing time of an injury or beyond a given time frame, e.g. 3 months. The 

management of chronic pain states remains a major challenge since 

commonly available analgesics such as non-steroidal anti-inflammatory 

drugs (NSAIDS), cyclooxygenase (COX)-2 inhibitors, opioids, 

gabapentinoids and selective or non-selective monoamine re-uptake 

inhibitors have significant limitations in term of efficacy, tolerability and 

their side effects.  

 Research into basic mechanisms of pain transduction and perception, 

especially of the peripheral nervous system or in the dorsal root ganglia 

(DRG) specifically, is very important as the basis for the development of 
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novel pain therapies, which could target specific intracellular signalling 

pathway and result in greater therapeutic effects. 

 

1.2 Anatomy and physiology of pain pathway 

1.2.1 Primary afferent fibres and nociceptors 

Primary afferent fibres are peripheral sensory neurons which innervate 

cutaneous and deep somatic tissue to detect and propagate somatosensory 

impulses to the central nervous system (Kidd & Urban, 2001). The fibres 

can be categorized into four main subtypes; Aα, Aβ, Aδ and C-fibres based 

on the diameter of the axons, myelination and their conduction velocities 

as described in Table 1.1.  

Table 1. 1: Types of primary afferent fibres 

Type of Nerve 

Fibre 

Information 

Carried 

Myelin 

Sheath 

Diameter 

(μm) 

Conduction 

Speed (m/s) 

Aα Proprioception  Highly 

myelinated 

13-20 80-120 

Aβ Touch  Highly 

myelinated 

6-12 35-90 

Aδ Pain 

(mechanical 

and thermal) 

Slightly 

myelinated 

1-5 5-30 

C Pain 

(mechanical, 

thermal and 

chemical) 

Unmyelinated 0.2-1.5 0.4-2 
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Nociceptors are specialized peripheral sensory neurons that act as 

the sensors of the pain pathway. They are free nerve endings, which alert 

us to potentially damaging stimuli such as noxious mechanical, thermal and 

chemical stimuli (Dubin & Patapoutian, 2010). These pain receptors can be 

found in cutaneous, visceral, muscle and joint tissues. They might have 

some similarities and differences in detecting, encoding and conveying the 

noxious stimuli to the central nervous system.  

There are two types of nociceptors which are C- and Aδ-fibres. The 

C-fibres have small diameter unmyelinated axons with conduction velocities 

of 0.4-2.0 m/s, which is a lower speed of transmission. Most C fibres are 

polymodal, which are sensitive to both heat and mechanical stimuli (Perl, 

2007). Aδ fibres are myelinated axons with a higher speed of transmission 

and conduction velocities of 5-30 m/s (Dubin & Patapoutian, 2010; Patel, 

2010). This type of fibre is further subdivided electrophysiologically into two 

main classes. Type I Aδ are high-threshold mechanical nociceptors (HTM) 

which respond at relatively high heat threshold (>50°C) and also to both 

mechanical and chemical stimuli. Meanwhile, type II Aδ have a very high 

mechanical threshold but a much lower heat threshold (Basbaum, Bautista, 

Scherrer, & Julius, 2009).  

Besides being categorized based on the types of fibres and their 

receptive properties, nociceptive afferents can be classified using molecular 

markers that are expressed in their cell bodies or on their cell membrane. 

The markers include neuropeptides, enzymes, and protein involved in signal 

transduction and receptors for growth factors. The nociceptors are 

commonly classified as peptidergic and non-peptidergic neurons (Ringkamp 
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& Meyer, 2010; L. Yu et al., 2008). About half of the nociceptors are 

peptidergic (Lawson, 1992) and release neuropeptides such as substance 

P, calcitonin-gene related peptide (CGRP), and somatostatin (Basbaum et 

al., 2009). Substance P is present in about 20% of rat lumbar DRG neurons, 

CGRP in 30 to 50%, and somatostatin is seen in about 5 to 15% of rat DRG 

neurons (Lawson, 1992). The nociceptors also express tyrosine-receptor-

kinase A (TrkA) neurotrophin receptor, which responds to nerve growth 

factor (NGF) (Ringkamp & Meyer, 2010). 

The non-peptidergic cells are isolectin B4 positive (IB4+), which 

account for about  50% of the DRG cells (Ringkamp & Meyer, 2010). The 

IB4+ neurons are responsive to glial cell-derived neurotrophic factor (GDNF) 

(Amaya et al., 2003; Ringkamp & Meyer, 2010). They express the 

necessary receptors, tyrosine kinase Ret (c-Ret), GDNF receptors α1-4, and 

P2X3, a purinergic ligand-gated ion channel (Ringkamp & Meyer, 2010). A 

large percentage of the c-Ret-positive population also expresses G protein-

coupled receptors (GPCR) of the Mas-related gene (Mrg) family (Dong, Han, 

Zylka, Simon, & Anderson, 2001). Nociceptors are also able to detect 

distinct pain modalities due to the present of different types of channels 

such as transient receptor potential vanilloid type 1 (TRPV1) that confer 

sensitivity to heat, transient receptor potential melastatin 8 (TRPM8), which 

are sensitive to cold, acid-sensing ion channels (ASICs) for acidic milieu, 

and transient receptor potential ankyrin 1 (TRPA1) for chemical irritants 

(Julius & Basbaum, 2001). 
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1.2.2 Spinal processing of sensory inputs 

The starting-point of the pain pathway is at the DRG and the trigeminal 

ganglia (for trigeminal nerve), which contain the cell bodies of the 

nociceptors (Patel, 2010). From the cell bodies, the nerve fibres branch 

centrally to the spinal cord and also to the periphery as free nerve endings 

(Schaible & Richter, 2004). These peripheral fibres propagate sensory 

impulse and synapse in the dorsal horn of the spinal cord, in a very specific 

spatial organization. Histologically, the spinal cord can be divided into ten 

layers called Rexed laminae. Most of the nociceptive afferents terminate in 

the superficial region of the dorsal horn, unmyelinated C-fibers project to 

the superficial layers (laminae I and II), and thin myelinated Aδ-fibers 

project to laminae I and V, whereas Aβ-fibers terminate in the deep laminae 

(III–V)(Todd, 2010). 

 

1.2.3 Ascending and descending pain pathways 

Ascending pain pathways consist of a chain of three neurons that pass the 

nerve impulses from one to the next. Noxious stimuli activate a system that 

begins with the peripheral terminals of primary sensory neurons, continues 

with relays through spinal and supraspinal nuclei, and leads to the activation 

of brain cortical areas for the conscious interpretation of pain. Stimulation 

of nociceptive free nerve endings in the peripheral tissue transduces the 

mechanical, thermal or chemical stimuli into sensor potential and then into 

action potential when it is sufficiently high.  The nerve impulses are 

conducted by the axons (first order neurons) which then form synapses with 
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second-order neurons in the grey matter of the dorsal horn of the spinal 

cord (Schaible & Richter, 2004). A proportion of second-order neurons have 

ascending axons in the spinothalamic and spinoreticulothalamic tracts and 

project to the brainstem or to the thalamocortical system (third order 

neuron). The spinothalamic tract transmits pain impulses to the 

somatosensory cortex of the brain via the thalamus and allows the brain to 

interpret the site and intensity of the painful stimulus (Basbaum et al., 

2009). On the other hand, the spinoreticulothalamic tract propagates the 

pain information to the brainstem which is more related to poorly localized 

pains (Basbaum et al., 2009). 

Descending pain-control pathways are neural pathways that descend 

from the central structures of the nervous system to the spinal cord and 

regulate the nociceptive experience. Periaqueductal gray matter, rostral 

medulla and nucleus raphe magnus are some of the brainstem nuclei, from 

which the descending pathways originate (Patel, 2010). These pathways 

descend to the dorsolateral funiculus of the spinal cord and are able to 

control nociceptive information to the brain (Schaible & Richter, 2004). 

 

1.3 Molecular mechanism of peripheral nociception 

Activation of the peripheral nerve by noxious stimuli facilitates production 

of neuropeptides in the injury environment. Substance P and CGRP released 

from primary afferent neurons (see Fig.1.1) act in the periphery, promoting 

inflammation by their effects on blood vessels and cells of the immune 

system (Julius & Basbaum, 2001). This facilitates the recruitment and 

proliferation of non-neuronal elements including mast cells, macrophages 
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and T cells, which then produce factors such as tumor necrosis factor α 

(TNF-α), interleukin 1β (IL-1β), interleukin 6 (IL-6), chemokine (C-C motif) 

ligand 2 (CCL2), prostaglandins and NGF, that cause the development and 

maintenance of the sensory abnormality after injury (Marchand, Perretti, & 

McMahon, 2005). This mechanism as a whole is termed “neurogenic 

inflammation”. Exposure of nociceptor terminals to the products of tissue 

damage and inflammation leads to peripheral sensitization, which is a 

lowering of the nociceptor activation thresholds.  

 

Figure 1. 1: Activation of nociceptive neurons.  

Various stimuli (physical and chemical) can initiate or enhance the rate of 

action potential firing in nociceptive primary afferent neurons (i.e. induce 

pain). These afferent fibres project to the dorsal horn of the spinal cord 

where they synapse on neurons projecting to higher centres. 5-HT, 5-
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hydroxytryptamine; ATP, adenosine triphosphate; CGRP, calcitonin gene-

related peptide; DRG, dorsal root ganglion; NGF, nerve growth factor; TrkA, 

tyrosine receptor kinase A; BK2, bradykinin type 2 receptor; 5-HT3, 5-

hydroxytryptamine type 3 receptor; P2X3, P2X receptor 3; ASIC3, acid-

sensing ion channel 3; TRPV1 (VR1), transient receptor potential vanilloid  

type 1; PGE2, prostaglandin E2; CB1, cannabinoid receptor 1; TRPV2 (VRL-

1), transient receptor potential vanilloid type 2; DEG/ENaC, 

degenerin/epithelial Na+ channel . Adapted from Julius and Basbaum (Julius 

& Basbaum, 2001). 

 

There are two different types of peripheral injury, which are tissue 

inflammation and peripheral nerve injury that cause peripheral neuropathy. 

Even though inflammation and nerve injury have distinct mechanisms that 

lead to peripheral nociception, the distinction may not be absolute. This is 

because nerve injury models often include some degree of inflammation. 

For instance, macrophage infiltration, secretion of pro-inflammatory 

cytokines and their retrograde transport to the DRG can occur in peripheral 

nerve injury leading to the development of hyperalgesia. Apart from that, 

inflammatory processes in peripheral inflammation itself cause peripheral 

nerve injury response. Above all, increased excitability and ectopic 

spontaneous discharges of the neurons contribute to spontaneous pain, 

hyperalgesia and allodynia in both nerve injury and inflammation (Wang, 

Strong, Xie, & Zhang, 2007).  

 
1.3.1 Inflammatory pain 

Inflammation and immune reactions are initiated when pattern recognition 

receptors (PRRs) sense various stimuli including pathogen-associated 
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molecular patterns (PAMPs) and damage-associated molecular pattern 

(DAMPs) (Akira, Uematsu, & Takeuchi, 2006). PAMPs are lipids, 

lipoproteins, proteins and nucleic acids conserved among a wide range of 

microbes such as bacteria, viruses, parasites and fungi (Taro Kawai & Akira, 

2010). DAMPs are endogenous molecules released from damaged cells 

resulting in activation of the immune system in the absence of infection 

(Osamu Takeuchi & Shizuo Akira, 2010). PRR families have four different 

classes, including transmembrane proteins such as the TLRs and C-type 

lectin receptors (CLRs), and cytoplasmic proteins such as the retinoic acid-

inducible gene (RIG)-1-like receptors (RLRs) and nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs). The sensing of PAMPs 

or DAMPs by PRRs activate specific signalling pathways and upregulate the 

transcription genes involved in inflammatory responses (Osamu Takeuchi & 

Shizuo Akira, 2010). Induction of inflammation leads to signs and 

symptoms such as cell migration, oedema, fever, erythema, and pain. As 

inflammation develops, the inflamed tissue can show hyperalgesia 

(heightened pain to noxious stimuli) and allodynia (pain to previously non-

noxious stimuli). 

 Various types of immune cells involved in inflammatory pain, 

depends on certain inflammatory condition. Recruitment of the immune 

cells leads to a variable degree of abnormal pain sensitivity. The immune 

cells involved are mast cells, activated macrophages, neutrophils, and 

lymphocytes. Mast cells are resident in peripheral tissues. They have a 

range of inflammatory mediators, which are contained in cytoplasmic 

granules or present as precursors in the cell, such as cytokines. The release 

of mediators such as TNF-α, IL-1β, and IL-8 by mast cells leads to 
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nociceptive response in animal model of pain (Drummond, 2004; Ribeiro et 

al., 2000).  

 Activated macrophages also have been described as being involved 

in inflammatory pain states (Ribeiro et al., 2000). They are either resident 

in peripheral tissues or recruited from the blood by chemokines. 

Inflammatory mediators released by these cells include pro-inflammatory 

cytokines (such as TNF-α and IL-1β), NGF, nitric oxide (NO) and 

prostanoids. A study showed supernatant medium from LPS-activated 

macrophages in vitro was hyperalgesic due to its cytokine content 

(Thomazzi, Ribeiro, Campos, Cunha, & Ferreira, 1997). Subsequent 

recruitment and activation of other immune cells occurred following 

macrophage activation. 

 During acute and early inflammatory responses, neutrophils are 

among the earliest inflammatory cell type extravasated from blood 

circulation to the affected tissues. They produce miscellaneous 

inflammatory factors, such as lipoxygenase products, NO, cytokines, and 

chemokines. An association has been reported between accumulation of 

neutrophils and development of hyperalgesia at the site of inflammation 

(Bennett, al-Rashed, Hoult, & Brain, 1998; Chou, Chang, Li, Wong, & Yang, 

2003; Farquhar-Smith & Rice, 2003). In addition, lymphocytes such as T 

and B cells are also involved in inflammatory pain by producing 

inflammatory cytokines and chemokines, and contribute to innate immune 

responses (Marchand et al., 2005). 

 Secretion of inflammatory mediators from immune cells into inflamed 

tissues leads to the development of pain or hyperalgesia. Inflammatory 
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mediators involved include cytokines (i.e. TNF-α, IL-1β, IL-6 and etc.) 

(Thomazzi et al., 1997), chemokines (i.e. CCL2, CXCL8, GCSF and etc.) 

(Rittner, Brack, & Stein, 2008), NGF (Bennett et al., 1998; McMahon, 

Cafferty, & Marchand, 2005), prostaglandin E2 (PGE2), lipoxygenase 

products (Hwang et al., 2000), NO (Omote et al., 2001), bradykinin and 

serotonin. All of them have considerable evidence for their involvement in 

inflammatory pain, in which many of them act directly on nociceptive 

terminals that innervate the inflamed tissues (Figure 1.2). 

 

Figure 1. 2: Inflammatory pain.  

Tissue damage or infection leads to activation of mast cells, macrophages, 

and recruitment of blood-borne immune cells such as neutrophils. Various 

immune mediators are released (such as tumour necrosis factor-α (TNF-α), 
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interleukin-1β (IL-1β), interleukin-6 (IL-6), nitric oxide (NO), bradykinin, 

nerve growth factor (NGF) and protons). The mediators act directly on 

nociceptors or indirectly by releasing of other mediators, most notably 

prostanoids. There is also activation of intracellular cascades, which 

ultimately either activate or sensitize these neurons. COX2, cyclooxygenase 

2; B1/B2, bradykinin receptor; EP/IP, prostanoid receptor; ERK1/2, 

extracellular signal-regulated kinase 1/2; Nav, voltage-activated sodium 

channel; PGs, prostaglandins; PKA/PKC, protein kinase A/C; TrkA, tyrosine 

receptor kinase A; TRPV1, transient receptor potential V1 channel. Diagram 

was taken from Marchand et al., (Marchand et al., 2005) with minor 

modification. 

 

1.3.2 Peripheral nerve injury and neuropathic pain 

Neuropathic pain is usually associated with some types of peripheral nerve 

damage, notably partial damage rather than complete denervation of a 

major nerve branch. This damage might occur due to trauma to a peripheral 

nerve or because of a disease process like diabetes or HIV infection. These 

neuropathic pains are often persistent and seem poorly treated by existing 

analgesic treatments. Post-injury of the nerve leads to abnormal properties 

of both lesioned and unlesioned axons, including dysregulated gene 

expression and the generation of ectopic (spontaneous) discharge 

(Marchand et al., 2005). This happens due to the change or loss of 

neurotrophic factors normally targeted to some sensory neurons that can 

be described as a ‘negative’ signal. Additionally, production of injury-

induced factors, such as cytokines and chemokines, becomes a ‘positive’ 

signal to some sensory neurons (McMahon et al., 2005). These, in turn, 

lead to the development of abnormal electrical activity in the affected 

neurons.  Several immune cell types have been implicated in neuropathic 



13 
 

pain by releasing various pro-inflammatory cytokines and chemokines via 

direct sensitizing actions on nociceptors or indirectly by promoting the 

production of mediators that act on sensory neurons. 

 

1.3.3 Interaction between immune cells and nociceptors in sensory 

ganglia 

The cell bodies of primary sensory neurons including nociceptive neurons 

are located in the DRG, which act as the first relay point of the pain pathway 

(Berta, Qadri, Tan, & Ji, 2017; Patel, 2010). Each neuronal body is 

surrounded by satellite glial cells (SGCs) forming a distinct functional unit, 

which interact with each other and respond to changes in the environment 

(Sapunar, Kostic, Banozic, & Puljak, 2012). The SGCs are connected to the 

neuron by gap junctions, supplying them with nutrients and buffering their 

extracellular ion and neurotransmitter levels, like astrocytes in the CNS 

(Ren & Dubner, 2010). 

In the pathophysiology of pain, not only neurons are involved in the 

development and maintenance of pain. Immune cells, glia, and neurons 

show a dynamic network in which activation of an immune response 

modulates the excitability of pain pathways (Ren & Dubner, 2010). 

Furthermore, the close relationship between SGCs and neurons helps in 

their interaction via paracrine signalling, which is important for peripheral 

sensitization in the DRG (Miller, Jung, Bhangoo, & White, 2009). After a 

nerve injury, blood-derived macrophages and T cells invade the DRG. The 

immune cells gradually migrate closer to neuronal soma and then form 

perineuronal rings under the satellite cells (P. Hu, Bembrick, Keay, & 
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McLachlan, 2007; P. Hu & McLachlan, 2002). Apart from that, with the 

presence of pathogens, inflammation is triggered by innate immune 

activation of pattern recognition receptors including Toll-like receptors 

(TLRs) (Medzhitov, 2008; O. Takeuchi & S. Akira, 2010). Initiation of 

inflammatory reaction post tissue injury includes the release of histamine, 

bradykinin and other mediators by degranulation of mast cells. It has been 

suggested that direct interaction between mast cells and peripheral nerve 

terminals is needed in order for the mast cells to degranulate and release 

chemical mediators (Folgueras et al., 2009). 

Monocytes are circulating precursors for macrophages, recruited 

from the blood to the site of an injury. There are also resident macrophages, 

which turn into a phagocytic phenotype almost immediately after injury. In 

addition, recruitment of macrophages by activation of matrix 

metalloproteinase 9 (MMP-9) is facilitated by the production of TNF-α and 

IL-15 by peripheral nerves and Schwann cells (Shubayev et al., 2006). 

Furthermore, a high number of macrophages at the site of nerve injury, 

leads to the release of several mediators, contributing to nociceptor 

sensitization and correlating with the development of mechanical allodynia 

(Cui, Holmin, Mathiesen, Meyerson, & Linderoth, 2000). Partial ligation of 

the sciatic nerve results in increased levels of the chemokine macrophage 

inflammatory protein-1α (MIP-1α) and expression of its receptors CCR1 and 

CCR5 in macrophages and Schwann cells, which subsequently contribute to 

the development of neuropathic pain (Kiguchi, Maeda, Kobayashi, 

Fukazawa, & Kishioka, 2010). 
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Neutrophils are the first leukocytes which migrate through the 

vascular endothelium and accumulate at the site of injury within the first 

hour following injury. Migration of neutrophils is associated with the 

development of inflammatory pain (Guerrero et al., 2008). Neutrophil 

recruitment is influenced by nerve terminals through neurogenic 

inflammation also called sterile inflammation since pathogens are absent 

from the site of injury (Ren & Dubner, 2010). This is because, during 

neurogenic inflammation, vasoactive neuropeptides such as substance P 

and CGRP are released by the primary afferent neurons, which also facilitate 

degranulation of mast cells. Apart from these immune cells, lymphocytes 

are also involved in the sensitization of peripheral nociceptors. After 

peripheral nerve injury, T cells infiltrate the sciatic nerve and appropriate 

DRG (P. Hu & McLachlan, 2002). Type 1 and 2 helper T cells (TH1 and TH2 

cells) have their own role in neuropathic pain. TH1 cells release pro-

inflammatory cytokines such as IL-2 and IFNγ that facilitate neuropathic 

pain, while TH2 cells release anti-inflammatory cytokines such as IL-4, IL-

10, and IL-13 that inhibit the pain (Moalem, Xu, & Yu, 2004). 

 

1.3.4 Relation of Toll-like receptors activation and pain pathway 

TLRs play a fundamental role in pathogen recognition and activation of 

innate immunity as the first line of defence against invading pathogens. 

They are type I transmembrane protein receptors that contain a leucine-

rich repeat in the extracellular domain and a Toll/IL-1 repeat homology 

domain in the cytoplasmic region (Ochoa-Cortes et al., 2010).  
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TLRs are commonly expressed in immune cells, but some studies 

showed that TLRs (such as TLR4 and TLR5) are also expressed in 

nociceptive neurons in DRGs of the peripheral nervous system (Li et al., 

2014; Ochoa-Cortes et al., 2010). TLR4 is expressed on TRPV1-positive 

neurons, primarily a non-myelinated population of C-fiber neurons, as well 

as on myelinated neurons (Wadachi & Hargreaves, 2006). In other studies, 

TLR4 was reported to be expressed in all sizes of neurons, in both TRPV1-

positive and TRPV1-negative neurons of sensory ganglia (Barajon et al., 

2009; Diogenes, Ferraz, Akopian, Henry, & Hargreaves, 2011).  

TLRs respond to specific microbial components including LPS, nucleic 

acids, flagellin, peptidoglycan, and lipoproteins or collectively known as 

pathogen-associated molecular patterns (PAMPs). LPS is a cell wall 

component of Gram-negative bacteria that activates TLR4 (Tse, Chow, 

Leung, Wong, & Wise, 2014). Meanwhile, flagellin is a principal component 

of bacterial flagella that activates TLR5 (Hayashi et al., 2001). TLR signalling 

pathways are mediated by myeloid differentiation factor 88 (MyD88) 

protein, leading to activation of the transcription factor nuclear factor κ B 

(NF-κB) and mitogen-activated protein (MAP) kinase pathway, which in turn 

controls the expression of various inflammatory mediators such as 

cytokines and chemokines (T. Kawai & Akira, 2007; Liu et al., 2014; Wall 

et al., 2009).  

In resting cells, NF-κB associates with inhibitory κB proteins (IκB), 

which sequester NF-κB in the cytoplasm. The NF-κB family consists of five 

proteins, which are NF-ƙB1 (p50/p105), NF-ƙB2 (p52/p100), RelA (p65), 

RelB and c-rel all of which can function as homodimers or heterodimers to 
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regulate the expression of various cytokines and chemokines (Lawrence, 

2009). Exposure of the cells to inflammatory cytokines and bacterial toxins 

LPS or flagellin trigger the TLR4 and TLR5 signalling pathway, respectively, 

which then activates IκB kinase (IKK). Activation of IKK leads to 

phosphorylation of IκB with subsequent degradation by the ubiquitin-

proteosome system (UPS) pathway. The release of NF-κB dimers from IκB 

allows nuclear translocation of the transcription factors and binding to the 

promoter region of the target gene (Lawrence, 2009). The classical NF-κB 

pathway in inflammation is shown in Figure 1.3. 

 

Figure 1. 3: The classical NF-ƙB pathway.  
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In resting cells, NF-ƙB dimers such as p50/p65 (NFκB1/RelA) are associated 

with IƙB to keep them in the cytoplasm. Exposure to bacterial pathogen 

such as LPS or flagellin activates the IKK complex which in turn 

phosphorylates IƙB and the subsequent degradation by the ubiquitin-

proteasome system pathway. This results in the release of NF-ƙB which can 

translocate into the nucleus to bind target promoters and initiates 

transcription of target genes. For review, see (Lawrence, 2009). IκB, 

inhibitory κB proteins; IKK, IκB kinase; P, phosphate; Ub, ubiquitin. 

 

1.4 Fatty acid binding proteins (FABPs) and the Peroxisome 

proliferator-activated receptor (PPAR) system 

1.4.1 Fatty acid binding proteins 

1.4.1.1 Types, structure and functions of fatty acid binding proteins 

FABPs are small proteins of 14-15 kDa, which are members of the lipid-

binding proteins family. It is a group of intracellular proteins that bind and 

transport fatty acids and their derivatives into the nuclear or extra-nuclear 

compartments of the cell.  In mammals, nine types of FABPs have been 

identified, named by adding the tissue where the FABP was first recognized, 

e.g. liver-type FABP (LFABP) (Storch & Corsico, 2008). Since the protein 

may also be expressed in other tissues, a numerical nomenclature was used 

for the different FABP genes (Table 1.2) (Storch & Corsico, 2008). 

Table 1. 2: Types of FABPs and sites of expression 

FABP type Gene Expression 

LFABP FABP1 Liver, small intestine, kidney 

IFABP FABP2 Small intestine 
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HFABP FABP3 Cardiac and skeletal muscle, brain, 

mammary tissue, kidney, adrenals, 

ovaries, testis, placenta, lung, 

stomach 

AFABP FABP4 Adipocytes, macrophages 

KFABP FABP5 Epidermis, adipocyte, 

macrophages, mammary tissue, 

tongue, testis, liver, lung, brain, 

heart and skeletal muscle, retina, 

kidney 

BFABP FABP7 Central nervous system, retina 

MFABP FABP8 Peripheral nerve myelin 

TFABP FABP9 Testis  

Abbreviations : AFABP, adipocyte-type fatty acid–binding protein; BFABP, 

brain-type fatty acid–binding protein; HFABP, heart-type fatty acid–binding 

protein; IFABP, intestine-type fatty acid–binding protein; KFABP, 

keratinocyte-type fatty acid–binding protein; LFABP, liver-type fatty acid–

binding protein; MFABP, myelin-type fatty acid–binding protein; TFABP, 

testis-type fatty acid–binding protein. 

 

All of the FABPs differ in their protein sequences or the primary 

structure, but their tertiary structure is conserved for all the family 

members. As shown in the Figure 1.4 below, the structure forms a twisted-

β barrel surrounding a hydrophobic core or a single ligand (e.g. fatty acid, 

cholesterol or retinoid) (Chmurzynska, 2006). 10 antiparallel β-strands 

build up the barrel and formed two β-sheets that are almost orthogonally 

aligned. Furthermore, one end of the barrel is closed by a small helix-turn-

helix motif (Sacchettini, Gordon, & Banaszak, 1988), and acts as an entry 
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and exit portal for fatty acids. The gene structure is also identical among 

the FABPs family, consisting of four exons interrupted by three introns 

(Chmurzynska, 2006; Storch & Corsico, 2008). 

 

Figure 1. 4: The folded crystal structure of FABP4 with palmitic acid.  

Adapted from Marr et al., (Marr et al., 2006). 

The main function of all FABPs appears to be the regulation of fatty 

acid uptake, metabolism and intracellular transport. In parallel, high levels 

of FABPs are identified in tissues with high rates of fatty acid metabolism 

such as intestine, liver, adipose and muscle (Storch & Corsico, 2008). They 

bind to saturated and unsaturated long chain fatty acids and traffic the 

ligands to specific compartments in the cell, such as to the mitochondrion 

or peroxisome for oxidation, to the nucleus for lipid-mediated 

transcriptional regulation, to the endoplasmic reticulum for signalling, 

trafficking, and membrane synthesis, to cytoplasmic enzymes for activity 

regulation, and to the cytoplasm for storage as lipid droplets (Furuhashi, 

Ishimura, Ota, & Miura, 2011). 
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Some members of the FABPs family are also involved in modulating 

nuclear transcription factor activity (Storch & Corsico, 2008). For example, 

the presence of LFABP in the nuclear membrane of primary mouse 

hepatocytes suggests a connection with the nuclear receptors PPARα and 

PPARγ in modulating target gene expression via ligand-dependent 

translocation to the nucleus (Christian Wolfrum, Borrmann, Börchers, & 

Spener, 2001). The functions of FABPs are briefly described in the Figure 

1.5 below. 

