
ABSTRACT 

MARTIN, EMILY GRAY MEDLIN. Identifying Novel Mechanisms of Targeting the PGE2 
Pathway in Horses. (Under the direction of Samuel L. Jones). 
 

Prostaglandins exert pleiotropic effects throughout the body including maintenance of 

homeostasis and orchestration of inflammatory disease. Specifically, prostaglandin E2 

(PGE2) is one of the most potent inflammatory mediators and is implicated in inflammatory 

bowel disease, atherosclerosis, and arthritis. Arthritis is especially important in equine 

athletes, as it is a leading cause of reduced performance. Nonsteroidal anti-inflammatory 

drugs (NSAIDs) limit inflammation by inhibiting PGE2 synthesis, however are also 

associated with multiple side effects in horses due to non-specific prostanoid blockade. Thus, 

safer mechanisms of targeting the PGE2 pathway are needed. We have investigated two novel 

strategies of targeting the PGE2 pathway in equine leukocytes, including (1) selective 

inhibition of PGE2 production, and (2) selective targeting of PGE receptors. 

The first strategy investigated was inhibition of the terminal enzyme in the PGE2 

synthesis cascade, microsomal prostaglandin E synthase-1 (mPGES-1), which mediates 

elevated levels of PGE2 in inflammatory states. Inhibition of mPGES-1 led to a 

concentration-dependent decrease in lipopolysaccharide (LPS)-induced PGE2 synthesis by 

equine leukocytes, while levels of other critical prostaglandins, PGI2 and TXA2, were 

unaffected. In contrast, a nonselective NSAID and a COX-2 specific NSAID decreased levels 

of PGE2, PGI2, and TXA2 and mimicked conditions seen in vivo that elicit deleterious side 

effects. Thus, our data indicates that mPGES-1 inhibition is selective for induced PGE2 

production in horses and is a potentially safer strategy for decreasing PGE2 production 

compared to NSAIDs. 

The second novel PGE2 targeting mechanism evaluated was use of a prostaglandin E 



analog, misoprostol, to inhibit leukocyte functions. PGE2 is highly pleiotropic and can 

produce anti-inflammatory effects in particular cell types, including leukocytes, which is 

attributed to E-prostanoid (EP) receptor distribution and signaling. PGE2 binds to four 

different EP receptors, including the pro-inflammatory EP1 and EP3, and the anti-

inflammatory EP2 and EP4. EP2 receptors are predominantly expressed on leukocytes, and 

thus mediate the anti-inflammatory effects of PGE2 on these cells. Misoprostol is a specific 

EP2, EP3, and EP4 agonist leading to elevation of intracellular cyclic AMP (cAMP) and 

inhibition of many leukocyte functions. While misoprostol is currently used to treat 

NSAIDinduced gastrointestinal injury, it has not yet been evaluated as an anti-inflammatory 

in horses. 

In this study, misoprostol pretreatment inhibited equine neutrophil adhesion, 

chemotaxis, and ROS production in response to multiple stimulants in vitro. Furthermore, 

application of misoprostol before or after LPS stimulation potently inhibited TNFα, IL-6, and 

IL-1β mRNA and protein production. The effect of oral misoprostol administration on TNFα 

production in an ex vivo equine inflammation model was also determined. LPS stimulation 

of equine leukocytes collected both before and after a single oral dose of misoprostol induced 

significant TNFα mRNA production that was not significantly affected by oral misoprostol 

treatment. 

In conclusion, multiple novel anti-inflammatory methods of targeting the PGE2 

pathway exist in vitro in equine leukocytes and remain to be explored in vivo. Inhibition of 

mPGES-1 selectively reduces PGE2 production while leaving levels of other essential 

prostanoids intact. This data indicates the mPGES-1 inhibition is a potentially safer route of 

limiting PGE2 synthesis in horses when compared to traditional NSAIDs. Additionally, this 



work demonstrates that misoprostol inhibits equine leukocyte adhesion, chemotaxis, 

respiratory burst, and pro-inflammatory cytokine production in vitro. While a single oral dose 

of misoprostol did not effect ex vivo LPS-stimulated TNFα production, further testing of 

misoprostol dosing strategies that are effective in human and rodent models remain to be 

tested.  

 

  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

© Copyright 2016 Emily Martin 

All Rights Reserved



Identifying Novel Mechanisms of Targeting the PGE2 Pathway in Horses 
 

 

by 
Emily Gray Medlin Martin 

 

 

A dissertation submitted to the Graduate Faculty of 
North Carolina State University 

in partial fulfillment of the  
requirements for the degree of 

Doctor of Philosophy 
 

Comparative Biomedical Sciences 

 

 

Raleigh, North Carolina 

2016 

 

APPROVED BY: 

 

 

_______________________________  _______________________________ 
Samuel L. Jones       Kenneth B. Adler 
Committee Chair 
 
 
 
_______________________________  _______________________________ 
Shila K. Nordone     Jeffrey A. Yoder 



 

ii 

DEDICATION 

This dissertation is dedicated to the following people for all that they do and for being who 

they are: Mary Medlin, Bob Medlin, Meredith Medlin, Nikki Sewell, Meredith Burgess, and 

most importantly, Tim Martin for loving me and reminding me that I can do anything. 



 

iii 

BIOGRAPHY 

Emily was born on September 13th, 1987 in Raleigh, NC to a family of NC State Wolfpack 

fans. Her mother, Mary Medlin, graduated from NC State University in 1975, and her father, 

Bob Medlin, graduated 2 years later in 1977. Her younger sister, Meredith, is also a 2015 NC 

State graduate. 

Emily grew up in Raleigh riding her beloved horse (who interestingly shares a name 

with her father). It was Bob (the horse) who instilled in her a love of equine medicine. As 

such, Emily began attending NC State in 2005 with plans to become a veterinarian. During 

her time at NC State, Emily developed life-long friendships with fellow NC State students 

Nikki (Stephenson) Sewell and Meredith Burgess, and began dating a wonderful guy named 

Tim Martin. In 2009, Emily graduated from NC State with a bachelor’s degree in animal 

science.  

Since graduation (7 years later), Emily has been a student at the NC State University 

College of Veterinary Medicine studying to become an equine veterinarian and researcher. 

As she has 2 additional years of vet school to complete, it is quite possible that she holds the 

record for most consecutive years spent as an NC State student in history, with a grand total 

of 13. 

In 2015, Emily married the man of her dreams, Tim Martin, who graduated from NC 

State with a master’s degree in Biomechanical Engineering in 2012. Together, they own a 

dog named Annie, who is the only member of Emily’s family that holds no degrees from NC 

State. Go Wolfpack! 



 

iv 

ACKNOWLEDGMENTS 

Dr. Sam Jones has been an invaluable source of support, encouragement, advice, and 

guidance throughout graduate school. I cannot thank him enough for providing the 

knowledge, wisdom, and sense of humor that are needed to succeed as a researcher and 

veterinarian. I would also like to thank Dr. Jeff Yoder for his research mentorship over the 

past 5 years, as well as fellow committee members Dr. Shila Nordone and Dr. Ken Adler for 

taking the time to guide me on my path towards becoming a scientist. In addition, I would 

also like to thank Dr. Jennifer Davis for her willingness to mentor me through the unknown 

(to me) waters of equine pharmacology.  

I would also like to thank all past and present members of the Jones lab. Dr. Eui Jae 

Sung has been a very patient teacher and taught me many of the essential lab skills that I will 

use for the rest of my career. Dr. Teresa Buchheit has been an invaluable source of 

encouragement and knowledge on all things related to equine medicine, for which I cannot 

thank her enough. Becky Till has been absolutely essential to completion of my thesis work 

by providing her skills and expertise in neutrophil biology. Additionally, I would like to 

thank Becky for her unrelenting positive attitude, humor, and dance moves. Jess Romanet 

(while not an official Jones lab member) has also been instrumental to completing my thesis 

research by providing moral support and friendship when I needed it most. Finally, I would 

like to thank Dr. Katie Sheats, without whom I would not have made it to this point. To 

Katie, I would like to say thank you for being my mentor, life coach, therapist, doctor, and all 

around life role model. Everything you do, you do with purpose, sincerity, honesty, and 

kindness, and I can only hope I’m able to make you proud when I grow up.  



 

v 

I would also be remiss if I did not thank the horses of the teaching animal unit who 

donated blood for my research every week. These horses have been extremely patient and 

gentle, and I could not be more grateful for their contribution.  

I would also like to thank multiple sources of funding, including the Morris Animal 

Foundation for research support, the NC State Biotechnology Program Graduate Assistance 

in Areas of National Need (GAANN) Fellowship from the U.S. Department of Education, 

and the American Heart Association for granting me a predoctoral fellowship for stipend 

support throughout my graduate work.   

Finally, I would like to thank my parents for supporting me throughout this long road.  

I would also like to thank my little sister Meredith and friends Nikki and Meredith B. for 

their emotional support and encouragement over the past few years. I would also especially 

like to thank my husband, Tim Martin, without whom I would not have made it through.  



 

vi 

                                       TABLE OF CONTENTS 

LIST OF TABLES………………………………………………………………………..xii 

LIST OF FIGURES…………………………………………………………………….....xv 

 

CHAPTER I: PGE2 Pathophysiology and Targeting in Inflammatory Orthopedic 

Disease: A Perspective on Horses as a Translational Model………………………………1 

1. Abstract…………………………………………………………………………………...2 

2. Introduction………………………………………………………………………………3 

3. PGE2 Synthesis…………………………………………………………………………...6 

3.1 Arachadonic Acid: The Substrate for PGE2 Synthesis………………………………..6 

3.2 Phospholipases………………………………………………………………………..7 

3.3 Cyclooxygenase Enzymes……………………………………………………………..8 

3.4 Prostaglandin E Synthases…………………………………………………………..10 

3.5 PGE2 Cellular Release……………………………………………………………….11 

3.6 PGE2 Receptors…………………………………………………………………...…12 

3.7 PGE2 Degradation…………………………………………………………………...12  

4. Roles of PGE2 in Homeostasis………………………………………………………….13  

5. Roles of PGE2 in Inflammatory Orthopedic Disease…………………………………15 

5.1 Review of Select Inflammatory Orthopedic Diseases in Horses and Humans………16 

5.1.1 Trauma/Exercise-Induced Orthopedic Disease: Osteoarthritis……………….17 

5.1.2 Developmental Orthopedic Disease: Osteochondritis Dessicans (OCD)……..22 

5.1.3 Infectious Orthopedic Disease: Septic Arthritis……………………………….24 



 

vii 

5.1.4 Autoimmune Orthopedic Disease: Rheumatoid Arthritis……………………...27 

5.1.5 Other Orthopedic Diseases of Interest: Laminitis……………………………..29 

5.2 Induction of PGE2 synthesis in Orthopedic Cells and Tissues………………………33 

5.3 Role of PGE2 in Pathophysiologic Processes of Orthopedic Disease……………….36 

5.3.1 Synovial Inflammation (Synovitis) and Cytokine Production………………….37 

5.3.2 Synovial and Joint Effusion……………………………………………………38 

5.3.3 Angiogenesis…………………………………………………………………...39 

5.3.4 Pannus Formation……………………………………………………………..41 

5.3.5 Cartilage Metabolism………………………………………………………….41 

5.3.6 Subchondral Bone Resorption…………………………………………………44 

5.3.7 Subchondral Bone Sclerosis…………………………………………………...45 

5.3.8 Innate Immune Cell Regulation………………………………………………..46 

5.3.9 Adaptive Immune Cell Regulation……………………………………………..47 

5.3.10 Pain…………………………………………………………………………...48 

6. Mechanisms of Inhibiting PGE2……………………………………………………….49 

6.1 COX Inhibitors……………………………………………………………………….50 

6.2 PGES Inhibitors……………………………………………………………………...54 

6.3 Other Mechanisms of Inhibiting PGE2 Activity……………………………………...57 

6.3.1 Piprants (EP Receptor Antagonists)…………………………………………...57 

6.3.2 Anti-PGE2 Antibodies.........................................................................................57 

6.3.3 15-PGDH Activation…………………………………………………………..58 

6.4 PGEs as Anti-Inflammatories………………………………………………………..58 



 

viii 

 6.4.1 PGE Analogs: Misoprostol…………………………………………………….59 

6.4.2 Modulation of PGE2 Transport………………………………………………...60 

7. Horses as Translational Models of Inflammatory Orthopedic Disease……………..61 

8. Conclusions……………………………………………………………………………...65 

 

CHAPTER II: Inhibition of microsomal prostaglandin E-synthase-1 (mPGES-1) 

selectively suppresses PGE2 in an in vitro equine inflammation model…………………68 

1. Abstract………………………………………………………………………………….69  

2. Introduction……………………………………………………………………………..70 

3. Materials and Methods…………………………………………………………………75 

4. Results…………………………………………………………………………………...81 

4.1 LPS stimulation of GM-CSF primed equine leukocytes increase mPGES-1, but not 

cPGES mRNA levels……………………………………………………………………..81 

4.2 mPGES-1 and cPGES proteins are constitutive in GM-CSF primed equine leukocytes 

and are not increased by LPS treatment…………………………………………………82 

4.3 LPS stimulation of GM-CSF primed equine leukocytes significantly increases 

extracellular PGE2……………………………………………………………………….83  

4.4 Simultaneous treatment with LPS and the mPGES-1 inhibitor, MF63, selectively 

decreases extracellular PGE2 in GM-CSF primed equine leukocytes…………………...84  

5. Discussion……………………………………………………………………………….85 

6. Figures…………………………………………………………………………………...93 

 



 

ix 

CHAPTER III: The PGE1 analog misoprostol inhibits equine neutrophil adhesion, 

chemotaxis, and respiratory burst in an in vitro model of inflammation……………...105 

1. Abstract………………….……………….…….………………………………………106  

2. Introduction…………………………………………………………………………....108 

3. Materials and Methods……………………………………………………………..…110 

4. Results………………………………………………………………………….............116 

4.1 Misoprostol pretreatment inhibits LTB4-induced, but not PMA- or immune complex-

induced, equine neutrophil adhesion…………………………………………………...116 

4.2 Misoprostol pretreatment inhibits equine neutrophil migration towards LTB4, 

CXCL8, and PAF……………………………………………………………………….118 

4.3 Neutrophil production of reactive oxygen species (ROS) is increased by PMA and 

immune complexes in unprimed cells, and by LPS in GM-CSF primed cells…………..119 

4.4 Misoprostol pretreatment significantly inhibits LPS-, immune complex-, and PMA-

induced reactive oxygen species production by equine neutrophils……….……….…..121  

5. Discussion………………………………………………………………………….......122 

6. Figures……………………...…….…….….………….…….……………….………....133 

 

CHAPTER IV: The PGE1 Analog Misoprostol Inhibits Pro-Inflammatory Cytokine 

mRNA and Protein Synthesis in Equine Leukocytes.......................................................145 

1. Abstract………………….……………….…….………………………………………146  

2. Introduction………………….……………….…….………………………………….148 

3. Materials and Methods………………….……………….…….……………………...151 



 

x 

4. Results………………….……………….…….……….…………….…………………156 

4.1 Kinetics of cytokine mRNA expression in LPS-stimulated equine leukocytes….......156 

4.2 Misoprostol pretreatment inhibits LPS-stimulated TNFα, IL-6, and IL-1β, but not IL-8 

mRNA levels in equine leukocytes………………….……………….…….………….....156 

4.3 Misoprostol treatment following LPS stimulation inhibits TNFα, IL-6, and IL-1β 

mRNA expression in equine leukocytes………………….……………….…….…….…158 

4.4 Misoprostol significantly inhibits LPS-stimulated secretion of TNFα, IL-6, and IL-1β, 

and IP-10 in equine leukocytes………………….……………….…….…………….…159   

5. Discussion……………………...…….…….….………….…….……………….……..160 

6. Figures……………………...…….…….….………….…….…...………….……….... 171 

7. Tables……………………...…….…….….………….…….……….……….………....180 

 

CHAPTER V: Pharmacokinetics and Anti-inflammatory Effects of Oral Misoprostol in 

Horses……………………...…….…….….………….…….……………….…….......…....183 

1. Abstract……………………...…….…….….………….…….……………….………..184  

2. Introduction……………….….…...……....………….…….……………….………....186 

3. Materials and Methods……………………...…….…….….………….…….………..189 

3.1 Pharmacokinetics Study……….………….…...……..…….….………….….…189 

3.2 Ex Vivo Study………...…….….….…......….…....……...…..……..…….….….193 

4. Results……….………….…...….…..…….….……..…….…….……………….……..196 

4.1 Misoprostol dosing and tolerance……………………...…….…….….…………...196 

4.2 Misoprostol pharmacokinetics……….…….………...…….….….…...…………...197 



 

xi 

4.3 Oral misoprostol administration leads to a trending, but insignificant inhibition of 

TNFα mRNA levels ex vivo in LPS stimulated equine leukocytes….….….…….……....197 

5. Discussion……………………...…….…….….………….…….……………….……..198 

6. Figures……………………...…….…….….………….……......………….…….……..207 

7. Tables……………….……....…….……..….…….….….…….……..………….……..211 

References………….…………....…….…….…..…….…….……..…………….….……..213 

 

 

 

 

 

 

 

 

 

 

 

 



 

xii 

LIST OF TABLES 

CHAPTER IV 

Table 1. Effect of misoprostol treatment before or after LPS stimulation on equine leukocyte 

extracellular cytokine levels……………………...…….…….….………….……….……..180 

 

CHAPTER V 

Table 1. Pharmacokinetics of oral administration of 5µg/kg misoprostol in horses.............211  

Table 2. Effects of 5µg/kg oral misoprostol on leukocyte counts before (0 hours) and 0.5 

hours following administration…….………….……...….….……...….………….…….….212   

 



 

xiii 

LIST OF FIGURES 

CHAPTER I 

Figure 1. PGE2 synthesis and targeting strategies. ………………….…...…….…….….…..66 

 

CHAPTER II 

Figure 1. LPS stimulation of primed equine leukocytes increases mPGES-1 and COX-2, but not 

cPGES or COX-1 mRNA levels.….….....…….....….….….......….….....…..…..…........….....93 

 

Figure 2. mPGES-1, cPGES, and COX-1 proteins are constitutive, and COX-2 protein is 

increased following LPS stimulation of GM-CSF primed equine leukocytes…..….…..…….…95 

 

Figure 3. LPS stimulation significantly increases PGE2 levels in GM-CSF primed equine 

leukocyte cell supernatants………….….………....…….…..….…..….………..……….……98 

 

Figure 4. MF63, NS-398, and indomethacin decrease PGE2 in equine leukocyte cell supernatants 

…………….………....….….…….………….………...…....….….…….………....….…..…99 

 

Figure 5. Inhibition of mPGES-1 selectively decreases PGE2, but not TXA2 or PGI2, in LPS-

stimulated, GM-CSF primed equine leukocyte cell supernatants.……….………….….…..…102 

 

 

 



 

xiv 

CHAPTER III 

Figure 1: Misoprostol pretreatment inhibits LTB4-, but not IC- or PMA-induced equine 

neutrophil adhesion………………..……...….…..…….......…..……….…..….……..….…133  

 

Figure 2: Misoprostol pretreatment inhibits CXCL8-, LTB4-, and PAF-induced equine 

neutrophil chemotaxis…….………..………....….….……...….….………..………....……136  

 

Figure 3: Kinetics of equine neutrophil ROS production stimulated by LPS, IC, and PMA 

……………………...…….…….….……………………………...…….…….……….……139  

 

Figure 4: Pretreatment with misoprostol inhibits LPS-, IC-, and PMA-stimulated equine 

neutrophil ROS production. ……………………...…….…….….…….…….….…….……142 

 

CHAPTER IV 

Figure 1: LPS increases TNFα, IL-6, IL-1β, and IL-8 mRNA levels in equine leukocytes. 

