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AN ABSTRACT OF THE THESIS OF 
 

 
Israa Salman     for     Master of Science 
                                   Major: Neuroscience 
 
Title: Peripheral anti-nociceptive effect of oleanolic acid in a rat model of Osteoarthritis 

Osteoarthritis, the most common form of joint inflammation, is characterized by severe pain 
and hypersensitivity to thermal and mechanical stimulation, and by prolonged increase in the 
synaptic excitability of central nociceptive neurons. Oleanolic acid (OA), a naturally occurring 
pentacyclic triterpenoid present in food and plants, is thought to play a beneficial role in 
inflammation owing to its neuroprotective effects. OA modulates several nuclear receptors 
involved in regulating bile acid through the activation of transcription factors. Converging 
evidence has pointed towards a role for OA and these receptors in the regulation of 
inflammation. However, despite significant progress in research, the role of OA in anti-
nociception and anti-inflammation is still not fully understood. In this study, we hypothesize 
that Oleanolic acid exerts an anti-nociceptive and anti-inflammatory effect in a rat model of 
osteoarthritis. To test this hypothesis, we conducted behavioral and electrophysiological 
studies to examine the effect of intra-articular OA on the development of nociceptive 
behaviors, knee joint edema formation, motor incoordination and increased afferent discharges 
associated with knee joint inflammation.  
Materials and Methods: Knee joint Inflammation was induced by injecting a mixture of 3% 
kaolin and carrageenan (K/C). Sensory and motor tests were performed in rats prior to, and at 
4, 8, 24, 48 and 168hrs following the induction of inflammation. The knee joint circumference 
was measured, at each time point, to monitor the development of joint edema. Rats were 
divided into two main groups: Pre-treatment and post-treatment. In the pre-treatment groups, 
two different doses of OA (0.5mg (n=5) and 3mg(n=4)) were administered in the knee joint 
before induction of inflammation. In the post-treatment group, rats received only one dose 
(0.5mg g (n=5)) of OA after induction of inflammation. The control groups received a solution 
of 100% ethanol, as a vehicle substance. Nociceptive behaviors were assessed in all animals 
using heat hyperalgesia and mechanical allodynia and hyperalgesia tests. In addition, motor 
coordination was evaluated using the rotarod test. To determine whether OA acts on articular 
primary afferents, electrophysiological recordings were made from the tibial nerve. OA’s effect 
on sensitized nerves were also tested. 
Symptoms of inflammation were manifested in all rats injected with K/C. Inflamed rats 
receiving OA prior to and after induction of inflammation, showed a decreased joint swelling 
and a noticeable decrease in pain hypersensitivity in response to noxious and innocuous 
stimulation as compared to the control groups. On the other hand, recordings from branches of 
the articular nerve revealed an excitatory effect of OA on sensitized primary afferents. We 
suggest that the increase in nerve activity leads to activation of central descending inhibitory 
pathways that reduce afferent input into the spinal cord. Collectively, the results of the present 
study highlight the potential benefits of OA for the management of pain and inflammation 
associated with osteoarthritis. 
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CHAPTER 1 

INTRODUCTION 

 

A. OSTEOARTHRITIS 

1. Definition and overview 

   Osteoarthritis is a common degenerative joint disease and a major cause of pain. It is 

characterized by a change of homeostatic healthy state into a catabolic state, and by 

pathological changes in the joints such as thickening of the subchondral bone and continuous 

loss and destruction of the articular cartilage (Chen et al., 2017). Patients with osteoarthritis 

also suffer from chronic pain, joints stiffness and instability, narrowing of joint space, and 

hypertrophy of the joint capsule (Felson, 2006). This disease is classified either as primary 

osteoarthritis or secondary osteoarthritis. While the former is a more generalized idiopathic 

form of osteoarthritis with an unknown cause, the latter mostly occurs due to post-traumatic 

causes, and could also result from congenital, endocrine and metabolic abnormalities (Michael 

et al., 2010). 

   Epidemiological studies indicate that osteoarthritis is a large and growing problem to the 

society affecting more than 25% of the population with an age greater than 18 years old (Chen 

et al., 2017). In the United States alone, more than 46 million individuals have self-reported 

doctor-diagnosed arthritis (Helmick et al., 2008) Studies also showed that osteoarthritis is very 

common among individuals aged 60 years or older (affecting 27 to 44%) (Felson et al., 1987; 

Dillon et al., 2006), and that its prevalence increases with age throughout the elderly years 

(Felson et al., 1987). In addition, there appears to be a gender-based difference in the 

prevalence of osteoarthritis, with women being more affected than men (Felson et al., 1987; 

Dillon et al., 2006). 
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2.Causes of osteoarthritis 

   Although osteoarthritis is classified as an idiopathic disease, there are numerous factors that 

could lead to its development. Aging is one of such factors. In particular, it has been shown 

that beyond the age of 56, people are more likely to have osteoarthritis (Felson et al., 1987) 

mainly due to changes in muscles, tissues and subchondral bone including the cartilage (Chen 

et al., 2017). In addition to aging, obesity is one of the causes that lead to osteoarthritis (Chen 

et al., 2017). The increased adipose tissue accumulation observed in individuals with obesity 

increases the overall load on the joints, thus leading to inflammation and the development of 

osteoarthritis (Chen et al., 2017). Another cause for osteoarthritis is sports injury of the knee 

(Chen et al., 2017). 

   Moreover, sport injury has been associated with increased risk of osteoarthritis; in particular 

individuals that have experienced some sort of knee injury are four times more likely to develop 

osteoarthritis, and about 41 to 51% of patients of young ages show symptoms of osteoarthritis 

in the years following a knee injury (Roos, 2005). Common injuries that occur in such cases 

are cartilage tissue tear, joint dislocation and ligament strains and tears (Chen et al., 2017). 