 

Figure 1. 5: Potential functions of FABPs in intracellular fatty acid 

disposition.  

FABPs are believed to act in the cytoplasmic compartment via specific 

interactions with subcellular organelles, including the endoplasmic 

reticulum, mitochondria, lipid droplets, and peroxisomes. Coordinated 

function with the putative transmembrane transporter CD36, the hormone-

sensitive lipase (HSL), and a potential role in the formation of 

prechylomicron transport vesicles (PCTVs) are also depicted. FABPs are also 

likely to function in the nucleus by delivery of specific ligands to nuclear 

transcription factors such as the peroxisome proliferator–activated 

receptors (PPARs). Adapted from (Storch & Corsico, 2008). 
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Since FABPs are involved in fatty acids uptake, transport, and 

targeting, they may modulate fatty acid concentrations and hence influence 

function of enzymes, membranes, ion channels and receptors, and gene 

expression, cellular growth and differentiation. Even though FABPs are 

important for fatty acids metabolism, they are also present substantially in 

tissues that do not consume fatty acids as their primary substrate for ATP 

production, such as brain and spinal cord. Nevertheless, the brain utilizes 

fatty acids for phospholipids synthesis (Storch & Corsico, 2008).  

 

1.4.1.2 Expression of fatty acid binding proteins in nervous tissue and their 

roles in inflammation and nociception 

There are some FABPs that are expressed in nervous tissue such as FABP3 

(heart FABP), mainly in adult brain; FABP5 (epidermal FABP) and FABP7 

(brain FABP), which are mainly in neurons and glial cells of pre-and perinatal 

brain, respectively; and FABP 8 (myelin FABP) in peripheral nerves (Owada, 

2008; Veerkamp & Zimmerman, 2001). FABP5 is upregulated for 

regeneration in rat dorsal root ganglia after sciatic nerve crush (De Leon et 

al., 1996). FABP7 is first expressed in neuroepithelial precursor cells of 

developing brain and later becomes restricted to radial glial cells and 

immature astrocytes (Feng, Hatten, & Heintz, 1994; Kurtz et al., 1994). 

Despite their primary function in fat metabolism, FABPs also have an 

important role in inflammation and nociceptive processes. The various 

functions of FABPs depend on the ligand bound by the special proteins. They 

can communicate with distinct intracellular receptors and channels, thus 

regulate the whole physiological body function. For example, it was reported 
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that some FABPs such as FABP5 and FABP7 transport anandamide (an 

endocannabinoid) intracellularly to the fatty acid amide hydrolase (FAAH), 

an enzyme on the endoplasmic reticulum, which then leads to the 

anandamide inactivation (Kaczocha, Glaser, & Deutsch, 2009). Anandamide 

is a ligand that targets cannabinoid receptors, in which high extracellular 

levels of this compound may have beneficial effects on stress, pain and 

inflammation. It was identified in a study that FABP inhibitors reduce the 

cellular uptake of anandamide and has anti-nociceptive and anti-

inflammatory effects in two animal models of pain, the formalin test and 

carrageenan-induced thermal hyperalgesia (W. T. Berger et al., 2012). 

 

1.4.2 Peroxisome proliferator-activated receptors  

PPARs are ligand-regulated transcription factors which are members of the 

nuclear receptor group (J. Berger & Moller, 2002). There are three major 

isoforms of this nuclear receptor that have been identified as PPARα 

(NR1C1), PPARβ/δ (NR1C2), and PPARγ (NR1C3) (Kota, Huang, & 

Roufogalis, 2005). There are two splice variants of PPARγ, which are 

PPARγ1 and PPARγ2. Additional 28 amino acids at the amino terminus of 

PPARγ1 makes it differ from PPARγ2 (Moraes, Piqueras, & Bishop-Bailey, 

2006; Yanase et al., 1997). PPARs are expressed in various type of cells 

and show a distinct tissue distribution pattern. They induce transcription of 

multiple genes encoding proteins involved in fatty acid and glucose 

metabolism, as well as cell differentiation and inflammation (van Neerven 

& Mey, 2007) as shown in the Table 1.3 below. 
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Table 1. 3: Tissue expression and functions of PPARs 

(Moraes et al., 2006) 

SUBTYPE TISSUE OR CELL TYPE FUNCTION 

PPARα Liver, skeletal muscle, 

brown adipose tissue, 

heart, vascular, and 

immune cell types: 

monocytes/macrophages, 

endothelial cells, smooth 

muscle cells, lymphocytes 

Mediator of lipid 

metabolism; anti-

inflammatory and 

cardioprotective 

effects; macrophage 

lipid homeostasis 

PPARβ/δ Ubiquitously expressed Regulates lipid 

metabolism; cellular 

proliferation; 

inflammatory 

response 

PPARγ Brown and white adipose 

tissues, colon, spleen, 

retina vascular, and 

immune cell types 

(monocytes/macrophages, 

endothelial cells, smooth 

muscle cells, lymphocytes, 

dendritic cells; platelets; 

megakaryocytes) 

Differentiation of pre-

adipocytes to 

adipocytes; lipid 

metabolism; 

modulator of insulin 

action; macrophage 

lipid homeostasis; 

thrombosis and anti-

inflammatory 

activities 

  

Apart from being expressed in the tissues or cells as stated in the 

Table 1.3 above, PPARs are also expressed in nervous tissues. In the spinal 

cord, PPARα is expressed in neurons of laminae VII–IX, PPARβ/δ is the most 

abundant and diffuse isotype in all Rexed's laminae, particularly in laminae 

II and IX and PPARγ is restricted to layers II and IX (Moreno, Farioli-
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Vecchioli, & Ceru, 2004). All of the PPAR isotypes are also expressed in 

some areas of adult rat brain, particularly basal ganglia and hippocampal 

(Moreno et al., 2004). Besides that, PPARα is also expressed in mice DRG 

neurons (LoVerme et al., 2006). 

 

1.4.2.1 Structure and mechanisms of action of PPARs 

The structure of PPAR nuclear receptor is divided into five regions (A/B, C, 

D, E and F) throughout the N-C terminal region as shown in the Figure 1.6 

(Daynes & Jones, 2002; Kota et al., 2005; Moraes et al., 2006). The DNA-

binding domain contains a two zinc-finger motif that allows binding of PPARs 

to the peroxisome proliferator response element (PPRE) in the promoter 

region of target genes (Kota et al., 2005; C. Wolfrum, 2007). 

 

Figure 1. 6: Schematic representation of the functional domains of 

PPARs.  

PPARs are composed of five distinct regions. The A/B domain located at the 

N-terminal with AF-1 ligand-independent activation domain is responsible 

for phosphorylation.  C region consists of highly conserved DNA-binding 

domain (DBD), D domain is a variable hinge region, E region is a moderately 

conserved ligand-binding domain (LBD) and F region at the C-terminal  is 

an AF-2 ligand-dependent activation domain, which promotes the 

recruitment of cofactors required for the gene transcription (Daynes & 

Jones, 2002; Kota et al., 2005) 
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This nuclear receptor has a large ligand binding domain, thus allows 

it to interact with a wide range of synthetic and natural ligands. Some of 

the natural and synthetic ligands are shown in the table below. 

Table 1. 4: List of PPAR ligands  

(Moraes et al., 2006) 

Ligand class PPAR α PPAR β PPAR γ 

Fatty acids Docahexanoic 

acid 

Arachidonic 

acid 

Linoleic acid 

C6-C18 

ETYA 

Docahexanoic 

acid 

Arachidonic 

acid 

Linoleic acid 

C6-C8 

 

Docahexanoic 

acid 

Arachidonic 

acid 

 

Eicosanoids 15d-PGJ2 

PGJ2 

Prostacyclin 

(PGI2) 

PGA1/2 

PGB2 

8-HEPE 

8-(R)HETE 

8-(S)HETE 

12-HETE 

LTB4 

9-(R/S)HODE 

13-(R/S)HODE 

20,8,9-HEET 

20,11,12-HETE 

20,14,15-HETE 

15d-PGJ2 

PGJ2 

Prostacyclin 

(PGI2) 

PGA1/2 

PGB2 

 

15d-PGJ2 

PGJ2 

 

 

PGA1/2 

PGB2 

 

8-(R)HETE 

8-(S)HETE 

15-HETE 

 

9-(R/S)HODE 

13-(R/S)HODE 

13-(S)HpODE 

9-oxoODE 

13-oxoODE 

Synthetic 

ligands 

GW7647 

WY14643 

Clofibrate 

Fenofibrate 

Bezafibrate 

Ciprofibrate 

Gemfibrozil  

L165041 

GW501516 

GW0742 

Rosiglitazone 

Ciglitazone 

Troglitazone 

Pioglitazone 

CDDO 

GW1929 

CDDO, 2-cyano-3,12-dioxooleana-1,9-dien-28-oic acid; ETYA, 

eicosatetraynoic acid; GW1929, (2S)-((2-benzoylphenyl)amino-3-4-2-

(methylpyridin-2-ylamino)ethoxy]phenyl)-propionic acid, GW501516, 2-

methyl-4(4-methyl-2-(4-trifluoromethyl-phenyl)-1,3-thiazol-5-

methylsulfanylphenoxy) acetic acid, GW7647, 2-(4-2-([cyclohexylamino 
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carbonyl][4-cyclohexylbutyl] amino) ethyl-phenyl]thio)-2-methylpropanoic 

acid; HEET, hydroxyepoxyeicosatrienoic acid; HEPE, 

hydroxyeicosapentaenoic acid; HETE, hydroxyeicosatetraenoic acid; HODE, 

hydroxyoctadecadienoic acid; HpODE, hydroperoxyoctadecadienoic acid; 

L165041, 4-3-4-acetyl-3-hydroxy-2-propylphenoxy acetic acid; oxoODE, 

oxidized octadecadienoic acid; WY14643, N-(3-[2-quinolinylme-

thoxy]phenyl)-trifluoromethanesulphonamide. 

 

1.4.2.2 Transcriptional activation and transrepression of PPARs 

PPARs modulate gene expression as heterodimers with retinoid X receptors 

(RXR) and then form a complex with peroxisome proliferator response 

elements (PPRE) (J. Berger & Moller, 2002). PPRE is located at the promoter 

region of target genes and consists of direct repeat (DR)-1 elements of 

AGGTCA sequence twice with a single nucleotide spacer in between (C. 

Wolfrum, 2007). 

In the absence of ligand, the heterodimerized nuclear receptor 

associates with co-repressors such as nuclear receptor co-repressor (NCoR) 

and silencing mediator for retinoid and thyroid hormone receptor (SMRT). 

The co-repressors contain histone deacetylase activity that inhibits gene 

transcription. Upon activation by the ligands, the co-repressor complex 

dissociates from the nuclear receptors and subsequent recruitment of co-

activator factors to assist the gene transcription processes (Kota et al., 

2005; Moraes et al., 2006). Figure 1.7 shows a schematic of the 

transcriptional activation of PPARs. 
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Figure 1. 7: Schematic transcriptional activation of PPARs.  

A generic scheme for the activation of a PPAR receptor as a transcription 

factor. PPAR activation leads to heterodimerization with RXR and an 

accumulation in the nucleus. Ligand activation of PPAR results in a change 

from a repressed binding protein complex which may contain histone 

deacetylases (HDAC), the nuclear receptor co-repressor (NCo-R), and the 

silencing mediator of retinoid and thyroid signaling (SMRT) to an activation 

complex that may contain the histone acetylases, steroid receptor co-

activator-1 (SRC-1), the PPAR binding protein (PBP), cAMP response 

element binding protein (CBP/p300), TATA box binding proteins, and RNA 

polymerase (RNA pol) III. The activated PPAR–RXR heterodimer complex 

binds to DNA sequences called PPAR response elements (PPRE) in target 

genes initiation their transcription. The figure was adapted from Moraes et 

al., (Moraes et al., 2006). 

 

The regulation of gene transcription by PPARs is not only confined to 

their ability to activate transcription of a specific target gene in the nucleus 

in an agonist-dependent manner. The nuclear receptor, once activated by 

an agonist, can also interact physically with other types of transcription 

factor and modulate their functional properties (Daynes & Jones, 2002). For 
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instance, activation of PPARs inhibits target gene expression through a 

process known as transrepression. Transcription factors that can be 

involved in transrepression signalling are NF-κB, AP-1, signal transducer 

and activator of transcription 1 (STAT-1) and nuclear factor of activated T 

cell (NFAT) signalling pathways (Daynes & Jones, 2002; Delerive, Fruchart, 

& Staels, 2001; Kota et al., 2005). Transrepression is a mechanism by 

which a nuclear receptor, when bound to a ligand, can repress gene 

expression by interaction with transcription factors and regulatory proteins, 

not by direct interaction with specific DNA sequences. There are several 

forms of transrepression, including histone modification, a block of RNA 

polymerase hyperphosphorylation, coactivator complex disruption, 

coactivator complex competition or inhibition of corepressor clearance 

(Pascual & Glass, 2006). 

 

1.4.2.3 Role of PPARs in nociception 

PPARs exhibit a variable tissue distribution and this specific tissue 

expression together with their specific ligands activation determine their 

physiological function (A Benani et al., 2003). For instance, PPARβ is the 

main subtype expressed in the rat spinal cord gray matter which is found 

in all the areas of origin of the spinoreticulothalamic and spinothalamic 

tracts. Therefore, it suggests that PPARβ is involved in the pain pathway (A 

Benani et al., 2003). In another study, after persistent peripheral noxious 

stimulation by subcutaneous injection of complete Freund’s adjuvant (CFA) 

into the rat’s hind paw, the PPARα isoform was shown to be activated in the 

rat spinal cord (A. Benani, Heurtaux, Netter, & Minn, 2004). In addition, it 
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is also reported that PPARα presents in the neuron of DRG and peripheral 

administration of its agonist able to suppress formalin-evoked sensitization 

of the spinal nociceptive neurons (LoVerme et al., 2006). All of these 

findings support a role for PPARs, especially PPARα and its ligands, in 

modulating the molecular process of pain. 

 Apart from that, activation of nuclear receptor PPARs by specific 

ligands lead to up-regulation of specific gene expressions. This genomic 

activation of the nuclear receptors usually takes more than 30 minutes to 

exert the effects (Fehrenbacher et al., 2009). However, in a number of pain 

assays, PPARα and PPARγ agonists are able to rapidly reduce pain in just a 

few minutes. On top of that, PPARγ antagonist itself rapidly increased the 

mechanical allodynia in nerve injury model. These data suggest that nuclear 

receptor ligands not only have genomic (transcription-dependent) response 

(J. Berger & Moller, 2002; Willson, Brown, Sternbach, & Henke, 2000), but 

may also operate through rapid, non-genomic mechanisms to modulate 

inflammatory and neuropathic pain (Fehrenbacher et al., 2009; LoVerme et 

al., 2006).  

 

1.4.2.4 Anti-inflammatory effects of PPARs 

Involvement of PPARs in the regulation of inflammatory process has been 

reported, both in vivo and in vitro. Molecular mechanisms of PPAR-mediated 

regulation of inflammatory response are shown in Figure 1.8. All PPAR 

isoforms are involved, but modulation of the severity, duration, and 
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complications from the inflammatory processes depends on the affected 

tissue and which PPAR isoforms are involved.  

 

Figure 1. 8: Molecular mechanisms of PPAR-mediated regulation of 

inflammatory responses.  

The ability of PPARs to regulate inflammatory responses is a result of their 

transactivation and transrepression capacities. Most of the anti-

inflammatory properties of the PPARs arise through their ability to 

antagonize nuclear NF-κB and AP1 signalling pathways. By inhibiting NF-κB 

and AP1, the PPARs repress the expression of several genes that are 

involved in the inflammatory response. These include cytokines, cell-

adhesion molecules and other pro-inflammatory signal mediators, such as 

inducible nitric oxide synthase (iNOS). PPAR has also been reported to 

control the duration and magnitude of the inflammatory response through 

its ability to induce expression of genes encoding proteins that are involved 

in the catabolism of pro-inflammatory lipid mediators. IκB, inhibitor of NF-

κB ; IL, interleukin; LTB4, leukotriene B4; LPS, lipopolysaccharide; TNF, 

tumour-necrosis factor; TNFR, TNF receptor; VCAM1, vascular cell adhesion 

molecule 1. The figure was adapted from (Daynes & Jones, 2002). 
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Major role of PPARs in modulation of the inflammatory reaction is by 

transrepression of various inflammatory gene activation by negatively 

interfering not only with NF-κB but also AP-1, signal transducer and 

activator of transcription 1 (STAT-1) and nuclear factor of activated T cell 

(NFAT) signalling pathways (Daynes & Jones, 2002; Delerive et al., 2001; 

Kota et al., 2005). The transrepression of the inflammatory gene can occur 

with histone modification, block of RNA polymerase hyperphosphorylation, 

coactivator complex disruption, coactivator complex competition or 

inhibition of corepressor clearance (Pascual & Glass, 2006). For example, 

PPARγ transrepresses inflammatory gene expression in macrophages by 

inhibiting corepressor clearance, thus preventing activation of gene 

expression (Pascual et al., 2005). 

For in vivo study, a naturally occurring amide of palmitic acid and 

ethanolamine, is able to activate PPARα in two animal models of 

inflammatory pain (carrageenan-induced paw edema and phorbol-induced 

ear edema), and resulted in reducing the inflammation in wild-type mice 

but not in PPARα-deficient mice (Verme et al., 2005). Another study also 

showed that synthetic PPARα agonists reduce peripheral inflammation in a 

PPARα-dependent manner (Sheu et al., 2002).  
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1.4.3 Interactions between fatty acid binding proteins and 

peroxisome proliferator-activated receptors  

Fatty acids are cardinal components of all living cells with a variety of their 

functions. Some of the functions are as a source of energy by their oxidation 

in mitochondria or peroxisomes and as a precursor for the synthesis of 

membrane lipids or lipids mediators. The presence of fatty acids may 

influence the function of membranes, enzymes, receptors, or ion channels, 

or may be involved in the expression of a certain gene via nuclear 

transcription factors as PPARs (Veerkamp & Zimmerman, 2001).  

Since fatty acids are hydrophobic, they need intracellular transport 

system across the cytosols to various cellular compartments.  As fatty acid 

transporter proteins, the functions of FABPs may be diverse and dependent 

on their type and the cell in which they are present. Generally, FABPs may 

promote cellular fatty acids transfer from the plasma membrane and target 

them to specific organelles for oxidation, lipid synthesis, or signalling. FABPs 

may deliver their ligands to nuclear receptors, resulting in the regulation of 

genes that encode metabolic enzymes, growth factors or other proteins 

involved in cell growth, adhesion or differentiation. In addition, FABPs may 

regulate the action of fatty acids on specific ion channels and on 

neurotransmitter interaction with receptors and in this may lead to their 

involvement in signal transduction (Veerkamp & Zimmerman, 2001). 

FABPs not only function as intracellular fatty acid trafficking proteins 

between particular subcellular sites, but it has been widely reported that 

specific FABP isotypes actually interact with specific PPAR isoforms in a 

ligand-dependent fashion (Ayers, Nedrow, Gillilan, & Noy, 2007; Hostetler 
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et al., 2009; Tan et al., 2002; Velkov, 2013; C. Wolfrum, 2007). For 

instance, FABP1 interacts with PPARα (Hostetler et al., 2009; Velkov, 

2013); FABP4 and FABP5 selectively interact with PPARγ and PPARβ, 

respectively, and do so in a ligand-dependent fashion (Tan et al., 2002). 

FABP1 also interacts with PPARγ, but not PPARβ, by protein-protein contacts 

independent of ligand binding (Christian Wolfrum et al., 2001). 

 

1.5 Current analgesia options and their limitations 

Non-opioid and opioid analgesics are among the most widely used 

medicines to manage various types of pain. The non-opioids include 

paracetamol and non-steroidal anti-inflammatory drugs (NSAIDs), while 

opioids refer to all compounds that bind to opiate receptors include 

tramadol, codeine, morphine, oxycodone, meperidine, fentanyl and 

pethidine (Barnett, 2001; Rosenblum, Marsch, Joseph, & Portenoy, 2008). 

Other options of pain relief medications have another primary therapeutic 

indication, but they prove analgesic efficacy in specific painful conditions. 

They include anticonvulsants, antidepressants, and local anaesthetics. 

Adverse drug reactions and drug-drug interactions have been 

described, even for the most frequently used analgesic worldwide, 

paracetamol or acetaminophen (Cazacu, Mogosan, & Loghin, 2015). 

Paracetamol, in general, does not have the gastrointestinal risk as NSAIDs. 

However, the association of paracetamol with NSAIDs can produce greater 

gastrointestinal toxicity than either of the drugs alone (Doherty et al., 

2011). Besides that, the association of paracetamol with phenytoin or 
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carbamazepine decreases paracetamol efficacy and increases the risk of 

paracetamol hepatotoxicity. Hepatotoxicity is favoured by pre-existing liver 

disease, malnutrition, anorexia or heavy alcohol intake (O'neil, Hanlon, & 

Marcum, 2012). 

The use of selective or nonselective NSAIDs is associated with a 

range of potential adverse effects. Classical NSAIDs (i.e. ibuprofen, 

diclofenac, naproxen) are considered nonspecific analgesic drugs, inhibit 

both isoforms of cyclooxygenase (COX-1 and COX-2) (Cazacu et al., 2015). 

COX-1 is the constitutive isoform, which protects the gastrointestinal barrier 

against aggressive factors, maintains vascular homeostasis, activates 

platelets and stimulates platelet aggregation. Therefore, inhibition of COX-

1 is responsible for the gastrointestinal adverse drug reactions such as 

dyspepsia, abdominal pain, nausea, vomiting, heartburn, haemorrhage, 

ulceration, perforation and obstruction (Sostres, Gargallo, Arroyo, & Lanas, 

2010). The risk of symptomatic ulcers and serious gastrointestinal 

complications associated with COX-2 inhibitors (collectively known as 

coxibs) were lower than that of nonspecific NSAIDs (Sostres et al., 2010). 

However, coxibs were associated with an increased risk of atherothrombosis 

and adverse cardiovascular effects (Coxib et al., 2013; Mosler, 2014; 

Solomon, 2016). Therefore, even though NSAIDs are among the most 

widely used drugs in the world for the treatment of pain, their long-term 

use is limited by the serious adverse effects. 

Opioids were used in the past mostly for the treatment of cancer-

related pain, acute surgical and posttraumatic pains. Nevertheless, the use 

of opioids has significantly increased during the last decades since the 
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interest in adequate chronic pain management has increased. Thus, it is 

associated with more frequent adverse drug reactions include sedation, 

dizziness, constipation and respiratory depression (Meyer, Patel, Rattana, 

Quock, & Mody, 2014; Ricardo Buenaventura, Rajive Adlaka, & Nalini 

Sehgal, 2008). On top of that, the main clinical concern of opioid usage is 

physical dependence, tolerance, abuse and addiction, which limits their 

prescription, thus leads to inadequate pain management.  

In view of the various adverse drug reactions and debilitating central 

nervous system side effects from the commonly available analgesics, new 

therapeutic strategies that target peripheral nervous system offer a better 

and safer treatment of chronic pain. One of the therapeutic strategies is 

targeting ion channels in DRG neurons and their axons. TRP channels, in 

particular, TRPV1 and TRPA1 are among the important receptors that 

mediate pain in DRG neurons (Patapoutian, Tate, & Woolf, 2009). Capsaicin, 

which is the active ingredient of chilli peppers, is an exogenous agonist of 

TRPV1 receptors (Caterina et al., 1997). However, this substance has been 

used as a topical analgesic for many years and an 8% capsaicin patch is 

FDA approved for postherpetic neuralgia. The underlying mechanisms 

resulting in capsaicin-induced analgesia peripherally, include inactivation of 

voltage-gated sodium channels, intracellular calcium saturation, 

mitochondria dysfunctions and desensitization of TRPV1 (Anand & Bley, 

2011). In addition, TRPV1 antagonists have elicited great interest in the 

past decades and yielded multiple clinical trials. Unfortunately, a first 

generation TRPV1 antagonist demonstrated undesirable side effects such as 

hyperthermia or reduced heat pain threshold (Patapoutian et al., 2009). 
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However, a second generation antagonist seems not to produce the 

previous adverse effects (Lehto et al., 2008). 

Another therapeutic approach is targeting DRG neurons by selective 

nerve blockade. The lidocaine derivative QX-314 was able to block sodium 

channels only in nociceptors expressing TRPV1 channels, with co-

administration of capsaicin to activate and open the TRPV1 channels. The 

opening of TRPV1 channels enables QX-314 to enter the TRPV1+ neurons 

and block activation of these neurons resulting in analgesia without 

impairing motor function (Binshtok, Bean, & Woolf, 2007). There was also 

the seminal discovery that activation of TLR5 via flagellin, a selective TLR5 

agonist, led to selective QX-314 entry into TLR5-expressing DRG neurons 

and subsequent functional blockade of Aβ-fibers. Co-administration of QX-

314 with flagellin significantly reversed mechanical allodynia in neuropathic 

pain (Xu et al., 2015). 

Targeting DRG neurons by gene therapy (Berta et al., 2017), and 

engrafting of embryonic stem cells into the nervous system (Bráz et al., 

2012) are also very promising approach for chronic pain. However, there 

are still limitations with these approaches due to their restricted availability, 

and immune rejection of these stem cells. It is also a health risk that 

pluripotent embryonic stem cells may turn into cancer cells. In view of the 

lack of satisfactory efficacy for most of the current analgesic drugs in pain 

management, new therapeutic approaches are certainly needed. The 

afferent fibers of sensory neurons, with their cell bodies in the DRG, are 

thought to be key to pain mechanisms and become the primary target for 

this study. 
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1.6 Aim of thesis 

DRG is a collection of neuronal cell bodies in the peripheral nervous system, 

which acts as the first relay point of the pain pathway (Patel, 2010). The 

emergence of a role for FABPs and PPARs in inflammation and pain led us 

to study the role of FABP and PPAR signalling axis in the inflammatory 

response in DRG. This is because the local and specific targeting of analgesic 

agents will result in a better therapeutic potential for the treatment of 

chronic pain. Therefore, major objectives of this thesis are: 

1. To study the mRNA expression of PPARα, PPARβ, and PPARγ; and 

FABP5, FABP7, and FABP8 in rat DRG sections and in separated 

neuronal and glial cells. 