……………………...…….…….….……………………………...……..….………..……..171 

 

Figure 2: Misoprostol pre-treatment decreases TNFα, IL-6, and IL-1β mRNA levels in LPS-

stimulated equine leukocytes……………………...…….…….….………….…….….……174 

 

Figure 3: Misoprostol treatment 30 and 60 minutes following LPS stimulation inhibits TNFα, 

IL-6, and IL-1β mRNA production in equine leukocytes. …………………….…..….……177 



 

xv 

CHAPTER V 

Figure 1. Mean plasma concentration of misoprostol free acid (ng/mL) versus time (hours) 

after oral administration of misoprostol at a dose of 5ug/kg….……………….….…..……207 

 

Figure 2: Effect of oral misoprostol administration on LPS-stimulated equine leukocyte 

TNFα mRNA levels ex vivo……………………....…….…….….….……….…….….……208 

 

 

 



 

1 

CHAPTER I 

 

PGE2 Pathophysiology and Targeting in Inflammatory Orthopedic Disease: 

A Perspective on Horses as a Translational Model  

 

Emily G. Martin1 

 

1Department of Clinical Sciences, College of Veterinary Medicine, North Carolina State 

University, Raleigh, NC 27607 USA 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

2 

1. Abstract 
 
 
PGE2 is pleiotropic lipid mediator of health and disease in musculoskeletal tissues. PGE2 is 

critical for maintaining regular bone metabolism under homeostatic conditions. However in 

diseases states, PGE2 mediates inflammation and degradation of equine and human 

orthopedic tissues including synovial structures, articular cartilage, and bone. Mechanisms of 

decreasing PGE2 synthesis effectively limit inflammation in orthopedic disease, yet are 

associated with adverse effects in horses and humans. Thus, further investigation is needed to 

reveal novel PGE2-targeting strategies in both species. Horses have emerged as an excellent 

translational model of inflammatory orthopedic research. The musculoskeletal systems of 

horses and humans share many similar anatomical structures, environmental and athletic 

stressors, and naturally occurring disease pathologies. In this review, we will discuss the 

overlapping roles of PGE2 in equine and human orthopedic disease, as well as review current 

PGE2-targeting mechanisms and the use of horses as a translational model for inflammatory 

orthopedic disease research.   
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2. Introduction 
 

 
Prostaglandins are lipid mediator molecules that orchestrate diverse paracrine and autocrine 

signaling mechanisms in multiple tissues. These molecules are formed through a multi-step 

process of arachadonic acid metabolism that produces five major bioactive prostanoids: 

prostaglandin E2 (PGE2), prostacyclin (PGI2), prostaglandin D2 (PGD2), prostaglandin F2α 

(PGF2α), and thromboxane (TXA2). These prostanoids are synthesized ubiquitously via a 

cascade of prostaglandin synthetic enzymes within multiple cell types. Different patterns of 

expression of these synthetic enzymes leads to production of specific prostaglandin profiles 

that are dependent on the cell type and state of cellular activation. In quiescent cells, small 

amounts of prostaglandins are produced that serve homeostatic roles in multiple organs, 

including the gastrointestinal (Ferrer & Moreno, 2010; Mohajer & Ma, 2000), renal (Hao & 

Breyer, 2008), cardiovascular (Sellers et al., 2010; Swan & Breyer, 2011), hematologic 

(North et al., 2007), respiratory (Chung, 2005; Knight et al.,1994), reproductive (De Rensis 

et al., 2012; Rossitto et al., 2014), and musculoskeletal systems (Hikiji et al., 2008). However 

upon cellular activation, prostanoid production changes dramatically to aid in response to 

inflammatory insult. PGI2 is a major mediator of increased blood flow, vasodilation, and 

subsequent edema formation and pain at sites of tissue injury (Williams, 1979). TXA2 is 

associated with vasoconstriction and platelet aggregation, and acts in concert with PGI2 to 

maintain vascular homeostasis and blood flow. Inflammatory PGD2 is produced mainly by 

mast cells and other leukocytes to orchestrate acute allergic responses (Lewis et al., 1982; 

Murray et al., 1986). Elevated PGF2α is associated with multiple inflammatory responses and 
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is detected at increased levels in patients suffering from arthritis (Basu et al., 2001). Finally, 

of these five native prostanoids, PGE2 has been shown to be the most potent mediator of 

inflammation. PGE2 induces vasodilation, increased blood flow, increased vascular 

permeability and edema at sites of tissue injury (Morimoto et al., 2014; Raud, 1990). 

Additionally, PGE2 promotes tissue influx of innate immune cells (Morimoto et al., 2014), 

mediates T cell differentiation (Betz & Fox, 1991), elicits fever, and increases nerve 

sensitization and pain (Saper et al., 2012). Elevated and dysregulated PGE2 levels are 

associated with multiple inflammatory conditions, including inflammatory bowel disease 

(Sheibanie et al., 2007), arthritis (Hikiji et al., 2008; McCoy et al., 2002), atherosclerosis, and 

thrombosis (Gómez-Hernández et al., 2006; Gross et al., 2007). Interestingly, in addition to 

acting as a pro-inflammatory mediator, PGE2 has also been demonstrated to regulate anti-

inflammatory response in certain cell types such as leukocytes. PGE2 dampens innate 

immune cell chemotaxis (Armstrong, 1995), respiratory burst (Hong, 1996; Talpain et al., 

1995), aggregation (Wise, 1996), and cytokine production (Meja et al., 1997). Furthermore, 

PGE2 inhibits the activation of Ag-specific T cells (Sreeramkumar et al., 2011), and thus 

modulates both innate and adaptive arms of the immune response.  

 Specifically in tissues of the musculoskeletal system, which share many similarities 

between horses and humans, PGE2 is implicated in both homeostasis and inflammatory 

pathology. Under homeostatic conditions, PGE2 regulates bone remodeling and turnover and 

anabolic bone responses to mechanical strain and loading (Blackwell et al., 2010; Li et al., 

2006). Additionally, PGs have been implicated in the process of bone healing and fracture 

repair (Blackwell et al., 2010; Xie et al., 2008). However, multiple models have also 
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established a deleterious role for PGE2 in inflammatory orthopedic disease.  Rodent models 

implicate PGE2 in the pathophysiology of rheumatoid arthritis (Kamei et al., 2004; McCoy et 

al., 2002), bone resorptive disorders (Saegusa et al., 2003; Suzawa et al., 2000), exercise-

induced muscle inflammation and damage (Lapointe et al., 2002; Prisk & Huard, 2003), and 

inflammatory bone loss (Hara et al., 2010; Inada et al., 2006). In humans, PGE2 has been 

shown to play a role in degradation of cartilage proteoglycan and synovial inflammation in 

osteoarthritis (Attur et al., 2008a; Eymard et al., 2014; Hardy et al., 2002; Li et al., 2009), as 

well as increases mediators of bone metabolism and resorption in human OA chondrocytes 

(Moreno-Rubio et al., 2010). Importantly, horses have been identified as an excellent 

translational model for studying human inflammatory orthopedic disorders such as 

osteoarthritis and osteochondrosis. Equine athletes encounter many of the same mechanical 

stressors and injuries as human athletes, and naturally develop many of the same orthopedic 

diseases. Additionally, anatomy of the equine joint shares many similarities with that of 

humans, including subchondral bone and articular cartilage thickness that allow 

recapitulation of human orthopedic pathologies (McIlwraith et al., 2011). Thus, horses serve 

as an important translational model for human musculoskeletal injury and disease. PGE2 is 

significantly elevated in joints of horses suffering from both experimental and naturally-

occurring arthritis (Bertone et al., 2001; Frisbie et al., 2008; Lucia et al., 2013). Additionally, 

cartilage and synovial explants from horses with osteoarthritis and subchondral cystic lesions 

spontaneously secrete higher levels of PGE2 when compared to healthy tissues and 

potentially increases osteoclast activity (Rechenberg et al., 2000a; Rechenberg et al., 2000b).  



 

6 

While this data implicates PGE2 in equine and human orthopedic pathologies, the 

exact mechanisms of action are not well understood. This review will outline what is known 

to date about (1) PGE2 synthesis in orthopedic and inflammatory cells, (2) the role of PGE2 

in homeostasis and the pathophysiology of inflammatory orthopedic disease in humans and 

horses, (3) mechanisms of targeting the PGE2 pathway to treat orthopedic pathology, and 

finally, (4) the utility of horses as translational orthopedic models.  

 

3. PGE2 Synthesis 

 

Multiple steps are involved in the synthesis, secretion, signaling, and degradation of PGE2. 

The enzymes involved in this cascade are common to most cells throughout the body, 

however are regulated differently to produce distinct prostaglandin profiles within particular 

tissues under different conditions. This section will give a brief, general overview of the 

basic steps of PGE2 synthesis, secretion, signaling, and degradation in all cell types in both 

horses and humans. Additionally, Figure 1A-B gives an illustration of this general process. 

 

3.1 Arachadonic Acid: The Substrate for Prostaglandin Synthesis.  

Prostaglandins are synthesized from polyunsaturated fatty acid precursors, namely 

arachadonic acid (AA). AA is a highly mobile molecule that is an integral part of cellular 

membranes, aiding in their fluidity under a range of conditions. Cellular AA originates from 

dietary sources of polyunsaturated fatty acids, predominantly linoleic acid, which is 

converted to AA by desaturaes in the liver and transported to cells for incorporation into 
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cellular membranes (Leslie, 2004; Zhou & Nilsson, 2001). The structure of AA makes it 

highly susceptible to enzymatic and non-enzymatic interactions with molecular oxygen, 

leading to oxidative metabolic products such as PGE2. In addition to the plethora of actions 

produced by its oxidative metabolites, AA itself exerts a range of effects within cells 

including activation of leukocyte NADPH oxidase and modulation of ion channels (Brash, 

2001).  

 

3.2 Phospholipases  

Synthesis of PGE2 from AA begins with cleavage of AA from cellular membranes of the 

endoplasmic reticulum, golgi, and nucleus (Funk, 2001). AA is cleaved by multiple classes 

of phospholipases, which are hydrolase enzymes that utilize water molecules to degrade 

phospholipids. Specifically, phospholipase A2 (PLA2) is the principle phospholipase 

responsible for liberating AA from cellular membrane phospholipids to act as a substrate for 

prostaglandin synthesis. In this sense, PLA2 determines the amount of prostaglandin 

produced by controlling free AA levels within the cell (Park et al., 2006). Three major 

classes of PLA2 exist, including secretory PLA2 (sPLA2), intracellular Group VI PLA2 (GVI 

iPLA2) and Group IV cytosolic PLA2 (GIV cPLA2). sPLA2 enzymes catalyze calcium-

dependent hydrolysis of fatty acids with no apparent fatty acid selectivity. iPLA2 can function 

independent of calcium levels, and are involved in the “housekeeping” turnover of 

phospholipids in cellular membranes. In contrast, cPLA2 has 3 different isoforms that are 

highly specific for AA, and is the only phospholipase that has been demonstrated to play a 

role in PGE production (Leslie, 2004; Park et al., 2006).  
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 In quiescent cells, cPLA2 is held in an inactive state within the cytosol. Upon cellular 

stimulation, increased intracellular calcium interacts with the cPLA2 calcium-phospholipid-

binding domain and promotes transport of cPLA2 to cellular membranes for AA cleavage 

activity (Evans et al., 2001). Interestingly, cPLA2 activity can also be induced by 

phosphorylation by multiple kinases, including mitogen-activated protein kinases (MAPKs)  

(Lin et al., 1993). It has also been shown that pro-inflammatory mediators, including 

cytokines, can upregulate cPLA2 synthesis within cells to increase AA release from cellular 

membranes (Leslie, 2004).  

 

3.3 Cyclooxygenase Enzymes 

Once AA is released from cellular membranes, it is funneled through one of multiple 

intracellular pathways for oxidative metabolism. One of these is the lipooxygenase pathway, 

which consists of 12-lipooxygenase, 15-lipoixygenase, and 5-lipoxygenase enzymes. 

Products of the lipooxygenase pathway, namely leukotriene B4 (LTB4), are involved in 

mediating inflammatory responses, leukocyte chemotaxis, and leukocyte activation in vivo 

(Korotkova & Jakobsson, 2014). Funneling of arachadonic acid through a different pathway, 

the cyclooxygenase (COX) pathway, produces substrates for the synthesis of prostaglandins. 

The two principle COX enzymes are COX-1 and COX-2. A third COX isoform has also been 

discovered, COX-3, which is a splice variant of COX-1 and has not been fully characterized 

(Chandrasekharan et al., 2002). The COX enzymes are predominantly localized to 

endoplasmic reticulum and nuclear membranes, and each enzyme displays some preference 

for one location over the other (Jackson et al., 2000; Morita et al., 1995). The principle 
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actions of COX enzymes are, (1) cyclization and oxidation of arachadonic acid to form the 

intermediate prostaglandin, PGG2, and (2) reduction of PGG2 to form PGH2. PGH2 is then 

used as the substrate for formation of multiple distinct downstream prostaglandins. 

The COX enzymes share 61% amino acid homology with one another, however 

perform distinct functions within the cell (Park et al., 2006). COX-1 is generally recognized 

as a constitutively expressed enzyme, as the promoter region of COX-1 contains elements 

consistent with that of a “housekeeping” gene (Tanabe & Tohnai, 2002). COX-1 is 

ubiquitously expressed at low levels throughout the tissues, and plays homeostatic functions 

such as modulation of clotting and blood flow, vascular tone, and gastroprotection (Morita, 

2002). COX-1 is expressed at high levels in certain tissues, including the kidney, heart, 

endothelium, platelets, and gastric mucosa, but is largely insensitive to pro-inflammatory 

stimuli (Jackson et al., 2000; Morita, 2002; Seibert et al., 1997). COX-1 is also inducible in 

some cell types including endothelial cells (Bryant et al., 1998), osteocytes (Forwood et al., 

1998), and synovial cells (Morita, 2002), suggesting a role for COX-1 in pathologic 

processes in these systems.  It has also been suggested that COX-1 plays a role in the 

resolution of inflammation. 

 In contrast to COX-1, COX-2 contains promoter sites for enhanced COX-2 synthesis 

upon cellular activation. COX-2 is generally not expressed in quiescent cells, but is highly 

induced by various pro-inflammatory stimuli including cytokines, bacterial components, 

growth factors, hormones, and mechanical stress (Seibert et al., 1997; Tanabe & Tohnai, 

2002). This indicates that COX-2 plays a major role in inflammatory prostaglandin 
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production in multiple tissues. However like COX-1, several tissues also constitutively 

express COX-2 including the kidney (Tanabe & Tohnai, 2002).  

 

3.4 Prostaglandin E Synthases 

The unstable prostaglandin intermediate PGH2 is converted to five stable prostanoids via 

prostaglandin synthase enzymes. Prostaglandin synthases are termed terminal synthases, as 

they are responsible for the final step in the prostaglandin synthesis cascade. PGD synthase 

converts PGH2 to PGD2 to mediate and allergy and inflammation (Lewis et al., 1982; Murray 

et al., 1986). PGF synthase is responsible for PGF2α production to control bronchial and 

vascular smooth muscle tone, vasodilation and blood pressure (Basu et al., 2001; Watanabe, 

2002). PGI and TXA synthase produce prostacyclin and thromboxane, respectively, to 

maintain vascular homeostasis through effects such as vasodilation (PGI2) and 

vasoconstriction (TXA2). Finally, PGE synthases convert PGH2 to PGE2, which exerts a 

myriad of pro- and anti-inflammatory effects in multiple tissues. Taken together, it has been 

shown that all prostaglandins and prostaglandin synthases are critical for maintenance of 

homeostasis and progression of disease.  

 There are three distinct isoforms of PGE synthases (PGES) leading to the formation 

of PGE2. Cytosolic PGES (cPGES) is a constitutively expressed enzyme that is located 

predominantly within the cytoplasm and is generally unresponsive to inflammatory stimuli. 

Evidence suggests that cPGES preferentially couples with COX-1 for homeostatic PGE2 

production. However in some tissues, including the brain, cPGES is upregulated by 

inflammatory stimuli and might play a role in inflammation in this tissue (Park et al., 2006; 
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Tanioka et al., 2000). An additional constitutively expressed PGES is microsomal PGES-2 

(mPGES-2), which is present predominantly in the brain and heart. mPGES-2 is produced in 

the golgi membrane before subsequent truncation and release into the cytosol where it can 

couple with either COX-1 or COX-2 for PGE production (Murakami et al., 2003).  

 A third isoform of PGES, mPGES-1, is a highly inducible enzyme that couples with 

COX-2 for enhanced production of PGE2 during inflammation (Murakami et al., 2000). 

mPGES-1 is localized predominantly in the nuclear membrane for close association with 

COX-2, and both are coordinately induced by proinflammatory cytokines and bacterial 

products (Masuko-Hongo et al., 2004). Knockout or selective inhibition of mPGES-1 has 

been shown to decrease signs of acute and chronic inflammation in multiple models, 

indicating that mPGES-1 is essential for inflammatory PGE2 production in multiple systems 

(Hara et al., 2010; Kamei et al., 2004; Trebino et al., 2003; Xu et al., 2008). Specifically, 

mPGES-1 expression is induced by pro-inflammatory mediators in multiple orthopedic 

tissues and has been implicated in osteoarthritis (Hardy et al., 2002; Kojima et al., 2004; 

Masuko-Hongo et al., 2004).  

 

3.5 PGE2 Cellular Release 

PGE2 is primarily synthesized within the endoplasmic reticulum, the cellular location of 

COX-2 and mPGES-1 enzymes (Morita, 2002). Synthesized PGE2 can exit the cell via two 

main mechanisms: simple diffusion and active transport. Simple diffusion of PGE2 is a 

relatively slow process when compared to active transport. Active transport of PGE2 occurs 

via the multidrug resistance protein 4 (MRP4), which is interestingly inhibited by NSAIDs 
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and thus presents an additional route through which these drugs decrease extracellular PGE2 

levels (Reid et al., 2003). Both pathways have been shown to play a role in PGE2 efflux 

across cellular membranes under homeostatic and inflammatory conditions.  

 

3.6 Prostaglandin E Receptors 

PGE2 targets 4 distinct receptors: EP1, EP2, EP3, and EP4. EP1 signaling increases 

intracellular calcium and plays a role in pain responses and hyperalgesia (Moriyama et al., 

2005). Both EP2 and EP4 couple to adenylate cyclase enzymes within the cell and lead to a 

robust increase in intracellular cyclic AMP (cAMP). Increased cAMP is associated with 

many anti-inflammatory properties in leukocytes, including dampening of various effector 

functions (Armstrong, 1995; Hong, 1996; Meja et al., 1997; Talpain et al., 1995). EP4 has 

also been implicated in PGE2-induced bone resorption, with minor contribution from EP2 

(Suzawa et al., 2000). The main mechanism of action of EP3 signaling is inhibition of 

adenylate cyclase function, and in turn, decreased intracellular cAMP. PGE2-EP3 signaling 

has been implicated in many of the cardinal signs of inflammation, such redness, edema, and 

swelling, through actions on mast cells. Signaling through EP3 induces vasodilation, 

increased vascular permeability, and increased leukocyte influx into tissues (Morimoto et al., 

2014).  

 

3.7 PGE2 Degradation. 

15-PG dehydrogenase (15-PGDH) is a prostaglandin degradative enzyme that is ubiquitously 

present in cells and tissues. 15-PGDH reversibly oxidizes PGE2 to form the inactive 
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metabolite, 15-keto PGE2. Deletion of 15-PGDH results in decreased PGE2 in vivo, 

indicating the importance of this enzyme in regulating PGE2 levels (Coggins et al., 2002).  

 

4. Roles of PGE2 in Homeostasis 

 

Almost every cell within the body is capable of producing PGE2 to exert pleiotropic effects 

within tissues. These effects are varied in different cell and tissue types due in part to 

targeting of distinct EP receptors and variability of tissue PGE2 concentrations. Many tissues 

produce constitutive levels of PGE2 needed to maintain optimal function. Specifically, PGE2 

is involved in maintaining homeostasis of the gut (Dey et al., 2006; Ferrer & Moreno, 2010; 

Mohajer & Ma, 2000), kidney (Hao & Breyer, 2008), cardiovascular (Swan & Breyer, 2011), 

hematologic (North et al., 2007), immune (Harizi et al., 2008), respiratory (Chung, 2005; 

Knight et al., 1994), reproductive (Waclawik, 2011), and musculoskeletal systems (Hikiji et 

al., 2008). This section will give a brief overview of PGE2’s homeostatic role in each of these 

tissues. 

 

Gastrointestinal System. In the GI tract, PGE2 has been implicated in regulation of gastric 

acid, bicarbonate, and mucous secretion (Ding et al., 1997; Larsen et al., 2005; Takahashi et 

al., 1999), increasing GI motility (Grasa et al., 2006), and providing additional cytoprotective 

mechanisms in GI cells (Dey et al., 2006). Inhibition of homeostatic PGE2 production has 

been implicated in many of the deleterious GI side effects that are observed with nonspecific 
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NSAID therapy, including gastric ulceration and colitis in horses (Marshall & Blikslager, 

2011).  

 

Kidney. In the kidney, PGE2 is important for maintaining renal blood flow and glomerular 

filtration rate in patients with reduced arterial blood volume. In these instances, PGE2 acts to 

vasodilate afferent arterioles to maintain adequate glomerular filtration rate and maintain salt 

balance to modulate blood pressure (Hao & Breyer, 2008).  

 

Vasculature, Hemostasis, and Leukocytes. PGE2 has been shown to regulate systemic blood 

pressure as both a vasopressor and vasodepressor, depending on EP receptor expression. 

However most reports indicate that PGE2 elicits anti-hypertensive effects (Swan & Breyer, 

2011). PGE2 has been shown to enhance hematopoietic stem cell numbers in zebrafish and 

mice (North et al., 2007), indicating a proliferative role for PGE2 in hematopoiesis. PGE2 

also modulate maturation, activation, and MHC II expression on dendritic cells, decrease 

cytokine secretion by macrophages, inhibits activation and proliferation of T cells, and 

suppress natural killer cell functions to balance immune responses (Harizi et al., 2008).  

 

Respiratory System. PGE2 relaxes smooth muscles of the respiratory system and prevents 

bronchoconstriction induced by multiple agents. PGE2 also limits airway response to 

allergens by reducing inflammation and mast cell activation (Chung, 2005; Knight et al., 

1994).  
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Reproduction. PGE2 plays multiple roles in reproduction, including leutoprotective 

mechanisms such as progesterone secretion, promotion of uterine function and conceptus 

development, and increased vascular permeability and angiogenesis upon conceptus 

implantation (Waclawik, 2011).  

 

Musculoskeletal System. Importantly in the musculoskeletal system, PGE2 regulates bone 

remodeling through osteoclast activation and bone resorption, as well as bone-forming 

activities in osteoblasts. Additionally, PGE2 induces expression of bone resorbing factors 

such as receptor activator of NF-κβ ligand (RANKL), IL-6, IL-1β and proteinases, as well as 

bone-forming agents including bone forming protein-2 and collagen (Hikiji et al., 2008). The 

roles of PGE2 in regulating cells of the musculoskeletal system will also be discussed in 

greater detail below.  