Injury to the anterior cruciate ligament has shown to be a cause for knee osteoarthritis (Hill et 

al., 2005). Osteoarthritis could also occur due to trauma following an extreme load on the joint, 

which causes damage in the subchondral bone and rupture of blood vessels in the joint capsule 

(Lotz and Kraus, 2010) 

   Last but not least, genetic factors were shown to play an important role in the underlying 

pathophysiology of osteoarthritis (Spector et al., 1996; Chen et al., 2017). Ex-vivo studies using 

tissues derived from patients with osteoarthritis and in-vivo studies using animal models of the 

disease have implicated genes involved in WNT (Sassi et al., 2014), TGF-beta (Serra et al., 

1997) and hedgehog (Lin et al., 2009) signaling. In addition, genome-wide association studies 

have identified several genes associated with osteoarthritis, including the nucleostemin-
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encoding gene (GNL3), which is involved in the regulation of cell cycle and differentiation 

(arc et al., 2012), the fat mass and obesity-associated (FTO) gene, which is involved in 

regulation of bodyweight (arc et al., 2012), the prostaglandin-endoperoxide synthase 2 

(PTGS2), which is responsible for production of inflammatory prostaglandins (Valdes et al., 

2008), and the growth differentiation factor 5 (GDF5) gene, which participates in the 

development, maintenance and repair of bone (Zhang et al., 2015). 

 

3. Clinical symptoms and mode of inflammation 

   Osteoarthritis is classified as a disease characterized by bone and joint inflammation as a 

result of articular cartilage loss (Loeser et al., 2012). Inflammation primarily occurs in the 

joints of the body, most importantly at the level of the knee joint. The knee is made of a 

synovium joint embedded in the synovial fluid, inside of which there is an articular capsule 

surrounded by a synovial membrane (Tamer, 2013). The synovium plays a central role not only 

in the lubrication of the joints, but also in the regulation of inflammation (Tamer, 2013).     

   Numerous evidence indicates that osteoarthritis is characterized by many changes in the 

synovium, including fibrosis in the ligaments, remodeling of the subchondral bone and ectopic 

bone formation (Figure 1) (Aspden and Saunders, 2019). Patients with osteoarthritis also have 

thickened and shortened tissues, reduced flexibility due to capsule and ligaments fibrosis 

(Lloyd-Roberts, 1953). Pain is another one of the major symptom that an osteoarthritis patient 

could suffer from (Peat et al., 2001). The sensation of pain observed in patients with 

osteoarthritis often results from damage of joint structure in the synovium and the loss of the 

articular cartilage. The mechanism of arthritic pain is not only peripheral but also central since 

it has been shown that even after joint replacement surgery the patient is still suffering from 

referred pain sensation (Gwilym et al., 2009; Wylde et al., 2011).  

   The inflammation observed in osteoarthritis is centrally mediated by glial cells. In an 
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monoiodoacetate (MIA) osteoarthritic rat model, Ogbonna and colleagues (2015) reported high 

levels of activated microglia in the spinal cord accompanied by cartilage degradation in the 

knee joint (Ogbonna et al., 2015). C afferent fibers have also been shown to be an important 

factor in mediating inflammation (Kelly et al., 2012) by triggering extravasation through 

antidromic dorsal root stimulation (Couture and Cuello, 1984). On the other hand, sympathetic 

efferent fibers have shown to play a minor role in joint injury in both adjuvant-induced arthritis 

and kaolin and carrageenan rat models after sympathectomy (Levine et al., 1985; Sluka et al., 

1994).  

 

 

Figure 1: Illustration of a synovial joint indicating some of the tissue changes observed in 

osteoarthritis. Taken from (Aspden and Saunders, 2019). 

 

4. Neurogenic inflammation in osteoarthritis 

   The knee is comprised of well-developed menisci, which contain pyramid-shaped ossicles 

(Hildebrand et al., 1991). The anterior and posterior horns of the rat knee’s menisci are attached 

to the tibial intercondylar area through ligaments (Hildebrand et al., 1991). The posterior horn 

of the lateral meniscus of the rat knee is also attached to the medial condyle of the femur and 



5 
 

the tibial intercondylar area (Hildebrand et al., 1991). The knee joint is innervated by two sets 

of primary articular nerves; the posterior articular nerve (PAN) and the medial articular nerve 

(MAN) (Hildebrand et al., 1991). Between these two nerves, The PAN is the largest and most 

constant (Hildebrand et al., 1991). The PAN emerges from the tibial nerve as a single trunk 

from the popliteal fossa. It originates as two branches and passes through the popliteal fat and 

the joint capsule (Hildebrand et al., 1991). The PAN consists of approximately 400 axons, 80% 

of which are unmyelinated (Hildebrand et al., 1991). It originates from the tibial nerve and is 

considered to be the major primary knee joint nerve. On the other hand, the MAN is smaller 

and more variable relative to the PAN (Hildebrand et al., 1991).  

  There are several neuropeptides involved in the inflammatory process associated with 

osteoarthritis, the most important one being substance P, calcitonin gene-related peptide 

(CGRP), corticotropin-releasing factor (CRF), urocortin and vasoactive intestinal peptide 

(VIP) (Sutton et al., 2009). 

   Substance P is a neuropeptide found in the C- fibers of both the peripheral and central nervous 

system. It plays an important role in joint disease inflammation by interfering with several 

components of joint inflammation, and by mediating the activation of neutrophils, the de-

granulation of mast cells, and the proliferation of fibroblasts (Ferrell and Russell, 1986). 

Substance P is highly secreted following a traumatic injury (Zacest et al., 2010) and in 

inflammatory diseases (O'Connor et al., 2004). Secretion of substance P leads to pain sensation 

in the joints (de Grauw et al., 2006), causes vasodilation (Lam and Ferrell, 1993), and leads to 

the secretion of Interleukin 1-β (IL-beta), Tumor necrosis factor (TNF)-alpha and IL-6 

(Hernanz et al., 2003). In addition to this, secretion of substance P leads to the activation of 

macrophages, platelets, mast cells, and polymorphonuclear cells (Menkes et al., 1993) and 

most importantly, causes the synoviocytes to proliferate and express Prostaglandin E2 (PGE2) 

and collagenase (Lotz et al., 1987). 
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   CGRP is another important neuropeptide involved in the pathogenesis of osteoarthritis 

(Fernihough et al., 2005). It is predominantly localized in primary afferent neurons that 

innervate the muscles and the joints (O'Brien et al., 1989; Schwab et al., 1997). In addition, 

this neuropeptide was shown to play a prominent role in the regulation of inflammation and 

pain sensation (Benemei et al., 2009).  CGRP has also been shown to be involved in peripheral 

and central sensitization leading to hyperalgesia and pain in arthritis (Zhang et al., 2001; 

Iyengar et al., 2017). Moreover, in a rat model of acute inflammation, administration of CGRP 

receptor antagonists close to nociceptive neurons innervating the knee joint was shown to 

reduce responses to noxious pressure applied to the knee, suggesting that CGRP is involved in 

the processing of mechanosensory input (Neugebauer et al., 1996). 