2. To determine protein-protein interactions between each of the PPAR 

isotypes and FABP isoforms  

3. To investigate the differential effects of PPAR agonists on 

inflammatory genes induced either by LPS or flagellin in rat DRG 

cultures  
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Chapter 2: Materials and Methods 

2.1 Chemicals and Reagents 

Table 2. 1: Chemicals and reagents used in this work and their 

sources 

Chemicals /Reagents Source 

1. Cell culture 

Bovine serum albumin (BSA)- A6003 Sigma-Aldrich 

Collagenase (Type IV)- C5138 Sigma-Aldrich 

Dulbecco’s PBS, without Ca2+ & Mg2+ 

(D8537) 

Sigma-Aldrich 

Dulbecco’s Modified Eagles Medium 

(DMEM-D5671) 

Sigma-Aldrich 

Fetal bovine serum (FBS) Gibco 

L-glutamine Sigma-Aldrich 

Ham’s 14 media Biowest 

Ultroser G Pall BioSepra, Cergy, France 

Poly-D-lysine Sigma-Aldrich 

Poly-DL-ornithine Sigma-Aldrich 

Laminin Roche 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

2.Antibiotics and drugs 

Ampicillin Sodium salt (Amp) product 

number# A0166 

Sigma-Aldrich 

Kanamycin sulphate (Kana)  product 

number# K1377 

Sigma-Aldrich 
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Ultrapure LPS (Escherichia coli, 

serotype 0111:B4) 

InvivoGen 

Flagellin (FLA-BS Ultrapure) InvivoGen 

PPARα agonist GW7647 Tocris Bioscience 

PPARδ agonist GW 0742  Tocris Bioscience 

PPARγ agonist GW 1929 hydrochloride Tocris Bioscience 

3.Molecular cloning 

Ethidium bromide (EtBr) Life Technologies 

SYBR® Green nucleic acid gel stain 

10,000x concentrate in DMSO  

Cat# 50513 

Bio Whittaker Molecular Applications, 

USA 

One Shot® TOP10 Chemically 

Competent E. coli 

Invitrogen 

X-gal Melford 

Molecular biology enzymes NEB unless otherwise stated 

4.Gene expression analysis 

Diethylpyrocarbonate (DEPC) Sigma 

TRI reagent Sigma-Aldrich 

1-bromo-3-chloro-propane (BCP) Sigma 

5. In situ hybridization 

Digoxigenin (DIG)-11-UTP 

(11209256910) 

Roche 

Fluorescein (FITC)- 12-UTP 

(11427857910) 

Roche 

T7 RNA polymerase – Cat. No 

10881767001 

Roche 

T3 RNA polymerase – Cat. No 

11031163001 

Roche 
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RNase inhibitor  Promega 

tRNA (yeast) Roche 

Formamide (deionized) Thermo Fisher 

Blocking reagent – Cat. No. 1096176 Roche 

Denhardt’s (x50) - Cat. No 750018 Invitrogen 

Dextran Sulphate – Cat. No. D8906 Sigma 

Alkaline phosphatase (AP) conjugated 

anti-DIG Fab fragments (1 093 274) 

Roche 

Alkaline phosphatase (AP) conjugated 

anti-FITC Fab fragments (1 426 338) 

Roche 

Peroxidase (POD) conjugated anti-DIG 

Fab fragments (1 207 733) 

Roche 

Peroxidase (POD) conjugated anti-FITC 

Fab fragments (1 207 741) 

Roche 

Tyramide Signal Amplification (TSA) 

Plus Fluorescein (NEL 741B 001 KT) 

Perkin Elmer 

Tyramide Signal Amplification (TSA) 

Plus Tetramethylrhodamine (NEL 742B 

001 KT) 

Perkin Elmer 

6.Protein-protein interaction assay 

X-tremeGENE HP DNA Transfection 

Reagent, Cat #06366546001 

Roche 

4', 6-Diamidino-2-Phenylindole, 

Dihydrochloride (DAPI) 

Invitrogen 
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2.2 Primary Cell Culture of rat DRG  

2.2.1 Rat DRG Isolation 

Adult male Sprague Dawley rats (180-200 g) were used for the DRG 

isolation. A single dorsal-midline incision was made along the entire length 

of the body, and the skin was retracted to expose the vertebral column 

(Figure 2.1). 

 

Figure 2. 1: Dissection of dorsal root ganglia  

(Modified from Cellular Neurobiology: A Practical Approach edited by J. 

Chad and H. Wheal). 

The whole vertebral column was removed by freeing it from the 

adjacent muscle on both sides. The scissor track should be 5 to 10 mm to 

the left and right of the midline. The vertebral column was transferred to a 

sterile container. While holding the tissue with toothed forceps, a 3 to 4 mm 

strip of bone from the dorsal roof of the vertebral column was cut using 

fine-pointed scissors.  
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Another cut was made along the midline of the ventral plate of the vertebral 

column without removing of the spinal cord. The vertebral column has now 

been bisected along its length to yield the `halves’. Ganglia from each half 

of the vertebral column were collected under a dissecting microscope. The 

spinal cord was displaced gently 1 to 2 cm at a time to expose the DRG in 

their recessed bony cavities. The ganglia are obvious as pronounced 

swellings of each nerve trunk and are slightly more translucent than the 

white nerve trunk. The ganglia were excised by cutting the peripheral and 

central trunks of each nerve root using microsurgery scissors. The collected 

DRGs were put into culture dish and they were further cleaned up from the 

nerve trunk and capsular connective tissue.  

 

2.2.2 Preparation of primary DRG cell cultures  

After dissection, the DRGs were put into phosphate buffered saline -

Dulbecco’s PBS, without Ca2+ & Mg2+ (Sigma, D8537) and were washed 

once. Then 5 ml of Collagenase solution (285 units/mg solid, at 2.5 mg/ml 

in neurobasal media supplemented with 10% [v/v] Horse Serum) was 

added to the DRGs and was incubated for 90 min at 37°C. After the 

incubation, the DRGs were washed gently in PBS three times. Trypsin 

solution (5 ml of 10x porcine trypsin (Sigma T4549) in 45 ml PBS to give a 

concentration of 2.5 mg/ml) was added to the DRGs and they were gently 

taken up and down a fine tipped pastette eight times to partly disrupt the 

ganglia. Then the DRGs were incubated for 10 min at 37°C. 1 ml of 16% 

BSA (w/v) aliquot was then added to the DRGs and triturated more firmly 

to totally dissociate the DRG cells (8 to 12 passes up and down a fine tipped 
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pastette). Then, the cell suspension was carefully layered on top of 3 ml of 

the BSA solution (16% w/v), and was centrifuged at 1600 rpm for 6 minutes 

at room temperature. After the centrifugation, the supernatant was 

carefully removed using a 200 µl pipette for the final residual volume of the 

supernatant layer. Complete media (Ham's F14 media containing penicillin 

(100 U/ml), streptomycin (100 μg/ml), Ultroser G (4% v/v, Pall BioSepra, 

Cergy, France) and 1 mM glutamine) was added to the cell pellet and cells 

gently resuspended. The cells were plated in culture plates precoated with 

poly-DL-ornithine (500 μg/ml) and laminin (5 μg/ml) and cultured in an 

atmosphere of 5% CO2 at 37 °C. The mixed DRG cells were cultured for 24 

h before they were harvested for further experiments. However, some 

studies did culture the cells for more than 24 h up to 48 h before proceeding 

with any experiments or being assayed (K. Y. Ng, Wong, & Wise, 2011; Kai 

Yu Ng, Yeung, Wong, & Wise, 2013; Tse et al., 2014). In this study, the 

number of neurons and glial cells, purity and viability were good enough 

even after 24 h cultures. 

 

2.2.3 Preparation of neuron-enriched cell cultures from mixed rat 

DRG cultures 

The primary DRG cell cultures which contain mixed neuronal and glial cells 

were plated on 10 cm tissue culture dishes coated with poly-DL-ornithine 

(500 μg/ml). After an overnight incubation, the cells were washed once with 

4 ml Ham's F14 medium. Then another 4 ml of F14 medium was put into 

the culture dish and the loosely attached neuronal cells were gently 

dislodged from the plate by delivering a stream of medium repetitively using 
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a flame-polished Pasteur pipette. The dislodging step was repeated with 

another 4 ml media till most of the neurons were detached from the plate, 

which was confirmed using microscopy. The neuron-enriched suspension 

was transferred to a 15 ml tube and was centrifuged at 1000 rpm for 5 min 

at room temperature. The supernatant was discarded and the pellet was re-

suspended with complete F14 medium (Ham's F14 media containing 

penicillin (100 U/ml), streptomycin (100 μg/ml), Ultroser G (4%, Pall 

BioSepra, Cergy, France) and 1 mM glutamine). The cells were counted and 

their yield and purity were determined by haemocytometer. The cells 

suspension was plated on dried poly-DL-ornithine (500 μg/ml) and laminin 

(5 μg/ml) coated wells and cultured for 24 hours in an atmosphere of 5% 

CO2 at 37 °C. 

 

2.2.4 Preparation of glial cell cultures from mixed rat DRG cultures 

After dislodging the neuronal cells, a final wash was performed to remove 

the more firmly adherent neurons by delivering a firmer stream of medium. 

The glial cells were washed once with 4 ml PBSA (Dulbecco’s PBS from 

Sigma D8537). Then they were incubated with 1 ml trypsin (0.05% w/v in 

PBS) for 1 min at 37°C. When the cells started to become rounded in 

morphology, 3 ml of warm complete media was added to stop the trypsin 

activity. All of the cells were dislodged and transferred into another 15 ml 

tube. 8ml complete medium was added to give final volume of 12 ml and 

was centrifuged at 1000 rpm for 5 min at room temperature. The 

supernatant was discarded and the cell pellet was re-suspended with 

complete F14 media. The cells were counted and their yield and purity were 



47 
 

determined by haemocytometer. The cells suspension was plated on 

washed and dried poly-DL-ornithine (500 μg/ml) and laminin (5 μg/ml) 

coated wells and cultured in an atmosphere of 5% CO2 at 37 °C for 24 h. 

 

2.3 Preparation of rat DRG tissue sections  

DRG tissue sections were prepared by Dr J J Burston from adult male 

Spraque Dawley rats weighing 200 to 250 g. The rats were transcardially 

perfused with 300 ml physiological saline (0.9% [w/v] NaCl, pH7.4), 

followed by 300 ml of filtered 4% paraformaldehyde (PFA) (w/v). The rats 

were sacrificed by overdosing with intraperitoneal (i.p.) injection of sodium 

pentobarbital 200 mg/ml solution. The DRG were fixed in 4% PFA for 18–

24 h. After fixation, the DRG were equilibrated to 30% sucrose solution 

(w/v) in sterile PBS containing 0.01% [w/v] Sodium Azide for at least one 

day. The DRG were then placed in liquid optimum cutting temperature 

(OCT) compound and frozen into blocks on dry ice, then subsequently 

sectioned on a Leica cryostat 3050, to give tissue sections 10 μm in 

thickness. 4-5 sections per sample were collected on a super frost plus glass 

slide (Thermo-Fisher U.K.). 

 

2.4 Gene Expression Assays  

2.4.1 Tissue collection for RNA extraction 

Rat DRGs were isolated as described in section 2.2.1. Approximately 30 to 

35 DRGs were transferred to a polypropylene snap-cap tube containing 2 
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ml of ice-cold TRI reagent, (Sigma-Aldrich, UK). The tissue was 

homogenized with a Tissumizer or Polytron homogenizer for 15-30 s at 

room temperature and RNA extracted according to the manufacturer’s 

instructions. 50-100 µl of diethylpyrocarbonate (DEPC)-treated H2O (0.1% 

in water) was added and the RNA pellets were heated for 5 min at 65°C. 

Finally the RNA solution was stored at -80°C.  

 

2.4.2 Preparation of cells and RNA extraction 

Culture medium was aspirated and cells were washed once with ice-cold 

PBS. Cells were harvested in a total volume of 1 ml of ice-cold monophasic 

lysis reagent (TRI reagent, Sigma-Aldrich, UK) per 10 cm2 of glass culture 

plate surface area. Total RNA was isolated by using Direct-zolTM RNA 

MiniPrep Plus kit according to the manufacturer’s instructions. RNA 

concentration was determined by using a NanoDrop 2000 (Thermo 

Scientific®, U.S) spectrophotometer by measuring absorbance at 260 nm 

for RNA. Purity of the sample was checked using the 260/280 ratio with a 

ratio value of 2.0 deemed to indicate pure RNA. 

 

2.4.3 Reverse Transcription of RNA to cDNA 

Total RNA was reverse transcribed to cDNA using AffinityScriptTM Multi-

Temperature Reverse Transcriptase (Agilent Technologies, USA). 100-500 

ng of RNA was incubated with 300 ng Random Primer (Promega) and RNase 

free HPLC grade water up to a final volume 14.2 μl at 65oC for 5 min. Then 

the reaction was allowed to cool 10 min at room temperature before the 
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following components were added: 2 μl 10x AffinityScript RT Buffer, 2 μl 

100 mM DTT, 0.8 μl 25 mM dNTPs, 0.5 μl RNase Inhibitor (40 U/μl) and 1 

μl AffinityScript Multiple Temperature Reverse Transcriptase giving the 

reaction mixture a final volume of 20.5 μl. The reaction mixture was mixed 

gently and pre-incubated at 25oC for 10 min and further incubated at 55oC 

for 60 minutes. Inactivation of the enzyme was achieved by further heating 

the mixture to 70oC for 15 min and finally cooling to 4oC to stop the reaction. 

The cDNA was then used as a template for amplification in TaqMan qPCR 

analysis and TaqMan® Low Density Array (TLDA) or can be stored at -20°C. 

 

2.4.4 Primers and Probes Selection 

Primers and probes for TaqMan qPCR were designed using Primer Express 

software (version 3.0, Applied Biosystems) and synthesized commercially 

by Eurofins MWG Operon (Germany). The probe was labelled with a reporter 

fluorescent dye (FAM) at the 5’-end and a fluorescent dye quencher 

(TAMRA) at the 3’end. Probes for FABP8 and TLR5 gene are minor groove 

binder (MGB) probes. Primers and probe for rat PPARα were custom 

designed from Primerdesign Ltd, UK. The sequences of the primers and 

probes are detailed in Table 2.2:  

Table 2. 2: TaqMan qPCR primer and probe sequences and sources 

RAT Gene Sequences(5’→3’) 

Forward/reverse/probe 

Tm °C Origin 

PPARα Fwd:CATACTCGCAGGAAAGAC

TAGC 

57.2 
Primerdesign 
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Rev:GACCTCTGCCTCCTTGTTT

TC 

57.1 NM_013196  

 

Pro:  

PPARβ Fwd:GAGCATCCTCACTGGCAA

GTC 

61.8 

This work 

NM_013141.2 

Rev:TGCCACAGCGTCTCAATG

TC 

59.4 

Pro:AGCCATAACGCACCCTTCA

TCATCCA 

64.8 

PPARγ Fwd:CCAAGAATACCAAAGTGC

GATCA 

58.9 

FRAME Lab 
Rev:GTTGTAGAGTTGGGTTTTT

TCAGAATAA 

59.3 

Pro:AGTAGAGCCTGCGTCCCC

GCCT 

67.7 

NeuN/Rbfox3 Fwd:TCCAAGGGTTTTGGGTTT

GTAA 

56.8 

FRAME Lab 
Rev:ACGATCGTCCCATTCAGC

TT 

56.8 

Pro:TAGCTCAGATGCTGACCG

AGCCCG 

69.0 

GFAP Fwd:GAGAGAGATTCGCACTCA

GTACGA 

63.6 

FRAME Lab 
Rev:TCTGCAAACTTGGACCGA

TACC 

60.5 

Pro:CAGTGGCCACCAGTAACA

TGCAAGAAACA 

68.7 

FABP5 Fwd:TGAGGACTACATGAAGGA

ACTAGGAGTAG 

67.5 

FRAME Lab 
Rev:TTTTGACGGTGAGGTTGT

TGTT 

56.8 

Pro:CCAAACCAGACTGCATCAT

TACCCTCGA 

68.5 

FABP7 Fwd:CTCTGGGCGTGGGCTTT 55.7 

FRAME Lab 

Rev:CAAACTCTTCTCCCAGCTG

GAA 

60.5 

Pro:TGGTGATCCGGACACAAT

GCACATTC 

66.3 
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FABP8/PMP2 Fwd:CAGCGAGCACTTCGATGA

CTAC 

62.1 

This work 

NM_001109514.1 

Rev:GGCTTGGCCAAATTTCCA

A 

54.5 

Pro: TGAAGGCTCTAGGCGTGG 

(MGB probe) 

 

TNFα Fwd:GCAGGAGAAAGTCAGCCT

CCT 

61.8 

FRAME Lab 
Rev:TACTACCAGGGCTTGAGC

TCA 

59.8 

Pro:AGAGCCCTTGCCCTAAGG

ACACCCCT 

69.5 

IL-1β Fwd:CACCTCTCAAGCAGAGCA

CAG 

61.8 

This work 

NM_031512.2 

Rev:GGGTTCCATGGTGAAGTC

AAC 

59.8 

Pro:TGTCCCGACCATTGCTGTT

TCCTAGG 

66.4 

TLR4 Fwd:GATTGCTCAGACATGGCA

GTTTC 

60.6 

This work 

NM_019178.1 

Rev:CACTCGAGGTAGGTGTTT

CTGCTAA 

63.0 

Pro:TCCTTGCTGAGGCAGCAG

GTCGAAT 

66.3 

TLR5 Fwd:CACCTGTGCTCGGAGCCT

AT 

61.4 

This work 

 

NM_001145828.1 

Rev:ACCCACTGACGCTTGTCG

TAA 

59.8 

Pro:CCTTCGCCGCTGCA (MGB 

probe) 

 

GAPDH Fwd:TCTGCTCCTCCCTGTTCTA

GAGA 

62.4 

FRAME Lab 
Rev:CGACCTTCACCATCTTGTC

TATGA 

61.0 

Pro:ATCTTCTTGTGCAGTGCCA

GCCTCGT 

66.4 

Β-Actin Fwd:GTGAAAAGATGACCCAGA

TCATGT 

59.3 

FRAME Lab 
Rev:CACAGCCTGGATGGCTAC

GT 

61.4 
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Pro:TGAGACCTTCAACACCCCA

GCCATG 

66.3 

 

2.4.5 TaqMan qPCR 

TaqMan Universal PCR fast Master Mix Kit (Applied Biosystem, USA) was 

used to amplify the target genes with the synthesized cDNA as the 

template.  The standard curve was made with 1:4 dilutions of cDNA for all 

gene expression analysis. DEPC treated water was used as non-template 

control. Each PCR reaction was performed in a total volume of 13 µl per-

reaction containing 6.5 µl of TaqMan Universal PCR Master Mix, 0.4 µl 400 

pM forward and reverse primers, 0.25 µl 250 pM of TaqMan probe, 2.45 µl 

of DEPC treated water and 3 µl of cDNA sample. The samples for 

quantification were diluted in 1:16. All samples were run in triplicate and 

analysed on a 96 well plate. qPCR was carried out using an Applied 

Biosystem Step OnePlus™ Thermocycler for 40 cycles (Figure 2.2). In this 

study, relative expression levels were determined using the relative 

standard curve method (Bustin, 2000). 
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Figure 2. 2: TaqMan qPCR protocol. 

Enzyme activation at 95oC, denaturation at 95oC and annealing/elongation 

at 60oC. 

 

2.4.6 TaqMan Low Density Array (TLDA) 

384 well micro fluidic card was designed and custom made by Applied 

Biosystem (USA) for 83 selected genes associated with inflammatory pain 

and 6 reference genes (Table 2.3). A total of 120 ng of RNA was reverse 

transcribed into cDNA using Superscript III Reverse Transcriptase (RT) 

(Invitrogen, UK) according to manufacturer’s instructions. 20 µl of 

synthesized cDNA was mixed with 90 µl of HPLC water and 110 µl of 

TaqMan® Universal PCR master mix, No AmpErase® UNG (Applied 

Biosystem, USA). The mRNA concentrations of selected genes in the 

samples were measured using ABI PRISM® 7900HT sequence detection 

system instrument (Applied Biosystems, USA). The gene expression was 

later quantified using SDS RQ Manager Software, Applied Biosystem (USA). 

Gene expression changes were calculated using the formula 2-ΔCT (ΔCT is 

CT value gene of interest – geomean of reference genes). 

Table 2. 3: The list of TaqMan® probe and primers sets with Applied 

Biosystems ID code.  

A total of 83 genes associated with inflammatory nociception and 6 

reference genes were carefully selected from pre-designed TaqMan® Gene 

Expression Assays (Applied Biosystems, New York, USA). 

TARGET GROUP GENE SYMBOL ACRONYMS 
AB SYSTEM ID  
CODE 

Pro Inflammatory 

cytokines 

Tnf  Tumor Necrotic Factor Alpha  Rn00562055_m1  

Lta  Tumor Necrotic Factor Beta  Rn03993492_g1 
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Il1a  Interleukin 1-Alpha  Rn00566700_m1 

Il1b  Interleukin 1-Beta  Rn00580432_m1 

Il1r1  Interleukin 1 Alpha & Beta Receptor  Rn00565482_m1 

Il6  Interleukin 6  Rn99999011_m1 

Il11 Interleukin 11  Rn00591721_m1   

Il12a  Interleukin 12 Alpha  Rn00584538_m1   

Il12b  Interleukin 12 Beta  Rn00575112_m1   

Il18  Interleukin 18  Rn99999185_m1   

Il33  Interleukin 33  Rn01759837_m1   

Ifng  Interferon Gamma  Rn00594078_m1   

Csf1  Colony Stimulating Factor 1 (MCSF)  Rn00576849_m1   

Csf2  Granulocyte/Macrophage Colony 
Stimulating Factor (GMCSF)  

Rn01456851_m1   

Mif  Macrophage Migration Inhibition Factor  Rn00821234_g1 

Chemokines 

Ccl6 Chemokine (C-C Motif Ligand 6)  Rn01456400_m1  

Ccl22 Macrophage Derived Chemokine  Rn01536591_m1  

Ccl3  Macrophage Inflammatory Protein 1 
Alpha  

Rn00564660_m1  

Ccl4  Macrophage Inflammatory Protein 1 Beta  Rn00671924_m1   

Cxcl2  Macrophage Inflammatory Protein 2 
Alpha  

Rn00586403_m1  

Csf3 Granulocyte Stimulating Factor  Rn00567344_m1  

Ccl5 RANTES  Rn00579590_m1  

Cxcl1  Neutrophil Attracting Protein-3  Rn00578225_m1 

Cxcl3  Chemokine-Induced Neutrophil 
Chemoattractant-2  

Rn00593435_m1  

Ccl2  Monocyte Chemotactin Protein-1  Rn00580555_m1   

Ccl7  Monocyte Chemotactin Protein-3  Rn01467286_m1   

Cxcl10  Interferon Gamma Induced Protein-10 
(IP-10)  

Rn00594648_m1   
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Cx3cl1  Fractalkine  Rn00593186_m1  

Cxcl5  Ephithelial-Derived Neutrophil Activating  Rn00573587_g1   

Adhesion 
molecules 

 Icam1 Intracellular Adhesion Molecule-1 Rn00564227_m1  

Vcam1 Vascular Cell Adhesion Molecule-1  Rn00563627_m1  

Growth factors 

Pdgfb  Platelet-Derived Growth Factor  Rn01502596_m1  

Ppbp Pro Platelet Basic Protein  Rn00596603_g1 

gfb1 Transforming Growth Factor Beta  Rn00572010_m1  

Fgf2 Basic Fibroblast Growth Factor  Rn00570809_m1  

Matrix 
metalloprotein-
ases 

Cela2a  Elastase  Rn00561147_m1  

Mmp2 Neutrophil Gelatinase  Rn01538170_m1 

Mmp3  Stromelysin-1  Rn00591740_m1  

Mmp8 Neutrophil Collagenase  Rn00573646_m1  

Mmp9 Gelatinase B Rn00579162_m1  

Mmp12  Macrophage Elastase  Rn00588640_m1 

Neurotrophin Ngf  Nerve Growth Factor  Rn01533872_m1 

Pro-inflammatory 
enzymes 

Alox5  5-Lipoxygenase  Rn00563172_m1 

Alox12  12-Lipoxygenase  Rn01461082_m1  

Alox15 15-Lipoxygenase  Rn00578743_m1  

Alox15b 15B-Lipoxygenase  Rn00596246_m1  

Ptgs1  Cyclooxygenase 1 (COX-1)  Rn00566881_m1   

Ptgs2 Cyclooxygenase 2 (COX-2)  Rn00568225_m1  

Nos2   Inducible Nitric Oxide Synthase (iNOS)  Rn00561646_m1   

Toll Like Receptor 
pathways 

Tlr4  Toll Like Receptor 4 Rn00569848_m1  

Myd88 Myeloid Differentiation Primary 
Response Gene (88)  

Rn01640049_m1  

Irak1  Interleukin Receptor Associated Kinase 1  Rn01193545_m1 

Irak4 Interleukin Receptor Associated Kinase 4  Rn01407272_m1   
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Traf6 Tumor Necrotic Factor Receptor 
Associated Factor  

Rn01512911_m1   

Tab1  Mitogen-Activated Protein Kinase Kinase 
Kinase 7 (MAP3K7)- TAK1  

Rn01504766_m1 

Tab2  Transforming Growth Factor Activated 
Kinase/MAP3K7 Binding Protein2  

Rn01440676_m1   

IKK Alpha 
Chuk  Inhibitor of Nuclear Factor Kappa-B 

Kinase Subunit Alpha (IKK alpha)  
Rn01444501_m1   

Nuclear Factor 
Kappa B 

Rela  Nuclear Factor Kappa B-p65  Rn01502266_m1  

Nfkb1  Nuclear Factor Kappa B-p50  Rn01399583_m1 

Nfkbia  Nuclear Factor of Kappa light Polypeptide 
Gene Enhancer in B Cells Inhibitor, Alpha 
(IkB-alpha)  

Rn01473657_g1  

Activator protein-1 
Jun  Activator Protein (C-Jun)  Rn00572991_s1 

Fos  C-Fos  Rn02396759_m1  

PPAR Alpha Ppara Peroxisome Proliferator Activated Alpha  Rn00566193_m1 

Anti-inflammatory 
cytokines 

Il4  Interleukin 4  Rn99999010_m1 

Il5 Interleukin 5  Rn01459975_m1 

Il10 Interleukin 10  Rn00563409_m1  

Il13 Interleukin 13  Rn00587615_m1 

Il1rn Interleukin 1 Receptor Antagonist  Rn00573488_m1  

Neutrophil 
phenotype 

Mpo  Myeloperoxidase  Rn01460205_m1 

Lsp1  Lymphocyte Specific Protein-1  Rn01454357_m1  

Sele  E-Selectin  Rn00594072_m1 

Itgam Intergrin Alpha M/beta-2alpha MBeta2  Rn00709342_m1 

Defb2 B-Defensin Skin Antimicrobial Peptide  Rn02769737_s1  

Il17a  Interleukin 17 Alpha  Rn01757168_m1  

Adenylyl cyclase 

Adcy5 Adenylate Cyclase Type 5  Rn00575059_m1  

Adcy6 Adenylate Cyclase Type 6  Rn00563162_m1 

Adcy7  Adenylate Cyclase Type 7  Rn01538054_m1  

Adcy9 Adenylate Cyclase Type 9  Rn01424748_m1  

Endocannabinoid 
system 

Dagla  Diacylglycerol Lipase Alpha  Rn01454304_m1 

Mgll  Monoacylglycerol Lipase  Rn00593297_m1 

Faah  Fatty Acid Amide Hydrolase  Rn00577086_m1  

Abhd6  Abhydrolase Domain Containing 6  Rn01756109_m1  
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Abhd12  Abhydrolase Domain Containing 12  Rn01535773_m1  

Reference genes 

Tbp Tata Binding Protein  Rn01455646_m1  

Actb  Beta Actin  Rn00667869_m1 

Tuba1a;Tuba1c;
Tuba1b  

Alpha Tubulin  Rn00821045_g1 

Gapdh GAPDH  Rn01749022_g1 

Ppia Cyclophilin Rn00690933_m1  

18S 18S ribosomal RNA  Hs99999901_s1  

 

 

2.5 Molecular Biology Methods 

2.5.1 Cloning and Plasmid Construction 

The following plasmid constructs were created in this study (Table 2.4).  

Table 2. 4: Plasmids cloned in this work 

Gene Cloning vector 

Forward 

restriction site 

Reverse 

restriction site 

RatPPARα pBluescript SK- (BamHI-HF®) 

 

(KpnI-HF®) 

 

RatPPARβ pBluescript SK- 

 

(BamHI-HF®) 

 

(KpnI-HF®) 

 

RatPPARɣ pBluescript SK- (SacI-HF®) 

 

(KpnI-HF®) 

 

huPPARɣ1 pcDNA 3.1Zeo/+YFP-

C 

(Not1-HF®) 

 

(Xba1®) 
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Rat PPAR plasmids were created for the synthesis of riboprobes for ISH. 

Other probes such as NeuN, TRPV1, FABP5, FABP7 and FABP8 were 

synthesized from recombinant plasmid that were already available in our 

laboratory (FRAME Laboratory, School of Life Sciences, University of 

Nottingham). An expression vector encoding carboxyl fragment of yellow 

fluorescence protein (YFP-C) tagged huPPARγ1 was for the protein-protein 

interaction assays by Bimolecular Fluorescence Complementation assay 

(BiFC). Other YFP-tagged expression vectors for FABP-PPAR BiFC assays are 

listed in Table 2.14. 