 

5. Roles of PGE2 in Inflammatory Orthopedic Disease 

 

Inflammatory orthopedic diseases, especially those of the joint, are among the most common 

and debilitating disorders in horses and humans. While multiple factors contribute to the 

pathogenesis of inflammatory orthopedic disease, four main etiologic categories exist: 

trauma/exercise-induced, developmental, infectious, and autoimmune.  Trauma or exercise-

induced pathologies are one of the most common causes of lameness in horses, and 

encompasses both acute trauma and repeated load-bearing “wear-and-tear” of the joints over 

time (Peat & Kawcak, 2015). Developmental joint diseases in both species most 
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predominantly include disturbances in endochondral ossification, termed osteochondrosis, 

which can lead to lesion fracture and subsequent fragmentation, synovitis, and joint 

inflammation (osteochondritis dessicans) (Olstad et al., 2015). Infectious causes of joint 

disease are numerous, including seeding during systemic bacteremia, spread of pathogens 

from neighboring infected structures (such as osteomyelitis), or penetrating injury or 

iatrogenic introduction (Morton, 2005; Shirtliff & Mader, 2002). Autoimmune orthopedic 

diseases are very rare in horses (Carter et al., 1995), but in humans include diseases such as 

rheumatoid arthritis. In addition to these categories, laminitis is an inflammatory orthopedic 

disease of interest in the equine hoof, in which inflammation and PGE2 production have been 

proposed to play a role.  

In this section, subsection 5.1 will discuss the pathogenesis and pathophysiology of 

selected examples from each category of orthopedic pathobiology. Following an introduction 

of selected disorders, subsection 5.2 will review cell types and tissues that contribute to PGE2 

production in these disorders. Finally, subsection 5.3 will focus on the role that PGE2 plays in 

the individual pathologic components that contribute to the pathophysiology of these 

inflammatory orthopedic diseases. 

 

5.1 Review of Select Orthopedic Diseases in Horses and Humans  

Before the specific roles of PGE2 are discussed, we will give a brief overview of the etiology 

and pathophysiology of selected orthopedic diseases of interest that plague both horses and 

humans. Additionally, diseases that are of serious concern in just one of either species 

(including autoimmune joint diseases and laminitis) will also be reviewed. 
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5.1.1 Trauma/Exercise-Induced Orthopedic Disease: Osteoarthritis.  

Osteoarthritis (OA) is the most prevalent arthritic condition in people, affecting nearly 35% 

of the population over 65 years of age (Scanzello & Goldring, 2012). In horses, lameness 

associated with OA is one of the major causes of equine wastage, often due to poor 

performance or a need for early retirement. One study found that as many as 33% of 

performance horses have OA in at least one joint, which is similar to statistics found in 

humans (Schlueter & Orth, 2004). OA can affect all synovial joints, and is characterized by 

loss of articular cartilage integrity and function, formation of osteophytes along the joint 

margins (or bone spavin in horses), increased remodeling and sclerosis of subchondral bone, 

joint effusion, inflammation of the synovial membrane (synovitis), pain, and reduced joint 

mobility (Schlueter & Orth, 2004; Sellam & Berenbaum, 2010). Multiple factors influence 

the development of OA, most notably abnormal or excessive biomechanical forces exerted 

on articular cartilage during athletic performance, acute trauma, or abnormal loading due to 

poor conformation (Schlueter & Orth, 2004). In the following section, we will overview 

various pathologic processes that contribute to the progression of OA. 

Inflammation of soft tissue and bone structures surrounding the joint, including the 

synovial membrane, subchondral bone, meniscus, tendons, and musculature, heavily 

contribute to the pathophysiology of OA. The synovial membrane is particularly important in 

the pathophysiology of OA, as it has critical roles in maintaining joint homeostasis and 

mediating inflammation and cartilage destruction. The presence and degree of synovitis 

within a joint has been shown to correlate with the severity of chondropathy in human OA 

patients and is associated with altered cartilage metabolism and increased production of 
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proteolytic enzymes, cytokines, prostaglandins, and reactive oxygen species (Ayral et al., 

1999; Palmer, et al., 1996; Sellam & Berenbaum, 2010). Synovitis in OA joints is an active 

inflammatory process, as indicated by inflammatory cell infiltration of the synovial tissues 

and pro-inflammatory cytokine production. One study found that macrophages made up 

approximately 65% of synovial inflammatory cell infiltrate, followed by T cells 

(predominantly CD4+ T cells of the Th1 subtype), which made up approximately 26% 

(Pessler et al., 2008).  Additionally, increased levels of pro-inflammatory cytokines including 

IL-1β and TNFα have been detected in synovial tissues from OA patients when compared to 

healthy tissues (de Lange-Brokaar et al., 2012).  These cytokines elicit multiple degenerative 

effects within the joints, including prostaglandin synthesis, cartilage degeneration, bone 

resorption, angiogenesis, and augmentation and perpetuation of the inflammatory response.  

Degeneration and lesion formation within articular cartilage is a hallmark of OA. 

Major mediators of OA pathophysiology and cartilage destruction include pro-inflammatory 

cytokines such as IL-1β and TNFα, which are increased in OA affected joints in horses and 

humans (Kamm et al., 2010; Kapoor et al. 2010). The major cell types that produce IL-1β 

and TNFα in equine and human OA are activated macrophages, synoviocytes, and 

chondrocytes (de Lange-Brokaar et al., 2012; Sellam & Berenbaum, 2010; Kamm et al., 

2010; Tetlow et al., 2001). Receptors for IL-1β and TNFα (IL-1 receptor type I, and TNF 

receptor I, respectively) are increased on OA chondrocytes, indicating their importance in 

modulating cartilage synthesis and degradation in this disease (Kapoor et al., 2010). In both 

humans and horses, IL-1β is known to inhibit chondrocyte anabolic processes such as 

collagen and proteoglycan synthesis, as well as induce production of proteolytic enzymes 
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such as matrix metalloproteinases (MMPs) and ADAMTS (a disintegrin metalloproteinase 

with throbmospondin motif) (Goldring et al., 1988; Platt & Bayliss, 1994; Saklatvala, 1986; 

Mengshol et al., 2000; Richardson & Dodge, 2000; Ross et al., 2012; Tung et al., 2002b). 

Furthermore, IL-1β and TNFα can also stimulate cartilage reactive oxygen and nitrogen 

species production, which can elicit oxidative stress in chondrocytes and induce MMP 

production to elicit cartilage degradation (Murrell et al., 1995). IL-1β also upregulates equine 

and human chondrocyte production of cPLA2, COX-2, and mPGES-1, leading to increased 

PGE2 formation within the joint that is associated with cartilage degradation (Farley et al., 

2005; Kapoor et al., 2010; Martel-Pelletier et al., 2003; Moses et al., 2001). In addition to 

direct effects on cartilage, IL-1β and TNFα can also undergo a positive feedback loop by 

inducing additional synovial synthesis of proinflammatory cytokines IL-6, IL-8, monocyte 

chemotactic protein-1 (MCP-1), and RANTES that exacerbate synovial inflammation and 

augment IL-1β and TNFα synthesis (Kapoor et al., 2010). 

In addition to the relatively well-defined roles of IL-1β and TNFα, the specific role of 

induced IL-6 in OA development and cartilage destruction is controversial.  Studies have 

shown that in combination with IL-1β, IL-6 increases synthesis of MMPs and enhances 

cartilage breakdown (Rowan et al., 2001), as well as reduces type II collagen expression 

(Poree et al., 2008). Additionally, IL-6 can induce osteoclast differentiation and bone 

resorption in subchondral bone (Kotake et al., 1996; Steeve et al., 2004). However, IL-6 has 

also been shown to reduce cartilage destruction in some arthritis models (van de Loo et al., 

1997). 
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 In humans, increased subchondral bone remodeling, turnover, and loss are associated 

with early-stage OA, while sclerosis and densification of subchondral bone and slowing of 

bone turnover are hallmarks of late-stage disease (Burr & Gallant, 2012). In horses, OA is 

associated with increased bone remodeling, decreased bone density, and decreased bone 

volume, as is seen in early human OA (Lacourt et al., 2012). Equine OA alone does not seem 

to induce an increase in bone density or sclerosis as seen in late stage human OA, however 

increased training and load on these joints can lead to bone thickening and even pathological 

sclerosis (Kawcak et al., 2001; 2011). These changes in subchondral bone can play a critical 

role in OA progression through effects not only on bone integrity, but also on other joint 

structures. A correlation between subchondral bone changes and cartilage lesions has been 

established in equine OA, suggesting that cross-talk between cartilage and subchondral bone 

plays a role in progressive tissue degradation (Lacourt et al., 2012). During cartilage 

destructive processes, chondrocytes produce pro-inflammatory mediators such as IL-6, 

TGFβ, PGE2, and MMPs that stimulate subchondral bone resorption and remodeling 

(Hayami et al., 2004; 2006) In return, OA subchondral bone produces significantly increased 

levels of IL-1β, IL-6, TGFβ, and PGE2 and induces release of glycosaminoglycan from 

articular cartilage explants (Massicotte et al., 2002; Westacott et al., 1997). This creates a 

positive feedback loop through which bone and cartilage potentiate inflammation and 

degradation in OA joints.  

Conversely, subchondral bone has also been shown to secrete chondroprotective 

osteoprotegerin (OPG), indicating that a balance of anabolic and catabolic signals occur 

between cartilage and bone (Kadri et al., 2008). OPG provides chondroprotective effects by 
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serving as a decoy receptor for RANKL. RANKL is a transmembrane TNF receptor 

superfamily protein that is expressed on osteocytes and chondrocytes following pro-

inflammatory stimulation. RANKL binding to the RANK receptor on osteoclasts stimulates 

osteoclast differentiation, maturation, and activation leading to increased bone remodeling. 

OPG produced by osteoblasts serves as a competitive inhibitor of RANKL binding and 

modulates its bone-resorptive effects. Interestingly, OPG, RANK, and RANKL proteins are 

also expressed on chondrocytes and serve a role in mediating cartilage degradation, 

potentially through signaling on the subchondral bone (Nakashima et al., 2011; Moreno-

Rubio et al., 2010).  

 Changes in bone density have also been implicated in fragmentation or fracture of 

subchondral bone and its associated cartilage (together, termed osteochondral tissue) in 

horses that are undergoing strenuous physical activity (Kawcak et al., 2001). These 

fragments elicit osteoarthritis through stimulation of severe synovitis and direct production of 

proinflammatory mediators IL-6, high mobility group box protein-1 (HMGB-1), and PGE2 

(Ley et al., 2009; May et al., 1988). Osteochondral fractures are associated with areas of bone 

resorption and osteoclast activity in equine subchondral bone, however the exact 

pathogenesis of how osteochondral fragmentation occurs in horses has yet to be determined 

(Kawcak et al., 2001).  

 Pannus formation and angiogenesis are also implicated in the pathogenesis of OA and 

are intimately associated with chronic synovitis. Pannus formation is characterized by fibrous 

granulation tissue covering the articular surfaces of inflamed joints.  Pannus tissues secrete 

pro-inflammatory cytokines and have been shown to spontaneously produce proteases that 
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break down cartilage (Furuzawa-Carballeda et a., 2008; Yuan et al., 2004). Pannus can be 

either hypo- or hyper-vascular, but is commonly associated with robust angiogenesis (Ghosh, 

2003). Angiogenesis occurs as endothelial cells are stimulated to proliferate in inflamed OA 

synovium. Paired with regression of existing vasculature, these processes lead to a new 

mapping of immature synovial vasculature. Inflammatory cytokines upregulate endothelial 

adhesion molecule expression on immature vasculature, leading to increased leukocyte tissue 

infiltration and edema formation (Bonnet, 2005; Elshabrawy et al., 2015). In addition to the 

synovium, angiogenesis also occurs in the cartilage of OA patients supplied by vasculature in 

the subchondral bone. Angiogenesis of the cartilage is associated with increased 

inflammatory cell infiltrate, MMP and ADAMTS expression, and cartilage erosion (Bromley 

et al., 1985; Burr & Gallant, 2012). 

 

5.1.2 Developmental Orthopedic Disease: Osteochondritis Dessicans (OCD) 

Multiple equine and human orthopedic diseases manifest as a result of osteochondrosis. 

Osteochondrosis is characterized by failure of endochondral ossification during development. 

While the etiology of osteochondrosis is not completely defined, it believed to occur as a 

result of reduced vascular supply within epiphyseal cartilage. Epiphyseal cartilage is an area 

of growth tissue beneath the articular cartilage that is replaced by bone during the ossification 

front. Repeat or unusual biomechanical loading in developing joints, most predominantly the 

femoropatellar, tarsocrural, and metacarpophalangeal joints, can disrupt microvasculature 

and lead to decreased vascular supply, chondrocyte necrosis, and ischemic necrotic lesions 

within the epiphyseal cartilage during ossification (Olstad et al., 2015; Peat & Kawcak, 
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2015). Necrotic regions are inferior weight bearing structures when compared to healthy 

tissue, and thus often result in fracture or collapse of overlying cartilage (McCoy et al., 

2013). This can lead to a number of different disorders in growing horses termed juvenile 

osteochondral conditions (JOCC), and most commonly in athletic animals develops into 

osteochondrosis dessicans. Osteochondrosis dissecans occurs when a fissure develops in the 

overlying articular cartilage, dissects into the necrotic endochondral cartilage below, and 

fragments into the joint to elicit profound synovitis (McCoy et al., 2013; Olstad et al., 2015). 

In humans, the pathogenesis of OCD has not been elucidated, as end-stage disease is most 

often observed. However the characteristics of human end-stage disease are common to those 

seen in older horses and thus are likely similar between species. Many of the advances made 

in human osteochondrosis research to date have involved horses as a translational disease 

model. 

 OCD presents in horses and humans as pain and joint effusion, especially following 

athletic performance. Early stages of the disease in young horses are characterized by 

increased collagen II cleavage and elevated levels of cartilage protease pro-MMP-2 within 

the joint (Laverty et al., 2002; Trumble et al., 2001). However, little evidence for increased 

cartilage turnover is apparent in older horses in vivo and suggests that cartilage degradation 

occurs primarily in the early stages of osteochondrosis (de Grauw et al., 2006). One factor 

that is likely to be involved in joint pain and swelling at later stages of OCD is synovitis. 

Osteochondral fragments within synovial joints are associated with synovial effusion and 

increased synovial fluid mononuclear cell infiltration and nitrous oxide levels (Carmona et 

al., 2009; de Grauw et al., 2006). Elevated levels of IL-1β, TNFα, and PGE2 are also detected 
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within equine OCD joints and are involved in the induction of synovitis, joint effusion, and 

pain (May et al., 1988; Owens et al., 1996; Trumble et al., 2001). Furthermore, boney 

fragments themselves directly produce proinflammatory mediators IL-6 and HMGB-1 in 

vitro and can further promote synovial inflammation (Ley et al., 2009). As previously 

discussed, synovial inflammation is a major mediator of cartilage breakdown in inflamed 

joints. As such, degenerative joint diseases such as OA are a common sequela of OCD 

lesions.  

 

5.1.3 Autoimmune Orthopedic Disease: Rheumatoid Arthritis.   

Autoimmune reactivity is very low in equine joints, and thus autoimmune mechanisms are 

unlikely to play a major role in equine joint disease (Carter et al., 1995).  In contrast, 

rheumatoid arthritis (RA) is a relatively common autoimmune condition in humans that is 

characterized by inflammation and edema of synovial structures, destruction of cartilage and 

subchondral bone, and production of autoantibodies such as anti-rheumatoid factor and anti-

citrullinated protein antibody (ACPA). While the inciting factors of RA remain elusive, 

genetics, environmental factors, and certain infectious agents appear to play a role (McInnes 

& Schett, 2011).  

RA synovial inflammation is initiated by activation of the vascular endothelium, 

increased endothelial expression of adhesion molecules and chemokines, and infiltration of 

innate and adaptive immune cells. This is accompanied by neoangiogenesis to aid leukocytes 

in trafficking to synovial tissues, and formation of articular granulation tissue, or pannus. RA 

granulation tissue is composed of activated fibroblasts and leukocytes that secrete a number 
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of cytokines and prostaglandins. These mediators activate osteoclast activity, bone 

destruction, and production of destructive cartilage mediators by synoviocytes (Wright et al., 

2014; Sabeh et al., 2010). During the progression of RA, the inflamed synovium becomes 

hyperplastic and beings to invade neighboring cartilage (McInnes & Schett, 2007). Pro-

inflammatory cytokines produced by the synovium stimulate fibroblast-like synoviocytes to 

produce MMPs that degrade cartilage collagen matrix (Sabeh et al., 2010). Additionally, 

synovial cytokines promote apoptosis of chondrocytes and destruction of the cartilage 

surface (McInnes & Schett, 2011). Bone erosion is also a characteristic of RA, and 

expression of synovial cytokines such as macrophage-colony stimulating factor (M-CSF), 

RANKL, TNFα, and IL-1β promote osteoclastogenesis, osteoclast activity, and irreversible 

erosion of subchondral bone into the articular cartilage (McInnes & Schett, 2011).  

Immune cells such as neutrophils and macrophages play a particularly important role 

in the progression of RA. Neutrophils are activated in the pannus and synovial fluid by 

autoantibody immune complexes, leading to release of neutrophil extracellular traps (NETs), 

proteases, and reactive oxygen species that elicit further cartilage degradation and oxidative 

tissue injury (Khandpur et al., 2013; Robinson et al., 1992). RA neutrophils also produce 

RANKL, which stimulates ostoclastogenesis and bone resorption in RA patients (Chakravarti 

et al., 2009). Macrophages have also been found in large numbers in the synovial tissues of 

RA patients, where they produce pro-inflammatory cytokines, reactive oxygen species, 

proteases, prostaglandins, and present antigens for T cell activation (Haringman, 2005).  

The role of the adaptive immune response in RA is not completely defined. T and B 

cells are present in excess in the joints of patients with RA, and a role for costimulation 
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between T cells, B cells, and follicular dendritic cells in RA synovium has been 

demonstrated. Interactions between these cells leads to increased expression of 

autoantibodies that form immune complexes that activate and amplify destructive immune 

cell functions (Humby et al., 2009; McInnes & Schett, 2011). Of the T cell subsets present 

within the RA joint, Th17 cells have been shown to play an important role in RA. Th17 cells 

produce IL-17, a hallmark Th17 cytokine that induces neutrophil influx and increases pro-

inflammatory cytokine and MMP production in synovial tissues. Th17 cells have also been 

shown to induce RANKL expression on osteoblasts to stimulate osteoclastogenesis and 

increased bone destruction in RA (Komatsu & Takayanagi, 2015; Miossec et al., 2009). Due 

to this pivotal role, IL-17 has been shown to be predictive of disease progression in RA 

(Kirkham et al., 2006).  

 TNFα has also been shown to be predictive of RA disease progression (Kirkham et 

al., 2006). TNFα is produced by almost all inflammatory and articular cells within RA joints 

and stimulates release of cytokines, prostaglandins, MMPs, and reactive oxygen species in 

monocytes and neutrophils. Additionally, TNFα stimulates endothelial cell expression of 

adhesion molecules that aid in leukocyte tissue influx. Because of these prominent roles, 

anti-TNFα therapeutics have been developed that effectively treat pain and inflammation 

associated with RA. IL-1β shares many of these characteristics with TNFα, and is produced 

predominantly by monocytes, B cells, chondrocytes, and fibroblasts in RA joints. 

Furthermore, IL-18 is another critical cytokine in RA that is produced by multiple innate 

immune cells and endothelial cells. IL-18 leads to T cell differentiation, angiogenesis, and 

activation of monocytes, neutrophils and natural killer cells (McInnes & Schett, 2007). 
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5.1.4 Infectious Orthopedic Disease: Septic Arthritis  

Septic arthritis in horses and humans can occur as a result of seeding during systemic 

bacteremia, penetrating trauma, iatrogenic introduction, or the spread of bacterial 

osteomyelitis. Multiple bacterial pathogens can be involved, the most common of which are 

Staphylococcus aureus in humans and adult horses, and multiple gram-negative bacterial 

species in foals (Morton, 2005; Shirtliff & Mader, 2002). Once within the joint, bacteria 

adhere and colonize under low-sheer conditions and are aided by production of extracellular 

matrix proteins produced in traumatized joints. The result of bacterial colonization is a robust 

inflammatory response characterized by increased leukocyte infiltration, proteolytic enzyme 

synthesis and activity, and increased pro-inflammatory cytokine production within the joint 

(Morton, 2005; Shirtliff & Mader, 2002; Trumble et al., 2001). This response also leads to 

histologic changes including vasodilation, fibrin accumulation, and pannus formation on 

articular tissues (Madison et al., 1991).  

 Bacterial components including peptidoglycan, unmethylated DNA CpG motifs, and 

alpha-hemolysin are responsible for the robust articular inflammatory response (Deng et al., 

1999; Gemmell et al., 1997). These bacterial products induce macrophage and synovial cell 

production of pro-inflammatory mediators, including IL-1β, IL-6, and TNFα, and promote 

infiltration and activation of leukocytes. In acute phases, neutrophils are the predominant 

infiltrating leukocytes within the synovium, and act together with monocytes and 

macrophages to contain infection (Morton, 2005; Osiri et al., 1998) However during the 

course of inflammation, these leukocytes elicit tissue damage by adhering to articular 

cartilage and releasing proteases that degrade cartilage extracellular matrices and stromal 
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cells (DiCarlo & Kahn, 2011). In cases in which the immune system cannot eliminate the 

pathogen, an amplified and prolonged inflammatory response occurs and leads to many of 

the same destructive properties seen in RA. Elevated cytokine levels lead to increased MMP 

production and subsequent cartilage degeneration, as well as prolonged neutrophil activation, 

production of reactive oxygen species, and secretion of proteases that can further damage 

cartilage and subchondral bone (Morton, 2005; Shirtliff & Mader, 2002). In addition to these 

direct effects on cartilage, pro-inflammatory cytokines orchestrate T cell responses in later 

stages of the disease, including activation of CD4+ T cells that have been shown to play a 

destructive role in pathophysiology of septic arthritis (Abdelnour et al., 1994) At advanced 

stages of septic arthritis, the synovial lining often becomes covered with granulation tissue 

and hematoma and accumulates fibrin. Additionally, the underlying subchondral bone ranges 

from sclerotic, to hemorrhagic and necrotic with neutrophilic infiltration if adjacent 

osteomyelitis has developed (DiCarlo & Kahn, 2011; Morton, 2005). 