   CRF is a neuropeptide primarily found in the hypothalamus and in sites where inflammation 

is present (McEvoy et al., 2001; Backstrom and Winberg, 2013). This neuropeptide is produced 

in the synovium itself and may reach the inflammatory region of the synovium via a neurogenic 

pathway (McEvoy et al., 2001). CRF also plays an important role in mediating inflammation 

in the joints by promoting the production of glucocorticoids through its action on the pituitary 

gland (Seasholtz, 2000).Glucocorticoids in turn inhibit the migration of leukocytes, suppress 

the release of pro-inflammatory cytokines, and inhibit the production  of inflammatory 

mediators derived from phospholipids (Crofford et al., 1993). 

 

5. Current treatments used 

   Despite significant progress in research, there is still no cure for osteoarthritis. Most of the 

current treatments available are only useful in helping patients cope with their symptoms. 

Common therapeutic strategies include the use of pharmacological interventions to dampen 

inflammation and related pain, and surgical interventions to repair damage joints (Chen et al., 

2017).  
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   The first attempt in managing the symptoms of osteoarthritis is to perform daily exercise and 

to follow a healthy life style. With increasing severity of symptoms, the patient can start by 

taking paracetamol as a pain relief medication. A specific prescribed treatment of Symptomatic 

Slow Acting Drugs for Osteoarthritis (SYSA-DOAs), such as glucosamine sulfate or 

chondroitin sulfate, could also help manage the symptoms of osteoarthritis (Reginster et al., 

2001; Pavelka et al., 2002; Kahan et al., 2009). Topical nonsteroidal anti-inflammatory drugs 

(NSAIDS) could also be used for pain relief in osteoarthritis (Zeng et al., 2018). NSAIDs could 

also be administered orally, though this type of drug administration could lead to deleterious 

effects in the kidney, stomach and heart if adopted for a long time (Bruyere et al., 2014). When 

analgesic and anti-inflammatory drugs fail to manage the symptoms of osteoarthritis, intra-

articular injections of hyaluronic acid and corticosteroids could be used as treatment option 

(Ayhan et al., 2014). Cortisol is relatively more robust, though it has a shorter-term efficiency 

(~ 1 week) than hyaluronic acid (~ 6 months). Patients who did not respond to the above-

mentioned treatments could use oral weak opioids or duloxetine (Myers et al., 2014; Wang et 

al., 2018). These pharmacological agents may have side effects such as morbidity, and may 

lead to withdrawal in patients (Bruyere et al., 2014). Last but not least, when all 

pharmacological options failed to manage the symptoms of the patients, a surgical intervention 

for the knee joint replacement must be envisaged (Bruyere et al., 2014). 

 

B. OLEANOLIC ACID 

1. Definition and overview 

   Oleanolic acid is a pentacyclic triterpenoid acid extracted from numerous types of plants 

including licorice, hawthorn fruit, basil and brown mustard (Raphael and Kuttan, 2003; Yin et 

al., 2012; Kao et al., 2014). It can also be extracted from Lufla cylindrical seeds (Kapil and 

Sharma, 1995) and is found in olive leave extract, olive pomace, mistletoe sprouts, and clove 
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flowers, among others (Kang et al., 2017b). Interestingly, oleanolic acid can be found in the 

human diet and in more than 1620 plant species, including food and medicinal plants (Liu, 

1995, 2005; Fai and Tao, 2009; Fukushima et al., 2011). As illustrated in Figure2, oleanolic 

acid is an olean-12-en-28-oic acid substituted by a beta-hydroxy group at position 3, and as 

such can be interchangeably used with the term 3-beta-Hydroxyolean-12-en-28-oic acid 

(Pollier and Goossens, 2012). 

 

 

 

Figure 2: Chemical structure of oleanolic acid. Taken and adapted from (Pollier and Goossens, 

2012). 

 

2. General functions of oleanolic acid 

   Oleanolic acid has been known to exert multiple beneficial effects. In particular, it has been 

used for inflammation, cancer, and hepatic protection (Hsu et al., 1997; Jeong, 1999; Giner-

Larza et al., 2001; Zhu et al., 2001). Oleanolic acid was also shown to have anti-oxidative 

actions and protective roles against apoptosis (Tsao and Yin, 2015). This compound exerts 

anti-oxidative effects mostly by decreasing the level of IL-6 and TNF alpha, and by enhancing 

and stabilizing mitochondrial stability against oxidative or inflammatory injury of cells (Tsao 

and Yin, 2015). In addition, oleanolic acid decreases the levels of reactive oxygen species 

(ROS) and PGE2 and suppresses the expression of nicotinamide adenine dinucleotide 
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phosphate (NADPH) and p-38, p65, cyclooxygenase-2 (COX-2) and nuclear factor-κB 

(NFKB) (Tsao and Yin, 2015). 

   The hepatoprotective effect of oleanolic acid is largely due to its anti-oxidative role, anti-

inflammatory action and its action on drug-metabolizing enzymes (Liu, 2005). Oleanolic acid 

is effective in exerting a protective effect in hepatic injury whether it is an acute injury due to 

chemicals, a chronic liver fibrosis, or a cirrhosis (Liu, 1995). In addition, this natural compound 

can be taken orally either alone or in combination with other hepato-protective ingredients 

(Liu, 2005). On the other hand, the protective effect of oleanolic acid against cancer is largely 

attributed to its inhibitory action on tumor initiation and proliferation in different tumor 

development stages (Oguro et al., 1998; Li et al., 2016). This compound was also shown to 

exert beneficial effects in acute myeloid leukemia by inducing the activation of apoptosis of 

tumor cells (Konopleva et al., 2004). In addition, oleanolic acid and its derivatives were shown 

to inhibit angiogenesis, tumor cells metastasis and invasion, and as such, could potentially 

represent a new class of chemotherapeutics (Ovesna et al., 2004). Last but not least, oleanolic 

acid was shown to exert antidiabetic and anti-metabolic syndrome actions mostly by 

attenuating insulin resistance and by maintaining the function and viability of pancreatic beta-

cells (Castellano et al., 2013; Li et al., 2015). 