 

2.5.2 Polymerase Chain Reaction 

Primers were designed using National Center for Biotechnology Information 

(NCBI) Primer-BLAST ™ (Basic Local Alignment Search Tool) and 

synthesized commercially by Eurofins MWG Operon, Germany. 

Table 2. 5: Sequences of primers used in PCR 

Gene Sequences (5’ → 3’) 
Tm 

˚C 

Prod. 

size bp 

Gene bank 

accession NO. 
Origin 

Rat 

PPARα 

Forward: 

TAAGGATCCTGGTGCTCT

GTGGCCCGCCT 

72.3 1484 NM_013196  

 

This 

work 

Reverse: 

TAAGGTACCGTCCCTGAA

CAGTGGCAACGGCCT 

73.2 

Rat 

PPARβ 

Forward:TAAGGATCCCAG

GCGCCACGCCAAGTGGG 

73.7 1432 NM_013141.2 This 

work 
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Reverse: 

TAAGGTACCGCCAGTGCC

TGTGGGCGGGT 

73.7 

Rat 

PPARγ 

 

Forward:TAAGAGCTCCCA

TGCTTGTGAAGGATGCAAG

GGT 

65.8 467 NM_013124.3 This 

work 

Reverse:TAAGGTACCTGC

GGATGGCCACCTCTTTGCT 

67.1 

Human 

PPARγ1 

Forward:ATCGCGGCCGCA

CATGACCATGGTTGACACA

GAG 

 

Reverse:ATCTCTAGACTA

GTACAAGTCCTTGTAGATC

TCC 

 

74.3 

 

67.1 

1434 NM_138712.3 This 

work 

In column 2, letters in bold indicate restriction sites. 

For PCR amplification of rat PPARα and PPARβ, total RNA was isolated from 

rat liver, rat PPARγ from rat adipocytes and human PPARγ1 PMA-stimulated 

THP-1 cells. The RNA was converted to complementary DNA (cDNA) using 

Agilent AffinityScript kit according to the manufacturer’s instructions. The 

cDNA was then used as a template for amplification in the PCR. 

Rat PPARs were then amplified using Phusion™ High-Fidelity DNA 

polymerase (New England BioLabs, Inc) as in the PCR mixture shown in 

table (2.6) below.  

Table 2. 6: Pipetting instructions for PCR reaction  

Component Volume 50 µl reaction 
Final 

concentration 
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5x Phusion HF Buffer 10 µl 1x 

10 mM dNTPs 1 µl 200 µM each 

10μM Primer forward 2.5 µl 0.5 µM 

10μM Primer reverse 2.5 µl 0.5 µM 

Template DNA 1 µl 100 ng 

Phusion DNA 

Polymerase 

0.5 µl 0.04 U/ µl 

HPLC grade H2O Up to a final volume of 50 

µl 

 

The PCR was performed in a thermal cycler (Gen Amp® PCR system 9700, 

Perkin Elmer, USA).  

Table 2. 7: PCR conditions for amplifying the coding region of the 

cDNA for rat PPAR α, β and γ 

Temperature Time Repeated 

98˚C 30 s 1x 

98˚C 10 s  

30x 72˚C 50 s 

72˚C 10 min 1x 

4˚C ∞ 1x 

 

Table 2. 8: PCR conditions for amplifying the coding region of the 

cDNA for human PPARγ1 

Temperature Time Repeated 

98˚C 3 m 1x 
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98˚C 10 s  

35x 70˚C 50 s 

72˚C 10 min 1x 

4˚C ∞ 1x 

 

 

2.5.3 PCR Product Clean Up  

PCR products (50 µl) were cleaned up using GenElute™ PCR Clean-Up kit, 

(Sigma), according to the manufacturer’s instructions. 

 

2.5.4 Restriction Endonuclease Double Digestion of PCR Fragments 

and Plasmid Expression Vectors 

PCR product and plasmid expression vectors were digested in a total 

reaction volume 40 µl and incubated at 37˚C for 2 h. The reaction was made 

up as follows (Table 2.9): 

Table 2. 9: Restriction endonuclease digestion reaction 

 

PCR product 

0.5 µg/µl 

Plasmid 

0.1 µg/µl 

DNA 4 µl 20 µl 

10x NEB buffer 4 µl 4 µl 

BSA 0.4 µl 0.4 µl 
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Enzyme (1) 1 µl 1 µl 

Enzyme (2) 1 µl 1 µl 

HPLC H2O 29.6 µl 13.6 µl 

 

 

2.5.5 Purification of DNA Fragments  

2.5.5.1 Agarose gel electrophoresis 

Preparation of 50x Tris-Acetate-EDTA (TAE) 

For preparation of 1000 ml of TAE, 242 g Tris, 100 ml of 0.5 M EDTA and 

57.1 ml Glacial Acetic Acid was dissolved in HPLC water. pH was adjusted 

to 7.6-7.8 with concentrated HCl, then volume was brought up to 1000 ml. 

Preparation of 1 % (w/v) TAE agarose gel 

0.8 to 1 g agarose (Cat# C22730, MELFORD Laboratories, UK) was 

dissolved in 100 ml 1x TAE (2ml 50x TAE in 98 ml HPLC water) by heating 

on medium power in microwave oven for 3 min to make 0.8 to 1% (w/v) 

TAE agarose gel. An appropriate comb was inserted into the tank and the 

gel was poured slowly after allowing it cool to 60˚C. Then let the gel to fully 

solidify by left at room temperature for about 40 min. This gel was used to 

run PCR products and digested vector. SYBR® Green dye was used to stain 

DNA in the gel. The samples were loaded with 6x orange blue loading dye 

(Promega). 100 base pair (bp) or 1 kilobases (kb) DNA ladder (New England 

Biolabs, Inc) was used to compare band sizes. The gel was run for 1-1.5 

hours at a constant voltage according to the distance between the 
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electrodes (5 V/cm). Then the separated bands were visualized under UV 

light. 

2.5.5.2 DNA purification from agarose gel 

After DNA separation by agarose gel electrophoresis, DNA fragments of 

interest were purified by using the GenEluteTM Gel Extraction Kit from 

Sigma-Aldrich according to the manufacturer’s instructions. The eluted DNA 

was re-examined by running another agarose gel electrophoresis. 

 

2.5.6 Ligation Reaction 

Ligation reactions were carried out in a final volume of 20 µl as described 

below (Table 2.10). The ratio of insert: vector was 3:1.  

Table 2. 10: Ligation reaction 

10x DNA ligase buffer 2.0 µl 

Insert DNA 12 µl 

Vector DNA 4.0 µl 

T4 DNA ligase   (3 U/µl) NEB 1.0 µl 

 

HPLC grade H2O was added to a final volume of 20 µl. The mixture was 

centrifuged briefly and subsequently incubated at 15˚C for ~20 h. 
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2.5.7 Preparing Competent E. coli for Transformation 

A stock of E. coli (i.e. TOP-10, XL-10) was thawed on ice after taking it out 

from -80°C freezer. 250 µl Luria Bertani broth (LB; 10 g tryptone, 5 g yeast 

extract, 10 g NaCl per litre) was added to 50-200 µl cells and the tube was 

placed into the shaking incubator for 1 h. 100 µl of the E. coli was spread 

on to LB agar plates and grown overnight in 37°C incubator. One colony 

was used to inoculate 10 ml LB medium and grown overnight in a 37°C 

incubator with shaking at 250 rpm. On the following day, 2 ml of the 

overnight culture was inoculated into 100 ml LB medium (1:50 dilution) and 

incubated in the orbital shaker for 2 – 3 h or until the optical density (OD) 

at 600 nm is 0.2 – 0.3. The culture was divided into 50ml non-skirted tubes 

and centrifuged (AllegraTM X-22R centrifuge) at 2500 rpm at 4°C for 10 

minutes. The pellet was resuspended in ½ the original volume of ice-cold 

100mM CaCl2 (e.g. pellet from 100 ml culture in 50 ml CaCl2) and 

centrifuged again as above. The pellet then resuspended in ½ volume of 

ice-cold CaCl2 (e.g. 25 ml) and left to stand on ice for 30 min. The cell 

suspension was centrifuged again under the same conditions and the pellet 

was resuspended in 1/20 volume of ice-cold CaCl2 (5 ml). The cells were 

left on ice for 1 h before use or if they were not needed directly, the final 

pellet was resuspended in 20% (v/v) glycerol, 100 mM CaCl2. The cells were 

then aliquoted into 200 µl volumes and stored at -80°C. 
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2.5.8 Transformation of Competent E. coli 

Chemically competent E. coli were thawed on ice. 50-100 ng of DNA was 

added to 50 µL bacteria cells and was incubated on ice for 30 min, followed 

by heat shocking at 42°C for 30 s. Then the bacteria were incubated on ice 

for 2 min. 250 µl LB medium was added to the cells then was placed in the 

shaking incubator at 37°C for 1 h. 100 µl of the bacteria was transferred 

and spread out evenly onto an LB-agar plate containing an appropriate 

antibiotic (Ampicillin 100μg/ml or Kanamycin 50μg/ml), with or without X-

gal (100 µl of 20 mg/ml) and isopropyl β-D-1-thiogalactopyranoside (IPTG, 

100 µl of 10 mM). The plate was left to stand right way up for 5 min and 

then was incubated overnight at 37°C. If colonies are visible, a colony was 

transferred into 5 ml LB media containing the appropriate antibiotic and the 

bacteria were left to grow for 6-8 h. 200 µl of this bacterial culture was then 

transferred to 100 ml of LB into a 500 ml flask and was incubated overnight 

in the shaking incubator. On the next day, the bacterial culture was used 

for plasmid DNA purification. 

 

2.5.9 Caesium Chloride Gradient DNA Plasmid Purification 

The recombinant plasmids were transformed to competent E. coli as 

described before. Following overnight incubation, 100 ml bacterial culture 

was centrifuge at 6000 rpm, 4°C for 15 min to collect the bacteria. The 

supernatant was removed and the bacterial pellets re-suspended in 5 ml 

ice-cold Solution I (50 mM glucose, 25 mM Tris-Cl, 10 mM EDTA) and 

incubated on ice for 5 min. Freshly prepared Solution II (0.2 M NaOH and 
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1% (w/v) SDS) was then added (5 ml) with gentle mixing and incubated at 

room temperature for 5 min. Bacterial lysis was completed by adding 5 ml 

of ice-cold Solution III (3 M potassium and 5 M acetate) and the viscous 

lysate gently mixed and incubated on ice for 5 min. The cell debris was 

removed after centrifugation for 15 min at 10,000 rpm, 4°C and the 

supernatant transferred to a fresh tube.  

 For precipitation of the nucleic acids, an equal volume of propan-2-

ol was added to the supernatant and incubated at -20°C for at least 1 h. 

The nucleic acids were recovered by centrifugation at 5000 rpm, 4°C for 15 

minutes and the pellet was re-suspended with 5 ml of 0.2M NaAc (pH 5.2). 

Then RNA was precipitated by the addition of 5 ml 5 M LiCl for 30 min on 

ice. The RNA was removed by centrifugation (5000 rpm, 15 min, 4°C) and 

the plasmid DNA precipitated by the addition of 2.5 volumes of 100% 

ethanol to the supernatant which had been transferred to a new tube and 

incubated at -20°C overnight. The final plasmid DNA was recovered by 

centrifugation (10,000rpm, 15 min, 4°C) and the pellet washed with 70% 

ethanol (5 ml) and re-suspended in 4.5 ml 1g/ml freshly prepared and 

filtered (0.22 µm Millipore) caesium chloride solution containing 100 µl of 

10 mg/ml ethidium bromide. The DNA solution was placed in a 5 ml 

polyallomer Kontron tube (Beckmann-Coulter) and topped with mineral oil 

to remove any remaining air inside the tube. The caesium chloride gradient 

was formed after centrifugation at 54,000 rpm, 22°C overnight (at least 14 

h) in a Beckmann Ultracentrifuge (rotor Sw55Ti). The gradient produced 

two bands, the top band contained nicked circular or linear DNA, and the 

lower band contained the desired closed circular plasmid DNA (Figure 2.3).  
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Figure 2. 3: Caesium chloride gradient DNA plasmid purification. 

The lower band was removed under UV light by poking the tube with 25G 

needle and 1 ml syringe and put in a new fresh 2 ml tube. The ethidium 

bromide was extracted by sequential washing with equal volume of isoamyl 

alcohol 2 to 3 times. Once clear, the bottom layer solution containing the 

plasmid was transferred to fresh tube and the volume adjusted to 2 ml with 

RNase free water and plasmid DNA was precipitated with 200 µl of 3 M NaAc 

(pH 5.2) and 2 ml of propan-2-ol at -20°C for at least 1 h. The DNA pellet 

was recovered by centrifugation at 10,000 rpm, 4 °C for 15 min. The 

supernatant was removed and the pellet washed twice with 70% ethanol 

and transferred to an Eppendorf tube. The ethanol was removed by 

aspiration and the pellet air-dried for 2-5 min. The final plasmid DNA pellet 

was carefully re-suspended in 100 µl RNase free water and the DNA 

quantified using a spectrophotometer and then can be stored at -20°C. To 

confirm the identity of the plasmid, a diagnostic restriction digest was 

performed and fragments separated by agarose gel electrophoresis. 
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2.5.10 Plasmid DNA purification using kit 

Plasmid DNA was prepared using QIAprep® Spin Miniprep Kit (Qiagen) 

according to manufacturer’s instructions. This plasmid DNA was verified by 

DNA sequencing by Sourcebioscience. Midi-prep was done by using 

NucleoBond Xtra Midi Plus kit (Machery Nagel) as manufacturer’s instruction 

for larger volume and high quality plasmid DNA purification.  

 

2.6 In Situ Hybridization 

2.6.1 Synthesis of antisense Riboprobes  

Antisense riboprobe was synthesized from specific template sequence which 

was cloned into a multiple cloning site of a plasmid vector flanked with two 

distinct forward and reverse promoters. The cloning of the recombinant 

plasmid was described in details in section 2.5. 

Figure 2.4 shows genetic mapping of synthesized recombinant plasmid DNA 

for rat PPARα, PPARβ and PPARɣ that were used as DNA template for in vitro 

transcription reaction for the riboprobes synthesis. In order to synthesis 

antisense probes, the plasmids were linearized by being digested with 

restriction enzyme BamHI for PPARα and PPARβ, and SacI for PPARγ. Then 

T7 polymerase was used for the in vitro transcription reaction. 
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Figure 2. 4: Schematic diagram for rat PPAR recombinant plasmids. 

Diagram showing recombinant plasmids for rat PPARα, PPARβ and PPARγ 

used as DNA templates for riboprobes synthesis. 

 

2.6.1.1 Preparation of linearized plasmid DNA 

Recombinant plasmid DNA was digested by suitable restriction enzyme in a 

total reaction volume 20 µl and incubated at 37˚C for 2 h. The reaction was 

made up as follows (Table 2.11): 

Table 2. 11: Linearization of plasmid DNA 

Material/Reagent Volume 

Plasmid DNA (1000ng/µl) 2 µl 

10x NEB buffer 2 µl 

BSA 0.2 μl 

Restriction Enzyme 1 µl 

H2O 14.8 µl 



70 
 

 

The digested plasmid DNA was purified by adding an equal volume of 

phenol: chloroform: isoamylalcohol, mixed by vortexing and centrifuge at 

13000 g for 3 min. The upper aqueous phase was decanted to a new tube 

and 1/10th volume of 3M NaAc (pH 5.2), 1 µl Molecular Biology Grade 

Glycogen (20 µg/ µl) and an equal volume of propan-2-ol were added. The 

sample then was incubated at-20°C for at least 30 min or overnight. The 

DNA was spun down at 13000g for 10 min at 4°C. DNA pellet was washed 

twice in 70% ethanol and reconstituted in 20 μl RNase free water. The 

digested and purified DNA was run on 0.8% TAE agarose gel electrophoresis 

to check the linearity, size and purity of the samples. 

2.6.1.2 In Vitro transcription reaction 

Digoxigenin (DIG) -11-UTP or Fluorescein (FITC) -12- UTP nucleotide 

mixtures in final volume of 71.4 μl were prepared as follow (Table 2.12): 

Table 2. 12: Digoxigenin (DIG) -11-UTP or Fluorescein (FITC) -12- 

UTP nucleotide mixtures preparation 

Nucleotides 
Volume of stock 

solution 

Final 

concentration 

DIG-11-UTP or FITC -

12- UTP 
25 μl 3.5 mM 

ATP 7.1 μl 10 mM 

CTP 7.1 μl 10 mM 

GTP 7.1 μl 10 mM 

UTP 4.6 μl 6.5 mM 

RNase free water 20.5 μl  
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In vitro transcription reactions were set up at room temperature in the 

following order (Table 2.13): 

Table 2. 13: In Vitro transcription reaction 

 Volume 

Linear plasmid DNA (~1μg) 13.5 μl (1μg) 

10x transcription buffer 2 μl 

DIG or FITC labelling nucleotides 

mixture 
2 μl 

RNase inhibitor 0.5 μl 

RNA polymerase (20-40 units) 2 μl 

Final volume 20 μl 

 

The mixture was incubated at 37°C for 2 h. 

An aliquot (0.5 μl) was removed and run on 1% TAE agarose gel for analysis 

of the generated probe. A nice tight band and not a smear indicates a good 

probe for the hybridization. 

The final volume of the labelled probe was made up to 100 µl with 10 mM 

DTT and stored at -80°C in small aliquots (10-20 µl).  

 

 2.6.2 Hybridization of rat DRG tissue sections with riboprobes 

The rat DRG sections were allowed to equilibrate to room temperature for 

30 minutes. DIG and/or FITC-labelled probes were diluted at 1/1000 

dilution in pre-warmed (65°C) hybridization buffer containing 1x “salts” 
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(was diluted 1 in 10 from 10x “salts” solution made up from 2 M NaCl, 50 

mM EDTA, 100 mM Tris-HCl (pH 7.5), 50 mM NaH2PO4.2H20 and 50 mM 

Na2HPO4), 50% deionized formamide, 0.1 mg/ml yeast tRNA, 10%(w/v) 

dextran sulphate and 1x Denhardt’s (was diluted 1 in 50 from 50x 

Denhardt’s solution contains 1% Ficoll (type 400), 1% polyvinylpyrrolidone, 

and 1% bovine serum albumin). All solutions for the hybridization buffer 

were DEPC treated and RNase free. Approximately 300 µl of hybridization 

mixture was applied onto each slide. An oven baked glass coverslip was 

placed over the top to spread the probe mixture over the sections. Slides 

were transferred to humidified hybridization chamber, a plastic box with 

blue towel soaked in 65°C wash buffer (1x saline-sodium citrate (SSC, 

diluted 1 in 20 from 20x SSC), 50% formamide and 0.1% (v/v) Tween-20). 

The slides were hybridized at 65°C overnight (16-24 h). 

 

2.6.3 Post-hybridization washes 

After an overnight hybridization, the slides were washed in clean Coplin jars 

with MABT solution (100 mM maleic acid, 150 mM NaCl, 0.1% (v/v) Tween-

20, pH 7.5) three times at room temperature for 5 min each. Subsequently, 

the slides were washed twice in 65°C pre-warmed wash buffer (1x SSC, 

50% formamide and 0.1% (v/v) Tween-20) for 30 min each at 65°C with 

mild agitation. Then, another two washes with MABT were carried out to 

remove any traces of formamide. 
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2.6.4 Blocking of tissue sections  

The slides were transferred to a humidified chamber with blue roll soaked 

with water. 300µl of blocking solution containing 2% blocking reagent (Ref. 

No. 11 096 176 001, Roche), 10% heat inactivated sheep serum in MABT 

was applied to the slide and incubated for 1 h at room temperature without 

a coverslip. 

 

2.6.5 In situ detection methods 

2.6.5.1 Antibody binding 

The choice of antibodies for the detection of hybridization signals depend 

on types of riboprobes used, either DIG-labelled or FITC-labelled probes, or 

which methods used, either fluorescent or chromogenic detection system. 

For fluorescent in situ hybridization, peroxidase (POD) conjugated anti-DIG 

Fab fragments (Cat. No 1 207 733, Roche) or POD conjugated anti-FITC 

Fab fragments (Cat. No 1 207 741, Roche) were used and diluted 1/500 in 

blocking solution. While for chromogenic detection, alkaline phosphatase 

(AP) conjugated anti-DIG Fab fragments (Cat. No 1 093 274, Roche) or AP 

conjugated anti-FITC Fab fragments (Cat. No 1 426 338, Roche) were 

diluted 1/1500 in blocking solution. Then 400 µl of the diluted antibodies 

were applied to the DRG sections and incubated overnight at 4°C.  
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2.6.5.2 Fluorescent in situ hybridization using Tyramide signal amplification 

(TSA) 

After incubation with POD-conjugated antibodies, the slides were washed 

with PBS solution containing 0.1% (v/v) Triton X-100 in a Coplin jar with 

agitation three times for 10 min each. TSA Plus Fluorescein (Cat. No. 

NEL741B001KT, Perkin Elmer Life Sciences) was dissolved in 150µl DMSO 

as manufacturer’s instruction and then diluted 1 in 100 with TSA 

amplification buffer. 200 µl of the diluted tyramide was applied per slide 

and incubated at room temperature for 10 min. Then the slides were rinsed 

with MABT for three times, 10 min each. The sections were counter stained 

with DAPI (1 μg/ml) and washed with PBS before mounting reagent were 

applied, covered with coverslip and sealed with nail polish. The hybridization 

signals were examined under fluorescent microscope (Leica DMRB). 

 

2.6.5.3 Chromogenic method 

For chromogenic detection of the hybridization signals, the slides were 

washed with MABT in Coplin jar three times for 15 min, then in pre-

developing buffer (100 mM Tris pH 9.8, 100 mM NaCl and 50 mM MgCl2) 

twice for two min each. The pre-developing buffer was replaced with 

developing buffer pH 9.8 containing 0.11 mM 1,5 bromo-4-chloro-3-indolyl-

phosphate (BCIP) and 0.12 mM Nitroblue tetrazolium salt (NBT) and 5% 

polyvinyl alcohol (PVA). The slides were incubated in the dark at 37°C until 

the signal reaches a satisfactory intensity (usually 2-8 h to overnight). 

When the blue colouration developed, slides were washed in water twice for 

5 min each. The slides were dehydrated through an ascending alcohol series 
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(30, 50, 70, 90 and 100% ethanol) for 30 s each followed by 2 minutes in 

xylene twice. The slides were mounted with DPX (Distrene 80 - a 

commercial polystyrene, a Plasticizer e.g. dibutyl phthalate and Xylene) 

and then examined under light microscope. 

 

2.7 Bimolecular Fluorescence Complementation assays (BiFC) 

Table 2.14 below shows the list of recombinant plasmids that were used in 

the study of FABP-PPAR protein-protein interaction assay. 

Table 2. 14: List of expression vectors encoding FABP isotypes and 

PPARs for BiFC 

No. Recombinant plasmid Source 

1. pCMVTag2B-YN-FABP4 FRAME Lab 

2. pCMVTag2B-YN-FABP5 FRAME Lab 

3. pCMVTag2B-YN-FABP7 FRAME Lab 

4. pCMVTag2B-YN-FABP8 FRAME Lab 

5. pcDNA-YC-PPARα FRAME Lab 

6. pcDNA-YC-PPARβ/δ FRAME Lab 

7. pcDNA-YC-PPARγ1 Constructed in this work 

 

Figure 2.5 below shows recombinant plasmid map illustrating the YFP 

fragment and the FABP or PPAR cDNA in an expression vector. 
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Figure 2. 5: Diagram for recombinant plasmids of YN tagged-FABP 

or YC tagged-PPAR in respective mammalian expression vector. 

 

2.7.1 Sub-culturing mammalian cell lines 

Cos-7 cells were grown in Dulbecco’s Modified Eagles Medium (DMEM) 

(D5671-Sigma) supplemented with 10% fetal bovine serum and 2 mM L-

glutamine, in a humidified incubator at 37°C containing 5% CO2. The cells 

were seeded at 0.25 x 105 cells per well on 13 mm glass coverslip, coated 

with poly-d-lysine (5μg/cm2) in 24 well plates. The cells were cultured for 

24 h to achieve 70 to 90% confluence before being transfected with the 

constructed plasmid. 
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2.7.2 Transfection of mammalian cell lines with YFP-tagged FABPs 

and PPARs 

Transfection was carried out using X-tremeGENE HP DNA transfection 

reagent according to manufacturer’s instructions. 500 ng of plasmid DNA 

construct of YN-FABPs or YC-PPARs were transfected into the cells with 

transfection reagent to DNA ratio of 3:1. The cells were incubated at 37 °C 

with 5% CO2 for 6 h and then at 30°C for completed 48 h.  

 

2.7.3 Immunofluorescence staining of transfected mammalian cells 

Immunofluorescence staining of the transfected cells was done to determine 

protein expression of the individual plasmid construct that was tagged with 

either N- or C-fragment of the YFP. The transfected cells were washed once 

with 1x PBS (1 tablet of PBS per 100 ml HPLC water) and fixed with 4% 

(w/v) PFA for 10 min. Then the cells were washed twice with ice-cold PBS 

for 5 minutes at room temperature. The cells were permeabilized with 0.1% 

(v/v) triton X-100 in PBS for 10 min at room temperature, and then 

subsequently washed in PBS three times for 5 min. Cells were incubated 

with 5% (w/v) BSA in PBST (PBS and 0.1% (v/v) Tween-20) for 1 h at room 

temperature, and then incubated overnight with primary antibody (rabbit 

polyclonal Antibody to GFP, Abcam ab290) diluted at 1:1000 in 1% BSA, 

PBST with gentle shaking at 4˚C. After washing three times for 10 min in 

PBS, the samples were incubated with secondary antibody (Alexafluor ® 

488 goat anti-rabbit 1:500, (A11008) Invitrogen, UK) for 1 h at room 

temperature in the dark, followed by washing with PBS three times for 5 
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min. DAPI (4', 6-Diamidino-2-Phenylindole, Dihydrochloride) was used to 

stain the cell nuclei at a concentration of 1µg/ml in PBS and incubated for 

5 min at RT. After a final wash in PBS the coverslips were dried and turned 

upside down on top of a drop of fluoromount on glass slides. Nail polish was 

used to fix coverslips on glass slides and then the cells were examined using 

Leica DMRB fluorescent microscope. 

 

2.7.4 Bimolecular fluorescence complementation (BiFC) assay 

Cos-7 cells were seeded at 0.25 x 105 cells per well on 13 mm glass 

coverslip, coated with poly-D-lysine (5μg/cm2) in 24 well plates. After 24 

hours cultured at 37 °C with 5% CO2 and achieved 70 to 90% confluence, 

the cells were co-transfected with 250ng of each plasmid DNA construct 

encoding for YFP-N FABP and YFP-C PPAR. The transfected cells were 

incubated under the same incubation temperatures and times as described 

in section 2.7.2. The cells were then fixed with 4% PFA and the nuclei were 

stained with DAPI (1µg/ml). The coverslips were mounted as above and the 

cells were examined under fluorescent microscope (Leica DMRB). 

 

2.8 Statistical Analysis 

All data were analysed using Prism (Version 6.0, GraphPad Software Inc., 

San Diego, CA, USA). Gene expression data obtained from TaqMan qPCR 

were analysed by one-way analysis of variance (ANOVA) with Bonferroni's 

multiple comparison post-hoc test. Gene expression data comparing effects 

between treatment groups in rat DRG cultures from TaqMan® Low Density 
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Array were analysed using repeated unpaired Student’s t-test with Welch’s 

correction. Data are presented as the means + standard error of the mean 

(SEM). Differences were considered statistically significant at p <0.05. 
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Chapter 3: Expression of PPAR and FABP isotypes in 

different cell populations of rat dorsal root ganglia 

3.1 Introduction 

DRG cells are commonly used as a model system to study the mechanisms 

underlying nociception and hyperalgesia. Both neurons and non-neuronal 

cells are involved in the development and maintenance of pain. Non-

neuronal cell population are principally Schwann cells and satellite glial 

cells, along with fibroblasts. The majority of non-neuronal cells in DRG cell 

cultures express the glial fibrillary acidic protein (GFAP) (K.-Y. Ng, Wong, & 

Wise, 2010) and will, therefore, be referred to herein as glial cells.  