 Physical changes within the joint can also exacerbate the effects of septic arthritis by 

altering joint biomechanics and function. Joint effusion leads to fluid accumulation in the 

synovial space, and in horses has been associated with reduced blood flow to synovial 

structures (Hardy et al., 1996; Morton, 2005). Pannus formation also leads to isolation of 

bacteria and nonviable tissue on the joint surface to act as a nidus for continued infection and 

inflammation. Pannus also serves to isolate the synovium to deny access to nutrition and 

antibiotic therapies (Morton, 2005).  
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5.1.5 Other Orthopedic Diseases of Interest: Laminitis.  

Laminitis is a disease that is unique to hooved animals and is characterized by inflammation, 

degradation, and breakdown of laminar structures within the hoof. The pathophysiology of 

laminitis is not completely understood, but has been noted to display many similarities to 

acute organ injury in human sepsis including local vascular endothelial activation, leukocyte 

activation and tissue influx, and production of pro-inflammatory mediators that amplify the 

immune response (Belknap et al., 2009). Laminitis can be divided into multiple phases, 

including developmental, acute, and chronic stages. Initiation and progression of the disease 

can be driven by multiple factors such as inflammation, metabolic disturbances, vascular 

dysfunction, or trauma. For the purposes of this review, we will focus on the contribution of 

inflammation to the pathogenesis and pathophysiology of equine laminitis.  

While the pathophysiologic mechanisms of laminitis have not been full elucidated, 

multiple experimental laminitis models have been developed in horses to aid in 

understanding this disease. The two most common laminitis models are carbohydrate 

overload (CHO) and administration of black walnut extract (BWE). Excessive carbohydrate 

intake in horses, as occurs in the CHO model, leads to a shift in the hindgut bacterial 

populations and subsequent bacterial lysis, especially of streptococcal species. This is 

accompanied by a drop in gastrointestinal pH, degeneration of gut epithelial cells, and 

reduced epithelial barrier function (Milinovich et al., 2008; Weiss et al., 1998). It has been 

hypothesized that these events lead to an efflux of endotoxin (lipopolysaccharide, LPS) from 

the damaged gut into systemic circulation, as evidenced by increased plasma endotoxin 

levels following experimental carbohydrate overload. Circulating LPS can activate platelets, 
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leukocytes, and vascular endothelial cells through the p38 MAPK pathway, leading to 

increased leukocyte-endothelial adherence and vascular disturbances that may contribute to 

the pathogenesis of laminitis (Bailey et al., 2009; Brooks et al., 2009). Induction of p38 

MAPK is also essential for equine leukocyte pro-inflammatory cytokine synthesis and 

chemotaxis, and thus LPS could also stimulate pro-inflammatory leukocyte effector functions 

in laminar tissues (Eckert et al., 2007; Neuder et al., 2009). Equine keratinocytes, major 

cellular components of the equine laminar structure, have also been shown to be highly 

responsive to gram negative bacterial components such as LPS by releasing the pro-

inflammatory cytokines IL-1β, IL-6, and CXCL8. Interestingly, this study also established 

that keratinocytes are not responsive to gram-positive bacterial components, indicating a 

potentially distinct role for different bacterial toxins in the pathogenesis of laminitis (Leise et 

al., 2010). Black walnut extract has also been shown to induce experimental laminitis, 

however the mechanism through which this happens is less well defined. Studied have shown 

that black walnut can induce formation of reactive oxygen species in water and activate 

caspase and cytokine production in equine monocytes (Hurley et al., 2011a; 2011b), which 

potentially play a role. 

 The histopathologic progression of laminitis generally includes a loss of laminar 

collagen and laminin, degradation of the endothelial basement membrane, and accompanying 

laminar edema, hemorrhage, red blood cell and thrombus vascular occlusion, and leukocyte 

tissue influx (Hood et al., 1993; Visser & Pollitt, 2011). In the CHO model, increased 

leukocyte influx has been shown to correlate with the onset of lameness during the 

progression of laminitis, and thus this event has been hypothesized to play a role in laminar 
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breakdown and separation of epithelial cells from the basement membrane (Faleiros et al., 

2010). This is further supported by the progression of laminitis in the BWE model, in which 

signs of leukocyte infiltration and laminar stress precede signs of laminar epithelial 

breakdown (Faleiros et al., 2009). Influx of leukocytes into tissues begins with activation of 

the vascular endothelium by mediators such as LPS and damage associated molecular 

patterns (DAMPs). LPS and DAMPs upregulate laminar endothelial adhesion molecule 

expression and chemoattractant mediator production, leading to leukocyte homing, arrest, 

and extravasation into laminar tissues (Fiuza, 2002; Fries et al., 1993; Loftus et al., 2007). 

Once within the tissues, leukocytes produce a battery of pro-inflammatory mediators 

including reactive oxygen species, pro-inflammatory cytokines IL-1β, IL-6, IL-8, and 

increased COX-2 expression that damage tissues and augment inflammatory cell influx. In 

addition, activated endothelial and epithelial laminar cells contribute to the production and 

accumulation of pro-inflammatory cytokines within the lamina to further drive inflammation 

and disease progression (Belknap et al., 2007; Leise et al., 2010; Loftus et al., 2007; Yin et 

al., 2009).  

It has been proposed that leukocytes themselves are the drivers of basement 

membrane breakdown through production of degradative enzymes including MMP-9 (Loftus 

et al., 2009), ADAMT-4 (Coyne et al., 2009), myeloperoxidase (Riggs et al., 2007), and 

neutrophil elastase (la RebiÃ re de Pouyade et al., 2010). However this theory is 

controversial, as some groups have shown that influx of leukocytes occurs simultaneously 

with expression of stress-related proteins in endothelial cells at the onset of lameness, and 

thus could be caused by other inciting factors (Faleiros et al., 2010) Therefore, the exact 



 

32 

involvement of leukocytes in inducing laminar tissue breakdown has yet to be fully 

elucidated. 

Additional mechanisms that potentially contribute to laminar breakdown include 

dysregulation of adhesion molecule expression and activity, apoptosis of laminar cells, 

oxidative tissue injury, and changes in the laminar vasculature. Integrin adhesion molecules 

attach epithelial cells of the stratum internum of the hoof wall, to the basement membrane of 

the laminar corium of the distal phalanx. Integrin expression is disregulated in response to 

proinflammatory mediators, and is specifically down regulated on epithelial cells in response 

to PGE2 (Noguchi et al., 2000). The loss of integrin expression can lead to breakdown and 

eventual separation of the laminar structures. Apoptosis could also play a role in basement 

membrane breakdown, as it has been shown that laminar epithelial cells and keratinocytes 

undergo increased apoptosis during the course of laminitis (Faleiros et al., 2004). Equine 

laminar tissues are also exquisitely sensitive to oxidative injury, as these tissues lack 

superoxide dismutase (SOD). SOD is a potent antioxidant that decreases the destructive 

effects of leukocyte reactive oxygen species (Loftus et al., 2010). Increased reactive oxygen 

products have been identified in the black walnut, but not starch-overload models of 

laminitis, and thus their role in the pathophysiology of naturally occurring laminitis has yet to 

be determined (Burns et al., 2011; Yin et al., 2009). Vascular changes have also been 

implicated in laminitis progression in multiple models. Developmental stages of laminitis are 

characterized by vasoconstriction, decreased blood flow, and increased vascular pressure. 

This increase in pressure is associated with formation of laminar edema and potentially leads 

to pressure ischemia of the tissues (Eades et al., 2006; Eaton et al., 1995). Multiple 
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vasoconstrictive compounds have also been identified in laminar tissue including 5-

hydroxytyptamine, which can be released by activated platelets to play a role in vascular 

dysfunction and ischemia (Bailey et al., 2009). The endothelium can also directly secrete 

vasoconstrictors such as endothelin-1, leading to enhanced vasoconstriction and decreased 

blood supply (Peroni, 2005). It is also possible that an inability of laminar tissues to promote 

vasodilatory effects could play a role in development of decreased blood flow in laminitis. 

 

5.2 Induction of PGE2 synthesis in Orthopedic Cells and Tissues  

Throughout the course of these inflammatory orthopedic diseases, PGE2 is produced by a 

number of cells in response to pro-inflammatory cytokines, DAMPS, and bacterial products.  

Here, we will discuss the specific cell types and mechanisms of cellular activation that 

contribute to PGE2 production in orthopedic tissues.   

 

Multiple tissues contribute to the production of PGE2 in orthopedic disease, including 

cartilage, meniscus, synovial membrane, and osteophytic fibrocartilage (Hardy et al., 2002). 

Individual cell types that play a role in PGE2 production in humans include synoviocytes 

(Kojima et al., 2002; Stichtenoth et al., 2001; Westman et al., 2004), synovial fibroblasts 

(Hardy et al., 2002; Westman et al., 2004), chondrocytes (Hardy et al., 2002; Kojima et al., 

2004; Li et al., 2005; Masuko-Hongo et al., 2004; Shimpo et al., 2009), tenocytes and tendon 

stem cells (Zhang et al., 2013), osteoblasts (Inada et al., 2006; Saegusa et al., 2003), and 

infiltrating immune cells such as monocytes and synovial macrophages (Hardy et al., 2002; 

Westman et al., 2004). Specifically in horses, there is evidence that multiple orthopedic cells 
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and tissues produce PGE2 in response to pro-inflammatory stimulation, including cartilage 

and cartilage chondrocytes (Briston et al., 2009; Moses et al., 2001; Rechenberg et al; 2000b; 

Ross-Jones et al., 2015; Takafuji et al., 2002; Byron et al., 2008; Landoni et al., 1996; May et 

al., 1991; Tung et al., 2002b), and synovium and synoviocytes (Rechenberg et al., 2000b; 

Ross-Jones et al., 2015; Briston et al., 2009; Byron et al., 2008; Frean, 1999). Production of 

PGE2 in these cells and tissues is mediated through upregulation of enzymes involved in the 

PGE2 synthesis cascade. cPLA2 expression is highly upregulated by pro-inflammatory 

mediators in chondrocytes and synovial fibroblasts (Hulkower et al., 1994; Leistad et al., 

2011). Additionally, COX-2 and mPGES-1 are highly expressed in infiltrating leukocytes, 

chondrocytes, synovial lining cells, fibroblasts, fibroblast-like cells, and vascular endothelial 

cells that play a critical role in the development of inflammatory orthopedic disease. 

(Hulkower et al., 1994; Kojima et al., 2004; Korotkova & Jakobsson, 2011; Westman et al., 

2004).  

Interestingly, diseased orthopedic cells and tissues produce increased levels of PGE2 

both at rest, and following pro-inflammatory stimulation. Cartilage explants from human 

patients with OA produce greater amounts of COX-2, mPGES-1, and PGE2 at rest than do 

healthy tissues (Amin et al., 1997). Additionally, COX-2 expression can also be induced in 

multiple OA cell types following pro-inflammatory cytokine stimulation (Hardy et al., 2002; 

Kojima et al., 2004; Li et al., 2005; Masuko-Hongo et al., 2004; Shimpo et al., 2009). 

Furthermore, human RA synovial cells including synoviocytes, synovial macrophages, and 

synovial fibroblasts produce increased levels of COX-2, mPGES-1, and PGE2 with and 

without pro-inflammatory stimulation (Kojima et al., 2002; Stichtenoth et al., 2001; 
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Westman et al., 2004). In tendons, pro-inflammatory cytokines, mechanical loading, and 

wounding can upregulate COX-1, COX-2, mPGES-1, and PGE2 levels, and EP3 receptor 

genes in tenocytes and tendon stem cells (Eliasson et al., 2012; Y. Zhang et al., 2013). 

Mechanical loading has also been demonstrated to increase COX-2 and mPGES-1 mRNA, 

and PGE2 levels in mouse cartilage explants (Gosset et al., 2008). 

Multiple pro-inflammatory mediators induce expression of enzymes involved in the 

PGE2 synthesis cascade, including LPS (Briston et al., 2009; Frean, 1999; Landoni et al., 

1996; Lucia et al., 2013; Moses et al., 2001), IL-1β (Farley et al., 2005; Kojima et al., 2004; 

Takafuji et al., 2002), TNFα (Kojima et al., 2004), IL-17 (Faour et al., 2003), and mechanical 

stimulation and trauma (Gosset et al., 2008). A positive-feedback loop also exists in which 

PGE2 itself can increase the stability of COX-2 mRNA and expression of mPGES-1 to 

induce additional PGE2 production (Faour, 2001; Kojima et al., 2004). Many of these 

mediators induce expression of PGE2-synthetic enzymes through the p38 MAP kinase 

(MAPK) pathway. p38 MAPK activation is required for upregulation and stabilization of 

COX-2 mRNA, induced COX-2 protein expression, and PGE2 production in response to 

LPS-induced toll-like receptor 4 (TLR4) signaling in equine leukocytes (Eckert et al., 2007; 

Saklatvala et al., 2004). In embryonic murine chondrocytes, p38 MAPK is also required for 

LPS-induced upregulation of COX-2. Furthermore in osteoblasts, LPS-TLR4 signaling 

induces COX-2 and mPGES-1 production and results in inflammatory bone loss in mouse 

disease models (Inada et al., 2006; Saegusa et al., 2003). 

In addition to bacterial components, pro-inflammatory cytokines such as IL-1β are 

also potent inducers of p38 MAPK activity and COX-2 and mPGES-1 expression. IL-1β 
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activates p38 MAPK in human osteoarthritic chondrocytes, leading to increased NF-κβ 

activity, COX-2 and mPGES-1 mRNA and protein synthesis, and PGE2 production (Shimpo 

et al., 2009). Additionally, IL-1β has also been shown to induce COX-2 and mPGES-1 

expression and increase PGE2 production specifically in equine chondrocytes (Farley et al., 

2005). Furthermore, PGE2 has been demonstrated to augment IL-1β-induced mPGES-1 

expression in chondrocytes, suggesting that PGE2 forms a positive feedback loop in cartilage 

(Shimpo et al., 2009). In synovial fibroblasts, IL-1β increases COX-2 mRNA stability and 

induces COX-2 mRNA and protein expression through p38 MAPK signaling (Faour, 2001). 

In addition to p38 MAPK, the protein tyrosine kinase Src has also been shown to mediate IL-

1β-induced COX-2 mRNA production and PGE2 synthesis is mouse osteoblasts (Park et al., 

2004).  

Additional cytokines that induce PGE2 formation in orthopedic cells include TNFα 

and IL-17. In bovine chondrocytes, TNFα induces PGE2 production by increasing COX-2 

protein activity (Morisset et al., 1998). In human chondrocytes, IL-17 induces expression of 

COX-2 through a p38 MAPK and NF-κβ-dependent mechanism (Shalom-Barak et al., 1998). 

Additionally, IL-17 utilizes stress-activated protein kinase-2 (SAPK2) to increase COX-2 

mRNA production and stabilization in chondrocytes, synovial fibroblasts, and macrophages 

(Faour et al., 2003).  

 

5.3 Role of PGE2 in Pathophysiologic Processes of Orthopedic Disease  

Evidence for the involvement of PGE2 in inflammatory orthopedic disease is present in 

current treatment regimens utilized for these patients. Therapeutics that inhibit PGE2 
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production, such as COX inhibitors, effectively limit pain and multiple signs of inflammation 

in these disorders.  In equine models of arthritis, COX inhibitors decrease PGE2 synovial 

fluid concentrations, synovial edema, leukocyte tissue influx, and lameness when compared 

to control-treated horses (Morton et al., 2005; Owens et al., 1996). In addition, deletion or 

inhibition of mPGES-1 in rodent models inhibits PGE2 production and reduces the severity 

of experimentally induced arthritis and pain (Kamei et al., 2004; Trebino et al., 2003; Xu et 

al., 2008). Taken together, this indicates that PGE2 plays a prominent role in the development 

of inflammatory orthopedic disease in multiple species. In this section, we will explore the 

known roles of PGE2 in specific pathophysiological processes that are implicated in equine 

and human inflammatory orthopedic diseases discussed in section 5.1.  

 

5.3.1 Synovial Inflammation and Cytokine Production 

Synovitis has been implicated in the etiology and development of multiple arthritides. 

Evidence for the role of PGE2 in synovitis progression comes from mPGES-1 knockout mice, 

which demonstrate decreased synovial inflammation and leukocyte tissue infiltration in 

arthritis models (Trebino et al., 2003). Cartilage breakdown products in arthritic joints, such 

as low molecular weight hyaluronic acid (LMW HA), tenascin-C, and biglycan, serve as pro-

inflammatory DAMPSs that activate synoviocytes and incite inflammation. DAMPs directly 

simulate toll-like receptor 2 (TLR2) and TLR4 signaling on synoviocytes, monocytes, and 

macrophages, leading to enhanced NF-κβ activity, expression of cPLA2, COX-2, and 

mPGES-1 enzymes, and subsequent PGE2 synthesis within the synovium ( Bondeson et al., 

2006; Frean, 1999; Landoni et al., 1996; Midwood et al., 2009; Moses et al., 2001; Schaefer 
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et al., 2005; Sokolowska et al., 2015; Sommerfelt et al., 2015; Van Loon et al., 2010). In 

addition, signaling through TLR2 and TLR4 on synovial macrophages also induces 

production of pro-inflammatory cytokines such as IL-1β, TNFα, and IL-6 which further 

induce PGE2 synthesis within the synovial tissues (Benito, 2005; Eymard et al., 2014; 

Schaefer et al., 2005). PGE2 produced by the synovium can act in an autocrine manner on 

fibroblast-like synoviocytes to induce additional pro-inflammatory cytokine production and 

create a positive-feedback loop of PGE2 and pro-inflammatory cytokine synthesis (Eymard et 

al., 2014; Martel-Pelletier et al., 2003). Moreover, as PGE2 has been shown to elicit cartilage 

breakdown, PGE2 further contributes to DAMP production and activation of synovial cells to 

promote additional PGE2 and pro-inflammatory cytokine synthesis. Taken together, the pro-

inflammatory actions of PGE2 act in concert with cytokines to drive synovitis and exacerbate 

inflammation within the synovium.  

 

5.3.2 Effusion 

Joint effusion is caused by edema produced in inflamed synovial tissues that results in 

accumulation of exudate in the synovial space. In human patients, joint effusion is highly 

correlated with the presence of synovitis and OA within synovial joints (Ayral et al., 1999; 

Roemer et al., 2010). As previously discussed, inflammation within the synovium leads to 

increased production of PGE2, which is a critical mediator of edema and swelling. PGE2 is 

strikingly elevated in the synovial fluid of horses with OA (Gibson et al., 1996; Kirker-Head 

et al., 2000), and is correlated with increased joint effusion in canine OA (Trumble et al., 
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2004). Additionally, deletion of mPGES-1 reduces edema formation in RA models (Trebino 

et al., 2003). 

As demonstrated in mouse models, PGE2 mediates edema formation by inducing 

vascular hyperpermeability and neutrophil extravasation in an EP3-dependent manner 

(Claudino, 2006; Morimoto et al., 2014). This has been specifically linked to EP3 receptors 

on mast cells. Mast cell PGE2-EP3 receptor signaling leads to PI3K activation and a PLC-

dependent increase in intracellular calcium, which induces mast cell degranulation, histamine 

release, IL-6 secretion, and subsequent vascular hyperpermeability (Morimoto et al., 2014). 

In addition, PGE2 signaling through EP2 and EP4 receptors in rodent ear tissue has been 

shown to increase intracellular cAMP and leads to increased local blood flow and vascular 

diameter (Omori et al., 2014).   

 

5.3.3    Angiogenesis 

Angiogenesis is closely associated with chronic joint inflammation and is characterized by 

growth of new vasculature from an existing vascular network. Angiogenesis involves 

degradation of the basement membrane in existing vasculature, detachment, migration, and 

proliferation of activated endothelial cells, formation of new capillary tubes and basement 

membranes, and anastomosis of new vessels (Bonnet, 2005). This process is aided by 

multiple factors, including prostaglandins, proteolytic enzymes, and growth factors. To begin 

the process, activated endothelial cells secrete MMP enzymes to degrade existing basement 

membrane and induce release of angiogenic factors that promote endothelial migration. PGE2 

has also been shown to induce proteolytic MMP expression in certain cell types, including 
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murine cementoblasts, which are collagen producing dental cells that share similar functions 

with fibroblasts and osteoblasts (Sanchavanakit et al., 2015). Thus, PGE2 could potentially 

play a role in breakdown of the vascular basement membrane during angiogenesis.  