 

3. Oleanolic acid and inflammation 

   Numerous evidence points to the fact that oleanolic acid exerts an anti-inflammatory action 

in different inflammatory models of mice and rats (Singh et al., 1992). In a rat model of 

formaldehyde-induced arthritis, oleanolic acid was shown to inhibit the action of serum 

transaminase (ALT and AST), which were highly increased in this animal model (Singh et al., 

1992). Interestingly, oleanolic acid was shown to have similar actions to NSAIDs in terms of 

anti-inflammatory effects (Singh et al., 1992). The anti-inflammatory effect of oleanolic acid 
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is largely attributed to its inhibitory action on the release of High mobility group box protein 

(HMGB1) and on the production of the pro-inflammatory cytokines including nuclear factor 

kappa-light-chain-enhancer (NFkB) and TNF alpha (Yang et al., 2012; Lee et al., 2013). Owing 

to its anti-inflammatory effects, oleanolic acid treatment has shown promising results in a 

number of diseases and conditions. For instance, oleanolic acid was shown to rejuvenate 

testicular function by exerting anti-inflammatory actions through the inhibition of nuclear 

factor kappa B (NFkB) pathway, which in turn inhibits the production of pro-inflammatory 

cytokines (Zhao et al., 2017). Oleanolic acid could also be used to provide neuroprotection 

against cerebral damage in case of ischemia (Caltana et al., 2015). 

 

4. Oleanolic acid receptors: mechanism of action 

   Oleanolic acid acts selectively on the farnesoid X receptor (FXR) (Liu and Wong, 2010). 

FXR is a nuclear receptor that regulates bile acid synthesis through the activation of 

transcription factors (Mencarelli et al., 2009). It is predominantly found in the liver and plays 

important roles in the regulation of the synthesis and storage of triglycerides (Jiao et al., 2015). 

FXR has four isoforms, namely FXR alpha 1, FXR alpha 2, FXR beta 1, and FXR beta 2 (Zhang 

et al., 2003). Among these isoforms, FXR beta 2 is the most potent in promoting ligand-induced 

FXR target gene expression (Zhang et al., 2003). FXR has many functions, ranging from bile 

acid regulation and glucose homeostasis (Mazuy et al., 2015). FXR also interferes in the 

lipoprotein and lipid metabolism and plays crucial roles in liver regeneration, cellular 

proliferation, and inflammation (Mazuy et al., 2015). 

   Oleanolic acid was also shown to modulate other receptors including the pregnane X receptor 

(PXR) and the lipid X receptor (LXR) (Lin et al., 2018). PXR is a member of nuclear receptors 

that play a crucial role in mediating lipogenesis (Lin et al., 2018). PXRs were shown to be 

involved in bone homeostasis through the regulation of calcium and phosphate homeostasis 
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(Azuma et al., 2010). LXR is another member of the nuclear receptor family, and is responsible 

in regulating cholesterol levels and metabolic homeostasis in the liver (Repa et al., 2000). It 

also plays an important role in synthesizing, storing and transporting lipids (Repa et al., 2000), 

and in several other processes including lipid metabolism, glucose homeostasis, 

steroidogenesis, immunity and inflammation (Huang, 2014). In addition, agonist-mediated 

LXR activation was shown to suppress inducible nitric oxide synthase (iNOS), TNF alpha and 

COX-2 (Fu et al., 2015). LXR activation was also shown to play a role in inhibiting the pro-

inflammatory response induced by microglia and astrocytes (Kim et al., 2006; Zhang et al., 

2007), and by decreasing TNF-alpha-induced superoxide and nitrotyrosine production 

(Spillmann et al., 2014) suggesting that the LXR pathway exerts an anti-inflammatory and anti-

apoptotic actions. Numerous evidence indicates that oleanolic acid exerts an inhibitory effect 

on both PXR and LXR, and by doing so, controls important pathophysiological processes such 

as lipid homeostasis, immunity and inflammation (Lin et al., 2018). 

 

5. Oleanolic acid as a potential treatment for osteoarthritis 

   Numerous evidence suggests that oleanolic acid could be used for the treatment of 

osteoarthritis. In experimental animals, oleanolic acid was shown to inhibit and reverse the 

degeneration of cartilage in mice by decreasing proteins that are involved in this process and 

in the dysfunction of joints, including PGE2 and matrix metallopeptidase 13 (MMP-13) (Kang 

et al., 2017b). MMP-13 plays a potential role in the pathogenesis of osteoarthritis by degrading 

components of extracellular matrix like proteoglycans (Fosang et al., 1996). Oleanolic acid 

also prevents the degeneration of articular cartilage by inhibiting the secretion of IL-1beta, 

which in turn helps suppress the secretion of MMP-13 (Aida et al., 2005; Kang et al., 2017a; 

Kaneko et al., 2019). Other beneficial effects of oleanolic acid in osteoarthritis include the 

stimulation of osteoblastic differentiation (Bian et al., 2012), the increase of collagen 2 levels, 
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the prevention of glucose-induced cell injury, and the decrease of Lactate Dehydrogenase 

(LDH) level, a marker for cell injury (Kang et al., 2017b). In addition, oleanolic acid was shown 

to exert beneficial effects in arthritis by specifically suppressing the C3- convertase of the 

complement pathway; a pathway which influences factors that mediate inflammation through 

the release of pro-inflammatory cytokines and anaphylotoxins (Kapil and Sharma, 1995). 

Altogether, these findings suggest that oleanolic acid provides beneficial effects by mitigating 

the pathological changes associated with osteoarthritis, though more work is needed, 

specifically from controlled clinical studies to fully evaluate its potential use as a treatment for 

osteoarthritis. 

 

C. HYPOTHESIS AND SPECIFIC AIMS: 

The overarching goal of the present study is to evaluate the use of oleanolic acid in the 

treatment of pain and inflammation associated with osteoarthritis. We hypothesize that 

injection of oleanolic acid into the synovial joint can exert anti-nociceptive and anti-

inflammatory effects in a rat model of osteoarthritis.  

To test our hypothesis, we devised three specific aims: 

Aim 1: to investigate whether pre-treatment of the knee joint with oleanolic acid prior to 

induction of inflammation can prevent the development of nociceptive behaviors, knee joint 

swelling, and motor dysfunction.  

Aim 2: to examine whether Post-treatment of the knee joint with oleanolic acid after induction 

of inflammation can stop the development of nociceptive behaviors, knee joint swelling, and 

motor dysfunction.  