 Neurons and glial cells interact with each other and respond to 

changes in their environment. For instance, glial activation in an 

inflammation depends on primary afferent inputs associated with peripheral 

nociceptor activation. This neuron-to-glial signalling then leads to cytokine 

production, neuronal hyperexcitability, and resulting in hyperalgesia (Guo 

et al., 2007). There is increased interaction between SGCs and neurons 

after complete Freund’s adjuvant (CFA) injection into mouse hind paw as 

evidence by increased gap junction coupling along with a reduction in the 

pain threshold (Dublin & Hanani, 2007; Ledda, Blum, De Palo, & Hanani, 

2009). Meanwhile, in the absence of noxious stimulation, there is no gap 

junction coupling among the DRG neurons or between neurons and SGCs 

(Ledda et al., 2009). SGCs can also affect neuronal excitability. Nerves 

injury reduces expression of inward rectifier potassium channels (Kir4.1) in 

SGCs, causing reduced K+ buffering and subsequent increased neuronal 

excitability (Ren & Dubner, 2010). In vitro studies and animal models of 
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inflammatory and neuropathic pain, both indicate neuron-glial interactions, 

which are crucially involved in pain processing (Ren & Dubner, 2010). 

 The emergence in a role of FABPs and PPARs in inflammation and 

pain led us to study the distribution of FABPs and PPARs in the different cell 

population of DRG. PPARα was reported to be expressed in the neuronal 

population of DRG and peripheral administration of PPARα agonists was able 

to suppress formalin-evoked sensitization of the spinal nociceptive neurons 

(LoVerme et al., 2006). In addition, PPARγ was described as being 

expressed in mice DRG and administration of PPARγ agonist was able to 

attenuate pain in peripheral nerve (Maeda, Kiguchi, Kobayashi, Ozaki, & 

Kishioka, 2008). PPARβ was described as being expressed in different 

laminae of the spinal cord (Moreno et al., 2004), but without a report on 

their expression in DRG. 

Elevated levels of several FABPs were identified in tissues with high 

rates of fatty acid metabolism such as intestine, liver, adipose and muscle 

(Storch & Corsico, 2008). Even though FABPs are important for regulation 

of fatty acid uptake, metabolism and intracellular transport, they are also 

present in tissues that do not utilise fatty acids as a substrate for ATP 

production, such as brain and spinal cord. There are some FABPs that are 

have been reported to be expressed in nervous tissue such as FABP3 (heart 

FABP), FABP5 (epidermal FABP), FABP7 (brain FABP) and FABP 8 (myelin 

FABP) (Veerkamp & Zimmerman, 2001).  

Unpublished data from our laboratory showed that FABP5, FABP7, 

FABP8 and all three PPAR isotypes (PPARα, PPARβ and PPARγ1) were 

expressed at the mRNA level in rat DRG cultures. However, the distribution 
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and cell type specificity profile of FABP and PPAR isotype expression in rat 

DRG were unknown. 

 

3.2 Objectives 

1. To study the expression by TaqMan qPCR of PPAR and FABP genes in 

freshly isolated DRG and when the ganglia are cultured in vitro. 

2. To localize by in situ hybridization the mRNA expression of PPARs, 

FABP5, FABP7 and FABP8 in rat DRG tissue sections. 

3. To determine mRNA expression by TaqMan qPCR of PPARs and FABPs 

in separated neuronal and glial cells of rat DRG in order to validate 

the ISH findings. 
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3.3 Results 

3.3.1 Gene expression analysis by TaqMan qPCR of PPARs, FABP5, 

FABP7 and FABP8 mRNA in fresh and cultured DRG 

 

Unpublished data from our laboratory indicated that three PPAR isotypes 

(PPARα, PPARβ and PPARγ1), FABP5, FABP7 and FABP8 were expressed in 

rat DRG. We compared the mRNA expression of the PPAR and FABP isotypes 

in freshly isolated rat DRG and in 24 h culture of dissociated DRG by TaqMan 

qPCR. This is important to ensure that the expression profile of the genes 

of interest in cultured DRGs did not change significantly from the freshly 

isolated DRG, as the cultured DRG cells were to be used for subsequent 

studies.  

 Reference gene β-actin was chosen for normalization of PPARs and 

FABPs expression. There was no significant difference of β-actin expression 

in both fresh and cultured DRG groups as shown in Figure 3.1 (A). This has 

made it appropriate as a housekeeping gene for this analysis. In fresh DRG 

cells, there was a very low level of PPARγ expression, approximately ten 

times lower than PPARα. While PPARβ expression was the highest, which 

three times than PPARα. When the DRG cells were cultured for 24 h, the 

PPARs expression was increased, which was significant in PPARα and PPARγ, 

but not for PPARβ. These findings can be seen in Figure 3.1 below. 
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Figure 3. 1: Comparison of PPARα, PPARβ and PPARγ gene 

expression in fresh and 24 h-cultured rat DRG.  

β-actin (A) was the reference gene for the analysis of PPARs expression in 

fresh and 24 h-cultured DRG. PPARα (B) and PPARγ (D) mRNA expression 

increased significantly after 24 hour culture of the dissociated DRG. There 

was no significant change in PPARβ (C) gene expression. mRNA level was 

measured using TaqMan qPCR, values shown relative to β-actin. Data 

expressed as mean ±SEM. (**p<0.01, unpaired Student’s t-test, n=3).  

 

The expression of FABP5, FABP7 and FABP8 were quite equal in fresh DRG 

and even comparing with 24 h-cultured cells, there were no significant 

changes for each of the FABP isotypes (Figure 3.2). 
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Figure 3. 2: Comparison of FABP5, FABP7 and FABP8 gene 

expression in fresh and 24 h-cultured rat DRG.  

FABP5 (A), FABP7 (B) and FABP8 (C) mRNA were expressed in both fresh 

and cultured DRG with no significant changes. mRNA level was measured 

using TaqMan qPCR, values shown relative to β-actin. Data expressed as 

mean ± SEM.  (unpaired Student’s t-test, n=3). 

  

3.3.2 Localization by In Situ Hybridization of PPARs, FABP5, FABP7, 

and FABP8 mRNA expression in rat DRG tissue sections. 

 

In situ hybridization (ISH) was conducted to determine the cell-specific 

distribution of PPARs and FABPs in rat DRG tissue sections. ISH is a method 

for detecting specific nucleotide sequences in tissue sections or cell 

preparations by hybridizing the complementary strand of a probe to the 

endogenous mRNA sequence (Grabinski, Kneynsberg, Manfredsson, & 

Kanaan, 2015). There are several types of probe that can be used in 

performing ISH including oligonucleotide probes, single stranded DNA, 
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double stranded DNA and RNA probes (also known as cRNA or riboprobe). 

The most commonly used probes for ISH are RNA probes which have been 

used in this work. 

 

3.3.2.1 Synthesis of riboprobes for ISH 

Antisense riboprobes were synthesized as described in section 2.6.1. Figure 

3.3 below shows agarose gel electrophoresis analysis of digested and 

purified DNA plasmids to check for their linearity, size and purity. Each of 

the digested and purified DNA plasmid was seen as a single band, indicating 

its linearity and purity and migrated as expected to the correct molecular 

weight marker (3 kb to 4 kb). 

 

 

 

Figure 3. 3: Agarose gel electrophoresis analysis of digested and 

purified recombinant DNA plasmids.  

5 μl of the linearized DNA plasmids were run on 0.8% TAE agarose gel to 

check for their linearity, size and purity before being used for the synthesis 

of ISH antisense riboprobes. Lane 1 to 10: 1= PPARα, 2= PPARβ, 3= PPARγ, 

4= Luciferase, 5= NeuN, 6= GFAP, 7= TRPV1, 8= FABP5, 9= FABP7 and 

10= FABP8; MW= molecular weight (1 kb DNA ladder). 
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Labelled riboprobes were synthesized by in vitro transcription reaction using 

the linearized plasmids as described in Chapter 2, section 2.6.1.2. The 

synthesized probes were analysed by agarose gel electrophoresis as in 

Figure 3.4 below. 

 

 

Figure 3. 4: Agarose gel electrophoresis analysis of labelled 

riboprobes.  

50 ng of riboprobes were run on 1% (w/v) TAE agarose gel electrophoresis. 

Lanes 1 to 7 in Figure A were labelled for 1= PPARα, 2= PPARβ, 3= PPARγ, 

4= Luciferase, 5= NeuN, 6= GFAP and 7= TRPV1. Lane 1 to 6 in Figure B 

were labelled for 1= PPARα, 2= PPARβ, 3= PPARγ, 4= FABP5, 5= FABP7 

and 6= FABP8. Clear bands were seen in Figure A and B except in lane 3 

for the PPARγ probe. Figure C shows a tight band after re-synthesis of 

PPARγ probe. MW= molecular weight (1 kb DNA ladder). 

 

3.3.2.2 Fluorescence in situ hybridization 

As mentioned in Chapter 2, there are two methods for detecting positive 

signals from hybridized riboprobes to the target gene of interest. 

Fluorescence signal detection by Tyramide signal amplification (TSA) 

system for FISH is much more sensitive than conventional chromogenic 

methods. However, severe difficulties were faced in optimizing the methods 

for FISH. Figure 3.5A and 3.5B below serve as negative controls for the 
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FISH. In Figure 3.5A, no probe was used in the hybridization buffer, but the 

DRG tissue fluoresced in both the FITC and TRITC channel. Meanwhile, high 

background fluorescence also occurred in DRG sections hybridized with 

luciferase probe, a gene which is not present in eukaryotic cells (Figure 

3.5B). Figure 3.5C serves as a positive control since NeuN is a marker for 

neuronal cells. Since the sample was labelled with fluorescein, a positive 

signal should be seen only in the FITC channel, but, fluorescence was 

observed using both FITC and TRITC filters.  

 

Figure 3. 5: Negative and positive control for FISH of rat RDG 

sections.  

Figure A and B serve as negative controls in which the DRG section was 

hybridized with buffer without probe (A) and with luciferase riboprobe (B). 

In Figure C, NeuN riboprobe was used as positive control. Tyramide signal 

amplification (TSA) Plus Fluorescein was used for signal detection and 



90 
 

expected to have positive signal for neuronal cells when viewed through the 

FITC channel. However, the neuronal cells fluoresced in both FITC and 

TRITC channels (Figure 3.5C). Images were viewed using fluorescence 

microscope (DMRB), X20 magnification. 

 

For optimization of the method, the concentration of fluorescein was 

reduced, pre-treated the tissue section with proteinase K and used high 

stringency buffer during hybridization and washing to reduce the high 

background fluorescence of the tissue sections. Despite the measures 

taken, non-specific labelling or autofluorescence was still apparent. 

Subsequently, chromogenic detection of ISH was used as described in 

Section 2.6.5.3. 

 

3.3.2.3 Negative and positive controls for chromogenic ISH 

Figure 3.6 below shows no positive signal was observed from ISH in rat 

DRG sections that acted as negative control for the experiments. 

 

Figure 3. 6: Image A and B serve as negative control for the ISH.  

No positive signal was observed when cRNA probe was omitted (A) or when 

luciferase digoxigenin-labeled cRNA probes (B) were used in the procedure. 
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Images were viewed under light microscope (Leica DB4000B), 10X 

magnification. 

 

For the positive control as shown in Figure 3.7, a strong signal appeared 

localized to neurons when NeuN and TRPV1 riboprobes were used for the 

ISH. NeuN is a neuronal marker, while TRPV1 was almost exclusively seen 

in C fiber neurons (Kobayashi et al., 2005). This indicates that the tissue 

mRNA quality was good and not degraded. This also suggests that there 

was no problem with the technique or protocol.  

 

Figure 3. 7: Positive control images for the ISH.  

Strong signal appeared localized to neurons when NeuN (A and B) and 

TRPV1 (C and D) riboprobes were used for the ISH as indicated by the 

arrows. Images were viewed under light microscope (Leica DB4000B), 10X 

magnification for image A and C, and 20X magnification for image B and D. 
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3.3.2.4 Expression of PPARs in rat DRG tissue sections by ISH 

Figure 3.8 shows expression of PPARs in cells of rat DRG sections. 

Comparing levels of PPARs expression in the tissue sections, PPARγ (3.8E 

and F) showed higher expression than the other PPAR isotypes (3.8A, B, C, 

and D). This was not matched with the pattern obtained by qPCR, in which 

PPARγ expression was the lowest among them. On top of that, PPARα gene 

expression appeared lower in neuronal cells relative to satellite glia (3.8A 

and B), while PPARβ and PPARγ appeared to be expressed to a greater level 

in neuronal cells as shown in Figure 3.8C, D, E and F. 
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Figure 3. 8: Expression of PPARα, PPARβ and PPARγ in rat DRG 

tissue sections.  

Identification of PPARs mRNA expression by ISH in rat DRG sections. The 

tissue sections were hybridized with PPARα probe (A and B), PPARβ probe 

(C and D), and PPARγ probe (E and F) 1/1000 dilution in hybridization 

buffer. PPARα (A and B) was expressed less in neuronal cells, while PPARβ 

(C and D) and PPARγ (E and F) were expressed predominantly in neuronal 

cells relative to glia (as indicated by the arrows). Images were viewed under 
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a light microscope (Leica DB4000B), 10X magnification for image A, C and 

E, and 20X magnification for image B, D and F. 

 

3.3.2.5 Expression of FABPs in rat DRG tissue sections by ISH 

Figure 3.9 shows expression of FABP5 (A and B), FABP7 (C and D) and 

FABP8 (E and F) in rat DRG sections. In Figure 3.9A and 3.9B, FABP5 gave 

a strong signal in neuronal cells, while FABP7 in Figure 3.9C and 3.9D 

showed expression in both neuronal and non-neuronal cells. In addition, 

FABP8 in Figure 3.9E and 3.9F was predominantly non-neuronal. 



95 
 

 

Figure 3. 9: Expression of FABP5 (A and B), FABP7 (C and D) and 

FABP8 (E and F) in rat DRG tissue sections.  

Identification of FABPs mRNA expression by ISH in rat DRG sections. The 

tissue sections were hybridized with FABP5 probe (A and B), FABP7 probe 

(C and D), and FABP8 probe (E and F) 1/1000 dilution in hybridization 

buffer. FABP5 in Figure 3.9A and B show a strong signal in neuronal cells, 

while FABP7 (C and D) was expressed in both neuronal and non-neuronal 

cells. FABP8 in Figure 3.9E and F were predominantly non-neuronal. Images 
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were viewed under a light microscope (Leica DB4000B), 10X magnification 

for image A, C and E, and 20X magnification for image B, D and F. 

 

3.3.3 Gene expression of PPARs and FABPs in isolated neuronal and 

glial cells by qPCR  

3.3.3.1 Separation of neuronal and glial cells from mixed DRG culture 

Subsequently, gene expression of PPARs and FABPs in different cell types 

of the DRG were studied by TaqMan qPCR. This was done by separating 

neuronal and glial cells of DRG as described in Sections 2.2.3 and 2.2.4. 

Figure 3.10 shows images of DRG cells during the process of separating 

neuronal and glial cells. Figure 3.10A shows a primary DRG culture which 

contains both neuronal and glial cells. Figure 3.10B shows remaining glial 

cells after removing neuronal cells. The neuronal cells were collected and 

were cultured for 24 h (Figure 3.10C). Figure 3.10D shows glial cells after 

being cultured for 24 h. 

Total RNA was extracted from neuronal and glial cells and used for qPCR as 

described in Section 2.4.  
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Figure 3. 10: Separation of neuronal and glial cells of mixed DRG 

culture.  

Figure 3.10A Primary DRG culture. Figure 3.10B Glial cells after removing 

neuronal cells. The separated neuronal and glial cells were then cultured for 

24 h as shown in Figure 3.10C and 3.10D respectively. Images were viewed 

under light microscope, X20 magnification. 

 

3.3.3.2 mRNA expression of NeuN in separated neuronal and glial cells 

In order to determine the purity of separated neuronal and glial cells, mRNA 

expression of NeuN in the separated cells was assessed. NeuN expression 

was much greater in neuronal cells with mean quantity of 1.178 ± 0.014, 

compared to almost negligible levels in glial cells (mean quantity of 0.012 

± 0.002) (Figure 3.11). 
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Figure 3. 11: mRNA expression of NeuN in separated neuronal and 

glial cells.  

NeuN was highly expressed in neuronal cells and was virtually absent in 

isolated glial cells. Data expressed as mean ±SEM. (***p<0.001, unpaired 

Student’s t-test, n=3). 

  

3.3.3.3 mRNA expression of PPARs in separated neuronal and glial cells 

Figure 3.12 shows, in neuronal cells, there was high expression of PPARγ 

(mean quantity 2.264 ± 0.663) in relative to PPARα (mean quantity 0.833 

± 0.077) and PPARβ (mean quantity 1.434 ± 0.036). However, in glial cells, 

the PPARγ expression (mean quantity 0.351 ± 0.122) was lower than PPARα 

(mean quantity 1.193 ± 0.025) and PPARβ (mean quantity 0.918 ± 0.006). 

Meanwhile, comparing PPARs expression in the two different cell types, 

PPARα was expressed significantly higher in glial cells (Figure 3.12A), while 

PPARβ and PPARγ were significantly higher in neuronal cells than in glial 

cells as shown in Figure 3.12B and 3.12C, respectively. 
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Figure 3. 12: mRNA expression of PPARs in separated neuronal and 

glial cells.  

PPARα (A) was significantly higher in glial cells, while PPARβ (B) and PPARγ 

(C) were significantly higher in neuronal cells. Data expressed as mean 

±SEM. (*p<0.05, **p<0.01, ***p<0.001, unpaired Student’s t-test, n=3). 

 

3.3.3.4 mRNA expression of FABP5, FABP7 and FABP8 in separated neuronal 

and glial cells 

Figure 3.13 shows mRNA expression of FABP5, FABP7 and FABP8 in 

separated neuronal and glial cells. FABP5 was expressed significantly higher 

in neuronal cells than in glial cells (Figure 3.13A). FABP7 was expressed in 

both cell types without any significant difference (Figure 3.13B). Meanwhile, 

FABP8 was significantly higher in glial cells than neuronal cells (Figure 

3.13C). In addition, FABP8 expression in glial cell was higher (mean 

quantity 1.484 ± 0.190) compared with FABP5 (mean quantity 0.734 ± 
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0.045) and FABP7 (mean quantity 0.878 ± 0.043). Besides that, in neuronal 

cells FABP8 expression was lowest (mean quantity 0.724 ± 0.067) in 

relative to FABP5 (mean quantity 1.176 ± 0.124) and FABP7 (mean quantity 

1.487 ± 0.280).  

 

 

Figure 3. 13: mRNA expression of FABP5, FABP7 and FABP8 in 

separated neuronal and glial cells.  

FABP5 (A) was expressed significantly higher in neuronal cells than in glial 

cells. FABP7 (B) was expressed in both cell types without any significant 

difference. Meanwhile, FABP8 (C) was significantly higher in glial cells than 

neuronal cells. Data expressed as mean ± SEM. (*p<0.05, unpaired 

Student’s t-test, n=3). 
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3.4 Discussion 

TaqMan qPCR was able to demonstrate the expression of PPARα, PPARβ, 

PPARγ, FABP5, FABP7 and FABP8 in rat DRG. Among all of the PPARs, PPARβ 

basal expression was much higher than either PPARα or PPARγ in both fresh 

DRG and 24 h-cultured DRG. PPARγ expression was the lowest among 

them. The difference in the basal expression of PPARs might be related to 

their physiological function in DRG. PPARα is highly expressed in tissues 

with a high capacity for fatty acid oxidation such as hepatocytes, 

cardiomyocytes, the kidney cortex, and skeletal muscles, while PPARγ is 

expressed mainly in adipose tissue and to a lesser extent in immune cells. 

PPARβ is ubiquitously expressed, often at higher levels than the two other 

PPARs (J. Berger & Moller, 2002; Braissant, Foufelle, Scotto, Dauça, & 

Wahli, 1996; Ferré, 2004; Kota et al., 2005).  

 Following dissociation of the DRG cells and 24 h cultures, the 

expression of PPARs increased, which was significant for PPARα and PPARγ, 

but not PPAR β. This was because, there might be some degree of cellular 

injury during the preparation of the cell cultures that leads to upregulation 

of the PPARs (Lezana et al., 2016). However, since PPARβ basal expression 

is already much higher than either PPARα or PPARγ, so the capacity for 

expansion is more limited resulting in a non-significant increase in the 

PPARβ expression. 

Nevertheless, there was not much difference in the expression 

among FABP5, FABP7, and FABP8 in either fresh or cultured DRG. There 

was also no significant changes of the FABPs in fresh DRG and after the cell 

culture preparation. FABP expression, most probably, does not change 
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much with cells injury, but markedly increased in most cell types following 

periods of a mass influx of lipids into the cells and increased fatty-acid 

exposure (Furuhashi & Hotamisligil, 2008). 

Localization of PPARs, FABP5, FABP7 and FABP8 mRNA expression in 

rat DRG tissue sections was done by ISH. Initially, FISH with TSA system 

was done to localize the above mentioned PPARs and FABPs in the different 

cell population of DRG. However, the method failed, maybe because of a 

very sensitive TSA system in amplifying the signals resulted in high 

background noise, non-specific labelling or autofluorescence. A few 

measures were taken to improve the signals but did not work very well. 

Even though there was another measure that should be considered, which 

is omitting the TSA system to reduce the inappropriate signals, but 

unfortunately, it was not done. 

Findings from ISH showed PPARβ and PPARγ mRNA signals were 

clearly more positive in neuronal cells. There were not many signals for 

PPARα mRNA expression in the DRG neuronal cells, indicating PPARα 

distribution was most probably primarily in glial cells. In addition, there was 

a higher expression of PPARγ in neuronal cells of DRG than PPARα and 

PPARβ, which contradicted the findings in qPCR. There was a study showed 

an increment of PPARγ expression following brain ischemia (Victor et al., 

2006). There might be some degree of tissue ischemia during the 

preparation of the DRG section, thus resulted in high PPARγ expression. 

Meanwhile, FABP5 expression signals could also be clearly seen in neuronal 

cells. Robust expression of FABP5 in neuronal cells of DRG were consistent 

with other previous studies (De Leon et al., 1996; Peng et al., 2017). FABP7 
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had positive signals in both neuronal and non-neuronal cells, while FABP8 

appeared likely to be non-neuronal. 

Images from ISH were unable to give a conclusive finding on the 

distribution of PPARs and FABPs in the subpopulation of DRG cells. Images 

with higher magnification and quantification of the cells with positive signals 

could allow a better interpretation of the results. Therefore, the distribution 

of PPARs and FABPs in separated neuronal and non-neuronal cells from 

mixed DRG cell cultures were further studied by qPCR. As for the validation 

of the neuronal and non-neuronal cells separation, NeuN expression was 

determined in the separated cells. NeuN expression was significantly higher 

in neuronal cell and was not expressed in glial cells. Subsequently, analysis 

of PPAR and FABP expression in these two types of cell showed that PPARα 

was significantly higher in glial cells, while PPARβ and PPARγ were 

expressed more highly in neuronal cells. FABP5 expression was higher in 

neuronal cells, FABP7 expressed almost equally in both cells and FABP8 

expression was significantly higher in glial cells. These findings apparently 

tallied with the findings in ISH for the distribution of PPARs and FABPs in 

the DRG sections. 

Generally, FABP distribution in the body is appreciably tissue specific. 

For instance, FABP1 (liver FABP), FABP4 (adipose FABP), FABP5 (epidermal 

FABP) and FABP7 (brain FABP) are richly expressed in the liver, adipose 

tissue, epidermis and central nervous system, respectively, as indicated by 

their names (W. T. Berger et al., 2012; Storch & Corsico, 2008; Veerkamp 

& Zimmerman, 2001). Another example is FABP8, also known as peripheral 

myelin protein 2 (PMP2 or P2), which is one of the most abundant myelin 
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proteins in the peripheral nervous system, predominantly expressed in 

myelinated Schwann cells (Storch & Corsico, 2008; Zenker et al., 2014). 

Schwann cells and SGCs have a similar morphology, consisting of a laminar 

shape, lack of processes and a very extended surface area, despite 

associating with different compartments of DRG (Pannese, 1981). 

Furthermore, a recent study showed, SGCs in rat DRGs were shown to 

develop postnatally and express several markers associated specifically 

with Schwann cell precursors. Purified SGCs were further shown to be 

transcriptionally and morphologically very similar to adult rat Schwann 

cells, capable of myelinating axons in vitro (George, Ahrens, & Lambert, 

2018). These suggested that SGCs are a population of cells of the Schwann 

cell lineage, thus supports the finding of high expression of FABP8 in glial 

cells.   
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Chapter 4: FABP-PPAR protein-protein interactions: 

Assessment by Bimolecular Fluorescence 

Complementation (BiFC)  

4.1 Introduction 

Traditionally, FABPs have been thought to be involved in transporting 

various fatty acids or fatty acid derivatives across the cytoplasm to the 

many compartments of the cell. As small intracellular proteins, FABPs 

appear to access the nucleus and potentially target fatty acids to 

transcription factors, such as members of the PPAR family in the nuclear 

lumen (Furuhashi & Hotamisligil, 2008). Despite highly homologous tertiary 

structures and similar ligand binding characteristics, each FABP appears to 

have unique functions in specific tissues. These distinct functions may be 

governed, in part, by protein-protein and protein-membrane interactions 

(Storch & Thumser, 2010). Several of the FABPs have been shown to deliver 

their ligands to nuclear transcription factors, thus modulating gene 

expression in a tissue-specific manner. Furthermore, there is emerging 

evidence that FABPs interact with nuclear hormone receptors and are 

involved in specific signalling pathways (Ayers et al., 2007; Hostetler et al., 

2009; Tan et al., 2002; Velkov, 2013; C. Wolfrum, 2007). 

PPARs exhibit a variable tissue distribution. PPARs specific tissue 

expression and the generation of specific ligands will determine their 

physiological function (A Benani et al., 2003). Given that FABPs and PPARs 

have shared ligand selectivity, overlapping tissue expression profiles and 

involvement in similar biological functions (Ayers et al., 2007), this 

suggested the two classes of proteins may interact with each other and 
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cooperate in transducing the biological activities of their common ligands. 

Since FABP5, FABP7, FABP8 and all PPAR isotypes were found expressed in 

rat DRG, thus the aim in this study was to identify specific physical 

interactions between these FABPs and the PPAR isoforms with or without 

the presence of appropriate PPAR agonists by BiFC assay. 

In the BiFC study, FABP was tagged with the N-terminal fragment of 

YFP (termed YN throughout), and PPAR with the C-terminal fragment of YFP 

(termed YC throughout). In the event that the two proteins interact with 

each other, the two YFP fragments tagged to the expressed proteins re-

fold, reconstituting functional YFP which can be detected by fluorescence 

microscopy. The effects of FABP-PPAR interactions were further studied in 

the presence of PPAR agonists. The agonists were chosen based on their 

rank order of FABP binding affinity. For instance, GW7647 is a synthetic 

PPARα selective agonist, had the highest FABP binding affinity than the 

other ligands (Velkov, 2013). Besides that, GW1929 was a more potent 

PPARγ agonist than troglitazone at both mice and human PPARγ (K. K. 

Brown et al., 1999). The concentration for each of the agonists was decided 

based on their EC50 and anti-inflammatory effects in a few of the reported 

studies. GW7647 has an EC50 of 6 nM (P. J. Brown et al., 2001), thus the 

concentration used was 30 nM (Khasabova, Xiong, Coicou, Piomelli, & 

Seybold, 2012). However, for the PPARβ agonist GW0742, even though its 

EC50 value for human PPARβ is 1 nM (Sznaidman et al., 2003), high range 

of concentrations were used in many of the studies (10 to 30 µM) (Polak et 

al., 2005; Smith et al., 2004). A lower concentration of GW0742 (50 nM) 

was used in a study (Nandhikonda et al., 2013), which then was used as 

our reference. The concentration of PPARγ agonist GW1929 used here was 
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consistent with or even lower than those reported by others demonstrating 

significant responses in different cell systems (Hahn, Tang, Zheng, Zhao, & 

Wu, 2014; D. Lu & Carson, 2010; Wojtowicz, Szychowski, & Kajta, 2014). 