Multiple growth factors are also necessary for development of new vasculature, 

including platelet-derived growth factor (PDGF) and vascular endothelial growth factor 

(VEGF). Endothelial derived PDGF attracts supporting cells, such as pericytes, to newly 

forming vasculature for integration into the basement membrane (Bonnet, 2005). VEGF is a 

critical regulator of endothelial cell proliferation and migration, and has been shown to 

induce COX-2 expression and PGE2 synthesis. In return, PGE2 induces production of VEGF 

through EP2-cAMP-PKA activation in fibroblasts, osteoblasts, and monocytes, thus 

establishing a PGE2-VEGF positive feedback loop (Ben-Av et al., 1995; Harada et al., 1995; 

Hoper et al., 1997; Tsujii et al., 1998). Increased VEGF production induces endothelial cells 

to form three-dimensional tube-like structures in vitro, which is a critical step in angiogenesis 

(Tsujii et al., 1998). PGE2 can also directly act on endothelial cells to induce tube formation 

during angiogenesis, as evidenced by increased numbers of intracellular junctions formed 

between PGE2-stimulated endothelial cells in vitro (Tamura, Sakurai, & Kogo, 2006).  Taken 

together, this indicates that PGE2 plays a critical role in multiple pathways that mediate 

angiogenesis. This is further evidenced in mPGES-1 knockout mice that demonstrate reduced 

angiogenic responses in vivo (Kamei et al., 2004). 
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5.3.4 Pannus Formation 

Pannus formation is a common sequela to joint inflammation in multiple arthritides. Pannus 

is a non-osseous, fibrous-like granulation tissue that covers joint surfaces and can invade 

nearby structures. In RA and OA, this tissue is made up of macrophages, fibroblast-like cells, 

and other inflammatory cells that originate at the junction of the synovium and cartilage 

(Furuzawa-Carballeda et al., 2008; Shibakawa et al., 2003). Pannus tissue is often 

hypervascular and expresses multiple pro-angiogenic factors (Ghosh, 2003), and has been 

shown to produce elevated levels of pro-inflammatory cytokines such as TNFα, IL-1β, and 

IL-8, and spontaneously produce collagenolytic enzymes such as MMPs that elicit articular 

cartilage destruction (Yuan et al., 2004). 

 PGE2 has been shown to play a critical role in pannus and granulation tissue 

formation in vivo. COX-2 and mPGES-1 are upregulated in murine granulation tissues and 

are associated with increased levels of PGE2 that preceded angiogenesis and pannus 

formation. Furthermore, knockout of mPGES-1 reduces granulation tissue formation, tissue 

angiogenesis, and macrophage infiltration in mouse models (Kamei et al., 2004). Lastly, 

PGE2 has also been shown to increase levels of VEGF and histidine decarboxylase (HDC, an 

enzyme required for synthesis of histamine), both of which are critical to formation of 

granulation tissue and angiogenesis (Ghosh, 2003; Kamei et al., 2004).  

 

5.3.5 Cartilage Metabolism  

PGE2 is a potent mediator of chondrocyte metabolism. Arthritic cartilage explants 

spontaneously produce COX-2 and mPGES-1 proteins, leading to increased cartilage PGE2 
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production ex vivo (Amin et al., 1997; Kojima et al., 2004). Additionally, pro-inflammatory 

mediators such as IL-1β, TNFα and bacterial LPS are potent inducers of COX-2 and 

mPGES-1 expression and subsequent PGE2 synthesis in equine and human chondrocytes 

(Briston et al., 2009; Byron et al., 2008; Kojima et al., 2004; Takafuji et al., 2002; Tung, 

Fenton, et al., 2002b). TLR2 and TLR4 are increased in OA cartilage lesions, and stimulation 

via LPS or DAMPS enhances chondrocyte PGE2 synthesis through MAPK and NF-κβ 

activation (H. A. Kim et al., 2006).  

Deletion of mPGES-1 reduces proteoglycan loss in mouse models of RA, suggesting 

a catabolic role for PGE2 in cartilage matrix regulation (Trebino et al., 2003). PGE2-EP4 

receptor signaling on cartilage tissue inhibits synthesis of extracellular matrix components 

such as proteoglycan and collagen, and induces type II collagen and aggrecan fragmentation 

by increasing MMP-13 and ADAMTS-5 activity. PGE2 can also augment the catabolic 

activity of IL-1β on cartilage tissue by enhancing IL-1β-induced MMP-13 synthesis and 

inhibiting synthesis of matrix proteoglycan (Attur et al., 2008). PGE2 itself can also induce 

IL-1β expression in chondrocytes to amplify inflammation and cytokine-induced cartilage 

destruction (Martel-Pelletier et al., 2003). In OA chondrocytes, PGE2 also enhances RANKL 

expression and transport to cell membranes in an EP2 and EP4-dependent manner, which 

subsequently stimulates RANK receptors on osteoclasts to induce subchondral bone 

resorption (Martínez-Calatrava et al., 2012). Interestingly, PGE2 has also been shown to 

enhance chondrocyte synthesis of OPG, an inhibitor of RANKL function, however to a 

smaller magnitude compared to RANKL (Moreno-Rubio et al., 2010).  
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PGE2 has also been shown to mediate chondrocyte apoptosis, which is critical to the 

pathogenesis of osteoarthritis and other degenerative diseases of the joint. One of the major 

mediators of chondrocyte apoptosis is nitric oxide (NO), which induces apoptosis through 

caspase 3, MAPK, and NF-κβ activation (Notoya et al., 2000; Pelletier et al., 2000). NO also 

stimulates PGE2 production in chondrocytes, which in turn augments NO-induced 

chondrocyte apoptosis (Notoya et al., 2000). PGE2 can also stimulate chondrocyte apoptosis 

directly in a cAMP-dependent manner (Miwa, 1999).  

Interestingly, there is also evidence that PGE2 can also exert anabolic effects on 

articular cartilage. PGE2 has been shown to inhibit collagenase production in synovial 

fibroblasts in a cAMP-PKA dependent manner (DiBattista et al., 1994). Additionally, PGE2 

increases levels of cartilage glucocorticoid receptors that are normally reduced in OA 

patients and have been shown to aid in maintaining cartilage homeostasis (DiBattista et al., 

1991). Additional studies in equine chondrocytes have shown that PGE2 reduces IL-1β-

induced MMP-1, MMP-3, and MMP-13 expression (Tung et al., 2002a). Furthermore, the 

PGE1 analog, misoprostol, has been shown to reverse the inhibitory effects of IL-1β and 

NSAIDS on GAG synthesis in human chondrocytes (Dingle, 1993). However, in concert 

with reduced MMP expression in some models, PGE2 has also been shown to reduce tissue 

inhibitor of matrix metalloproteinase-1 (TIMP-1) expression, which is a critical endogenous 

inhibitor of MMP function (Tung et al., 2002a). Thus, it appears that the role of PGE2 in 

cartilage metabolism and turnover is not straightforward, and that PGE2 might play a 

regulatory role in this tissue rather than a strictly catabolic role.  
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5.3.6 Subchondral Bone Resorption  

Increased resorption of subchondral bone is a hallmark of early OA pathology in humans and 

horses. PGE2 has been shown to play a critical role in this process in vivo, as evidenced by 

mPGES-1 knockout mice that display reduced bone erosion in arthritis models (Trebino et 

al., 2003). In vitro, osteoarthritic osteoblasts spontaneously produce more PGE2 than do 

normal osteoblasts (Hilal et al., 2001), and pro-inflammatory mediators such as IL-1β and 

LPS increase osteoblast COX-2 mRNA expression and subsequent PGE2 synthesis (Suda et 

al., 2004).  PGE2 also stimulates additional osteoblast IL-1β production and osteocyte PGE2 

synthesis, forming a PGE2-cytokine positive feedback loop that regulates osteoclastogenesis, 

osteoclast activity, and bone resorption (Park et al., 2004; Sakuma et al., 2004; Suda et al., 

2004). 

Osteoblast PGE2 production is essential for LPS and IL-1β -induced 

osteoclastogenesis and bone resorption (Suda et al., 2004). Osteoblasts are the major bone 

cell type that produces PGE2, and PGE2 can act in an autocrine manner on these cells to 

induce osteoclast differentiation (Hikiji et al., 2008). Additionally, PGE2-EP2 and PGE2-EP4 

receptor signaling on murine macrophages enhances their differentiation into osteoclasts 

(Kobayashi et al., 2005), and stimulates human bone marrow cells to differentiate into 

osteoclasts in the presence of M-CSF, TNFα, and IL-1β  (Lader & Flanagan, 1998). PGE2-

EP2 and PGE2-EP4 signaling also leads to increased osteoblast expression of RANKL, which 

binds RANK receptors on osteoclasts to stimulate osteoclast differentiation, maturation, and 

activation (Li et al., 2000; Suzawa et al., 2000). Additionally, PGE2 suppresses osteoblast 

OPG mRNA expression to enhance RANKL-RANK signaling (Suda et al., 2004). PGE2 
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stimulation of EP4 receptors also increases synthesis of MMP-2, MMP-13, and ADAMTS-1 

in murine bone and murine bone explants, leading to increased bone resorption (Miles et al., 

2000; Miyaura, 2000). Furthermore in horses, conditioned cell media from cultured equine 

subchondral bone cystic lesions were found to have increased levels of PGE2 and induced 

recruitment osteoclasts in vitro and enhanced their activity (Rechenberg, Guenther, et al., 

2000a).  

 

5.3.7 Subchondral Bone Sclerosis.  

In human OA patients, late-stage disease is associated with an uncoupling of bone-resorptive 

and bone-forming mechanisms that favors bone formation and increased subchondral bone 

volume, density, and sclerosis (Burr & Gallant, 2012). PGE2 is a pleiotropic lipid that, in 

addition to bone catabolic mechanisms, can also mediate bone anabolism through EP2 and 

EP4 receptor signaling (Minamizaki et al., 2009). PGE2 can stimulate osteoblast 

differentiation, increase osteoblast activity, and induce osteoblast expression of multiple 

bone-forming agents such as bone morphogenic proteins and extracellular matrix products 

(Choudhary et al., 2003; Arikawa et al., 2004; Tang  et al., 2005). 

Osteoblasts from sclerotic bone tissue display an altered phenotype that predisposes 

the bone to undergo thickening and sclerosis. This includes increased release of insulin-like 

growth factor-1 (IGF-1), and a blunted cAMP response to PGE2 stimulation (Hilal et al., 

1998). IGF-1 contributes to bone sclerosis by stimulating osteoblast differentiation, collagen 

type I production, and preventing MMP degradation of bone matrix (Martel-Pelletier et al., 

1998). A strong correlation has been noted between IGF-1 and PGE2 production in 
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subchondral sclerotic bone osteoblasts. Within these cells, PGE2 has been shown to induce 

IGF-1 mRNA production and increase levels of IGF binding proteins (IGFBPs), which can 

prolong the half-life of IGF-1 and modulate its binding and signaling (Massicotte et al., 2006; 

Mohan et al., 1995). Additionally, inhibitors of COX, EP2, EP4, or cAMP-PKA signaling 

reduces IGF-1 production in sclerotic osteoblasts. This suggests that PGE2 is involved in 

modulating osteoblast IGF-1 production to mediate processes of subchondral bone sclerosis 

(Massicotte et al., 2006). As PGE2 is also involved in bone resorptive processes, it is likely 

that similar to its role in cartilage, PGE2 plays a regulatory role in bone rather than a strictly 

catabolic or anabolic role.   

 

5.3.8 Innate Immune Cell Regulation.  

Innate immune cells play a critical etiologic and pathophysiologic role in acute and chronic 

inflammatory orthopedic disease. In acute onset synovitis, neutrophils are the most numerous 

cells present within the synovium, while macrophages predominate in chronic synovial 

inflammation (Bonnet, 2005). Additionally, neutrophils are one of the major cell types that 

contribute to inflammation and joint destruction in rheumatoid arthritis (Wright et al., 2014). 

PGE2 orchestrates innate immune cell functions both indirectly through effects on the 

vasculature, as well as directly through signaling on innate immune cells. 

In vivo, PGE2 increases neutrophil tissue infiltration by increasing vascular 

hyperpermeability (Morimoto et al., 2014). Additionally, PGE2-induced angiogenesis 

provides new avenues through which these cells can reach sites within synovial tissues. PGE2 

can also induce epithelial cells to produce IL-8, a potent neutrophil chemoattractant that 
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stimulates neutrophil homing to inflamed tissues (Yu & Chadee, 1998). Moreover, PGE2 also 

stimulates mast cells to secrete monocyte chemoattractant porotein-1 (MCP-1), an important 

chemokine for monocyte and macrophage chemotaxis and tissue infiltration (Nakayama, 

2005).  

In contrast to these pro-extravasation effects, the direct effects of PGE2 on innate 

immune cell activity and function are quite varied. These effects are orchestrated by 

differences in EP receptor expression and sensitivity on individual cell types. Many of these 

effects are anti-inflammatory in nature, as PGE2 has been shown to dampen TNFα 

production in monocytes (Meja et al., 1997), IL-1β production in macrophages (Sokolowska 

et al., 2015), chemotaxis and respiratory burst of neutrophils (Armstrong, 1995; Ottonello et 

al., 1995), monocyte migration (Singhal et al., 2000) and expression of leukocyte adhesion 

molecules (Hong, 1996). However, additional studies reveal that PGE2 can also induce 

production of IL-6 in monocytes and mast cells (Dendorfer et al., 1994; Gomi et al., 2000) 

and augment LPS-induced IL-1β formation in peripheral blood monocytes (Sung & Walters, 

1991). Additionally, PGE2 enhances IgE-induced mast cell degranulation (Gomi et al., 2000) 

and is a potent mast cell chemoattractant mediated by EP3 receptor signaling (Weller et al., 

2007).  

 

5.3.9 Adaptive Immune Cell Regulation.  

Co-stimulatory mechanisms between T cells, B cells, and dendritic cells (DCs) have been 

demonstrated in inflamed RA synovial tissues and are hypothesized to play a role in RA 

progression (Humby et al., 2009). Similar to innate immune cells, PGE2 can exert both pro- 
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and anti-inflammatory effects on these cells of the adaptive immune system. PGE2-EP2 and 

PGE2-EP4 signaling on DCs enhances CCR7 expression and production of MMP-9, both of 

which are necessary for DC migration to draining lymph nodes for T cell activation 

(Scandella, 2002; Yen et al., 2007).  PGE2 also promotes expression of DC co-stimulatory 

molecules that enhance their ability to activate and expand naïve T cells (Rieser et al., 1997). 

In contrast, PGE2 blocks the ability of DCs to produce T cell chemotactic peptide CCL19, 

which is necessary for naïve T cell homing (Muthuswamy et al., 2010). Furthermore, DCs 

that were matured in the presence of PGE2 together with IL-1β or TNFα display suppressed 

pro-inflammatory mediator IL-12 production and a biasing of T cell expansion towards the 

Th2 phenotype (Kalinski et al., 1997). In addition to shifting CD4+ T cell responses from the 

aggressive Th1 phenotype towards the milder Th2 phenotype (Betz & Fox, 1991), PGE2 can 

also inhibit monocyte IL-12 production to further suppress Th1 cell responses (van der Pouw 

Kraan et al., 1995). PGE2 also directly stimulates the activity of the suppressive T regulatory 

cells (Tregs) to dampen immune responses and maintain T cell tolerance (Baratelli et al., 

2005). Furthermore, PGE2 exerts suppressive effects on cytotoxic lymphocytes, including 

CD8+ T cells, by decreasing their secretory and adhesive capabilities and thus mitigating 

their destructive potential (Valitutti et al., 1993).  

 

5.3.10 Pain.  

Increased concentrations of PGE2 within arthritic joints sensitizes nerves and increases nerve 

firing in response to stimuli (Bonnet, 2005). Inhibition of PGE2-EP4 signaling on peripheral 

nociceptors suppresses inflammatory hyperalgesia and relieves joint pain in rodent models of 
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arthritis (Clark et al., 2008; Lin et al., 2006). Additionally, stimulation of PGE2-EP1 

signaling increases pain responses in vivo by activating PKA and PKC to enhance the activity 

of capsaicin receptor TRPV1 (Moriyama et al., 2005; Sachs et al., 2009). EP4 signaling has 

been shown to induce intracellular cAMP production in nociceptors, leading to activation of 

PKA and exchange proteins activated by cAMP (Epac). Epac signaling stimulates PKC 

activity via the Rap1 pathway to induce hyperalgesia and pain. PKA and PKC can also 

sensitize multiple downstream channels and receptors that mediate hyperalgesia. These 

include TTX-R sodium channels (Nav1.8 and 1.9), T-type channels (including Cav3.2), and 

purrigenic P2X3 receptors on nociceptive sensory neurons (Kawabata, 2011).  

 

6. Mechanisms of Inhibiting PGE2 

 

As previously discussed, PGE2 is intimately involved in the pathophysiology of multiple 

inflammatory orthopedic processes; thus, inhibition of PGE2 has long been recognized as an 

effective means of decreasing orthopedic inflammation and pain in horses and humans 

(Curiel & Katz, 2013; McIlwraith & Frisbie, 2015; Morton et al., 2005; Owens et al., 1996). 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are defied as substances other than steroids 

that inhibit inflammation. More specifically, the term NSAID is generally associated with 

substances that inhibit prostaglandin production by interfering with one or more parts of the 

prostaglandin synthetic pathway. The major targets of current NSAIDS are the COX 

enzymes COX-1 and/or COX-2.  While COX inhibitors are generally effective anti-

inflammatories, the possibility of gastrointestinal (GI) and renal side effects limits their long-
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term use in horses (McIlwraith & Frisbie, 2015). However, new PGE2-targeting therapeutics 

are currently being developed that are as effective as COX inhibitors but are associated with 

fewer adverse effects.  Interestingly, there is also data indicating PGE2 and PGE analogs can 

also exert anti-inflammatory effects in multiple animal models. The following sections will 

overview current therapeutics and novel treatments to inhibit PGE2 formation or signaling. 

Additionally, we will discuss the potential use of PGE analogs as anti-inflammatories. This 

information is summarized in Figure 1.  

 

6.1 COX Inhibitors  

COX-1 and COX-2 are intermediate enzymes in the PGE2 synthesis pathway.  COX-1 is 

constitutively expressed in most cells and contributes to homeostatic PGE2 synthesis. In 

contrast, COX-2 is an inducible enzyme that is responsible for increased PGE2 production 

following inflammatory insult. Because PGE2 has been shown to play a potent role in 

inflammatory orthopedic disease, inhibition of COX enzymes is commonly used to treat 

orthopedic pain and inflammation (Frisbie et al., 2009; Morton et al., 2005).  

 Many COX inhibitors inhibit both COX-1 and COX-2, albeit usually with greater 

preference for one COX isoform over the other. Drugs that inhibit COX enzymes relatively 

equally are considered nonselective COX inhibitors. Nonselective COX inhibitors that are 

currently used in horses include flunixin meglumine (FM), ketoprofen, and most commonly, 

phenylbutazone (PBX) (McIlwraith & Frisbie, 2015). While PBZ and FM inhibit both COX-

1 and COX-2 activity, these drugs show a slight preference for COX-1 inhibition (Beretta et 

al., 2005). Nonselective NSAIDS decrease serum PGE2 levels and pain post-operatively in 
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horses (Cook et al., 2009a; Tomlinson et al., 2004), as well as decrease leukocyte influx and 

PGE2 levels in equine models of LPS-induced synovitis (Morton et al., 2005). While these 

drugs effectively inhibit inflammation, they are also associated with multiple side effects that 

are attributed to inhibition of COX-1-mediated homeostatic PGE2 production (Moses & 

Bertone, 2002). In horses, adverse effects of nonselective NSAIDS include right dorsal 

colitis, inhibition of GI mucosal barrier function and healing, increased flux of endotoxin 

across the GI mucosa, and gastric ulceration in predisposed patients (Cook & Blikslager, 

2014; Cook et al., 2009a; Marshall & Blikslager, 2011; Monreal et al., 2004; Tomlinson et 

al., 2004). In human patients, nonselective COX inhibitors are associated with similar GI side 

effects including GI ulceration, colitis, and increased small intestinal inflammation, 

permeability, and malabsorption (Thiéfin & Beaugerie, 2005). These side effects are 

attributed to the role of PGE2 in maintaining GI motility, blood flow, mucosal synthesis, and 

mucosal secretion. Other adverse effects of nonselective COX inhibitors include ischemia of 

the renal medulla and renal papillary necrosis in hypovolemic patients (Cook & Blikslager, 

2014; Moses & Bertone, 2002). These adverse effects are caused in part by inhibition of 

basal PGE2 production that is responsible for maintaining blood flow to the kidney. 

Additional adverse effects of nonspecific COX inhibitors in horses include bone sclerosis, 

cartilage erosion, and decreased cartilage proteoglycan synthesis in vivo (Beluche et al.,  

2001; Frisbie et al., 2009). Furthermore, nonspecific COX inhibitors have been shown to 

inhibit glycosaminoglycan (GAG) synthesis and potentially delay cartilage repair. This 

mechanism is potentially orchestrated by a loss of PGE2 modulatory effects on IL-1β-induced 

cartilage damage (Dingle, 1993). While PGE2 does elicit proinflammatory cytokine 
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production in many tissues, reports demonstrate that PGE2 can also dampen cytokine 

secretion in certain cell types, leading to a potential balancing and modulating role of PGE2 

on IL-1β synthesis. 