Aim 3: Assess the direct effect of oleanolic acid on articular nerve afferent before and after 

induction of inflammation. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

A. Subjects 

In this study, adult male Sprague-Dawley rats (n=28) with a weight ranging from 150 g to 300 

g were used. All experimental procedures were approved by the institutional animal care and 

use committee at the American university of Beirut and followed the ethical guidelines for 

experimental pain on conscious animals. The animals were kept in cages at a controlled room 

temperature of 25 °C and received water and food ad libitum. 

 

B. Experimental Protocol 

Rats were randomly divided into 5 groups as follows: In pre-treatment groups 1 and 2, intra-

articular injection of two different doses of oleanolic acid (0.5mg/injection; group 1; n=5) and 

(3mg/injection group 2; n=4) was performed prior to induction of inflammation. In post-

treatment group 3, rats received oleanolic acid in the synovial joint 30 to 60 min post induction 

of inflammation (n=5). To control for the pre- and post- treatment effects of OA, two groups 

of rats received an equivalent volume of the the vehicle substance, ethanol.  

 

C. Induction of inflammation 

To induce of inflammation, rats were anesthetized with Isoflurane for a short period of time 

and injected with 0.1ml of 3% kaolin and carrageenan into the synovial cavity of the right 

knee using a 1 ml syringe. 

 

D. Oleanolic acid injection 
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Oleanolic acid was dissolved in 100% ethanol and injected in a volume of 0.1ml into the 

synovial cavity of the right knee 30 min before or 30 min after induction of inflammation. 

 

E. Nociceptive behavioral testing 

All rats were tested for nociceptive behaviors prior to and at 4, 8, 24, 48 hrs, and 1 week 

following the induction of inflammation. Tests were conducted during the light phase of the 

cycle, and all animals were put in the experimental room for at least 1 hr for accommodation.  

Three nociceptive behavioral tests were done; the mechanical allodynia test, the mechanical 

hyperalgesia test, and the heat hyperalgesia test 

 

E.1 Mechanical Allodynia Test 

Prior to testing, all rats were placed in a transparent chamber on a metal wire mesh floor and 

left for 30-min accommodation period. A von Frey Filament with a bending force of 2 g was 

used to determine the Paw withdrawal responses to a non-noxious stimulus.. The tip of the 

filament was applied perpendicularly to the medial plantar surface from below the mesh grid 

until a withdrawal was observed. The filament was applied for five trials (five applications 

with 2 s per each trial) at approximately 5-min intervals. Baseline values were obtained prior 

to injection of kaolin and carrageenan into the knee joint. Testing was repeated at 4, 8, 24, 

48hrs and 1 week following induction of inflammation. The five trial responses of both hind 

paws were recorded for each animal and the measurements obtained for each rat were averaged. 

An increased measure of paw withdrawal frequency indicated the development of mechanical 

allodynia.  

 

E.2 Mechanical Hyperalgesia Test 
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Paw withdrawal frequency to application of von Frey filament with a bending force of 15g was 

recorded.  This force has previously been shown to activate mechanoreceptors and nociceptors. 

Testing started by poking the plantar surface 5 successive times with the 15g filament until the 

animal elicited a behavioral response. Five trials separated by 5 min time interval were 

conducted. Baseline values were obtained prior to any treatment. . Testing was repeated at (4, 

8, 24, 48 hrs) and 1 week following  induction of inflammation. Responses of both paws to 

mechanical stimulation were recorded for all groups and measurements were averaged for each 

animal and later analyzed.  

 

E.3 Heat Hyperalgesia Test 

The heat hyperalgesia test was assessed by measuring the foot withdrawal latency to radiant 

heat applied to the plantar surface of the hind paw. Approximately 15 min prior to testing, each 

rat was placed individually in a clear plastic cage  atop an elevated 3-mm thick glass plate for 

accommodation. The height of the glass plate was adjusted so that heat applied to the plantar 

surface of the normal foot evoked a withdrawal response after approximately 20 s. Heat stimuli 

were applied 3 times with a 5-min resting period between trials to avoid conditioning limb 

withdrawal. The heat stimulus consisted of a heat sensor that generated heat in different 

intensities. Heat was adjusted at an intensity of 30 (arbitrary units) and directed below the rats 

hind paw. The withdrawal latency was defined as the elapsed time in seconds from stimulus 

onset to paw withdrawal. A cut off of 20 s was imposed to avoid tissue damage.  

 

 

 

F. Motor Behavioral Test 
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Motor behavior was assessed using the Rota rod test. The Rota rod test is one of the oldest test 

used to assess the effects of a drug on animal behavior. It provides a rapid and simple first 

estimation of whether the inflammatory agent has any effect on neuromuscular coordination. 

The Rota rod consists of a horizontal rod turning at a constant or increasing speed. Animals 

placed on the rotating rod try to balance and remain on it to avoid falling into a platform located 

30 cm below. Vertical barriers were used to separate the animals from one another. Each rat 

was tested 5 times, with each trial lasting 300 s and separated by at least a 10 min inter-trial 

period. Rats were placed on the rod and the apparatus was set at a fixed speed of 5 rpm. The 

latency to fall off the rotating rod was recorded for each rat at the end of each test. 

 

G. Joint Circumference Measurement  

To evaluate the effect of oleanolic acid treatment on the severity of joint inflammation, the 

knee joint circumference was measured in  all rats before and at 4, 8, 24, 48 hrs and 1 week 

post  induction of inflammation. Joint circumference measurements of both knee joints were 

done using a flexible tape measure wrapped around the center of the knee joint.  

 

H. Electrophysiology 

Multiunit  recordings of signals from articular afferents were conducted  to assess the direct 

effect of oleanolic acid on sensory articular receptors. Rats were generally anesthetized 

using ketamine (100 mg/kg) and xylene (10 mg/kg) and the body temperature was 

maintained  at  37 °C . Following isolation of the tibial nerve, the epineurium was removed 

and a small pool filled with mineral oil was formed around the nerve by retracting the skin 

flaps. The tibial nerve was cut proximally and fibers were teased apart under a dissecting 

microscope and placed on a fine silver electrode for single fiber recording. Spontaneous 

activity and responses to OA injection were recorded. Oleanolic acid was either injected in 
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the knee joint, near the terminal ends of the nerve or directly on the nerve. The discharges 

of single fibers were amplified, displayed on a digital oscilloscope and collected via Spike 

2 data-acquisition system for analysis.  