 

4.2 Objectives 

Based on the relative tissue distribution of FABP and PPAR in rat DRG, the 

main purpose of this work is to study the interaction of different pairs of 

FABP/PPAR isotypes by co-expressing YFP-tagged FABP and PPAR in the 

mammalian cell line. The specific objectives are: 

1. To generate YC-tagged human PPARɣ1 plasmid to be used for the 

BiFC assay.  

2. To conduct transient transfection of individual FABP and PPAR 

isotypes and establish protein expression of the constructed plasmids 

by immunofluorescence. 

3. To demonstrate the interaction any FABP isoforms with the PPAR 

isotypes by co-transfection of the plasmids. 

4. To study the effects of FABP-PPAR interactions in the presence of 

PPAR agonists. 
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4.3 Methods 

4.3.1 Construction of YC-tagged human PPARγ1 

The molecular cloning method was described in detail in Section 2.5. Human 

PPARγ1 was amplified from PMA-stimulated THP-1 cells as shown in Table 

4.1 below. 

 

Table 4. 1: PCR conditions for amplifying the coding region of the 

cDNA for huPPARγ1 

Temperature Time Repeated 

98˚C 3 min 1x 

98˚C 10 s  

35x 70˚C 50 s 

72˚C 10 min 1x 

4˚C ∞ 1x 

 

The PCR product was cleaned up by using GenElute™ PCR Clean-Up kit, 

(Sigma), as manufacturer’s instructions. Human PPARɣ1 was inserted in-

frame into mammalian vector pcDNA 3.1+ tagged with C terminal fragment 

of YFP (residues 474-717) using Not1 and Xba1 restriction enzymes. The 

full sequence of YFP and YC are described in Appendix 1 and 2. All plasmid 

constructs were verified by DNA sequencing by Sourcebioscience Ltd UK. 
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4.3.2 Bimolecular fluorescence complementation (BiFC) assay 

Cos-7 cells were transfected with the relevant plasmids as described in 

Section 2.7. Apart from demonstration of any interaction between FABP and 

PPAR, the effects of the FABP-PPAR interactions with the presence of 

appropriate PPAR agonists was also studied. Table 4.2 below shows PPAR 

agonists and concentrations used for the relevant protein-protein 

interactions. 

 

Table 4. 2: PPAR agonists and their concentration for relevant FABP-

PPAR interactions 

Protein-protein 

interaction 
PPAR agonist Concentration 

FABP5/FABP7/FABP8 – 

PPARα interaction 

PPAR α agonist 

GW7647 

30 nM 

FABP5/FABP7/FABP8 – 

PPARβ interaction 

PPAR β agonist 

GW0742 

100 nM 

FABP5/FABP7/FABP8 – 

PPARγ interaction 

PPAR γ agonist 

GW1929 

1 μM 

 

PPAR agonist treatment was given 6 h after co-transfection of the cells with 

appropriate YFP-tagged FABP and PPAR plasmids. Then the cells were 

incubated at 30°C for 48 h as described in Section 2.7.2. 
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4.4 Results 

4.4.1 Generating an expression vector encoding for YC tagged 

PPARγ1 

The amplified huPPARγ1 was sub-cloned into expression vector pcDNA 

3.1/Zeo(+) tagged with C-fragment of YFP to generate a plasmid construct 

encoded for YC tagged PPARγ1. This was done by double digestion of pcDNA 

3.1/Zeo(+)-YC and huPPARγ1 with Not1 and Xba1 restriction enzymes. The 

digested plasmids were run on 0.8% (w/v) agarose gel electrophoresis and 

bands at the expected molecular sizes for PPARγ1 and YC-pcDNA were seen 

as shown in Figure 4.1.  

 

Figure 4. 1: Agarose gel electrophoresis analysis after digestion of 

huPPARγ1 and pcDNA 3.1/Zeo(+)-YC with Not1 and Xba1 

restriction enzymes.  

Lane A is for huPPARγ1 and lane B for pcDNA 3.1/Zeo(+)-YC. MW= 

molecular weight (1 kb DNA ladder). 
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The sub-cloned huPPARγ1 in YC-tagged pcDNA gave the final constructed 

plasmid pcDNA3.1-YC huPPARγ1 as schematically described in the graphic 

map below (Figure 4.2). Full DNA sequence of the cloned plasmid is shown 

in Appendix 3. 

 

Figure 4. 2: Graphic map of constructed plasmid pcDNA-YC 

huPPARγ1.  

CDS (coding DNA sequence of huPPARγ1), YFP (C-fragment of yellow 

fluorescence protein), Not1 and Xba1 (restriction enzyme sites). 

 

The plasmid was propagated in E. coli and recovered by plasmid DNA 

purification kit as mentioned in section 2.5. A diagnostic restriction digestion 

reaction was performed to the constructed plasmid by double digestion with 

Not1 and Xba1 restriction enzymes. The digested DNA fragments were 

resolved by agarose gel electrophoresis. Analysis of the gel revealed two 
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separate bands at different molecular weight DNA, which was approximately 

at 5.0 kb for pcDNA3.1/Zeo(+)-YC and 1.4 kb for huPPARγ1.  

 

4.4.2 Immunofluorescence staining of YFP fusion proteins 

Before the constructed plasmids were used for BiFC assay, the individual 

YFP-tagged plasmid was transiently transfected into Cos-7 cells. This 

mammalian cell line is regarded as an excellent choice for transfection 

experiments using recombinant plasmids. It is a popular research tool and 

was used in various studies of FABP and PPAR interactions (Ayers et al., 

2007; Tan et al., 2002; Christian Wolfrum et al., 2001). Post-transfection, 

the cell culture was incubated for two different time intervals, either 24 h 

or 48 h. Immunofluorescent staining of the transfected GFP protein for both 

time intervals gave transfection efficiency rate of 70 to 80% and almost 

similar immunoreactivity signals (data not shown). Thus, the 

immunofluorescence staining was subsequently conducted after 24 h of 

post-transfection incubation period. 

Protein expression was validated by immunofluorescence staining of 

the expressed protein with rabbit polyclonal Antibody to GFP (Abcam 

ab290) as the primary antibody and Alexafluor® 488 goat anti-rabbit 

(A11008, Invitrogen) as the secondary antibody. Transfected Cos-7 cells 

with individual recombinant plasmids exhibited strong immunostaining 

signal when viewed under FITC channel by fluorescence microscopy. Figure 

4.3 shows immunofluorescence staining of Cos-7 cells transfected with 

plasmid expressing GFP alone, which served as a positive control for 
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transfection and immunofluorescence techniques. Transfection efficiency of 

more than 70% was maintained throughout the experiments. 

 

Figure 4. 3: Positive control for transfection and 

immunofluorescence study.  

Representative fluorescent microscopy images illustrating 

immunocytochemical (ICC) evidence for the expression of green 

fluorescence protein (GFP) in transiently transfected COS-7 cells. Images 

were taken at 10x magnification (A) and 20x magnification (B) with a Leica 

DMRB fluorescence microscope. 

 

Figure 4.4 shows immunofluorescence staining of Cos-7 cells transfected 

with YFP-tagged FABP recombinant plasmids. YFP-tagged FABP5, FABP7, 

and FABP8 were successfully expressed in COS-7 cells as evidenced by 

positive immunoreactivity signals in the cells. However, a lower number of 

cells expressed YFP-tagged FABP5 compared with FABP7 and FABP8.  
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Figure 4. 4: Immunofluorescence staining of Cos-7 cells transfected 

with FABPs.  

Representative fluorescent microscopy images illustrating 

immunocytochemical (ICC) evidence for the expression of FABPs in 

transiently transfected COS-7 cells. Images were taken at 20x 

magnification objective lens with a Leica DMRB fluorescence microscope. 

 

Figure 4.5 shows immunofluorescence staining of Cos-7 cells transfected 

with YFP-tagged PPAR recombinant plasmids. The number of cells 

expressing YFP-tagged PPARα, PPARβ, and PPARγ were almost equal in the 

transfecting cell cultures. Positive immunoreactivity of all recombinant 
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plasmids indicated the YFP-tagged proteins were successfully transfected 

and expressed in the mammalian cell line. 

 

 

Figure 4. 5: Immunofluorescence staining of Cos-7 cells transfected 

with PPARs.  

Representative fluorescent microscopy images illustrating 

Immunocytochemical (ICC) evidence for the expression of PPARs in 

transiently transfected COS-7 cells. Images were taken at 20x 

magnification objective lens with a Leica DMRB fluorescence microscope. 

 



117 
 

4.4.3 Interaction of FABP and PPAR in transfected COS-7 cells by 

BiFC assay 

4.4.3.1 Positive and negative control of BiFC assay 

For positive control of the BiFC technique, COS-7 cells were co-transfected 

with plasmid DNA constructs encoding for YFP-tagged Fos and Jun. These 

two proteins are activator-protein 1 (AP-1) transcription factor subunits 

known to strongly interact with each other (C. D. Hu, Chinenov, & Kerppola, 

2002). Co-transfection of plasmid DNA of Fos tagged to the amino portion 

of YFP (YN) and Jun tagged to the carboxyl fragment of YFP (YC) lead to 

expression of both proteins in the COS-7 cells. This gave strong 

fluorescence signals localised to the nucleus, when the fixed cells were 

examined in FITC channel by a fluorescence microscope as shown in Figure 

4.6.  

 

Figure 4. 6: YN Fos and YC Jun interaction in transfected COS-7 cells 

as positive control of BiFC assay.  
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Representative fluorescent microscopy images showing evidence for the 

physical interaction of Fos and Jun in transiently transfected COS-7 cells. 

Images were taken at 10x (Images A-C) and 20x (Images D-F) 

magnification objective lens with a Leica DMRB fluorescence microscope. 

  

On the other hand, co-transfection of COS-7 cells with mutated Fos plasmid 

construct (YN-FosMut) and YC-Jun serves as negative control for the BiFC. 

Changes in protein expression of mutated Fos prevented these two proteins 

interacting with each other. Therefore, there was an absence of 

fluorescence signals in COS-7 cell transfected with these two constructed 

plasmids as shown in Figure 4.7. 

 

Figure 4. 7: Co-transfection of YN-FosMut and YC-Jun into COS-7 

cells as negative control of BiFC assay.  

Representative fluorescent microscopy images showing no evidence of 

physical interaction of FosMut and Jun in transiently transfected COS-7 
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cells. Images were taken at 10x (Images A-C) and 20x (Images D-F) 

magnification objective lens with a Leica DMRB fluorescence microscope. 

 

4.4.3.2 FABP5 and PPAR protein-protein interactions 

Co-transfection of YN tagged FABP5 and any of the YC tagged PPAR isotypes 

into COS-7 cells showed an interaction of FABP5 with PPARα, and FABP5 

with PPARβ, but not FABP5 with PPARγ as shown in Figure 4.8. Fluorescence 

signals were seen in fixed COS-7 cells following transfection with YN-FABP5 

and YC-PPARα (Figure 4.8A); and YN-FABP5 and YC-PPARβ (Figure 4.8D), 

in which the latter had stronger fluorescence signals when viewed by 

fluorescence microscope. There was no fluorescence signal seen in fixed 

COS-7 cells following transfection with YN-FABP5 and YC-PPARγ (Figure 

4.8G). 
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Figure 4. 8: YN-FABP5 and YC-PPAR interaction in transfected COS-

7 cells.  

Representative fluorescent microscopy images showing evidence for the 

physical interaction of FABP5-PPARα (Figure 4.8A-C), and FABP5-PPARβ 

(Figure 4.8D-F), but not for FABP5-PPARγ (Figure 4.8G-I) in transiently 

transfected COS-7 cells. Images were taken at 20x magnification objective 

lens with a Leica DMRB fluorescence microscope.  

 

4.4.3.3 FABP7 and PPAR protein-protein interactions 

Figure 4.9 below showed, there were no fluorescence signal seen in fixed 

COS-7 cells transfected with YN-FABP7 and any combination with YC-PPAR. 



121 
 

This suggests that there were no physical interactions between FABP7 and 

any PPAR isotypes, at least in this experiment. However, there was also a 

possibility that the probes were faulty and thus no signal can be detected 

by the fluorescence microscope. There was a possibility that YN-FABP7 and 

YC-PPAR proteins did not properly re-fold and were unable to reconstitute 

a functional YFP, thus cannot be detected by the fluorescence microscope. 

There was study reporting an interaction of FABP7 and PPARγ in astrocytes 

with the presence of docosahexaenoic acid (Tripathi et al., 2017). The lack 

of FABP7 interaction with any of the PPARs in this experiments might be 

due to the absence of ligands that can stimulate the protein-protein 

interactions. However, there were still no FABP7-PPAR interactions in the 

transfected cells even with the presence of PPAR agonists (data not shown). 
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Figure 4. 9: YN-FABP7 and YC-PPAR interaction in transfected COS-

7 cells.  

Representative fluorescent microscopy images showing no evidence of 

physical interaction of FABP7 and any PPAR isotypes in transiently 

transfected COS-7 cells. Images were taken at 20x magnification objective 

lens with a Leica DMRB fluorescence microscope.  

 

4.4.3.4 FABP8 and PPAR protein-protein interactions 

Co-transfection of YN-FABP8 and any of the YC tagged PPAR isotypes into 

COS-7 cells showed evidence for interactions of FABP8 with all of the PPAR 

isotypes as shown in Figure 4.10. Fluorescence signals were seen in fixed 
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COS-7 cells post transfected with YN-FABP8 and YC-PPARα (Figure 4.10A); 

YN-FABP8 and YC-PPARβ (Figure 4.10D); and YN-FABP8 and YC-PPARγ 

(Figure 4.10G) viewed under fluorescence microscope.  

 

Figure 4. 10: YN-FABP8 and YC-PPAR interaction in transfected 

COS-7 cells.  

Representative fluorescent microscopy images showing evidence for the 

physical interaction of FABP8-PPARα (Figure 4.10A-C), FABP8-PPARβ 

(Figure 4.10D-F), and FABP8-PPARγ (Figure 4.10G-I) in transiently 

transfected COS-7 cells. Images were taken at 20x magnification objective 

lens with a Leica DMRB fluorescence microscope.  
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4.4.4 Effects of FABP-PPAR interactions in the presence of PPAR 

agonists  

4.4.4.1 Effects of FABP5-PPARα interactions in the presence of PPARα 

agonist 

Co-transfection of YN-FABP5 and YC-tagged PPARα into COS-7 cells with 

PPARα agonist exposure showed  higher positive fluorescence signals 

(Figure 4.11D and 4.11J) than in cells without PPARα agonist treatment 

(Figure 4.11A and 4.11G). The interaction of FABP5 and PPARα was 

increased in the presence of PPARα agonist. 
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Figure 4. 11: Interaction of YN tagged FABP5 and YC tagged PPARα 

without or with PPARα agonist (GW7647).  

Image A to F were viewed with x10 magnification objective lens of 

fluorescence microscopy, in which images A to C were interactions of FABP5 

and PPARα without PPAR agonist (given 0.01% (v/v) DMSO), and images D 

to F were when the transfected cells were treated with 30 nM GW7647. In 

addition, images G to L were viewed with x20 magnification objective lens 
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of fluorescence microscopy, in which images G to I were interactions of 

FABP5 and PPARα without PPAR agonist, and images J to L were when the 

transfected cells were treated with PPARα agonist. 

  

4.4.4.2 Effects of FABP5-PPARβ interactions in the presence of PPARβ 

agonist 

Co-transfection of YN-FABP5 and YC-PPARβ into COS-7 cells with PPARβ 

agonist exposure showed more positive fluorescence signals (Figure 4.12D 

and 4.12J) than in cells without PPARβ agonist treatment (Figure 4.12A and 

4.12G). Interaction of FABP5 and PPARβ was increased in the presence of 

a PPARβ agonist. 
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Figure 4. 12: Interaction of YN tagged FABP5 and YC tagged PPARβ 

without or with PPARβ agonist (GW0742).  

Image A to F were viewed with x10 magnification objective lens of 

fluorescence microscopy, in which images A to C were interactions of FABP5 

and PPARβ without PPAR agonist (given 0.01% (v/v) DMSO), and images D 

to F were in the presence of 100 nM GW0742. In addition, images G to L 

were viewed with x20 magnification objective lens of fluorescence 
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microscopy, in which images G to I were interactions of FABP5 and PPARβ 

without PPAR agonist, and images J to L were treated with PPARβ agonist. 

 

4.4.4.3 Effects of FABP8-PPARα interactions in the presence of PPARα 

agonist 

Co-transfection of YN tagged FABP8 and YC tagged PPARα into COS-7 cells 

with PPARα agonist exposure showed  higher number of cells with positive 

fluorescence signals (Figure 4.13D and 4.13J) than in cells without PPARα 

agonist treatment (Figure 4.13A and 4.13G). The interaction of FABP8 and 

PPARα was increased in the presence of a PPARα agonist. 
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Figure 4. 13: Interaction of YN tagged FABP8 and YC tagged PPARα 

without or with PPARα agonist (GW7647).  

Images A to F were viewed with x10 magnification objective lens of 

fluorescence microscopy, in which images A to C were interactions of FABP8 

and PPARα without PPAR agonist (given 0.01% (v/v) DMSO), and images D 

to F were treated with 30 nM GW7647. In addition, images G to L were 

viewed with x20 magnification objective lens of fluorescence microscopy, in 
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which images G to I were interactions of FABP8 and PPARα without PPAR 

agonist, and images J to L were treated with PPARα agonist. 

 

4.4.4.4 Effects of FABP8-PPARβ interactions in the presence of PPARβ 

agonist 

Co-transfection of YN tagged FABP8 and YC tagged PPARβ into COS-7 cells 

with PPARβ agonist exposure showed  higher number of cells with positive 

fluorescence signals (Figure 4.14D and 4.14J) than in cells without PPARβ 

agonist treatment (Figure 4.14A and 4.14G). The interaction of FABP8 and 

PPARβ was increased in the presence of PPARβ agonist. 
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Figure 4. 14: Interaction of YN tagged FABP8 and YC tagged PPARβ 

without or with PPARβ agonist (GW0742).  

Images A to F were viewed with x10 magnification objective lens of 

fluorescence microscopy, in which images A to C were interactions of FABP8 

and PPARβ without PPAR agonist (given 0.01% (v/v) DMSO), and images D 

to F were treated with 100 nM GW0742. In addition, images G to L were 

viewed with x20 magnification objective lens of fluorescence microscopy, in 
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which images G to I were interactions of FABP8 and PPARβ without PPAR 

agonist, and images J to L were treated with PPARβ agonist. 

 

4.4.4.5 Effects of FABP8-PPARγ interactions in the presence of PPARγ 

agonist 

Co-transfection of YN tagged FABP8 and YC tagged PPARγ into COS-7 cells 

with PPARγ agonist exposure showed higher number of cells with positive 

fluorescence signals (Figure 4.15D and 4.15J) than in cells without PPARγ 

agonist treatment (Figure 4.15A and 4.15G). The interaction of FABP8 and 

PPARγ was increased in the presence of PPARγ agonist. 
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Figure 4. 15: Interaction of YN tagged FABP8 and YC tagged PPARγ 

without or with PPARγ agonist (GW1929).  

Images A to F were viewed with x10 magnification objective lens of 

fluorescence microscopy, in which images A to C were interactions of FABP8 

and PPARγ without PPAR agonist (given 0.01% (v/v) DMSO), and images D 

to F were treated with 1 µM GW1929. In addition, images G to L were 

viewed with x20 magnification objective lens of fluorescence microscopy, in 

which images G to I were interactions of FABP8 and PPARγ without PPAR 
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agonist, and images J to L were when the transfected cells were treated 

with PPARγ agonist. 

 

4.5 Discussion 

The BiFC in this study has shown the physical interaction between FABP5 

with PPARα, FABP5 with PPARβ, and FABP8 with all the PPARs, both in the 

absence and presence of PPAR agonist treatment. A baseline level of 

fluorescence observed in the cells untreated with any ligand suggested that 

endogenous ligands may be driving a degree of background PPAR-FABP 

association. This can be tested with the use of antagonists to show the level 

of endogenous engagement of PPARs. In the absence of ligand, YN-FABP 

partitioned between the cytosol and the nucleus, and the addition of ligand 

increased the fraction of the protein in the nucleus (Ayers et al., 2007). 

Movement of FABPs into the nucleus and interaction with nuclear hormone 

receptors might potentially deliver ligands to this protein family. Therefore, 

the FABP-PPAR interactions increased with the presence of appropriate 

PPAR agonist.  

Meanwhile, there was no evidence of interaction between FABP5 with 

PPARγ and FABP7 with any of the PPAR isoforms. Since FABP5 showed 

interactions with the other PPAR isotypes, the absence of interaction with 

PPARγ was unlikely to be due to non-functional YN-FABP chimeras, but 

rather a consequence of FABP5 interaction specificity (Tan et al., 2002). On 

the other hand, the absence of interaction between FABP7 with PPARs might 

be due to non-functional FABP7 protein expression in the transfected cells. 

There was a possibility that YN-FABP7 and YC-PPAR proteins did not 
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properly re-fold and were unable to reconstitute a functional YFP, thus no 

signals could be detected by the fluorescence microscope. A study reported 

an interaction of FABP7 and PPARγ in astrocytes in the presence of 

docosahexaenoic acid (Tripathi et al., 2017). Thus the lack of FABP7 

interaction with any of the PPARs in this experiments might also be due to 

the absence of ligands that can stimulate the protein-protein interactions. 

However, there were still no FABP7-PPAR interactions in the transfected 

cells even in the presence of PPAR agonists (data not shown). 

 FABPs are usually described as cytosolic, while PPARs are nuclear 

proteins. FABPs are reported to selectively enhance the activities of PPARs 

by delivering their ligands to the nucleus where the receptors reside. 

Different cellular FABPs relocate to the nucleus in response to selective 

ligands and are thought to specifically interact with the three PPAR isotypes. 

For instance, FABP1 interacts with PPARα (Hostetler et al., 2009; Hughes et 

al., 2015; Velkov, 2013), with PPARγ but not PPARβ (Christian Wolfrum et 

al., 2001); FABP2 with PPARα (Hughes et al., 2015); FABP3 with PPARα and 

also FABP4 with PPARγ (Tan et al., 2002); and FABP5 with PPARβ 

(Armstrong, Goswami, Griffin, Noy, & Ortlund, 2014; Schug, Berry, Shaw, 

Travis, & Noy, 2007; Tan et al., 2002), in a ligand-dependent fashion. 

 In this work, we showed that FABP8 interacts with all three PPARs 

unlike most of the other FABPs, and the interaction was augmented with 

the presence of PPAR agonist. FABP8 is also known as peripheral myelin 

protein 2 (PMP2 or P2), in which PMP2 gene and protein structures are 

similar to the conserved structure of FABPs (Furuhashi & Hotamisligil, 2008; 

Zenker et al., 2014). FABP8 was found abundantly in the myelin sheath of 
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the peripheral nervous system (Zenker et al., 2014). The myelin sheath is 

a multi-layered membrane enclosing selected axons of both peripheral 

nervous system and central nervous system neurons (Majava et al., 2010; 

Zenker et al., 2014). Biochemically, myelin is mainly constituted of lipid (70 

to 85%, with a high content of cholesterol) and only 15 to 30% of myelin-

specific proteins (Horrocks, 1967). PMP2 forms up to 15% of the total 

protein of peripheral nervous system myelin (Greenfield, Brostoff, Eylar, & 

Morell, 1973). FABP8 is reported to bind both fatty acids and myelin lipids 

(Majava et al., 2010; Sedzik & Jastrzebski, 2011). 

As we described before in Chapter 3, FABP5, FABP7, FABP8 and all 

the three PPAR isotypes were expressed in the DRG, and we had showed 

here that the FABP and PPAR interacts with each other, especially FABP8 

with all the three PPAR isotypes. On top of that, the FABP-PPAR interactions 

increased with the presence of PPAR agonist. However, it was apparent that 

these data were not appropriate for quantification and statistical analysis. 

Higher magnification of the images can give a better way for the 

interpretation and description of the results.  Since DRG do not have 

oxidative fatty acid metabolism, these data would suggest an alternative 

role of PPAR-FABP signalling axis in DRG, possibly an anti-inflammatory 

role.  
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Chapter 5: Differential effects of PPAR agonists on 

mRNA expression of inflammatory genes induced by 

lipopolysaccharides or flagellin in rat DRG cultures. 

5.1 Introduction 

Pain is one of the cardinal signs of inflammation and acts as a protective 

mechanism to prevent further damage to the tissues. Any injury to the 

tissue, the presence of pathogens, and stressors initiate an inflammatory 

response to clear the damaged tissues and promote repair. However, 

sometimes pain from the inflammatory reaction might persist even after 

the injury has healed, subsequently leading to chronic pain. 

In DRG, peripheral nerve fibers and their cell bodies transmit primary 

afferent input to the spinal and medullary dorsal horn. Each neuronal body 

is surrounded by small SGCs forming distinct functional units (Sapunar et 

al., 2012). The SGCs are connected to the neuron by gap junctions, 

supplying them with nutrients and buffering their extracellular ion and 

neurotransmitter levels, like astrocytes in the CNS. The close relationship 

between SGCs and neurons helps in their interaction via paracrine 

signalling, which is important for peripheral sensitization in DRG (Miller et 

al., 2009).  

There are interactions between the immune and nervous systems in 

pain. The immune cells, glia, and neurons form a dynamic network in which 

activation of an immune response modulates the excitability of pain 

pathways (Ren & Dubner, 2010). After a nerve injury, blood-derived 

macrophages and T cells invade the DRG. The immune cells gradually 
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migrate closer to neuronal soma and then form perineuronal rings under 

the satellite cells (P. Hu et al., 2007; P. Hu & McLachlan, 2002). Apart from 

that, with the presence of pathogens, inflammation is triggered by innate 

immune activation of pattern recognition receptors, including TLRs 

(Medzhitov, 2008; O. Takeuchi & S. Akira, 2010). Activation of TLRs on 

innate immune cells stimulates the pro-inflammatory signal transduction 

pathways which subsequently trigger the production of various 

inflammatory mediators. 

In this study, inflammation was induced in the DRG cultures by 

treating the cells with either lipopolysaccharide (LPS) or flagellin, which 

then activate TLR4 and TLR5, respectively (Hayashi et al., 2001; Takeda & 

Akira, 2004; Tse et al., 2014). Myeloid differentiation factor 88 (MyD88) 

protein mediates the TLR signalling, which then activates the NF-κB and 

MAP kinase pathways, triggering the innate immunity and resulting in the 

production of inflammatory cytokines and chemokines (Liu et al., 2014; 

Wall et al., 2009).  

Apart from the inflammatory mediators, a few genes involved in 

endocannabinoid system were also included in this study. Endocannabinoids 

are endogenous bioactive lipids, which are able to influence both 

inflammation and pain. The endocannabinoid system includes the 

endocannabinoid signaling molecules, G protein-coupled cannabinoid 

receptors, and enzymes involved in ligand biosynthesis and inactivation. 

The analgesic effects of cannabinoids and their ligands are primarily 

mediated by the cannabinoid receptor 1 (CB1) via inhibition of presynaptic 

gamma-aminobutyric acid (GABA) and glutamatergic transmission. Within 



140 
 

the nervous system, GABA transmission suppresses neuronal excitability 

(Barrie & Manolios, 2017). The calcium-dependent enzymes diacylglycerol 

lipase (DAGL) responsible for the biosynthesis of endocannabinoids, while 

fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL) are 

specific enzymes for the degradation of the endocannabinoids. 