In an effort to avoid inhibition of COX-1-mediated homeostatic PGE2 production, 

COX-2 specific inhibitors (or coxibs) have been developed that inhibit only COX-2 induced 

PGE2 synthesis. The coxibs most commonly employed in horses include meloxicam and 

firocoxib. Etodolac is also used in horses and is considered a coxib, however shows some 

activity against COX-1 at higher doses (Tomlinson et al., 2004). Additionally, carprofen has 

been used in horses but is less selective for equine COX-2 than other coxibs such as 

meloxicam (Beretta et al., 2005). Meloxicam is a first-generation coxib that displays 5-12 

times selectivity for COX-2 compared to PBZ or FM (Beretta et al., 2005; Burns et al., 

2010). Meloxicam has been demonstrated to reduce synovial effusion and PGE2 production 

in equine synovitis models, as well as reduce substance P, bradykinin, MMP activity, and 

signs of cartilage breakdown in equine synovial fluid (de Grauw et al., 2009). Additionally, 

meloxicam shows a better gastrointestinal safety profile when compared to FM, including 

increased recovery of GI barrier function following insult (Little et al., 2007). Firocoxib is a 

second-generation coxib that in horses is 265 times more selective for COX-2 than COX-1 

(Burns et al., 2010). Firocoxib has been shown to be as effective as PBZ at decreasing pain, 

lameness, and swelling in naturally occurring equine OA, and is associated with decreased 

systemic PGE2 levels, increased GI endothelial barrier recovery, and reduced flux of LPS 

across the GI mucosa (Cook et al., 2009a; Doucet et al., 2008; Orsini et al., 2012). A third 
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coxib, etodolac, has been shown to decrease leukocyte and PGE2 levels in equine LPS-

induced synovitis (Morton et al., 2005).  

Overall, evidence suggests that coxibs show improved GI safety profiles in horses 

(Cook et al., 2009a; Little et al., 2007), with the exception of etodolac (Tomlinson et al., 

2004). However, there have been reports that coxibs can elicit dangerous cardiovascular side 

effects in animal models and human patients.  In mouse models, selective COX-2 inhibition 

or deletion elicits a pro-thrombotic state and elevates systemic blood pressure (Cheng, 2006). 

Additionally in human patients, the coxib rofecoxib has been shown to elicit more adverse 

cardiovascular events such as myocardial infarction when compared to nonspecific NSAIDs 

(Bombardier et al., 2000). This is believed to be due, in part, to an imbalance in blockade of 

pro-thrombotic TXA2 and anti-coagulatory PGI2. Platelets express primarily COX-1 and 

synthesize TXA2 to enhance platelet aggregation and clotting. In contrast, COX-2 is 

predominantly expressed by endothelial cells and leukocytes and is the dominant COX 

isoform responsible for production of PGI2. PGI2 is a potent vasodilator and prevents platelet 

aggregation, and serves to balance TXA2 functions in the vasculature. It has been proposed 

that singular inhibition of COX-2 leads to a selective decrease in PGI2, causing a relative 

increase in TXA2 compared to other prostanoids and induces a pro-thrombotic state (Cheng, 

2006; Rao & Knaus, 2008). While these effects have yet to be observed in horses, caution 

should be used in patients in whom balanced coagulation pathways are critical, such as 

laminitis. Additionally, there is evidence that absolute inhibition of COX-2 expression might 

not be beneficial due to the homeostatic role of COX-2 in organs such as the kidney. Thus, it 
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is currently not recommended that coxibs be used as an absolute replacements for 

nonspecific COX inhibitors in horses (McIlwraith & Frisbie, 2015).  

Finally, COX inhibitors that are more potent inhibitors of COX-1 than COX-2 

include aspirin, indomethacin, and piroxicam. While these medications reduce PGE2 levels, 

they are considered less beneficial in inflammatory disease than therapies that inhibit COX-2 

(Goodrich & Nixon, 2006). However, studies by Dingle et. al. have shown that COX-1 

inhibition using aspirin elicits fewer negative effects on cartilage GAG synthesis when 

compared to nonspecific NSAIDS, and potentially increases GAG synthesis in some patients 

(Dingle, 1993).  

 

6.2 PGES Inhibitors  

As an alternative to coxibs, inhibition of PGES enzymes provides selective blockade of PGE2 

while leaving levels of other essential prostanoids intact. Specifically, inhibition of the 

inducible mPGES-1 enzyme selectively inhibits induced PGE2 synthesis in vitro and in vivo 

in human and animal models, respectively (Côté et al., 2007; Giroux et al., 2009; Leclerc et 

al., 2013; Xu et al., 2008). mPGES-1 inhibition is analgesic and reduces the severity of acute 

and chronic orthopedic inflammation in rodents. Furthermore, mPGES-1 inhibitors have been 

shown to decrease cartilage erosion, proteoglycan loss, and inflammatory cell influx in 

murine models of arthritis (Guerrero et al., 2009). In addition, knockout or inhibition of 

mPGES-1 is associated with fewer GI and cardiovascular side effects when compared to 

COX inhibitors (Cheng, 2006; Xu et al., 2008). Thus, selective inhibition of mPGES-1 
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appears to be as effective as COX inhibitors at decreasing PGE2 levels, pain, and 

inflammation, with fewer GI, cardiovascular, and musculoskeletal side effects.  

Tissue mPGES-1 expression is increased in human and equine inflammatory 

orthopedic disease (Farley et al., 2005; Kojima et al., 2004; Masuko-Hongo et al., 2004; 

Shimpo et al., 2009). Until recently, anti-inflammatory targeting of mPGES-1 had not been 

evaluated in horses. Recently, our lab demonstrated that the mPGES-1 inhibitor MF63, 

which was developed for use in humans, selectively inhibits equine mPGES-1 enzyme 

activity in vitro (see Chapter II). Pretreatment of equine leukocytes with MF63 led to a 

concentration-dependent decrease in LPS-stimulated PGE2 production. This inhibition was 

selective for PGE2, as levels of PGI2 and TXA2 were unaffected. In contrast, a COX-2 

specific (NS-398) and a nonspecific COX inhibitor (indomethacin) significantly inhibited 

LPS-induced leukocyte production of PGE2, PGI2, and TXA2. Additionally, higher basal 

levels of PGE2 remained following MF63 treatment when compared to either COX inhibitor. 

Thus, we propose that inhibition of mPGES-1 would be a safe alternative to COX-2 

inhibitors in horses, especially in patients with GI or vascular complications including colitis 

and laminitis.  

Currently, no mPGES-1 inhibitors are commercially available for use in humans or 

horses. Furthermore, no advanced mPGES-1 inhibitor clinical trials have been reported 

(Koeberle & Werz, 2015). This is due to multiple factors, including differences in mPGES-1 

inhibitor efficacy between humans and rodent models, reduced efficacy in whole blood due 

to high drug lipophilicity (required for mPGES-1 affinity), and shunting of the PGH2 

precursor to other prostanoids following mPGES-1 inhibition (Koeberle & Werz, 2015; Xu et 
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al., 2008). MK-886 was one of the first mPGES-1 inhibitory compounds discovered, and 

from this scaffold, phenanthrene imidazole inhibitors such as MF63 were developed. These 

inhibitors display 1000-fold selectively for mPGES-1 over other PGESs and are more 

lipophilic than its predecessors (Côté et al., 2007). However, these compounds are difficult to 

study due to a lack of efficacy in rodents, caused by differences in the amino acid sequence 

and 3D binding pocket of murine and human mPGES-1 (Korotkova & Jakobsson, 2013). 

Excitingly, our lab demonstrated that phenanthrene imidazole inhibitors are effective in 

equine cells, indicating that the equine mPGES-1 protein is more similar to the human 

mPGES-1 protein than that of rodents.  Furthermore, this suggests that horses are better 

suited to serve as translational models of mPGES-1 inhibition in humans, specifically when 

studying phenanthrene imidazole derivative compounds (see Chapter II).  In addition to 

MF63, other compounds that have been shown to inhibit mPGES-1 enzymatic function 

include various endogenous anti-inflammatory mediators, COX inhibitors and their 

derivatives, and novel chemical compounds (Koeberle & Werz, 2015). Of the latter, two 

recently developed compound derivatives of imidazoquinolines (Shiro et al., 2013) and 

benzoxazole piperidinecarboxamides (Arhancet et al., 2013) show better pharmacokinetic 

profiles and increased efficacy in vivo than previously developed drugs, and have recently 

entered early phases of clinical study. 
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6.3 Other Mechanisms of Inhibiting PGE2 Activity 

 

6.3.1 Piprants (EP Receptor Antagonists)  

Piprants are a novel drug class that antagonizes EP receptors (Rausch-Derra et al., 2015). 

Thus far, the only FDA-approved piprant for use in animals is grapiprant, which has been 

approved for treatment of canine OA. Grapiprant is an EP4 receptor antagonist that binds to 

EP4 receptors with high affinity and reduces acute and chronic pain in murine models 

(Nakao et al., 2007). When compared to coxibs, grapiprant is as effective at inhibiting 

inflammatory edema, pro-inflammatory biomarker production, bone destruction, synovial 

inflammation, and leukocyte infiltration in murine adjuvant-induced arthritis models 

(Okumura, et al., 2010). Additionally, grapiprant reduces pain in naturally occurring canine 

OA when compared to placebos. However, grapiprant has been associated with mild GI side 

effects including vomiting and diarrhea (Rausch-Derra, et al., 2016). Additionally in a long-

term study, grapiprant induced mild changes in hematologic and urinary variables that the 

authors concluded were not associated with negative clinical outcomes (Rausch-Derra et al., 

2015).  

 

6.3.2 Anti-PGE2 Antibodies.  

PGE2-targeting antibodies inhibit PGE2 activity and decrease PGE2-EP4 receptor signaling in 

vitro.  In vivo, PGE2 targeting antibodies reduce severity of arthritis in mouse RA models, but 

are not as potent as anti-TNFα antibodies. However, dual treatment with anti-PGE2 and anti-

TNFα antibodies show increased anti-inflammatory ability when compared to anti-TNFα 
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therapy alone (Norberg et al., 2013). Currently, a patent has been filed for PGE2-binding 

antibody therapeutics (Gu et al., 2014), but no products are commercially available.  

 

6.3.3 15-PGDH Activation.  

15-PG hydrogenase (15-PGDH) oxidizes PGE2 to produce the inactive metabolite, 15-keto 

PGE2. Adenovirus-mediated delivery and activation of the 15-PGDH gene in mouse models 

leads to decreased systemic PGE2 and cytokine production (Eruslanov et al., 2009). While in 

development, no 15-PGDH-activating therapeutics are available at this time.  

 

6.4 PGEs as Anti-Inflammatories.  

In addition to its role as a pro-inflammatory mediator, PGE2 has also been shown to exert 

anti-inflammatory effects in numerous cell systems. Specifically, agonists of EP2 and EP4 

have been shown to dampen many leukocyte effector functions (Hirata & Narumiya, 2012; 

Sugimoto & Narumiya, 2007). Agonists of EP2 and EP4 activate adenylate cyclases to 

increase intracellular cAMP production. Elevated intracellular cAMP activates multiple 

downstream targets, such as PKA, that inhibit leukocyte adhesion, respiratory burst, and pro-

inflammatory cytokine production (Cheng et al., 2008; Chilcoat et al., 2002; Wen et al., 

2010). Thus, EP2 and EP4-targeting PGE analogs, and PGE2 itself, could serve as anti-

inflammatories in both horses and humans. 
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6.4.1 PGE Analogs: Misoprostol.  

Misoprostol is an EP2, EP3, and EP4 receptor agonist that has been shown to increase 

intracellular cAMP levels (Ahluwalia et al., 2014; Blikslager, 2012; Smallwood & 

Malawista, 1995). Misoprostol inhibits many neutrophil effector functions, including 

adhesion, chemotaxis, lysosomal enzyme release, respiratory burst, and pro-inflammatory 

cytokine production (Farmer et al., 1991; Gobejishvili et al., 2015; Kocher et al.,1997; 

Talpain et al., 1995). In murine inflammation models, misoprostol has been shown to 

decrease edema and leukocyte tissue influx (Moraes et al., 2007; Rossetti et al., 1995; Smith 

et al., 1996; Yamada et al., 1991), exert protective effects in cerebral ischemia (Li et al., 

2008), and inhibit neutrophil influx and oxidative burst in cerebral hemorrhage (Wu et al., 

2015). Excitingly, our lab demonstrated that misoprostol similarly exerts anti-inflammatory 

effects on equine leukocytes in vitro. In our model, misoprostol inhibits equine neutrophil 

respiratory burst, adhesion, and chemotaxis in response to a number of different stimulants 

(see Chapter III). Additionally, misoprostol inhibits LPS-stimulated equine leukocyte TNFα, 

IL-6, and CXCL8 production at the mRNA and protein levels (see Chapter IV).  

Misoprostol has also been shown to inhibit effector functions of adaptive immune 

cells. This includes inhibition of human T cell proliferation, IFNγ production, and 

phagocytosis, as well as increased T cell production of the anti-inflammatory cytokine IL-10 

(Waiser et al., 2003). Misoprostol is also able to discriminate between T cell subsets, 

inhibiting functions of the more pro-inflammatory Th1 cells, while stimulating Th2 cells to 

produce anti-inflammatory cytokines. Additionally, misoprostol can stimulate T helper cells 

to take on more Th2-like functions (Gold et al., 1994).  
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Specifically in OA cartilage, misoprostol has been shown to exert a protective effect 

on cartilage tissues. In a study by Dingle, et. al., application of misoprostol reversed the 

inhibitory effect of IL-1β on cartilage GAG synthesis. Additionally, misoprostol mitigated 

the negative effects of NSAIDs on GAG synthesis by increasing cartilage anabolic activity 

(Dingle, 1993). These effects could be explained by the potential regulatory role of PGEs on 

IL-1β synthesis and articular cartilage, as groups have shown that PGE2 exerts both anabolic 

and catabolic effects on chondrocytes (Attur et al., 2008; Tung et al., 2002a).  

Taken together with our recent data (see Chapters III, IV, and V), misoprostol shows 

promise as an inhibitor of leukocyte-mediated inflammation in horses and remains to be 

evaluated in horses in vivo. Misoprostol is FDA-approved to treat NSAID-induced 

gastropathy in humans, and is also used off-label in horses as a gastroprotectant, but has yet 

to be evaluated clinically as an anti-inflammatory.  

 

6.4.2 Modulation of PGE2 Transport  

Prostaglandin transporter (PGT) is responsible for transporting extracellular prostaglandins 

into cells where they are subsequently enzymatically inactivated. Inhibition of PGT increases 

systemic PGE2 levels and dampens many leukocyte functions and inflammatory processes. 

Additionally, studies have demonstrated that increased systemic PGE2 can decrease COX-2 

and EP receptor expression, leading to desensitized PGE2 responses (Norberg et al., 2013; 

Schuster, 2002). While not commercially available, these drugs are currently in development.  
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7. Horses as Translational Models of Inflammatory Orthopedic Disease 

 

The most reliable translational models are those that closely match the disease process of 

interest in humans, especially with concern to naturally occurring disease (Gregory et al., 

2012). Horses are one of the only species that naturally develops inflammatory orthopedic 

diseases at rates similar to humans. Horses are exposed to many of the same environmental 

factors, athletic pressures, and wear-and-tear injuries as their human counterparts. 

Furthermore, diseases such as OA and septic arthritis share similar etiologies, 

pathophysiology, and biological mechanisms between species. Additionally, the equine joint 

more similarly mimics that of humans when compared to other animal models, including 

similar size, anatomy of tissues, and manner of load bearing. For all of these reasons, horses 

are an ideal translational model for studying orthopedic disease and injury. Recognition of 

the utility of equine models has led to multiple translational studies using horses to assess the 

pathogenesis, pathophysiology, and treatment of human orthopedic disorders.  In this section, 

we will give a brief overview of equine models developed for inflammatory orthopedic 

translational studies and their ability to recapitulate the human condition.  

 Articular cartilage injury is common in humans and horses, and horses are an 

excellent translational model of cartilage defects and repair. Multiple equine joints are 

anatomically equivalent to those in humans, including the equine femoropatellar and 

femorotibial joints (stifle) that are similar to the human knee (McIlwraith et al., 2011). 

Within the stifle, thickness of the subchondral bone and multiple layers of the articular 

cartilage, including the non-calcified and calcified layers, are very comparable to that of 
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humans (Frisbie et al., 2006). Equine models that have been developed to study disorders of 

the articular cartilage include induction of cartilage defects to observe cartilage healing, 

(Convery et al., 1972) and generation of subchondral bone microfractures to evaluate their 

effect on articular cartilage remodeling (Frisbie et al., 1999). Following induction of injury, 

horses can be subjected to similar rehabilitation and controlled exercise regimens as humans 

to assess their effect on return to performance. Additionally, several reparative strategies 

involving mesenchymal stromal cells (MSCs) have been evaluated in equine joint and tendon 

injury and show potential translational benefit to humans.  Therapeutic use of equine MSCs 

reduces reinjury rates and improves structural organization in healing tissues, and thus could 

be of substantial benefit to human athletes. Furthermore, a recent study comparing the 

characteristics of human and equine MSCs showed many similarities in cell surface 

expression, proliferation, and multi-lineage differentiation potential of these cells between 

species (Hillmann et al., 2016). Overall, the effects of these various cartilage repair models 

are easier to assess in horses when compared to smaller animals. This is due to the size of 

equine joints, which produce a greater amount of tissue and fluid for biochemical analysis, 

and are also better suited to clinical imaging modalities to measure a number of outcome 

parameters (McIlwraith et al., 2011).  

 Horses are also excellent translational models of developmental orthopedic disease 

such as OCD. As previously discussed, most human osteochondrosis lesions are not observed 

until clinical signs begin, and therefore only late-stages of the disease have been studied in 

people. In horses, resection of vessels within the epiphyseal cartilage mimics the 

pathophysiology of naturally occurring osteochondrosis in horses and humans, and thus 



 

63 

indicates that inadequate vascular supply is a major etiologic factor for osteochondrosis 

development in both species (Olstad et al., 2013). Similarly, it has been shown that horses 

naturally develop osteochondrosis in similar predilection sites as humans, and that end-stage 

disease between these species shares many similarities (McCoy et al., 2013). Together, this 

indicates that horses are excellent means of studying osteochondrosis and OCD in humans. 

 Horses have also been extensively used as translational models of OA. Etiologies of 

naturally occurring OA are similar between horses and humans, including acute trauma, 

altered biomechanical loading, and wear-and-tear ageing processes. Experimental models 

have been developed that utilize either surgical or IL-1β/LPS-induced OA and display similar 

pathologic changes as those seen in naturally occurring OA in humans (Frisbie et al., 2002; 

Ross et al., 2012). Furthermore, multiple studies have used naturally occurring OA in horses 

to measure synovial biomarkers as potential therapeutic targets (Kamm et al., 2010; Ley et 

al., 2009). In addition to the similarities of OA pathophysiology between species discussed in 

this review (subsection 5.1.1), the lucrative nature of the equine racing industry has made a 

push for novel OA joint therapies with the intention of translating their use to human athletes 

(Gregory et al., 2012). These include application of hyaluronic acid in synovial joints (Auer 

et al.,1980), gene therapy for expression of IL-1R antagonists (Frisbie et al., 2002), and 

chondrocyte implantation to repair articular cartilage defects (Frisbie et al., 2009).  

 Horses have also been studied as translational models of many other inflammatory 

diseases. Equine leukocytes mount a powerful immune response to pro-inflammatory 

mediators that is similar to that observed in human leukocytes. Additionally, equine and 

human orthopedic tissues produce similar inflammatory responses to pro-inflammatory 
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stimulants in multiple disease states (for a review, see Section 5.2). LPS-stimulation of 

equine and human neutrophils results in similar quantities and profiles of pro-inflammatory 

cytokine production including IL-8, IL-1β, and TNFα (Hirsch et al., 2012). Furthermore, 

equine and human neutrophils possess similar protease enzymes, including elastases, with 

similar degradative activity (Dubin et al., 1994). Additionally, modulation of inflammatory 

responses using anti-inflammatory therapeutics displays similar effects in both species 

(Hirsch et al., 2012). Our recent studies indicate that equine leukocytes are an excellent 

translational model for studying PGE2 targeting, specifically through inhibition of mPGES-1 

(Chapter II) or manipulation of EP receptor signaling (Chapters III, IV, and V). In the case of 

mPGES-1, multiple putative human mPGES-1 inhibitors show no cross-reactivity to rodent 

mPGES-1 due to differences in protein structure (Xu et al., 2008). However, these inhibitors 

were effective against equine mPGES-1. The similarity between human and equine mPGES-

1 protein, as well as the tendency of equine athletes to naturally develop similar 

inflammatory orthopedic diseases, indicates that horses represent a strong translational model 

of studying mPGES-1 targeting in inflammatory orthopedic disorders. 

Additionally, genetic inflammatory disorders have also been studied in horses, 

including Glanzmann’s Thromasthenia (GT) and severe combined immunodeficiency with 

radiation sensitivity (RS-SCID). GT is characterized by abnormal platelet aggregation and 

adhesion, and has been observed in both humans and horses. SCID is characterized by an 

inability to mount an antigen-specific immune response. In humans, RS-SCID is due to a 

defect in a specific component of DNA repair cellular machinery termed Artemis, which is 

needed to create functional proteins on T and B cells following recombination of various 



 

65 

segments of T cell and immunoglobulin receptors (Bauer et al., 2009). In horses, specifically 

Arabians, a defect in the DNA repair mechanism DNA-PK makes their cells more vulnerable 

and less able to repair following radiation damage (Perryman, 2004). In either case, the 

immunodeficiency seen in both species is similar, and thus horses can serve as a model for 

human genetic adaptive immune deficiency.  