 

I. Statistical analysis 

All data sets were checked for normality using the Shapiro-Wilkes test with p<0.05 accepted 

as a non-normal distribution. Two normally distributed groups were compared using Student’s 

t-test, while non-normally distributed group were compared using the Mann-Whitney U test. 

Analysis of differences among groups, and within groups at different time points, was done 

using one-way ANOVA. All data were expressed as mean ± standard error of the mean (SEM). 
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CHAPTER 3 

RESULTS 

 

A. Effect of oleanolic acid on nociceptive behaviors 

Two different treatment regimens were followed in this study. Oleanolic acid was injected into 

the knee joint at two different doses (0.5mg/injection) and (3mg/injection) prior to induction 

of inflammation and at one low dose (0.5mg/injection) post induction of inflammation to 

evaluate its effect on the development of nociceptive behaviors. The analysis of paw 

withdrawal latency to heat stimulation for animals pre-treated with OA at the high dose, 

revealed a statistically significant increase in latency at 4, 8, 24, 48hrs and 1 week when 

compared to baseline and control values (p<0.05) (Figure 3). Conversely, rats pre-treated with 

the low dose of oleanolic acid (0.5mg/injection) did not show any significant change in heat 

hyperalgesia compared to the control group though a pattern of increasing latency was noted. 

On the other hand, rats post-treated with the low dose of oleanolic acid (0.5mg/injection) 

showed a statistically significant decrease in heat hyperalgesia at 4 and 24hrs (p <0.05) as 

demonstrated by an increase in the paw withdrawal latency compared to control and baseline 

values. 

 

 

Figure 3: Effect of pre-and post-treatment with oleanolic acid (OA) on heat hyperalgesia. (A) 

Changes in paw withdrawal latency following oleanolic acid pre-treatment at (0.5mg/injection) 
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and (B) at (3mg/injection) over a one-week period.  (C) Changes in paw withdrawal latency 

following oleanolic acid post-treatment (0.5mg/injection) over a one-week period. The blue 

and red arrows indicate the time of injection of OA and K/C, respectively. Data are expressed 

as mean + SEM. Statistical significance with the control group is indicated by * for p < 0.05. 

 

B. Effect of oleanolic acid pre-treatment and post-treatment on mechanical hyperalgesia 

The effect of oleanolic acid on mechanical hyperalgesia was tested prior to   and post induction 

of inflammation by measuring paw withdrawal frequency to a mechanical stimulus. 

Compared to control rats, pre-treatment with the high dose of oleanolic acid (3mg/injection) 

resulted in a decrease in mechanical hyperalgesia at 4hrs post-injection (p<0.05). No 

statistically significant changes were observed at 8, 24, 48hrs and 1-week post-injection 

(p>0.05) although a pattern of decrease at every time point post injection can be noted. On the 

other hand, rats pre-treated with the low dose of oleanolic acid (0.5mg/injection) showed a 

similar decrease in mechanical hyperalgesia only at 8hrs and 1-week post-injection (p <0.05) 

as compared to control rats.   In the post-treatment group, rats showed a significant decrease in 

mechanical hyperalgesia at 4, 24, and 48hrs post-injection (p<0.05) as evident by a decrease in 

paw withdrawal frequency to mechanical stimulation. 

 

 

Figure 4: Effect of oleanolic acid on mechanical hyperalgesia. (A) Changes in paw withdrawal 

frequency following pre-treatment with oleanolic acid (0.5mg) over a one-week period. (B) 
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Changes in paw withdrawal frequency following Pre-treatment with oleanolic acid (3mg) over 

a one-week period. (C) Changes in paw withdrawal frequency following oleanolic acid post-

treatment (0.5mg/injection) over a one-week period. The blue and red arrows indicate the time 

of oleanolic acid and K/C injections, respectively. Data are expressed as mean + SEM. 

Statistical significance with the control group is indicated by * for p < 0.05. 

 

C. Effect of oleanolic acid pre-treatment and post-treatment on mechanical allodynia 

When rats received the low and high dose of OA prior to kaolin and carrageenan injection, a 

decrease in mechanical allodynia was evident at all time points tested. The innocuous stimulus 

used in this test to activate mechanoreceptors only, did not elicit any increased response in the 

inflamed paw of rats treated with OA vs. those treated with the vehicle. 

Compared to control rats, those pre-treated with the high dose of oleanolic acid (3mg/injection) 

showed a pronounced decrease in mechanical allodynia at 4hrs and 1week post-injection 

(p<0.05). No statistically significant changes were achieved at 8, 24 and 48hrs post-injection 

(p>0.05). On the other hand, rats pre-treated with the low dose of oleanolic acid 

(0.5mg/injection) showed a decrease in mechanical allodynia at 8hrs post-injection (p<0.05) 

compared to control rats, but no changes at 4, 24, 48hrs and 1-week post-injection (p>0.05). 

Finally, rats post-treated with the low dose of oleanolic acid (0.5mg/injection) showed a 

decrease in mechanical allodynia at 8hrs post-injection (p<0.05) but no changes at 4hrs, 24hrs, 

48hrs and 1-week post-injection (p>0.05). 
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Figure 5: Effect of pre- and post-treatment with oleanolic acid on mechanical allodynia. Paw 

withdrawal frequency following pre-treatment of joint with 0.5mg (A) and 3mg (B) oleanolic 

acid and post-treatment with 0.5mg OA (C) over a one-week period.  The blue and red arrows 

indicate the time of oleanolic acid and K/C injections, respectively. Data are expressed as mean 

+ SEM. Statistically significant data are indicated by * for p < 0.05. 

 

D. Effect of oleanolic acid pre-treatment and post-treatment on the rotarod test 

The effect of oleanolic acid treatment on motor coordination in inflamed rats was assessed by 

measuring the duration it took the rat to fall off a horizontal rotating rod. Compared to control 

rats, pre-treatment with the high dose of oleanolic acid showed an increase in the duration at 

4hrs post-injection (p<0.05). No statistically significant changes were observed at 8, 24, 48hrs 

and 1 week post-injection (p>0.05). For the pre-treatment group with the low dose of OA, no 

significant changes were seen when compared to control rats (p>0.05). Similarly, post-

treatment with the low dose of oleanolic acid had no effect on motor coordination as compared 

to control rats (p>0.05). 