On the other hand, PPARs have a relevant anti-inflammatory effect, 

as they are capable to repress various inflammatory gene expression 

(Delerive et al., 2001; Moraes et al., 2006). Transrepression of the 

inflammatory gene by PPAR agonists results from inhibiting corepressor 

clearance as they bind to the corepressor complex at PPRE (Freitag & Miller, 

2014; Pascual et al., 2005). The anti-inflammatory effect of PPARs in the 

peripheral nervous system was studied by treating inflamed DRG cultures 

with relevant PPAR agonist. Changes in mRNA expression of various 

inflammatory mediators related to pain were examined by performing 

TaqMan Low-Density Array (TLDA). This study was conducted in view of the 

facts that, reduction of the inflammatory mediators at periphery could 

decrease the primary afferent input and subsequently may restrain from 

central sensitization and inflammation. Therefore, we hope that any 

intervention at the periphery may have a significant contribution in the 

treatment of pain. 
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5.2 Objectives 

There was an awareness of the role of PPARs in the suppression of 

inflammation by repression of inflammatory genes. However, less is known 

regarding the anti-inflammatory effect of PPARs at peripheral sensory 

ganglia. Therefore, our aims for this study were: 

1. To study the differential effects of PPAR agonists on inflammatory 

genes induced by LPS in rat DRG cultures by TaqMan Low-Density 

Array (TLDA). 

2. To study the differential effects of PPAR agonists on inflammatory 

genes induced by flagellin in rat DRG cultures by TaqMan Low-

Density Array (TLDA).  

3. To determine mRNA expression of TLR4 and TLR5 in separated 

neuronal and glial cells of rat DRG by RT-qPCR.   
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5.3 Methods 

5.3.1 Study design 

DRG cultures were prepared from two Sprague Dawley rats (protocol as 

described in Chapter2) in 24-well plate. Inflammation was induced by 

treating the cells with LPS or flagellin. PPAR agonists were given prior to 

the inflammation. There were 5 groups (n=4) for each LPS or flagellin-

induced inflammation of the DRG cells culture, which were: 

1. Control (vehicle only 0.01% DMSO) 

2. LPS or flagellin 

3. PPARα agonist and LPS/flagellin (PPARα+LPS/ PPARα+Fla) 

4. PPARβ agonist and LPS/flagellin (PPARβ+LPS/ PPARβ+Fla) 

5. PPARγ agonist and LPS/flagellin (PPARγ+LPS/ PPARγ+Fla) 

5.3.2 Drugs treatment 

After an overnight culture, the rat DRG was pre-treated with PPAR agonists 

for 1 h and then with LPS (1 μg/ml) or flagellin (1 µg/ml) for 2 h. Table 5.1 

below shows the concentration and duration of the drugs used in the study. 

Table 5. 1: The concentration and duration of the drugs treatment. 

Drugs Company Concentration Duration Reference 

Ultrapure LPS 
(Escherichia 

coli, serotype 
0111:B4) 

InvivoGen 1 μg/ml 2 h  (Tse et al., 
2014) 

Flagellin 

(FLA-BS 
Ultrapure) 

InvivoGen 1 µg/ml   2 h  (Lage et al., 

2013; Tallant 
et al., 2004) 
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PPAR α 

agonist 
GW7647 

Tocris 

Bioscience 

30 nM  1 h (Ji, Wang, Li, 

& Liu, 2010; 
Khasabova et 
al., 2012) 

PPAR β 
agonist 

GW0742 

Tocris 
Bioscience 

100 nM 1 h (Nandhikonda 
et al., 2013) 

PPAR γ 
agonist 
GW1929 

Tocris 
Bioscience 

1 μM 1 h (D. Lu & 
Carson, 
2010; M.-K. 

Yu et al., 
2009) 

 

5.3.3 TaqMan Low Density Array (TLDA) 

TLDA was performed as described in section 2.4.6. The NormFinder 

software was used to find the best combination of reference genes, which 

are Alpha tubulin and Tata binding protein for the LPS group; and Alpha 

tubulin and β-actin for the flagellin group. Data for the gene expression was 

analysed by using the comparative (ΔCT) method of relative quantitation 

described by (Schmittgen & Livak, 2008). The average threshold cycle (CT) 

value of a target gene for a particular sample was normalized to the average 

CT value of its corresponding control genes (geometric means of reference 

genes) using the formula: 

2-ΔCT (ΔCT is CT value gene of interest – CT geomean of reference genes) 

 Selected genes for the designed TaqMan® Low Density Array (TLDA) 

were grouped into pro-inflammatory cytokines, chemokines, adhesion 

molecules, growth factors, matrix metalloproteinases (MMPs), neutrophins, 

pro-inflammatory enzymes, anti-inflammatory cytokines, neutrophil 
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phenotype markers and intracellular signalling pathways as described in 

Table 2.3 in Chapter 2. 

 

5.4 Results 

LPS or flagellin treatment differentially increased the expression of various 

inflammatory mediators in rat DRG cultures. Flagellin increased most of the 

inflammatory genes compared with LPS. The inflammatory genes that had 

increased in both treated groups are pro-inflammatory cytokines (i.e. IL-

1β, IL-6, IL-11), chemokines (i.e. CCL2, CCL4, CXCL1, CXCL2), adhesion 

molecules (i.e. ICAM1, VCAM1), growth factors (i.e. PDGFB), matrix 

metalloproteinases (i.e. MMP9, MMP12), and pro-inflammatory enzymes 

(i.e. COX-2, iNOS) in rat DRG culture compared with control (level before 

LPS or flagellin treatment). This indicated inflammation was successfully 

induced in the cultures. Then PPAR agonist pre-treatment showed 

differential effects on expression of mediators involved in inflammation and 

pain. 

 

5.4.1 Effects of PPARα, PPARβ and PPARγ agonists on pro-

inflammatory cytokines mRNA expressions. 

Pro-inflammatory cytokines IL-1β, IL-6, IL-11, IL-12α, CSF1 and CSF2 

expressions were significantly increased after LPS treatment in the rat DRG 

cultures. All three PPARs agonists significantly reduced mRNA expression of 

the cytokines (Figure 5.1A-E) except CSF1 that was downregulated by 

PPARα agonist alone (Figure 5.2A). IL-1α, IL-1 receptor and IL-33 were also 
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downregulated by all three PPAR agonists (Figure 5.1F-H). Other pro-

inflammatory cytokine genes such as TNFα, TNFβ, IL-18, IFNγ, and MIF 

showed no significant differences following treatment with PPAR agonists 

(Figure 5.2B-F). 
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Figure 5. 1: Pro-inflammatory cytokines that were significantly 

reduced by all the three PPAR agonists in rat DRG cultures treated 

with LPS.  

Graph A-E showed the significant increase of inflammatory cytokines 

expression in rat DRG cultures treated with LPS. All three PPAR agonists 

significantly reduced mRNA expression of the cytokines, including IL-1α, IL-

1 receptor and IL-33 (Graph F-H). Data were expressed as mean ± SEM 

and were compared between treatment groups by repeated unpaired 

Student’s t-test with Welch’s correction. *p<0.05, **p<0.01 and 

***p<0.001 were considered as significant differences between the 

treatment groups (n=4). 
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Figure 5. 2: Pro-inflammatory cytokines that were not significantly 

reduced by the PPAR agonists in rat DRG cultures treated with LPS.  

Graph A showed upregulation of CSF1 expression upon LPS treatment, 

which then had been downregulated by PPARα agonist. However, some of 

the pro-inflammatory cytokines did not show any significant changes in 

mRNA expression upon treatment with LPS and PPAR agonists (Graph B-F). 

Data were expressed as mean ± SEM and were compared between 
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treatment groups by repeated unpaired Student’s t-test with Welch’s 

correction. *p<0.05, **p<0.01 and ***p<0.001 were considered as 

significant differences between the treatment groups (n=4). 

 

Flagellin differentially increased the expression of pro-inflammatory 

cytokines IL-1α, IL-1β, IL-1 receptor, IL-6, IL-11 and IL-33 (Figure 5.3). 

However, unlike the LPS-treated group, the cytokines in the flagellin-

treated group were selectively downregulated by only a certain PPAR 

agonist. There was no single gene that was inhibited by all three PPAR 

agonists. For instance, IL-1α, IL-1β, and IL-11 were downregulated only by 

the PPARα agonist (Figure 5.3A-C). IL-33 was downregulated by both PPARα 

and PPARβ agonists (Figure 5.3D), while IL-6 expression was reduced by 

PPARα and PPARγ agonists (Figure 5.3E). PPARβ and PPARγ inhibited IL-1 

receptor expression significantly (Figure 5.3F). 
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Figure 5. 3: Pro-inflammatory cytokines that were downregulated 

by at least one of the PPAR agonists in rat DRG cultures treated with 

flagellin.  
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Graphs (A-F) showed upregulation of the pro-inflammatory cytokines in the 

flagellin-treated rat DRG cultures. Graph A-C showed downregulation of IL-

1α, IL-1β, and IL-11 by PPARα agonist, respectively. Graph D showed IL-

33 was downregulated by both PPARα and PPARβ agonists, Graph E for IL-

6 expression, was reduced by PPARα and PPARγ agonists, and Graph F for 

IL-1 receptor expression, was significantly inhibited by PPARβ and PPARγ 

agonists. Data were expressed as mean ± SEM and were compared between 

treatment groups by repeated unpaired Student t-test with Welch’s 

correction. *p<0.05, **p<0.01 and ***p<0.001 were considered as 

significant differences between the treatment groups (n=4). 

 

TNFα is an important cytokine in inflammatory reaction. However, 

there was no significant changes of TNFα by TLDA in both LPS and flagellin-

treated group. The changes in TNFα expression measured by TaqMan qPCR 

was conducted following inflammatory stimuli and PPAR agonists treatment. 

In LPS-treated group, TNFα was significantly upregulated with LPS 

stimulation and downregulated by all three PPAR agonists. In contrast, 

there was no changes in TNFα expression in the flagellin-treated group 

(Figure 5.4). 
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Figure 5. 4: Differential effects of PPAR agonists on TNFα expression 

by TaqMan qPCR in LPS and flagellin-treated group.  

Graph A showed upregulation of TNFα by LPS and its downregulation by all 

three PPAR agonists. Meanwhile, Graph B showed no significant changes of 

TNFα after the inflammatory stimulation by flagellin and PPAR agonists 

treatment. Data are expressed as mean ±SEM. (***p<0.001, One-Way 

ANOVA followed by post hoc Bonferroni's multiple comparisons test, n=4).  

 

5.4.2 Effects of PPARα, PPARβ and PPARγ agonists on chemokine 

mRNA expressions. 

Chemokines CCL2, CCL4, CCL22, CXCL1, CXCL2, CXCL5, CSF3, CCL7 and 

CX3CL1 expression were significantly increased after LPS treatment in the 

rat DRG cultures. Most of the chemokines were downregulated by all three 

PPAR agonists (Figure 5.5A-G) except CCL7 that was downregulated by 

PPARβ and PPARγ (Figure 5.6A), and CX3CL1 that was significantly inhibited 

just by PPARγ agonist (Figure 5.6B). Figure 5.6C-F showed other 

chemokines which were not downregulated by any of the PPAR agonists. 
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Figure 5. 5: Chemokines that were significantly reduced by all the 

three PPAR agonists in rat DRG cultures treated with LPS.  

Graph A-G showed the significant increase of chemokine expression in rat 

DRG cultures treated with LPS. All three PPAR agonists significantly reduced 

mRNA expression of the chemokines. Data were expressed as mean ± SEM 

and were compared between treatment groups by repeated unpaired 

Student t-test with Welch’s correction. *p<0.05, **p<0.01 and 

***p<0.001 were considered as significant differences between the 

treatment groups (n=4). 
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Figure 5. 6: Differential effects of PPAR agonists on the other 

selected chemokines in rat DRG cultures treated with LPS.  

Graph A and B showed the significant increase of chemokines expression in 

rat DRG cultures treated with LPS. CCL7 was significantly decreased by 

PPARβ and PPARγ agonists (Graph A) and CX3CL1 was significantly inhibited 
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just by PPARγ agonist (Graph B). Graph C-F showed other chemokines 

which were not downregulated by any of the PPAR agonists. Data were 

expressed as mean ± SEM and were compared between treatment groups 

by repeated unpaired Student t-test with Welch’s correction. *p<0.05, 

**p<0.01 and ***p<0.001 were considered as significant differences 

between the treatment groups (n=4). 

 

In rat DRG cultures treated with flagellin, various chemokines were 

upregulated (CX3CL1, CCL7, CCL2, CXCL1, CXCL2, CXCL5, CSF3, CCL3 and 

CCL4). Only two chemokines were downregulated by all three PPAR agonists 

which were CX3CL1 (Figure 5.7A) and CCL7 (Figure 5.7B). Figure 5.7C-G 

showed chemokines that were downregulated by at least one of the PPAR 

agonists. Meanwhile, CCL3 and CCL4 (Figure 5.8A and 5.8B, respectively) 

were not downregulated by any of the PPAR agonists. The other chemokines 

did not show any significant changes were showed in Figure 5.8C-F. 



157 
 

 



158 
 

Figure 5. 7: Chemokines that were downregulated by at least one of 

the PPAR agonists in rat DRG culture treated with flagellin.  

Graph A-G showed upregulation of chemokines when the DRG cultures were 

treated with flagellin. Only CX3CL1 (Graph A) and CCL7 (Graph B) were 

downregulated by all three PPAR agonists. The other chemokines (Graph C-

G) were downregulated by at least one of the PPAR agonists. Data were 

expressed as mean ± SEM and were compared between treatment groups 

by repeated unpaired Student t-test with Welch’s correction. *p<0.05, 

**p<0.01 and ***p<0.001 were considered as significant differences 

between the treatment groups (n=4). 
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Figure 5. 8: Chemokine genes that did not show significant changes 

in mRNA expression when pre-treated with PPAR agonists in 

flagellin-treated rat DRG cultures.  

Graph A and B showed upregulation of CCL3 and CCL4 chemokines in rat 

DRG cultures treated with flagellin. However, the chemokines were not 

downregulated by any of the PPAR agonists. Graph C-F showed the other 
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chemokines, which did not show any significant changes with the treatment. 

Data were expressed as mean ± SEM and were compared between 

treatment groups by repeated unpaired Student t-test with Welch’s 

correction. *p<0.05, **p<0.01 and ***p<0.001 were considered as 

significant differences between the treatment groups (n=4). 

 

5.4.3 Effects of PPARα, PPARβ and PPARγ agonists on adhesion 

molecules and growth factors mRNA expressions. 

Adhesion molecules ICAM1 and VCAM, and the growth factor PDGFB were 

upregulated with the LPS treatment (Figure 5.9A-C). Even though there was 

no difference in expression of FGF2 in control group and LPS-treated group, 

but with PPAR agonist pre-treatment, gene expression was significantly 

downregulated (Figure 5.9D). All three PPAR agonists also downregulated 

expression of ICAM1 and PDGFB, while VCAM1 did not show any changes 

with the agonists treatment (Figure 5.9B). 
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Figure 5. 9: Differential effects of PPAR agonists on the adhesion 

molecules and growth factors mRNA expressions in rat DRG 

cultures treated with LPS.  

Graph A-C showed upregulation of ICAM1, VCAM1 and PDGFB in rat DRG 

cultures with LPS treatment. PPARα, PPARβ and PPARγ agonist 

downregulated expression of ICAM1 (Graph A) and PDGFB (Graph C), but 

not VCAM1 expression (Graph B). Meanwhile, there was no difference in 

expression of FGF2 in control group and LPS-treated group, but were 

significantly downregulated by all three PPAR agonists (Graph D). Data were 

expressed as mean ± SEM and were compared between treatment groups 

by repeated unpaired Student t-test with Welch’s correction. *p<0.05, 

**p<0.01 and ***p<0.001 were considered as significant differences 

between the treatment groups (n=4). 
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In flagellin treated group, ICAM1, VCAM1, PDGFB and FGF2 expression were 

increased compared with the control groups (Figure 5.10). All three PPAR 

agonists downregulated PDGFB mRNA expression (Figure 5.10C). At least 

one of the PPAR agonists reduced gene expression of the other adhesion 

molecules and growth factors, in which PPARα downregulated ICAM1 

(Figure 5.10A), PPARγ downregulated VCAM1 (Figure 5.10B), and both 

PPARα and PPARβ downregulated FGF2 expression (Figure 5.10D). 

 

Figure 5. 10: Adhesion molecules and growth factors that were 

downregulated by at least one of the PPAR agonists in rat DRG 

culture treated with flagellin.  

Flagellin treatment increased the expression of ICAM1, VCAM1, PDGFB and 

FGF2. Graph A showed downregulation of ICAM1 expression by the PPARα 
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agonist. Graph B showed downregulation of VCAM1 by PPARγ agonist. 

Graph C showed downregulation of PDGFB expression by all three PPAR 

agonists. Graph D showed downregulation of FGF2 by PPARα and PPARβ 

agonist. Data were expressed as mean ± SEM and were compared between 

treatment groups by repeated unpaired Student t-test with Welch’s 

correction. *p<0.05, **p<0.01 and ***p<0.001 were considered as 

significant differences between the treatment groups (n=4). 

 

5.4.4 Effects of PPARα, PPARβ and PPARγ agonists on matrix 

metalloproteinases (MMPs) mRNA expressions. 

For MMP genes, LPS significantly upregulated MMP9 (Figure 5.11A). There 

were significant reductions of MMP9 and MMP12 in the LPS group by PPARα, 

PPARβ, and PPARγ agonists (Figure 5.11A and B). MMP2 and MMP3 

expression were not downregulated by any of PPAR agonists (Figure 5.11C 

and D). Meanwhile, flagellin upregulated MMP9, MMP12 and MMP3 (Figure 

5.12A-C). However, MMP9 and MMP12 in this group were significantly 

inhibited only by the PPARγ or PPARα agonist, respectively (Figure 5.12A 

and B). MMP3 and MMP2 expression in the flagellin-treated group were not 

downregulated by any of PPAR agonists (Figure 5.12C and D). 
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Figure 5. 11: Differential effects of PPAR agonists on the matrix 

metalloproteinases mRNA expressions in rat DRG cultures treated 

with LPS. 

Graph A showed upregulation of MMP9 expression by LPS treatment and 

downregulation of the gene by all three PPAR agonists. Meanwhile, 

expression of MMP12 in the LPS-treated group was significantly lower than 

in control group (Graph B) but still was downregulated by all the PPAR 

agonists. MMP2 (Graph C) and MMP3 (Graph D) expression were not 

downregulated by any of the PPAR agonists. Data were expressed as mean 

± SEM and were compared between treatment groups by repeated unpaired 

Student t-test with Welch’s correction. *p<0.05, **p<0.01 and 

***p<0.001 were considered as significant differences between the 

treatment groups (n=4). 
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Figure 5. 12: Differential effects of PPAR agonists on the matrix 

metalloproteinases mRNA expressions in rat DRG cultures treated 

with flagellin. 

Flagellin treatment did increase the expression of MMP9, MMP12 and MMP3 

(Graph A-C) in the DRG cultures. MMP9 (Graph A) and MMP12 (Graph B) 

were significantly inhibited by the PPARγ or PPARα agonist respectively. 

MMP3 (Graph C) and MMP2 (Graph D) expression in this group were not 

downregulated by any of the PPAR agonists. Data were expressed as mean 

± SEM and were compared between treatment groups by repeated unpaired 

Student t-test with Welch’s correction. *p<0.05, **p<0.01 and 

***p<0.001 were considered as significant differences between the 

treatment groups (n=4). 
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5.4.5 Effects of PPARα, PPARβ and PPARγ agonists on neurotrophin 

and pro-inflammatory enzymes mRNA expressions. 

LPS increased the expression of ptgs2 (COX-2) (Figure 5.13C) and iNOS 

(Figure 5.13E) in the rat DRG culture, but no significant changes for NGF 

expression (Figure 5.13A).  All of the genes decreased with PPARα, PPARβ 

and PPARγ agonist pre-treatment. Meanwhile in flagellin-treated group, 

NGF, ptgs2 (COX-2), and iNOS were upregulated but only NGF mRNA 

expression was repressed by all three PPAR ligands (Figure 5.13B). mRNA 

level of ptgs2 was downregulated by PPARα (Figure 5.13D) and iNOS by 

PPARα and PPARβ ligand (Figure 5.13F). 
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Figure 5. 13: Neurotrophin and pro-inflammatory enzymes that 

were repressed by PPAR agonists in rat DRG culture treated with 

LPS or flagellin.  

Graph A showed no significant changes of NGF expression when the DRG 

culture was treated with LPS and had been downregulated with all the PPAR 

agonists. Graph C and E showed upregulation of ptgs2 (COX-2) and iNOS, 
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respectively in LPS-treated group and downregulation of the genes with the 

PPAR agonists. Graphs B, D and F showed upregulation of NGF, ptgs2 (COX-

2), and iNOS in the cell culture treated with flagellin. NGF expression was 

repressed by all the three PPAR ligands (Graph B), ptgs2 was 

downregulated by PPARα (Graph D) and iNOS by PPARα and PPARβ ligand 

(Graph F). Data were expressed as mean ± SEM and were compared 

between treatment groups by repeated unpaired Student t-test with 

Welch’s correction. *p<0.05, **p<0.01 and ***p<0.001 were considered 

as significant differences between the treatment groups (n=4). 

 

5.4.6 Effects of PPARα, PPARβ and PPARγ agonists on expression of 

PPARα and of NF-κB subunits.  

Even though there was no significant change in expression of PPARα by LPS, 

PPARα expression was downregulated by the all three PPAR agonists (Figure 

5.14A). For NF-κB subunits, RelA (NF-κB-p65), NFKB1 (NF-κB-p50) and 

NFKBIA were significantly upregulated with LPS, and all three PPAR agonists 

significantly reduced RelA (NF-κB-p65) (Figure 5.14B) and NFKB1 (NF-κB-

p50) expressions (Figure 5.14C) but not NFKBIA (Figure 5.14D). 
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Figure 5. 14: Differential effects of PPAR agonists on expression of 

PPARα and NF-κB subunits in rat DRG cultures treated with LPS.  

Graph A showed downregulation of PPARα expression by the PPAR agonists. 

Graph B and C showed upregulation of RelA (NF-κB-p65) and NFKB1 (NF-

κB-p50), respectively by LPS treatment and had been downregulated by all 

three PPAR agonists. Graph D showed upregulation of NFKBIA expression 

with LPS treatment of the DRG cultures, but no significant changes with 

PPAR agonists pre-treatment. Data were expressed as mean ± SEM and 

were compared between treatment groups by repeated unpaired Student t-

test with Welch’s correction. *p<0.05, **p<0.01 and ***p<0.001 were 

considered as significant differences between the treatment groups (n=4). 

 

In the flagellin treated group, PPARα expression was upregulated by 

flagellin and downregulated by PPARα agonist (Figure 3.15A). The NF-κB 



170 
 

subunits (RelA, NFKB1 and NFKBIA) were upregulated by flagellin, in which 

NFKB1 expression was significantly reduced by all the three PPAR agonists 

(Figure 5.15C), RelA by PPARα and PPARγ agonist (Figure 5.15B); and 

NFKBIA by the PPARα agonist (Figure 5.15D). 

 

Figure 5. 15: Differential effects of PPAR agonists on expression of 

PPARα and NF-κB subunit in rat DRG cultures treated with flagellin. 

Graph A showed upregulation of PPARα with flagellin treatment and 

downregulation by PPARα agonist. Graph B, C and D showed upregulation 

of RelA, NFKB1 and NFKBIA expression in the flagellin-treated group. RelA 

had been downregulated by PPARα and PPARγ agonist, NFKB1 by all the 

three PPAR agonists and NFKBIA by PPARα agonist only. Data were 

expressed as mean ± SEM and were compared between treatment groups 

by repeated unpaired Student t-test with Welch’s correction. *p<0.05, 
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**p<0.01 and ***p<0.001 were considered as significant differences 

between the treatment groups (n=4). 

 

5.4.7 Effects of PPARα, PPARβ and PPARγ agonists on activator 

protein-1 (AP-1) expression. 

FOS and JUN are AP-1 family members. In the LPS-treated group, FOS 

expression was upregulated significantly, but not JUN expression. However, 

both AP-1 members were downregulated by all three PPAR agonists (Figure 

5.16A and B). Meanwhile, in the flagellin-treated group, both FOS and JUN 

were upregulated. FOS expression was downregulated by PPARγ agonist 

(Figure 5.16C) and Jun expression was downregulated by all the PPAR 

agonists (Figure 5.16D). 
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Figure 5. 16: Differential effects of PPAR agonists on the activator 

protein-1 (AP-1) expressions in rat DRG cultures treated with LPS 

and flagellin.  

Graph A showed upregulation of FOS expression when the DRG cultures 

were treated with LPS and were downregulated with all the PPAR agonists. 

Graph B showed downregulation of JUN expression by all the PPAR agonists, 

even though it did not increase with LPS treatment. Graph C and D showed 

upregulation of FOS and JUN expression in the flagellin-treated group. FOS 

expression was downregulated by PPARγ agonist and Jun expression was 

downregulated by all the PPAR agonists. Data were expressed as mean ± 

SEM and were compared between treatment groups by repeated unpaired 

Student’s t-test with Welch’s correction. *p<0.05, **p<0.01 and 

***p<0.001 were considered as significant differences between the 

treatment groups (n-4). 
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5.4.8 Effects of PPARα, PPARβ and PPARγ agonists on 

endocannabinoid enzymes mRNA expression. 

DAGLA is a gene encoding diacylglycerol lipase alpha, which is a key enzyme 

in the biosynthesis of the endocannabinoid 2-arachidonoylglycerol (2-AG). 

There was no significant change of DAGLA expression when treated with 

LPS, but then was downregulated by PPARα and PPARβ agonist (Figure 

5.17A). Meanwhile the gene was downregulated with flagellin treatment and 

upregulated by PPARβ agonist (Figure 5.18A). 

 MGLL is a gene encoding monoacylglycerol lipase (MAGL), an enzyme 

responsible for hydrolysis of 2-AG to arachidonic acid (AA). LPS treatment 

decreased the expression of MGLL in the DRG cultures and the gene was 

upregulated by PPARγ agonist (Figure 5.17B). There was no significant 

changes of MGLL expression in the flagellin-treated group, except for 

significant downregulation by the PPARγ agonist (Figure 5.18B). 

 FAAH is a gene encoding a protein that is responsible for the 

hydrolysis of a number of fatty acid amides, including the neuromodulatory 

compounds anandamide and oleamide. Both LPS and flagellin did not 

change the expression of FAAH. The gene was inhibited by the PPARγ 

agonist in LPS group (Figure 5.17C), while it was upregulated by PPARα and 

PPARγ agonist in the flagellin group (Figure 5.18C).  

 ABHD6 and ABHD12 are genes encoding enzymes that catalyze the 

hydrolysis of 2-AG. There was no significant change in expression of ABHD6 

when pre-treated with PPAR agonist in the LPS-treated DRG culture (Figure 

5.17D). In the flagellin treated group, there was an increase in ABHD6 
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expression compared with control group and was significantly reduced by 

the PPARγ agonist (Figure 5.18D). 

Concurrently, ABHD12 expression was upregulated with LPS 

treatment and was repressed by PPARα, PPARβ and PPARγ agonists (Figure 

5.17E). Meanwhile, in the flagellin-treated DRG culture, it was decreased 

compared with the control group and was upregulated by PPARα and PPARβ 

agonist (Figure 5.18E). 
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Figure 5. 17: Differential effects of PPAR agonists on 

endocannabinoid enzyme mRNA expression in rat DRG cultures 

treated with LPS.  

Graph A showed downregulation of DAGLA expression by PPARα and PPARβ 

agonist in LPS-treated DRG cultures. Graph B showed downregulation of 

MGLL by LPS treatment and upregulation of the gene by PPARγ agonist. 

Graph C showed downregulation of FAAH by PPARγ agonist, even though 
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no significant changes between LPS treatment and control group. There was 

downregulation of ABHD6 with LPS treatment but no significant changes of 

the gene with PPAR agonists as shown in Graph D. Graph E showed 

upregulation of ABHD12 expression with LPS treatment and its 

downregulation by all three PPAR agonists. Data were expressed as mean 

± SEM and were compared between treatment groups by repeated unpaired 

Student’s t-test with Welch’s correction. *p<0.05, **p<0.01 and 

***p<0.001 were considered as significant differences between the 

treatment groups (n=4). 
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Figure 5. 18: Differential effects of PPAR agonists on 

endocannabinoid enzyme mRNA expression in rat DRG cultures 

treated with flagellin.  