 

4. Conclusions 

 

This review summarizes the potent role that PGE2 plays in the pathogenesis and 

pathophysiology of equine and human inflammatory orthopedic diseases. While PGE2 plays 

multiple homeostatic roles in both species, PGE2 is also a critical modulator of cartilage and 

bone metabolism, edema formation, angiogenesis, and a potent orchestrator of the immune 

response in multiple orthopedic disorders. Therapeutic PGE2-targeting strategies that have 

been implemented in humans and horses, particularly COX inhibitors, show similar anti-

inflammatory benefits and adverse side effects including GI, renal, and cardiovascular 

complications. Thus, novel mechanisms of safely and effectively inhibiting PGE2 are 

critically needed in both species. The similar roles of PGE2 in disease etiology and 

progression in humans and horses supports the use of equine athletes as a model to study 

PGE2 targeting strategies in inflammatory orthopedic disease that would benefit horses and 

humans alike.   
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Figure 1. PGE2 synthesis and targeting strategies. (A) PGE2 synthesis and secretion. 

Activated cytosolic phospholipase 2 (cPLA2) cleaves arachadonic acid from cellular 

membranes. Arachadonic acid is oxidized by constitutively expressed cyclooxygenase-1 

(COX-1) or inducible COX-2 to form the unstable prostaglandin intermediate, prostaglandin 

H2 (PGH2). PGH2 serves as a substrate for multiple prostaglandin synthase enzymes 

including thromboxane synthase (TXAS), prostacyclin synthase (PGI2), PGD synthase 

(PGDS), PGF synthase (PGFS), and three different isoforms of PGE synthase (PGES). 

Cytosolic PGES (cPGES) and microsomal PGES-2 (mPGES-2) are constitutively expressed 

and produce basal levels of PGE2. mPGES-1 is an inducible synthase and produces increased 

levels of inflammatory PGE2. PGE2 exits the cell via passive diffusion and active transport by 

the multidrug resistance protein 4 (MRP4). (B) PGE2 signaling and degradation. PGE2 

binds to four different E-prostanoid (EP) receptors. Binding to EP1 leads to an increase in 

intracellular calcium. EP3 receptor activation leads to decreased adenylate cyclase activity 

and subsequently decreases intracellular cyclic AMP (cAMP) concentrations. PGE2 

interaction with EP2 and EP4 activates adenylate cyclase to increase intracellular cAMP 

concentrations. PGE2 can be actively transported into cells via prostaglandin transporter 

(PGT), where it is converted to the inactive metabolite 15-keto PGE2 by 15-prostaglandin 

dehydrogenase (15-PDGH). In both (A) and (B), therapeutics that inhibit PGE2 synthesis are 

shown in red, and therapeutics that increase PGE2 levels (or are PGE analogs) are shown in 

green. Arrows drawn from these therapeutics indicate inhibition (blunted arrows) or 

stimulation (pointed arrows) of given components of the PGE2 synthesis and signaling 

cascade.  
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1. Abstract 

 

Specific inhibition of leukocyte prostaglandin E2 (PGE2) production effectively limits 

inflammation in many disease models. Selective PGE2 targeting elicits fewer clinical side 

effects compared to cyclooxygenase (COX) inhibitors, and is safely achievable through 

inhibition of the terminal enzyme downstream of COX in the inducible PGE2 synthesis 

cascade: microsomal PGE synthase-1 (mPGES-1).  To date, mPGES-1 has not been 

evaluated as an anti-inflammatory target in horses, which are excellent translational models 

of naturally-occurring inflammatory orthopedic disease in humans. Therefore, we tested the 

hypothesis that mPGES-1 is induced by lipopolysaccharide (LPS) in an in vitro equine 

inflammation model. Furthermore, we predicted that mPGES-1 inhibition in equine 

leukocytes would selectively reduce extracellular concentrations of PGE2, but not other 

prostanoids in our model. To test this hypothesis, equine leukocyte-rich plasma (LRP) was 

primed and stimulated with GM-CSF and LPS, respectively, in the presence or absence of an 

mPGES-1 inhibitor (MF63), a COX-2 inhibitor (NS-398), or a nonselective COX inhibitor 

(indomethacin). Interestingly, LPS induced mPGES-1 mRNA, but not protein levels as 

measured by qPCR and western blot, respectively. In contrast, COX-2 mRNA and protein 

were coordinately induced by LPS. Excitingly, treatment of LPS-stimulated leukocytes with 

indomethacin and NS-398 significantly inhibited extracellular concentrations of multiple 

prostanoids (PGE2, TXA2 and PGI2), while selective mPGES-1 inhibition suppressed only 

PGE2. We conclude that mPGES-1 is a key regulator of PGE2 and is a PGE2-selective anti-
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inflammatory target in equine leukocytes. Additional studies utilizing this translational model 

would benefit investigators of mPGES-1/PGE2-selective therapeutics.  
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2. Introduction 

 

Leukocytes such as neutrophils and monocytes play a pivotal role in the pathophysiology of 

many inflammatory orthopedic and musculoskeletal diseases in humans and horses (Deligne 

et al., 2015; DiCarlo & Kahn, 2011; Katz & Bailey, 2012; la RebiÃ re de Pouyade et al., 

2011; Lieberthal et al., 2015; Prisk & Huard, 2003; Wright et al., 2010). Neutrophils infiltrate 

tissues and secrete toxic products that significantly contribute to the pathogenesis of 

rheumatoid arthritis (Wright et al., 2014), septic arthritis (DiCarlo & Kahn, 2011), and equine 

laminitis (la RebiÃ re de Pouyade & Serteyn, 2011). Monocytes, macrophages, and 

neutrophils are also implicated in the pathology of musculoskeletal injury and osteoarthritis-

associated synovitis (Deligne et al., 2015; Prisk & Huard, 2003; Sellam & Berenbaum, 

2010). An inability to control inflammatory cells in these diseases can lead to overwhelming 

and irreversible tissue injury. 

Prostaglandins (PGs) are lipid messenger molecules that are critical mediators of 

leukocyte responses during inflammation. PGs are produced at low levels in most tissues 

under homeostatic conditions. However in disease states, the PG profile changes dramatically 

to orchestrate inflammatory responses. Of these PGs, prostaglandin E2 (PGE2) is one of the 

most potent mediators of inflammation. PGE2 is significantly elevated in the joints of horses 

with naturally occurring or experimentally-induced joint disease and has been shown to play 

a role in muscle injury and osteoarthritis (Bertone et al., 2001; Frisbie et al., 2008; Hardy et 

al., 2002; Prisk & Huard, 2003). PGE2 produced in damaged tissue recruits blood leukocytes 

to areas of tissue injury and induces vascular changes to aid these cells in crossing the 
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endothelium (Kalinski, 2011; Ricciotti & FitzGerald, 2011). Within the tissues, leukocytes 

are activated by lipid mediators, cytokines, and products of tissue breakdown, culminating in 

the secretion of inflammatory mediators and toxic products. This includes additional PGE2 

and other cytokines that amplify the inflammatory response, as well as reactive oxygen 

species and proteases for the destruction of microbial invaders (Kruger et al., 2015; Wong et 

al., 2012). While this physiologic process is essential for defending the body from bacterial 

infection, overabundant or dysregulated leukocyte responses injure normal tissue and 

contribute to inflammatory disease (Anderson et al., 1991; Varani & Ward, 1994; Wong et 

al., 2012).  

Non-steroidal anti-inflammatory drugs (NSAIDS) effectively inhibit PGE2 formation 

via targeting cyclooxygenase (COX) enzymes (Vane & Botting, 1996). COX-1 and COX-2 

are two different COX isoforms that are key upstream enzymes in the synthesis of all 

prostanoids, a group that include the PGs, thromboxanes, and prostacyclins. COX-1 is 

constitutively expressed and governs prostanoid synthesis necessary for homeostatic 

functions including platelet aggregation, gastric mucosal protection, and renal electrolyte 

homeostasis. COX-2 is an inducible enzyme that is involved in the production of prostanoids 

under inflammatory conditions (Morita, 2002). COX enzymes convert arachadonic acid to 

the PG intermediate, PGH2. PGH2 is acted upon by a variety of terminal synthases to produce 

different prostanoids including PGE2, PGF2α, PGD2, thromboxane A2 (TXA2), and 

prostacyclin (PGI2). Non-selective NSAIDs target both COX enzymes, leading to decreased 

constitutive and inducible prostanoid production.  While effective anti-inflammatories, non-

selective blockade of all prostanoids can lead to adverse effects in humans and horses 
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including renal and gastrointestinal toxicity (Harirforoosh et al., 2013; Marshall & 

Blikslager, 2011; Moses & Bertone, 2002). COX-2 selective inhibitors (coxibs) selectively 

inhibit induced prostanoid synthesis mediated by COX-2. However, dangerous 

cardiovascular side effects including myocardial infarction have been observed (Mukherjee 

et al., 2001). Thus, more specific and consequently safer therapeutics aimed at selectively 

inhibiting induced PGE2 production would be beneficial in both horses and humans.  

Potential PGE2-specific therapeutic targets are the prostaglandin E-synthases (PGES) 

that act downstream of COX in the PGE biosynthetic pathway. Three isoforms of PGES exist 

that differentially regulate basal and induced PGE2 production. Cytosolic PGES (cPGES) is 

constitutively expressed and couples with COX-1 to mediate basal PGE2 synthesis (Tanioka 

et al., 2000). Microsomal PGES-2 (mPGES-2) is also constitutively expressed and couples 

with either COX enzyme (Murakami et al., 2003). In contrast, microsomal PGES-1 (mPGES-

1) is generally inducible and preferentially couples with COX-2 for increased PGE2 

production in inflammatory states (Murakami et al., 2000). mPGES-1 is essential for 

leukocyte influx into inflamed tissues and development of pain in rodent inflammatory 

models (Engblom et al., 2003; Hara et al., 2010; Kamei et al., 2004; Trebino et al., 2003; 

Uematsu et al., 2002). Additionally, mPGES-1 is significantly increased in both naturally 

occurring and experimental human inflammatory orthopedic diseases (Kojima et al., 2004; Li 

et al., 2005; Masuko-Hongo et al., 2004; Shimpo et al., 2009). Naturally occurring 

inflammatory orthopedic conditions are important problems in equine athletes, and horses are 

an excellent model for many human inflammatory orthopedic diseases and injuries.   



 

74 

We propose that mPGES-1 is a potential target for PGE2-selective anti-inflammatory 

therapies in horses.  However, mPGES-1 has not yet been investigated as an anti-

inflammatory target in this species.  Importantly, structural differences between humans and 

rodent mPGES-1 lead to a lack of activity of some human mPGES-1 functional inhibitors in 

rodent species, specifically phenanthrene imidazole derivatives such as MF63 (Xu et al., 

2008), and it has yet to be determined if these inhibitors are effective in horses. Additionally, 

the kinetics and specific roles of PGES enzymes under inflammatory conditions are not fully 

characterized in equine models that include multiple types of blood leukocytes that are 

present in natural ratios and a similar native environment. These mixed cell models better 

mimic in vivo conditions in which leukocytes interact with one another to play a key role in 

systemic and tissue inflammation. Therefore, our goal was to further define the PGE2 

synthetic pathway by exploring PGE synthases in a mixed population of primary equine 

leukocytes. We sought to characterize mPGES-1 and cPGES mRNA and protein kinetics, as 

well as the role of mPGES-1 in regulating extracellular concentrations of PGE2 in an in vitro 

equine model of inflammation.  We tested the hypothesis that mPGES-1 mRNA and protein 

are upregulated in equine leukocytes by pro-inflammatory stimuli and are essential for 

increasing extracellular PGE2 concentrations in our system. We predicted that inhibition of 

mPGES-1 would selectively reduce PGE2, but not TXA2 or PGI2 levels in our model when 

compared to non-selective or COX-2-selective inhibitors. 
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3. Materials and Methods 

 

Reagents  

Experimental reagents were obtained from the following: equine recombinant granulocyte-

monocyte colony stimulating factor (GM-CSF) was obtained from Kingfisher Biotech (Saint 

Paul, MN, USA); lipopolysaccharide (LPS) from E. coli 055:B5, bovine serum albumin 

(BSA), sodium dodecyl sulfate (SDS), sodium deoxycholate, NP-40, sodium pyrophosphate, 

sodium fluoride, phenylmethylsulfonyl fluoride (PMSF), and diisopropylfluorophosphate 

(DFP) were obtained from Sigma-Aldrich (St. Louis, MO, USA); goat polyclonal anti-

mPGES-1, anti-COX-1, and anti-COX-2 antibodies and HRP-conjugated donkey anti-goat 

secondary antibodies were purchased from Santa Cruz Biotechnologies (Dallas, TX, USA); 

mouse monoclonal anti-cPGES antibody, MF63, NS-398, and indomethacin were from 

Cayman Chemical (Ann Arbor, MI, USA); rabbit polyclonal anti-β-Actin antibody and HRP-

conjugated anti-rabbit and anti-mouse secondary antibodies were from Cell Signaling 

(Danvers, MA, USA). 

 

Equine Donors and Leukocyte Isolation 

All procedures were approved by the Institutional Animal Care and Use Committee at North 

Carolina State University (NCSU).  All horses were fed and housed in similar conditions at 

the Teaching Animal Unit at NCSU and deemed healthy.  Horses did not receive any anti-

inflammatory medications while being used in this study. Leukocytes were isolated as 
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previously described (Eckert et al., 2007) with some modification.  Briefly, 30-60cc of 

equine whole blood was collected into heparinized syringes via jugular venipuncture of male 

and female horses ages 5-25 years. Whole blood was allowed to settle at room temperature 

for 1 hour. The leukocyte-rich plasma (LRP) supernatant layer was collected, and leukocytes 

within this layer were used for the following experiments.  

 

Equine Leukocyte Priming and Stimulation  

Equine leukocytes in LRP were first primed for 30 minutes at 37°C using GM-CSF at 

1ng/mL, the concentration found to be optimal for cell priming in our experiments (data not 

shown), or the vehicle control (PBS). Following priming, cells were stimulated with 

100ng/mL LPS or vehicle control (PBS) at 37°C for the indicated time periods before 

downstream analysis.  Cell viability was evaluated via trypan blue exclusion and was 

routinely >95% prior to and following stimulation. 

 

RNA Isolation and First-strand cDNA Synthesis  

All RNA isolation materials were obtained from Qiagen (Valencia, CA, USA). Equine 

leukocytes in 1ml aliquots of LRP were primed and stimulated as described. RNA was 

isolated from cells using an RNeasy Mini Kit per manufacturer’s protocol with 

homogenization using a QIAshredder. Two DNase digestions were performed using 

Qiagen’s RNase-free DNase set: one on-column digestion prior to elution of RNA, followed 

by a second DNase digestion once RNA was eluted.  RNA was then cleaned up using the 

RNeasy Mini Kit per manufacturer instruction and quantified using a NanoDrop. First-strand 
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cDNA synthesis of equal quantities of RNA was performed using the Superscript III Reverse 

Transcription System (Invitrogen, Thermo Fischer Scientific, Grand Island, NY, USA) with 

random hexamers (50ng/ul) per manufacturer’s protocol. 

 

Real-Time PCR 

Real-time PCR was performed using a MyIQ Single-Color Real-Time PCR Detection 

System from Biorad (Hercules, CA, USA). PCR reactions were prepared with 10ng cDNA, 

Taqman Gene Expression Master Mix (Applied Biosystems, Thermo Fischer Scientific, 

Grand Island, NY, USA), gene-specific Taqman primers and probes (Invitrogen, Thermo 

Fischer Scientific, Grand Island, NY, USA), and RNase/DNase-free water up to a final 

reaction volume of 25µl.  Taqman primers and probes were obtained from Invitrogen’s 

proprietary database of pre-designed Taqman Gene Expression Assays for equine mPGES-1 

(Assay ID Ec04321097), COX-2 (Assay ID Ec03467558), COX-1 (Assay ID Ec03469511), 

and housekeeping genes. Primers and probes for equine cPGES were designed using 

Invitrogen’s proprietary Custom Taqman Assay Design Tool.  For all assays, Invitrogen 

identifies the NCBI reference sequence of the transcript used for primer and probe design, 

the 25 nucleotide binding location of the probe, and the amplicon length (Canales et al., 

2006; Shi et al., 2006). In preliminary experiments, all products were run on a 2% agarose 

gel and visualized using EZ Vision Three DNA Dye (Amresco, Solon, OH, USA) to verify 

specificity of the PCR product. No-reverse-transcriptase and no-template controls were also 

included to verify the absence of genomic DNA and DNA contamination, respectively. 

Amplification cycle conditions for all reactions were as follows: 50°C for 2 minutes, once; 
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95°C for 10 minutes, once; 95°C for 15 seconds, followed by 60°C for 1 minute (with data-

collection and real-time enabled), 40 times.  

Data analysis was performed using the ΔΔCt method using β2 Microglobulin as the 

housekeeping gene for normalization. The housekeeping gene was selected by evaluating 

expression stability of three common housekeeping genes (β2 Microglobulin, GAPDH, and 

β-Actin) using protocols established by Radonic et al.  ΔΔCt values for all three genes were 

calculated as previously described (Radonic et al., 2004) with values closest to 0 indicating 

the least amount of change in gene expression. Of the three genes, β2 Microglobulin was 

found to be the most stably expressed in equine leukocytes in our system (data not shown), 

and was therefore used as the housekeeping gene in all real-time PCR experiments (Assay ID 

Ec03468699).  

 

Cell Lysis  

Equine leukocytes in 1ml aliquots of LRP were primed and stimulated as described. Cells 

were then lysed using 2X concentrated radioimmunoprecipitation assay (RIPA) lysis buffer 

(0.2% sodium dodecyl sulfate (SDS), 1% sodium deoxycholate, 2% NP-40, 10mM sodium 

pyrophosphate and 100mM sodium fluoride) containing protease inhibitors (1mM PMSF, 

and 1 EDTA-free protease inhibitor cocktail tablet (Roche, Mannheim, Germany) per 5ml 

buffer). Cells were placed on ice with agitation for 20 minutes, sonicated briefly, and 

centrifuged.  Supernatants containing protein were stored at -80°C until further analysis.  
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Western Blot  

Protein concentrations in lysates were determined by bicinchoninic acid (BCA) Assay 

(Pierce, Thermo Fischer Scientific, Grand Island, NY, USA). Equal concentrations of protein 

ranging from 85-100µg were loaded onto  precast 4-12% bis-tris gels (Invitrogen) for 

electrophoresis.  Protein was transferred to Immobilon-P PVDF Membranes (EMD 

Millipore, Billerica, MA, USA) and blocked for 1 hour at room temperature using 5% skim 

milk.  Membranes were then incubated overnight at 4°C with primary antibodies at the 

following concentrations:  mPGES-1 (1:200), cPGES (1:2000), COX-2 (1:500), COX-1 

(1:500), and β-actin (1:5000).  Next, membranes were incubated in appropriate HRP-

conjugated secondary antibodies in 5% skim milk for 2 hours at room temperature prior to 

development using Biorad clarity western ECL substrate.  Membranes were visualized using 

the Biorad ChemiDoc MP system, and Biorad Image Lab software was used for image 

normalization and quantification.  

 

Inhibitor Studies 

Equine leukocytes in 100µl aliquots of LRP were primed for 30 minutes with 1ng/ml GM-

CSF.  Following priming, 100ng/ml LPS was added to cells simultaneously with various 

concentrations of selective inhibitors of mPGES-1 (MF63), COX-2 (NS-398), and a non-

selective COX inhibitor (Indomethacin), or an inhibitor vehicle control of 0.04% DMSO (did 

not exert a significant effect (data not shown)). Cells were incubated for 18 hours at 37°C, 

centrifuged, and supernatant was collected and stored at -80C. Cell viability was evaluated 

via trypan blue exclusion and was routinely >95% following incubation with inhibitors.   
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ELISA 

Plasma PGE2, a stable metabolite of TXA2 (TXB2), and a stable metabolite of PGI2 (6-keto-

Prostaglandin F1α) were measured via ELISA per manufacturers protocol (Cayman 

Chemical).  Serum-matrix effects for equine plasma in each ELISA kit were evaluated using 

serial plasma dilutions. The minimum dilution that did not exert an effect was determined 

when less than a 20% difference was detected between two consecutive serial dilutions.  All 

samples were prepared, at a minimum, to this dilution using EIA buffer (supplied with 

ELISA kit) prior to analysis.  

 

Statistical Analysis 

Statistical analysis was performed using Sigmaplot Version 12.0 (Systat Software Inc., San 

Jose, CA, USA). All data achieved equality of variance (p<0.05). Data were assessed for 

normality via the Shapiro-Wilk test (p<0.05), and data that were not normally distributed 

were log transformed to achieve normality (noted in figure legends). Log transformed data 

were back transformed for presentation, and thus all data are expressed as mean ± SEM. 