 

Figure 6: Effect of oleanolic acid pre-and post-treatment on motor activity using Rotarod test. 

(A) Changes in Duration(s) of the rat’s falling from the rotarod wheel following oleanolic acid 

pre-treatment (0.5mg/injection) over a one-week period.  (B) Changes in Duration(s) of the 

rat’s falling from the rotarod wheel following oleanolic acid pre-treatment (3mg/injection) over 

a one-week period. (C) Changes in Duration(s) of the rat’s falling from the rotarod wheel 
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following oleanolic acid post-treatment (0.5mg/injection) over a one-week period. The blue 

and red arrows indicate injection of oleanolic acid and K/C, respectively. Data are expressed 

as mean + SEM. Statistical significance with the control group is indicated by * for p < 0.05. 

 

E. Effect of oleanolic acid pre-treatment and post-treatment on joint circumference 

The effect of oleanolic acid treatment on joint circumference was assessed prior to (pre-

treatment; low and high dose) or following (post-treatment; low dose only) the induction of 

inflammation. Compared to control rats, rats pre-treated with the high dose of oleanolic acid 

(3mg/injection) showed a decrease in joint circumference at 4 and 24hrs post-injection (p 

<0.05), while no change was noticed at 8, 48hrs and 1-week post-injection (p>0.05). On the 

other hand, rats pre-treated with the low dose of oleanolic acid showed a decrease in joint 

circumference at 24hrs post-injection (p<0.05) but no changes at 4, 8, 48hrs and 1-week post-

injection (p>0.05). Finally, post-treatment with the low dose of oleanolic acid had no effect on 

joint circumference when tested at all time points compared to control rats (p>0.05). 

 

  

Figure 7: Effect of oleanolic acid pre-and post-treatment on joint circumference measurement. 

Changes in joint circumference in the oleanolic acid pre-treatment group (0.5mg/injection) (A) 

and (3mg/injection) (B) over a one-week period. (C) Changes in joint circumference in the 

post-treatment group (0.5mg/injection). The blue and red arrows indicate the time of oleanolic 
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acid and K/C injections, respectively. Data are expressed as mean + SEM. Statistical 

significance with the control group is indicated by * for p < 0.05. 

 

F. Effect of Oleanolic acid on the activity of articular fibers  

A total of 12 sensory fibers were isolated using the spike 2 acquisition program and used for 

the present electrophysiological study. Fibers responding to mechanical stimulation of the skin 

around the joint or to knee joint flexing were selected.  The type of fibers could not be identified 

since their conduction velocity was not measured. Prior to induction of inflammation, most 

fibers were silent except for 2 that showed spontaneous activity in a 5-min interval. Some fibers 

show a short burst-type discharge but became quiescent afterwards. Oleanolic acid injection 

(3mg/injection) elicited discharges in 3 out of 4 silent fibers, increasing activity by 38.5% over 

baseline. The average latency for oleanolic acid to evoke discharges in initially quiescent fibers 

was about 2 sec. This evoked response lasted for only 2 min.  

On the other hand, recordings from sensory fibers four hours after induction of inflammation, 

showed remarkable spontaneous activity with a mean discharge rate of 0.06 spikes/sec. 

Oleanolic acid administration 4.5 hours after K/C injection, significantly increased the 

discharge rate by 344% within 10 sec of application (p<0.05) (Figure 8).   This effect lasted 

for 10 min, after which it gradually decreased to return to baseline values (Figure 8). 
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Figure 8: Effect of oleanolic acid on axonal discharge rate of articular fibers. This figure 

illustrates changes in percentage change from baseline before and after induction of 

inflammation. Data are expressed as mean + SEM. Statistical significance with the control 

group is indicated by * for p < 0.05. 
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CHAPTER 4 

DISCUSSION 

 

In the present work, a K/C rat model of osteoarthritis was used to investigate the effect of 

oleanolic acid on osteoarthritis-related symptoms of pain, inflammation, and on motor 

behavior. Oleanolic acid was applied directly into the knee joint cavity either prior to or post 

induction of inflammation. 

   Our results show that pre-treatment with oleanolic acid at the high dose resulted in decreased 

heat hyperalgesia, mechanical hyperalgesia and mechanical allodynia. Conversely, pre-

treatment with oleanolic acid at the low dose resulted in no changes in heat hyperalgesia, but 

caused a significant decrease in mechanical hyperalgesia and mechanical allodynia. These 

findings suggest that oleanolic acid exerts a preventive effect on the development of 

nociceptive behaviors induced by inflammation, particularly mechanical hyperalgesia and 

allodynia as compared to heat hyperalgesia. In addition, our results show that at some of the 

tested time points, pre-treatment with oleanolic acid at the high dose resulted in improved 

motor coordination as assessed by the rotarod test, and that pre-treatment with oleanolic acid 

at both the low and high dose resulted in decreased joint circumference. Collectively, these 

findings indicate that oleanolic acid exerts a preventive effect on the development of motor 

coordination impairment and edema formation caused by the inflammation of the knee joint. 

   On the other hand, the results of the post-treatment study show that injection of oleanolic 

acid at a low dose resulted in decreased heat hyperalgesia, and mechanical hyperalgesia and 

allodynia, suggesting that oleanolic acid exerts a modulatory effect on the activity of 

nociceptors and mechanoreceptors in the knee joint. Interestingly, post-treatment with 

oleanolic acid at the low dose failed to significantly affect the performance of rats in the rotarod 

test, suggesting no changes in their motor coordination. Similarly, no changes in joint 
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circumference was observed following post-treatment with oleanolic acid at the low dose, 

indicating that oleanolic acid did not have any effect on the edema caused by the inflammation 

of the knee joint. 