Graph A showed downregulation of DAGLA expression by flagellin and its 

upregulation by PPARβ agonist. Graph B showed no significant changes in 

MGLL expression except for its downregulation by PPARγ agonist. FAAH 

expression was upregulated by PPARα and PPARγ agonist as shown in Graph 

C. Graph D showed upregulation of ABHD6 expression by flagellin and its 
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downregulation by PPARγ agonist. ABHD12 expression was downregulated 

by flagellin and was upregulated by PPARα and PPARβ agonist as shown in 

Graph E. Data were expressed as mean ± SEM and were compared between 

treatment groups by repeated unpaired Student’s t-test with Welch’s 

correction. *p<0.05, **p<0.01 and ***p<0.001 were considered as 

significant differences between the treatment groups (n=4). 

 

5.4.9 mRNA expression of TLR4 and TLR5 in separated neuronal and 

glial cells of rat DRG 

Figure 5.19 shows expression of TLR4 and TLR5 in separated neuronal and 

glial cells. TLR4 was expressed significantly higher in neuronal cells (Figure 

5.19A), while TLR5 was significantly higher in glial cells as shown in Figure 

5.19B. 

 

Figure 5. 19: mRNA expression of TLR4 and TLR5 in separated 

neuronal and glial cells.  

TLR4 (A) was significantly higher in neuronal cells, while TLR5 (B) was 

significantly higher in glial cells. Data expressed as mean ± SEM (*p<0.05, 

***p<0.001, unpaired Student’s t-test, n=3). 
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5.5 Discussion 

Treatment of rat DRG cultures with LPS or flagellin leads to upregulation of 

various inflammatory pain mediators. Our results indicated that DRG cells 

had the potential to recognize LPS and flagellin, which are pathogen-

associated molecular patterns (PAMPs) and initiated an inflammatory 

response in the peripheral nervous system without prior activation of 

immune cells. The changes of the inflammatory mediators following 

exposure to the inflammatory stimuli in the DRG cultures were able to be 

modulated by PPAR agonists. 

 A summary of the differential effects of inflammatory stimuli and 

PPAR agonist on the expression of the inflammatory mediators are shown 

in Table 5.2 below.  

 

Table 5. 2: Summary of the effects of PPAR agonists on mRNA 

expression of inflammatory genes induced by lipopolysaccharides 

or flagellin in rat DRG cultures.  

(↑ for upregulated; ↓ for downregulated; ↔ for no significant changes). 

TARGET GROUP GENE LPS-induced Flagellin-induced 

 
 No 

agonist 

PPAR

α 

PPAR

β 

PPAR 

γ 

No 

agonist 

PPAR

α 

PPAR

β 

PPAR 

γ 

Pro Inflammatory 

cytokines 

Il1a  ↔ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Il1b  ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Il1r1  ↓ ↓ ↓ ↓ ↑ ↔ ↓ ↓ 

Il6  ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↓ 

Il11 ↑ ↓ ↓ ↓ ↑ ↓ ↑ ↔ 

Il12a  ↑ ↓ ↓ ↓ ↔ ↔ ↔ ↔ 
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Il33  ↓ ↓ ↓ ↓ ↑ ↓ ↓ ↔ 

Csf1  ↑ ↓ ↔ ↔     

Csf2  ↑ ↓ ↓ ↓     

Mif  ↔ ↔ ↔ ↔ ↔ ↑ ↓ ↔ 

Chemokines 

Ccl22 ↑ ↓ ↓ ↓ ↔ ↔ ↔ ↔ 

Ccl3  ↔ ↔ ↔ ↔ ↑ ↔ ↔ ↔ 

Ccl4  ↑ ↓ ↓ ↓ ↑ ↔ ↔ ↔ 

Cxcl2  ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↓ 

Csf3 ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Cxcl1  ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Ccl2  ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Ccl7  ↑ ↔ ↓ ↓ ↑ ↓ ↓ ↓ 

Cx3cl1  ↑ ↔ ↔ ↓ ↑ ↓ ↓ ↓ 

Cxcl5  ↑ ↓ ↓ ↓ ↑ ↔ ↔ ↓ 

Adhesion 

molecules 

 Icam1 ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Vcam1 ↑ ↔ ↔ ↔ ↑ ↔ ↔ ↓ 

Growth factors 

Pdgfb  ↑ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 

Fgf2 ↔ ↓ ↓ ↓ ↑ ↓ ↓ ↔ 

Matrix metallo-

proteinases 

Mmp9 ↑ ↓ ↓ ↓ ↑ ↔ ↔ ↓ 

Mmp12  ↓ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Neurotrophin Ngf  ↔ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 

Pro-

inflammatory 

enzymes 

 

Ptgs2 ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Nos2 

  ↑ ↓ ↓ ↓ ↑ ↓ ↓ ↔ 

PPAR Alpha Ppara ↔ ↓ ↓ ↓ ↑ ↓ ↔ ↔ 

Nuclear Factor 

Kappa B 

 

Rela  ↑ ↓ ↓ ↓ ↑ ↓ ↔ ↓ 

Nfkb1  ↑ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 

Nfkbia  ↑ ↔ ↔ ↔ ↑ ↓ ↔ ↔ 
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Activator 

protein-1 

 

Jun  ↔ ↓ ↓ ↓ ↑ ↓ ↓ ↓ 

Fos  
↑ ↓ ↓ ↓ ↑ ↑ ↔ ↓ 

Endocannabinoid 
System 

Dagla  ↔ ↓ ↓ ↔ ↓ ↔ ↑ ↔ 

Mgll  ↓ ↔ ↔ ↑ ↔ ↔ ↔ ↓ 

Faah  ↔ ↔ ↔ ↓ ↔ ↑ ↔ ↑ 

Abhd6  ↓ ↔ ↔ ↔ ↑ ↔ ↔ ↓ 

Abhd12  ↑ ↓ ↓ ↓ ↓ ↑ ↑ ↔ 

 

As a whole, flagellin increased the expression of most of the 

inflammatory mediators more than LPS. The pathogens stimulate different 

TLR, in which LPS stimulates TLR4 and flagellin stimulates TLR5. In this 

study, both TLRs were expressed in rat DRG, in which TLR4 expression was 

higher in neuronal cells and TLR5 was higher in glial cells (Goethals, Ydens, 

Timmerman, & Janssens, 2010). Higher inflammatory responses by 

flagellin-mediated activation of TLR5 might suggest a role of glial cells in 

innate immunity of the cells. 

 Even though there was a higher inflammatory response in the 

flagellin-treated group, most of the inflammatory mediators were inhibited 

by all three PPAR agonists in LPS-induced inflammation. For instance, pro-

inflammatory cytokine and chemokine mRNA expression were 

downregulated by PPARα, PPARβ and PPARγ agonists in the LPS-treated 

group. Meanwhile, in flagellin-induced inflammation, the PPARα agonist was 

likely to be more effective in downregulating some of the inflammatory gene 

expression. 

 This could also be seen in the other studied inflammatory mediators. 

As TLR4 expression was higher in neuronal cell and all three PPARs were 
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expressed in DRG neurons, these might suggest that TLR4 activation by LPS 

is probably primarily in neuronal cells. This could be a possible explanation 

for the suppression of the inflammatory genes by all the PPAR agonists. On 

the other hand, PPARα and TLR5 are expressed at high level in glial cells, 

and there is a possibility that inflammatory mediators from flagellin-

mediated activation of TLR5 on glial cells can mainly be suppressed by 

PPARα.  

 The regulation of inflammatory gene expression is controlled to a 

large degree by the transcription factors NF-κB and AP-1 (Chen, Wang, Mao, 

& Yan, 2014; Haddad, Chotard-Ghodsnia, Verdier, & Duperray, 2010). Anti-

inflammatory properties of PPARs arise through their ability to antagonize 

nuclear NF-κB and AP1 signalling pathways. By inhibiting NF-κB and AP1, 

the PPARs repress the expression of several genes that are involved in the 

inflammatory response (Daynes & Jones, 2002; Devchand et al., 1996). In 

this study, RelA and NFKB1, the NF-κB subunits were significantly 

upregulated in response to the inflammatory stimuli in the rat DRG culture. 

Subsequently, PPARs antagonized the expression of the NF-κB subunits 

resulting in lower expression of the genes. By inhibiting NF-κB, the PPARs 

repressed the expression of several genes that are involved in the 

inflammatory response. This also applied to the AP-1 family, FOS and JUN.  

PPARs have also been reported to control the duration and magnitude 

of the inflammatory response through their ability to induce expression of 

genes encoding proteins that are involved in the catabolism of pro-

inflammatory lipid mediators (Daynes & Jones, 2002). It was quite difficult 

to interpret the overall result since every gene had different peaks of 
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expression. For example, LPS produced a rapid increase in expression of 

both IL-1β and TNFα mRNA which peaks at 2 h, while ptgs2 (COX-2 mRNA) 

increases and peaks at 4 h (Tse et al., 2014). It is hard to do a full-time 

course of an investigation. LPS had no significant effect on ptgs1 (COX-1 

mRNA) (Tse et al., 2014).  

 There is a complex intracellular signalling involved in the 

inflammatory process (Miller et al., 2009). For instance, PPARα reduces 

inflammation by inducing the expression of anti-inflammatory proteins, 

such as IκB-α, which prevents the nuclear translocation of NF-κB, 

repressing the expression of pro-inflammatory proteins and limiting the 

recruitment of immune cells (Devchand et al., 1996; Haddad et al., 2010). 

In addition, stimulation of TLR leads to various downstream signaling 

pathways. TLR4 signalling had been divided into MyD88-dependent and 

MyD88-independent (TIR (Toll-interleukin-1 receptor) domain-containing 

adaptor inducing IFN-β (TRIF)-dependent) pathway (Y. C. Lu, Yeh, & 

Ohashi, 2008) as shown in Figure 5.20. The downstream signaling pathways 

of TLR4 are cell-type specific, for example, LPS dramatically increased IFNβ 

mRNA expression in rat leukocytes, but failed to increase IFNβ mRNA in 

DRG cells (Tse et al., 2014). As in this study, IFNγ did not show any 

significant changes when the DRG cells were treated with LPS and PPAR 

agonist. This suggests that LPS stimulates TLR4 to initiate classical MyD88-

dependent pathway and not a TRIF-dependent pathway in DRG cells. In 

addition, the absence of immune cells in the cultures might also contribute 

to the lack of changes of the genes expressed in some of the inflammatory 

mediators across the treatment groups. 
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Figure 5. 20: Overview of LPS/TLR4 signalling.  

LPS/TLR4 signaling can be separated into MyD88-dependent and MyD88-

independent pathways, which mediate the activation of pro-inflammatory 

cytokine and Type I interferon genes (Y. C. Lu et al., 2008). TIR, Toll-

interleukin-1 receptor; MyD88, myeloid differentiation primary response 

gene 88; TIRAP, TIR domain-containing adaptor protein; TRIF, TIR domain-

containing adaptor inducing IFN-β; TRAM, TRIF related adaptor molecule. 

 

As with most other TLRs, TLR5 first interacts with the IL-1R/TIR 

containing adapter MyD88 which couples the cell surface TLR5 to down-

stream intracellular signalling pathways (Tahoun et al., 2017). TLR5 

stimulation by flagellin results in the activation of NF-κB leads to nuclear 

localization of the transcription factors and result in the production of pro-
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inflammatory cytokines (Tahoun et al., 2017; Tallant et al., 2004). In this 

study, flagellin stimulation of TLR5 was likely to be a MyD88-dependent 

pathway (Tallant et al., 2004). However, to examine this possibility further, 

a subsequent experiment needs to be done for example by using MyD88-/- 

rats. 

 PPAR agonist treatment resulted in differential effects on 

endocannabinoid enzymes mRNA expression in both LPS and flagellin-

treated DRG cultures. As shown in Table 5.2, there was no specific pattern 

in the changes of the genes expressed in both groups. For instance, DAGLA, 

an enzyme for the biosynthesis of endocannabinoids was downregulated by 

PPARα and PPARβ agonists in the LPS-treated group but was upregulated 

by the PPARβ agonist in the flagellin-treated group.  

 FAAH inhibitors showed both analgesic and anti-inflammatory effects 

in animal studies (Huggins, Smart, Langman, Taylor, & Young, 2012). This 

is because FAAH inhibitors prevent the degradation of endocannabinoids 

and result in their higher concentration in the circulation. In the LPS-treated 

group, FAAH expression was downregulated by the PPARγ agonist, thus 

contributing to the anti-inflammatory effect. However, it was contradicted 

in the flagellin-treated group, in which FAAH expression was upregulated 

by PPARα and PPARγ agonists. The gene expression changes of the other 

endocannabinoid enzymes in the two groups were opposite to each other. 

These findings were really difficult to interpret, since the other inflammatory 

genes showed the same changes between the two groups, even though 

suppression of the inflammatory mediators by PPAR agonists were more 

effective in the LPS group.  
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Chapter 6 

General discussion  
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Chapter 6: General discussion 

The presence of the nuclear receptor PPARs together with FABP5, FABP7, 

and FABP8 were observed in heterogenous cell populations of rat DRG that 

consist of both neuronal and glial cells. In the ISH we found that PPARα 

mRNA expression appeared lower in neuronal cells relative to satellite glial 

cells, while PPARβ and PPARγ mRNA signals were clearly more positive in 

neuronal cells. Later, these findings were supported with the study by 

TaqMan qPCR of mRNA expression of PPARs in separated neuronal and glial 

cells from DRG culture, which showed that PPARα was significantly higher 

in glial cells, while PPARβ and PPARγ expression was higher in neuronal 

cells. Besides that, for the FABPs mRNA expression, FABP5 expression was 

higher in neuronal cell, FABP7 expressed almost equal in both cells and 

FABP8 expression was significantly higher in glial cells. These findings were 

seen in the ISH, which was then validated by TaqMan qPCR. 

 The information on distribution and cell-type specificity profile of 

PPAR and FABP isotypes in rat DRG cells provides a necessary foundation 

for the study of the interaction between PPARs and FABPs. Tissue-specific 

functions of PPARs are found to be closely supported by the tissue-specific 

expression of particular FABP isotypes. For example, the presence of FABP4 

is essential for the ability of PPARγ to properly induce differentiation of 

adipocytes, and the presence of FABP5 is important for PPARβ to properly 

induce differentiation of keratinocytes (Tan et al., 2002). Understanding the 

underlying mechanism for delivery of PPAR ligand by FABP and their 

dynamic interaction provides a new potential therapeutic target for the 

treatment of inflammatory pain and other diseases. 
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A BiFC assay was applied to look for any physical interactions 

between these FABPs and any of the PPAR isoforms with or without the 

presence of appropriate PPAR agonist. Interestingly, for the first time, we 

showed that FABP8 interacts with all the 3 PPAR isoforms, unlike most of 

the other FABPs. For instance, we showed the presence of interaction 

between FABP5 with PPARα and PPARβ but not with PPARγ. In addition, 

there was no interaction between FABP7 and any of the PPAR isoforms, at 

least in this study. There are studies showing an interaction of FABP5 and 

PPARβ (Armstrong et al., 2014; Schug et al., 2007; Tan et al., 2002). On 

top of that, these protein interactions were augmented with the presence 

of appropriate PPAR agonist treatment. This is because, in the presence of 

an appropriate PPAR agonist, the FABPs associated with particular ligands 

in the cytosol, which then formed a complex with a cognate PPAR in the 

transfected cells. 

Even though FABPs are important for fatty acid metabolism, they are 

also present substantially in tissues that do not consume fatty acids as their 

primary substrate for ATP production, such as brain and spinal cord (Storch 

& Corsico, 2008) and other neuronal tissues like DRG. Besides providing 

energy, fatty acids and their derivatives act as prominent signalling 

molecules by altering cell membrane structures, affecting the lipid 

modification status of proteins, and by modulating ligand-activated nuclear 

receptor activity. They also have a role in the transmission of noxious 

sensory information in the nervous system and are involved in the 

modulation of pain sensitivity. Since DRG do not have oxidative fatty acid 

metabolism, these data would suggest an alternative role for PPAR-FABP 

signalling axis in DRG, possibly an anti-inflammatory role. 
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A huge amount of research had been done to study the effects of 

PPAR agonist administration on inflammatory mediator expression in 

various tissues and disease models (Daynes & Jones, 2002; Delerive et al., 

2001; Moraes et al., 2006). In this study, the anti-inflammatory effect of 

PPARs in peripheral nervous system was studied by treating inflamed DRG 

cultures with the relevant PPAR agonist. Inflammation was induced in the 

DRG cultures by treating the cells with either LPS or flagellin, which activate 

TLR4 and TLR5, respectively (Hayashi et al., 2001; Takeda & Akira, 2004; 

Tse et al., 2014). PPAR agonists were given 1 hour prior to the induction of 

inflammation. This study showed the activation of PPARs modulated various 

genes associated with nociception in rat DRG cultures. Generally, most of 

the inflammatory genes were equally inhibited by all three PPAR agonists in 

the LPS-induced inflammation, while PPARα agonist was more likely to be 

effective in suppressing the inflammatory genes in flagellin-induced 

inflammation. 

The inflammatory response is a dynamic process initiated by the body 

in response to tissue injury or infection. It is regulated by an enormous 

range of mediators that form complex regulatory signalling molecules 

including cytokines, chemokines, adhesion molecules, growth factors, 

matrix metalloproteinases (MMPs), neutrophins, pro-inflammatory enzymes 

and few more others. LPS and flagellin used in this study stimulated TLR4 

and TLR5, respectively in a MyD88-dependent pathway (Tahoun et al., 

2017; Tse et al., 2014). This is because both stimuli failed to increase the 

expression of IFN-γ through the MyD88-independent (TRIF-dependent) 

pathway. The downstream signaling pathways of TLR are cell-type specific.  

(Tse et al., 2014). Stimulation of TLRs lead to phosphorylation of IκBα and 
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resulted in the activation and nuclear localization of the NF-κB. This leads 

to the upregulated synthesis of master pleiotropic cytokines such as TNF-α 

and IL-1β (Miller et al., 2009). However, in this study there was no change 

in TNFα expression after the induction of inflammation and with the 

treatment of PPAR agonists in both LPS and flagellin-treated group. 

However, by using the same sample, TaqMan qPCR showed that TNFα 

expression increased after the inflammatory stimuli and all the PPAR 

agonists were able to suppress the TNFα mRNA expression in LPS-treated 

group. The unaltered TNFα expression across the groups might be because 

of faulty primers and probe for TNFα in the TLDA card. 

The ability of the PPARs to regulate inflammatory responses is a 

result of their transactivation and transrepression capacities. Most of the 

anti-inflammatory properties of the PPARs arise through their ability to 

inhibit nuclear factor NF-κB and AP1 signalling pathways (Delerive et al., 

2001). By inhibiting NF-κB and AP1, the PPARs repress the expression of 

several genes that are involved in the inflammatory response. These include 

cytokines, cell-adhesion molecules and other pro-inflammatory signal 

mediators, such as inducible nitric oxide synthase (iNOS). PPAR has also 

been reported to control the duration and magnitude of the inflammatory 

response through its ability to induce expression of genes encoding proteins 

that are involved in the catabolism of pro-inflammatory lipid mediators 

(Daynes & Jones, 2002). 

Besides that, TLRs are receptors at the cell membranes involved in 

recognition of the pathogen by their leucine-rich repeat (LRR) ectodomains 

(Takeda & Akira, 2004; Yoon et al., 2012). They play an important role as 

the first line of defence in innate immunity, thus, are predominantly 
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expressed in immune cells. However, they are studies showed that TLRs 

are also expressed in primary sensory neurons like DRG and trigeminal 

ganglia of the peripheral nervous system (Liu et al., 2014; Tse et al., 2014). 

In this study, we found that TLR4 and TLR5 were expressed in rat DRG, in 

which TLR4 expression was higher in neuronal cells and TLR5 was higher in 

glial cells. Additionally, we also found that all of the three PPAR isoforms 

were expressed in neuronal cells of DRG, with higher expression of PPARα 

in glial cells. Since higher expression of TLR4 in neuronal cells and all PPAR 

isoforms were abundantly expressed in neuronal cells, this might suggest 

that TLR4 activation by LPS is probably primarily in neuronal cells, thus the 

inflammatory genes were effectively suppressed by the 3 PPARs. 

Meanwhile, PPARα and TLR5 are expressed at high level in glial cells, and 

there is a possibility that inflammatory mediators from flagellin-mediated 

activation of TLR5 on glial cells can mainly be suppressed by PPARα. 

Primary DRG culture consists of neuronal cells and dissociated glial 

cells, which offers a unique opportunity to model the various peripheral 

neuropathies in vitro including inflammatory neuropathies (Melli & Hoke, 

2009).  Although, in inflammation, macrophages and other immune cells 

are the primary sources of many pro-inflammatory mediators (Marchand et 

al., 2005; Schaible, 2014), which were absent in this in vitro model of cell 

culture. This might be one of the reasons for the unchanged gene 

expression in some of the inflammatory mediators across the treatment 

groups. 

Moreover, PPAR ligands were able to inhibit the expression of 

inflammatory genes by a process termed transrepression. It is a mechanism 

by which a nuclear receptor, when bound to a ligand, can repress gene 
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expression by interaction with transcription factors and regulatory proteins, 

not by direct interaction with specific DNA sequences (Pascual & Glass, 

2006). It is complex and achieved by various mechanisms that are 

situationally-specific.  

In conclusion, there was a selective interaction between FABP5 with 

PPARα and PPARβ; and FABP8 with all the PPAR isoforms, which were 

augmented with the presence of appropriate PPAR agonist treatment. Apart 

from that, PPAR agonists selectively inhibit inflammatory gene expression, 

which prominently was more effective in LPS-induced inflammation than 

flagellin-induced inflammation. On top of that, PPARα agonist (GW7647) 

had better capabilities in inhibiting inflammatory genes in flagellin-induced 

inflammation than PPARβ agonist (GW0742) and PPARγ agonist (GW1929). 

While PPAR agonists may hold great therapeutic potential, their activities 

are many and varied. 

 

Limitations 

There were some limitations faced in this study. One of the limitations was 

small sample sizes which are not uncommon in basic science research. In 

the study of FABP and PPAR expression in different cell populations of rat 

DRG, the sample size was three (n=3). While in the study of PPAR agonists 

differential effects on inflammatory gene expression, the sample size was 

four (n=4). This was because the samples need to be harvested from two 

rats at a time to have adequate cells for each of the experiment. Thus some 

of these statistical comparisons may fail to reach statistical significance. It 
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is important to recognize that the lack of significance may be due to low 

statistical power (Sullivan, Weinberg, & Keaney Jr, 2016). 

 Images of DRG sections in ISH and transfected Cos-7 cells in BiFC 

should be a better quality with a higher magnification. Quantification of the 

cells with positive signals could give a better way for the interpretation of 

the results. However, due to certain circumstances, the quantification of the 

results cannot be done. 

 

Future works 

In Chapter 4, BiFC showed the presence of physical interactions between 

FABP5 and FABP8 with PPARs, both in the absence and presence of PPAR 

agonist treatment. Further experiments with PPAR antagonists should be 

done in order to block the effect of agonist. This can support the findings of 

increasing interactions between FABP and PPAR are mainly due to the 

presence of PPAR agonists. 

Besides that, the study in Chapter 5 supports the concept that PPAR ligands 

exert anti-inflammatory actions. On top of that, PPAR antagonists should 

also be used to reverse the effects of agonists and study whether the 

changes in inflammatory genes expression were PPAR-dependant or PPAR-

independent. In addition, the effects on expression of inflammatory genes 

by PPAR ligands in the cells without the inflammatory stimulation should 

also be done as the control to show agonist-only effects on the system.  

We believe that FABPs are involved in shuttling PPAR ligands into the 

nucleus and interact with the nuclear receptors. One study showed that the 
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FABP inhibitor BMS309403 reduced PPARα activation by GW7647 and OEA, 

supporting the notion that FABPs may shuttle these ligands into the nucleus 

(Kaczocha, Vivieca, Sun, Glaser, & Deutsch, 2012). Therefore, for future 

works, we should also investigate the effects of FABP ligands on FABP and 

PPAR protein-protein interactions and establish the influence of FABP 

ligands/inhibitors on PPAR signalling in modulating inflammatory gene 

expression.  
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Appendices 

Appendix 1 

Yellow fluorescence protein (YFP) nucleotides sequence: 

ATGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGA

GCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAG

GGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAA

GCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCTTCGGCTACGGCCTGCAGT

GCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGTCCGCCA

TGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAAC

TACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCAT

CGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACATCCTGGGGCACAAGC

TGGAGTACAACTACAACAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGA

ACGGCATCAAGGTGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTG

CAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCT

GCTGCCCGACAACCACTACCTGAGCTACCAGTCCGCCCTGAGCAAAGACCCCAA

CGAGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCA

CTCTCGGCATGGACGAGCTGTACAAGTAA 

 

YFP protein sequence: 

MVSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPV

PWPT 

LVTTFGYGLQCFARYPDHMKQHDFFKSAMPEGYVQERTIFFKDDGNYKTRAEVKFE

GDTL 

VNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNGIKVNFKIRHNIEDGS

VQLA 

DHYQQNTPIGDGPVLLPDNHYLSYQSALSKDPNEKRDHMVLLEFVTAAGITLGMD

ELYK*  
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Appendix 2 

 

YC-fragment of YFP (residues 474-717) sequence: 

Nucleotide: GAA GAC GGC ATC AAG GTG AAC TTC AAG ATC CGC CAC AAC 

ATC 

Protein:        E     D     G     I      K     V     N     F     K     I     R     H     N     

I 

Nucleotide: GAG GAC GGC AGC GTG CAG CTC GCC GAC CAC TAC CAG 

CAG AAC  

Protein:        E      D     G     S     V     Q     L      A     D    H     Y     Q     Q     

N 

Nucleotide: ACC CCC ATC GGC GAC GGC CCC GTG CTG CTG CCC GAC 

AAC CAC 

Protein:        Y     L     S      Y     Q     S     A     L     S     K     D     P     N     

E 

Nucleotide: TAC CTG AGC TAC CAG TCC GCC CTG AGC AAA GAC CCC AAC 

GAG 

Protein:        Y     L     S     Y     Q     S     A     L      S     K     D     P     N     

E 

Nucleotide: AAG CGC GAT CAC ATG GTC CTG CTG GAG TTC GTG ACC GCC 

GCC 

Protein:        K     R     D     H     M     V     L     L     E      F     V     T      A     

A  

Nucleotide: GGG ATC ACT CTT GGC ATG GAC GAG CTG TAC AAG 

Protein:        G     I      T     L     G     M    D     E      L     Y     K 

 

The YC-fragment of YFP sequence is detailed in the top section, alongside 

the corresponding YFP codon sequence. 
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Appendix 3 

 

Recombinant plasmid of YC-tagged huPPARγ1 nucleotides sequence: 
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YC-tagged huPPARγ1 protein sequence: 

 

EDGIKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSYQSALSKDPNE

KRDHMVLLEFVTAAGITLGMDELYKEFCRYPSHWRPHMTMVDTEMPFWPTNFGIS

SVDLSVMEDHSHSFDIKPFTTVDFSSISTPHYEDIPFTRTDPVVADYKYDLKLQEYQ

SAIKVEPASPPYYSEKTQLYNKPHEEPSNSLMAIECRVCGDKASGFHYGVHACEGC

KGFFRRTIRLKLIYDRCDLNCRIHKKSRNKCQYCRFQKCLAVGMSHNAIRFGRMPQ

AEKEKLLAEISSDIDQLNPESADLRALAKHLYDSYIKSFPLTKAKARAILTGKTTDKS

PFVIYDMNSLMMGEDKIKFKHITPLQEQSKEVAIRIFQGCQFRSVEAVQEITEYAKS

IPGFVNLDLNDQVTLLKYGVHEIIYTMLASLMNKDGVLISEGQGFMTREFLKSLRKP

FGDFMEPKFEFAVKFNALELDDSDLAIFIAVIILSGDRPGLLNVKPIEDIQDNLLQAL

ELQLKLNHPESSQLFAKLLQKMTDLRQIVTEHVQLLQVIKKTETDMSLHPLLQEIYK

DLY* 

 

(Letters in yellow for C fragment of YFP; letters in blue for linker; letters in 

purple for huPPARγ1) 

 