   Findings of the present study showing that pre- or post-treatment with oleanolic acid 

decreases nociceptive behaviors in K/C rats are consistent with previous reports indicating that 

oleanolic acid exerts anti-nociceptive effects in experimental models of pain. In particular, our 

results corroborate a previous study in mice showing that oral administration of oleanolic acid 

induces anti-nociceptive effects in various models of pain, including writhing, formalin, 

substance P and glutamate pain tests (Park et al., 2013). In addition, pre-treatment with 

oleanolic acid was previously shown to reduce formalin-induced nociceptive behavior in adult 

zebrafish (Soares et al., 2019) as well as mustard oil-induced nociceptive behaviors in mice 

(Maia et al., 2006a). Also in line with our findings are studies in rodents showing that a mixture 

of oleanolic acid and acetylsalicylic acid (Bednarczyk-Cwynar et al., 2016) and a derivative of 

oleanolic acid (Bednarczyk-Cwynar et al., 2012) induce dose-dependent analgesic effect in a 

hot plate test. Although the present study did not directly evaluate the mechanisms by which 

oleanolic acid exerts anti-nociceptive effects, we can speculate that these effects are most likely 

due to the recruitment of opioid and serotonin systems as pre-treatment with the opioid 

antagonist, naloxone, or the serotonin receptor antagonist, methysergide, was previously 

shown to attenuate the anti-nociceptive effects of oleanolic acid in mice (Maia et al., 2006a; 

Maia et al., 2006b; Park et al., 2013). Another likely mediator of the anti-nociceptive effect of 

oleanolic acid is the Transient Receptor Potential Vanilloid 1 (TRPV1) receptor, which is 

expressed by primary afferent sensory neurons of the pain pathway (Soares et al., 2019). 

   Interestingly, when assessing heat and mechanical hyperalgesia, results of the present study 

show differential anti-nociceptive effects of oleanolic acid at the low versus high dose. While 

pre-treatment with oleanolic acid at the high dose was effective in decreasing both heat and 
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mechanical hyperalgesia, pre-treatment with the low dose was only effective in decreasing 

mechanical hyperalgesia. These results suggest that heat and mechanical hyperalgesia might 

be mediated by different mechanisms and might involve molecular players that show different 

affinity to oleanolic acid. In support of this hypothesis, collective evidence indicates that co-

activation of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors and 

the metabotropic glutamate (mGlut) receptors are both necessary and sufficient for mechanical 

hyperalgesia, while activation of N-methyl-D-aspartate (NMDA) receptors is necessary for 

heat hyperalgesia (Meller, 1994). As such, our results could indicate that oleanolic acid has a 

strong affinity to AMPA and mGlut receptors, which are involved in mechanical hyperalgesia, 

and a relatively lower affinity to NMDA receptors, which are involved in heat hyperalgesia. 

However, more work is needed to validate this hypothesis. 

   Another interesting finding of the present study is that pre-treatment with oleanolic acid at 

the high, but not the low, dose resulted in improved motor coordination in rats as assessed by 

the rotarod test, while post-treatment with oleanolic acid at the low dose failed to significantly 

affect motor coordination. These findings suggest that oleanolic acid show more effectiveness 

in preventing, rather than treating, the impairment of motor coordination induced by 

inflammation. However, it is important to note that the lack of effect on motor coordination 

observed with the post-treatment experiment may be due to the single dose of oleanolic acid 

used in the present study, as opposed to the pre-treatment experiment where two doses of 

oleanolic acid were employed. Also, our findings suggest that the anti-nociceptive effects of 

oleanolic acid— which were observed with both pre- and post-treatment at the low and high 

dose—are most likely not a consequence of motor abnormality. Lastly, the lack of effect on 

motor coordination observed with the low dose of oleanolic acid (both pre- and post- treatment) 

in the present study is in line with previous studies showing that administration of oleanolic 

acid in experimental models of pain does not alter the locomotor activity in the open field test 
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(Maia et al., 2006a; Maia et al., 2006b; Soares et al., 2019) nor the motor coordination in the 

rotarod test (Maia et al., 2006b). However, findings of Maia et al., (2006b) contradict our 

results showing improved motor coordination following pre-treatment with oleanolic acid at 

the high dose. Such discrepancy in the results could likely be attributed to differences in the 

animal model and doses of oleanolic acid used. 

   In addition, results of the present study showing that pre-treatment with oleanolic acid at both 

the low and high dose resulted in decreased joint inflammation are in line with previous 

findings showing that oleanolic acid (Yoo et al., 2017) or analogous compounds (Kang et al., 

2008; Bhat et al., 2016; Zhang et al., 2016) exert anti-inflammatory effects. Also consistent 

with our findings are studies in rodents showing that a mixture of oleanolic acid and 

acetylsalicylic acid (Bednarczyk-Cwynar et al., 2016) and a derivative of oleanolic acid 

(Bednarczyk-Cwynar et al., 2012) yielded marked reductions in carrageenan-induced skin 

inflammation in rats, as demonstrated by the decrease in hind paw thickness. Finally, our 

results agree with studies in vivo showing that oleanolic acid exerts an anti-inflammatory 

action in carrageenan and dextran-induced edema in rats (Singh et al., 1992), and with studies 

in vitro showing that oleanolic acid suppresses lipopolysaccharide (LPS)-mediated pro-

inflammatory responses in human endothelial cells, including the production of TNF alpha and 

the activation of NFKB (Yang et al., 2012; Lee et al., 2013). Conversely, results of the present 

study showed that post-treatment with oleanolic acid at the low dose failed to decrease 

inflammation as assessed by changes in joint circumference, suggesting that oleanolic acid is 

more effective in preventing, rather than, managing, the inflammatory response induced by 

K/C injection. Last but not least, results of the electrophysiological recordings of the tibial 

nerve after oleanolic acid treatment suggests that oleanolic acid exert an excitatory effect on 

articular afferent activity. The increased tibial nerve activity observed in the present study is 

consistent with a previous study showing that ursolic acid, the isomeric triterpenic acids of 
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oleanolic acid, promotes the neural regeneration of the sciatic nerve, which innervates the tibial 

nerve, following injury (Liu et al., 2013). We speculate that the increased excitatory activity of 

the tibial nerve following oleanolic acid treatment leads to activation of descending inhibitory 

pathways and thus inhibition of pain processing at the spinal level; effect that could be mediated 

by alpha adrenoreceptors and glutamate receptors (Wei et al., 2016). This effect may also be 

mediated by activation of Farnesoid X receptors (FXR); a receptor that predominantly plays a 

role in the synthesis and storage of triglycerides (Liu and Wong, 2010; Jiao et al., 2015). 

   In summary, the present work provides clear and robust evidence of the anti-inflammatory 

and anti-nociceptive effect of oleanolic acid in a K/C model of osteoarthritis and demonstrates 

that this compound could potentially be used for the prevention and treatment of this disease. 
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