Statistically significant differences in treatments were determined using one-way analysis of 

variance (One Way ANOVA) with Holm-Sidak multiple comparisons post hoc testing, or via 

two-tailed t-test where noted. A p value <0.05 was considered statistically significant. 
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4. RESULTS 

 

4.1 LPS stimulation of GM-CSF primed equine leukocytes increases mPGES-1, but not 

cPGES mRNA levels 

Prostaglandin E Synthases (PGES) are differentially regulated in various cell types. mPGES-

1 is constitutively expressed in a number of tissues where it is believed to play a role in 

normal cellular physiology, including the kidney, gastric mucosa, and spleen (Boulet et al., 

2004; Samuelsson et al., 2007). cPGES has also been shown to be constitutively expressed in 

most tissues, excluding the brain (Tanioka et al., 2000). In other cell types, including 

peritoneal macrophages, synoviocytes, chondrocytes, and fibroblasts, mPGES-1 expression is 

markedly induced by pro-inflammatory mediators (Han & Smith, 2002; Kojima et al., 2004; 

Murakami et al., 2000; Samuelsson et al., 2007; Stichtenoth et al., 2001). A lack of 

substantial knowledge of PGE synthase regulation and kinetics in equine leukocytes led us to 

characterize the effect of pro-inflammatory mediator stimulation on mPGES-1 and cPGES 

mRNA levels using an in vitro equine model of inflammation.  Equine leukocytes were 

primed with 1ng/ml GM-CSF followed by stimulation with 100ng/ml LPS, and mRNA was 

extracted for real-time PCR.  Results demonstrate that mPGES-1 mRNA is not detectable in 

equine leukocytes prior to stimulation (data not shown), but is markedly increased by GM-

CSF/LPS treatment. The peak increase in mPGES-1 mRNA was approximately 15-fold when 

compared to time-matched controls (PBS/PBS) after 2 hours of stimulation, and slowly 

declined over the following 18 hours (Figure1A).  In contrast, cPGES mRNA levels 

remained unchanged over an 18-hour period, regardless of treatment. These kinetics closely 
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mimic those of COX enzymes in our system. COX-2 mRNA was increased by GM-CSF/LPS 

treatment and peaked after 6 hours of stimulation, whereas COX-1 mRNA levels remained 

unchanged regardless of treatment (Figure 1A).  

LPS alone significantly increased mPGES-1 and COX-2 mRNA levels after 2 hours 

of stimulation. While GM-CSF priming alone had little effect, GM-CSF priming augmented 

the LPS-stimulated increase in mPGES-1 and COX-2 mRNA levels. The GM-CSF priming 

effect on COX-2, but not on mPGES-1 mRNA was significant when compared to LPS 

stimulation alone. (Figure1B).  

 

4.2 mPGES-1 and cPGES proteins are constitutive in GM-CSF primed equine leukocytes and 

are not increased by LPS treatment  

PGES proteins are necessary for PGE2 production in other cell systems (Kamei et al., 2004; 

Nakatani et al., 2007), thus we next sought to characterize the effect of GM-CSF/LPS 

treatment on mPGES-1 and cPGES protein content in equine leukocytes. Equine leukocytes 

were primed with GM-CSF followed by LPS stimulation, and protein was extracted for 

evaluation via western blot. Surprisingly, we found that mPGES-1 protein was constitutively 

present in equine leukocytes prior to GM-CSF/LPS stimulation (at time 0, T0). Despite 

significantly increased mPGES-1 mRNA in our system, mPGES-1 protein levels remained 

unchanged across all treatment groups over 18 hours of stimulation (Figure 2A and 2B). In 

contrast, COX-2 protein levels were low at baseline and significantly increased following 6 

hours of GM-CSF/LPS treatment when compared to controls (PBS/PBS) and GM-CSF 

treatment alone. These levels remained significantly elevated over the 18-hour incubation 
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period (Figure 2A and 2C). cPGES and COX-1 protein were constitutive, as both proteins 

were present at baseline and remained unchanged under all treatment conditions over 18 

hours (Figure 2A).  

 

4.3 LPS stimulation of GM-CSF primed equine leukocytes significantly increases 

extracellular PGE2  

To test the hypothesis that mPGES-1 is essential for increasing extracellular PGE2 

concentrations in equine leukocyte cell supernatants, we first sought to evaluate the effect of 

GM-CSF priming and LPS stimulation on PGE2 levels in our in vitro inflammation model. 

100µl of freshly isolated equine leukocytes were primed with 1ng/mL GM-CSF followed by 

stimulation with 100ng/mL LPS. Supernatants were collected and analyzed for PGE2 via 

ELISA. Prior to GM-CSF/LPS treatment, PGE2 was present in the plasma at 265.833 ± 

59.633 pg/mL (data not shown), which is similar to previously reported data in equine whole 

blood (Brideau et al., 2001). GM-CSF priming alone (GM-CSF/PBS) did not significantly 

increase PGE2 concentrations at any of the time points evaluated. LPS stimulation in the 

absence of priming (PBS/LPS) did increase PGE2 levels, but this effect was not significant 

beyond 6 hours of stimulation. However, GM-CSF priming prior to LPS stimulation led to a 

significant increase in extracellular PGE2 concentrations by 6 hours when compared to time 

matched controls (PBS/PBS) and cells treated with 1ng/mL GM-CSF only (GM-CSF/PBS), 

and these levels continued to increase and were significantly elevated throughout the 24-hour 

period of assessment (Figure 3).  
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4.4 Simultaneous treatment with LPS and the mPGES-1 inhibitor, MF63, selectively 

decreases extracellular PGE2 in GM-CSF primed equine leukocytes  

An important benefit of selective mPGES-1 inhibition is the ability to block induced PGE2 

production without decreasing synthesis of other beneficial prostanoids. Therefore, we 

evaluated the ability of a known mPGES-1 functional inhibitor, MF63 (Xu et al., 2008), to 

selectively decrease PGE2 levels in our equine inflammation model. This was compared to 

the efficacy of both a non-selective COX inhibitor (indomethacin) and a COX-2 selective 

inhibitor (NS-398).  

Equine leukocytes were primed with 1ng/mL GM-CSF for 30 minutes, followed by 

simultaneous application of the aforementioned inhibitors and 100ng/mL LPS over an 18-

hour period. We believe this method more closely mimics clinical situations in which 

leukocytes have often been exposed to priming agents in vivo before treatment can be 

administered. Supernatant was harvested and analyzed for PGE2, 6-keto prostaglandin F1α (a 

stable metabolite of PGI2), and TXB2 (a stable metabolite of TXA2) via ELISA. We found 

that MF63, indomethacin, and NS-398 all significantly decreased extracellular PGE2 

concentrations in our model (IC50 = 0.1147uM, 0.0159uM, and 0.0528uM, respectively 

(Figure 4).  Maximal concentrations of indomethacin and NS-398 led to more complete 

inhibition of PGE2 to 5.24% and 4.66% of controls, respectively, when compared to MF63-

mediated PGE2 inhibition to 12.5% of controls (Figure 5).  MF63 was a selective inhibitor of 

PGE2 in our model, as concentrations of 0.1uM MF63 and above significantly decreased 

PGE2, but not 6-keto prostaglandin F1α or TXB2 extracellular levels (Figure 5A). In contrast, 
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indomethacin and NS-398 significantly inhibited all three prostanoids evaluated at 

concentrations at and above 1 and 0.1uM, respectively (Figure 5B-C).   

Shunting of the PGH2 precursor to other PG synthases has been reported in some 

model systems following mPGES-1 inhibition or deletion. While application of MF63 led to 

increased 6-keto prostaglandin F1α and TXB2 levels to a maximum of 118.63% and 118.50% 

of controls, respectively, this trend was not statistically significant (Figure 5A).  Thus, we 

conclude that no significant shunting to other prostanoids was found in our system.  

 

5. Discussion 

 

The aim of this study was to investigate the role of mPGES-1 in induced PGE2 synthesis in 

an equine inflammation model, and to characterize this enzyme as a potential novel anti-

inflammatory therapeutic target in horses. To our knowledge, this study is the first to define 

mRNA and protein kinetics of two PGES enzymes in a mixed population of equine 

leukocytes under inflammatory conditions. Interestingly, we found that GM-CSF/LPS 

treatment rapidly increased mPGES-1 mRNA levels, but did not lead to an increase in 

mPGES-1 protein (Figure1 and 2). In contrast, COX-2 mRNA and protein coordinately 

increased following GM-CSF/LPS treatment, while cPGES and COX-1 were constitutive at 

both the mRNA and protein level (Figure1 and 2). Our study also revealed that mPGES-1 is 

essential for induced PGE2 synthesis in our equine inflammation model, as inhibition of 

mPGES-1 with a known mPGES-1 functional inhibitor (MF63) led to a significant decrease 

in PGE2 levels. As this was determined via evaluation of PGE concentrations in cell 
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supernatants, this decrease could be due to both inhibited PGE synthesis and inhibited PGE 

cellular secretion, as occurs with certain NSAIDs (Reid et al., 2003). However, evidence of 

MF63 potently inhibiting mPGES-1 enzymatic activity in cell-free assays (IC50 = 1.3nM) 

(Xu et al., 2008) leads us to conclude that MF63 is suppressing extracellular PGE2 levels 

through inhibition of PGE2 synthesis in our in vitro system. 

MF63 significantly inhibited PGE2 without effecting levels of other essential 

prostanoids (Figure 4A).  This data is consistent with previous reports in which mPGES-1 

inhibition selectively suppressed PGE2 in vitro in human whole blood assays and in vivo in 

rodent models of inflammation (Côté et al., 2007; Giroux et al., 2009; Leclerc et al., 2013; 

Xu et al., 2008). In vivo studies also demonstrate that mPGES-1 inhibition induces dose-

dependent analgesia, decreased hyperalgesia, decreased signs of acute and chronic 

inflammation, and increased gastrointestinal tolerability with fewer gastric mucosal erosions 

compared to NSAID use (Xu et al., 2008). This data is supported in mPGES-1 knockout 

animals, which display decreased pain, inflammation, and fever (Engblom et al., 2003; 

Kamei et al., 2004; Trebino et al., 2003) and a more favorable cardiovascular profile than 

COX-2 knockout animals (Cheng et al., 2006). To our knowledge, this is the first evidence 

that selective mPGES-1 inhibitors developed for human use are also selective for equine 

mPGES-1. Taken together, our data suggests that mPGES-1 is an excellent candidate for 

investigation as an effective, PGE2-specific, anti-inflammatory therapeutic target in horses 

with fewer adverse effects than NSAIDs. Additionally, as horses and humans develop many 

of the same orthopedic disorders, this study indicates that equine leukocytes are an 
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exemplary model for studying the role of mPGES-1 and mPGES-1 inhibitors as therapeutics 

in naturally-occurring inflammatory orthopedic diseases in humans.   

We have demonstrated that mPGES-1 mRNA is increased by proinflammatory 

stimulation in a mixed population of equine blood leukocytes, consistent with data in isolated 

equine monocytes and leukocytes from other species (Silva et al., 2008; St-Onge et al., 2007; 

Uematsu et al., 2002). Additionally, we found that cPGES mRNA is constitutively present in 

equine leukocytes, similar to other cell and tissue types (Tanioka et al., 2000). To our 

knowledge, this study is the first to evaluate cPGES in blood leukocytes of any species. 

Interestingly, mPGES-1 mRNA levels peaked at 2 hours, while the enzyme immediately 

upstream in the PGE2 synthetic pathway, COX-2, peaked at a slightly later time point (Figure 

1A).  This information supports previous work in other cell types reporting differential 

induction kinetics of mPGES-1 and COX-2 and suggests independent regulation in equine 

leukocytes as well (Stichtenoth et al., 2001). Differential regulation of these enzymes could 

aid in fine-tuning cellular control of PGE2 production in response to pro-inflammatory 

stimuli.  

Interestingly, mPGES-1 protein was constitutively present at baseline and following 

LPS stimulation (Figure 2A-B).  A discrepancy in mPGES-1 mRNA and protein levels has 

been observed in a number of cell types including pancreatic islet cells (Parazzoli et al., 

2012) and human neutrophils (St-Onge et al., 2007). Neutrophils make up a significant 

portion of the equine leukocyte population and provide one of the first lines of defense 

against infection in vivo. Neutrophils must respond quickly to injurious stimuli, and thus 

might maintain a stable, ready-made source of mPGES-1 protein for rapid PGE2 production 
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in early immune responses. The presence of mPGES-1 protein but not mRNA prior to LPS 

stimulation, as well as a lack of coordinate mPGES-1 mRNA and protein induction following 

LPS stimulation, could be a consequence of multiple mechanisms. One potential explanation 

is that mPGES-1 protein is highly stable and not completely transcriptionally-dependent in 

equine leukocytes; transcription dictates only a fraction of protein levels found in mammalian 

cells, as post-transcriptional mRNA modifications and translational regulation are also 

critical, if not more important determinants of cellular protein levels (Vogel & Marcotte, 

2012). Additionally, it is possible that mPGES-1 protein turnover is accelerated with 

increased intracellular enzymatic activity, and increased mPGES-1 mRNA transcription and 

subsequent translation function to quickly replenish mPGES-1 protein to maintain rapid 

PGE2 production.  Multiple intracellular enzymes, including COX, produce reactive oxygen 

species (ROS) during enzymatic activity (Morgan & Liu, 2010). ROS lead to oxidant-

damage of multiple intracellular proteins that are then ubiquitinated and degraded by 

immunoproteasomes (Seifert et al., 2010), resulting in increased protein turnover in 

inflammatory states.  We hypothesize that either or both of these mechanisms could be 

involved in mPGES-1 protein regulation in equine leukocytes.   

In contrast to neutrophils, LPS has been shown to increase mPGES-1 protein in 

isolated human monocytes, a cell type that contributes significantly to PGE2 production in 

leukocyte models (Mosca et al., 2007). While we did not observe mPGES-1 protein induction 

in our model, these differences may be explained by the high ratio of neutrophils to 

monocytes in equine whole blood.  On average, approximately 43-60% of cells (2,300-8,600 

cells/µl) in equine whole blood are neutrophils, whereas only 0-7% (or 0-1,000 cells/µl) are 
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monocytes (Smith et al., 2015).  Thus, our western blotting technique might not be sensitive 

enough to detect minute increases in mPGES-1 protein contributed by the small monocyte 

population.  Additionally, it is possible that both monocytes and neutrophils serve as a ready-

made source of mPGES-1 protein in the horse.  

COX-2 mRNA and protein levels were coordinately inducible (Figures 1 and 2), in 

agreement with previous studies in blood leukocytes (Fasano, 1998; Maloney et al., 1998). In 

conjunction with constitutive mPGES-1 protein, induction of COX-2 protein coordinately 

with PGE2 production in our system suggests that COX-2, and not mPGES-1, is the critical 

driver of inflammation-induced PGE2 production in equine leukocytes. This theory has also 

been suggested in human umbilical vein endothelial cells (Båge et al., 2011). Despite the 

prominent role of COX-2 in orchestrating PGE2 production, we have demonstrated that 

mPGES-1 is equally essential to increasing extracellular PGE2 concentrations in equine 

leukocytes, as both selective mPGES-1 inhibition and COX inhibition led to significantly 

decreased levels of PGE2 in our model.  

LPS stimulation of primed equine leukocytes significantly increased PGE2 levels in 

our in vitro inflammatory model (Figure 3). Furthermore, a non-selective COX inhibitor 

(indomethacin), a COX-2 selective inhibitor (NS-398), and an mPGES-1 specific inhibitor 

(MF63) all significantly decreased extracellular PGE2 concentrations (Figure 5). Importantly, 

compared to MF63, indomethacin and NS-398 led to more complete inhibition of PGE2, with 

maximal doses abolishing approximately 95% of PGE2 compared to controls (IC50 = 0.0159 

and 0.0528uM, respectively) (Figures 4B-C, 5B-C).  The maximal dose of MF63 inhibited 

87.5% of PGE2 compared to controls (IC50 = 0.1147uM, Figure 4A, 5A), and we hypothesize 
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that the remaining 12.5% of PGE2 was synthesized via cPGES (Tanioka et al., 2000) and 

mPGES-2 (Murakami et al., 2003) coupling to both COX enzymes. Preservation of basal 

PGE2 levels is crucial to maintaining renal function and gastroprotection in a clinical setting. 

We have demonstrated that this is more readily achievable with selective mPGES-1 

inhibition compared to COX inhibitors, as COX-1 and COX-2 remain available for coupling 

to constitutive PGE synthases to mediate homeostatic PGE2 production. COX-2 specific 

inhibitors suppress COX-2-derived PGH2 formation and eliminate all PGE2 production 

mediated through mPGES-1 or mPGES-2. Dual COX-1 and 2 inhibitors inhibit all PGH2 

formation, and thus inhibit both inducible and basal PGE2 synthesis through all PGE 

synthases. Thus, our data supports that selective mPGES-1 inhibition significantly decreases 

the elevation of extracellular PGE2 concentrations following GM-CSF/LPS treatment, while 

maintaining more substantial and presumably advantageous basal levels of PGE2 in equine 

leukocytes compared to COX inhibitors.  

Indomethacin and NS-398 significantly inhibited multiple prostanoids, including 

PGE2, TXA2, and PGI2, while MF63 specifically inhibited PGE2 (  5).  Non-specific 

prostanoid inhibition is associated with unwanted and potentially lethal side effects in horses 

(Cook & Blikslager, 2014; Marshall & Blikslager, 2011) as inhibition of both basal (COX-1-

mediated) and induced (COX-2-mediated) prostanoid levels can cause gastrointestinal 

inflammation, ulceration and bleeding, renal dysfunction, and disturbances in cardiovascular 

homeostasis (Sharma & Jawad, 2005). While coxibs display improved gastrointestinal safety, 

they are associated with a risk of dangerous adverse cardiovascular events in humans, 

possibly as a result of differential effects on the prothrombotic and antithrombotic 
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prostanoids, TXA2 and PGI2 (Grosser, 2005; Sharma & Jawad, 2005). Consistent with data in 

other species (Koeberle et al., 2010; Mbalaviele et al., 2010; Xu et al., 2008), our data 

supports that mPGES-1 inhibition is selective for PGE2 in horses, significantly reducing 

extracellular PGE2 concentrations without altering TXA2 and PGI2 levels (Figure 4). This 

PGE2 selectivity, coupled with maintenance of basal PGE2 levels (Figure 4A), indicates that 

therapeutic mPGES-1 inhibition would have similar efficacy and a safer gastrointestinal, 

renal, and cardiovascular profile compared to traditional and COX-2 selective NSAIDs in 

horses. 

A possible consequence of mPGES-1 inhibition is redirection of the PGH2 precursor 

to other prostanoid synthases, leading to potentially dangerous outcomes. Previous in vivo 

and in vitro models have had mixed results.  In some studies, mPGES-1 inhibition or deletion 

leads to a shunting of PGH2 to other prostanoid synthases and increased production of TXA2, 

PGI2, or PGF2a (Kapoor et al., 2006; Leclerc et al., 2013; Xu et al., 2008). This was not 

observed in our system, as neither PGI2 nor TXA2 were significantly increased over baseline.  

This is in agreement with Bruno 2010 et al, who did not observe shunting to other 

prostanoids in human whole blood following mPGES-1 inhibition.  This author postulates 

that instead, PGH2 might quickly diffuse or be transported out of blood cells to be degraded 

and not converted to other end-point prostanoids.  While our data is promising, studies will 

need to be conducted in vivo in horses to evaluate potential prostanoid shunting and adverse 

effects.  

We have demonstrated that equine leukocytes are an excellent model for human 

mPGES-1 inhibitor studies. MF63 has been reported to have IC50 values of 1.3uM (Côté et 
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al., 2007) and 0.8uM (Xu et al., 2008) for LPS-stimulated PGE2 in two different human 

whole blood assays, which are similar to the IC50 value obtained in equine leukocyte-rich 

plasma of 0.1147uM (Figure 4A). Additionally, previous studies report a lack of activity of 

phenanthrene imidazole derivatives, such as MF63, against mouse and rat mPGES-1 (Xu et 

al., 2008), suggesting that equine leukocytes are a better-suited translational model for 

studying these mPGES-1 inhibitors. Importantly, equine athletes and humans develop similar 

orthopedic diseases and injuries, and thus horses are an excellent model for assessing the 

importance of mPGES-1 inhibition in naturally-occurring inflammatory orthopedic disease in 

humans.  

This study establishes proof of principle for evaluating mPGES-1 as an anti-

inflammatory therapeutic target in horses.  This data could lead to exciting, novel 

therapeutics for inflammatory diseases in horses that avoid the dangerous adverse effects of 

NSAIDS.  Critically, this data also establishes that horses are an exemplary model for human 

mPGES-1 studies and could be especially useful for evaluating mPGES-1 as therapeutic 

target in naturally-occurring human inflammatory orthopedic diseases. Future studies using 

this system will seek to uncover the specific mechanisms regulating mPGES-1 induction in 

equine leukocytes in order to further elucidate all available mechanisms for targeting this 

enzyme.  Additionally, in vivo approaches will be utilized to evaluate the efficacy of 

mPGES-1 inhibition in equine inflammatory disease.  
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6. Figures 

 

 

Figure 1: LPS stimulation of primed equine leukocytes increases mPGES-1 and 

COX-2, but not cPGES or COX-1 mRNA levels  

Equine leukocytes were primed with GM-CSF (1ng/mL) or control for 30 minutes, 

followed by stimulation with LPS (100ng/mL) or control for indicated times. Levels of 

mPGES-1, cPGES, COX-2, and COX-1 mRNA were assessed via real-time PCR. 

Treatment designations are structured as follows: priming agent/stimulating agent. (A) 

mRNA kinetics in GM-CSF/LPS treated leukocytes over 18 hours. Data are expressed as 

mean fold change ± SEM over time-matched controls (PBS/PBS), denoted by dotted line 

equal to 1, and represents three different donor horses. **p <0.001 and *p <0.05 via two-

tailed t-test compared to time-matched PBS/PBS. (B) mRNA levels in leukocytes primed 

and stimulated for 2 hours with indicated treatments. Data are expressed as in (A) and 

represent three different donor horses. **p <0.001 and *p <0.05 compared to enzyme-

matched control (PBS/PBS) and GM-CSF/PBS levels, and #p <0.05 compared to enzyme-

matched PBS/LPS levels via One Way ANOVA. 
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Figure 2: mPGES-1, cPGES, and COX-1 proteins are constitutive, and COX-2 

protein is increased by LPS stimulation of primed equine leukocytes  

Equine leukocytes were primed with GM-CSF (1ng/mL) or control for 30 minutes, 

followed by stimulation with LPS (100ng/mL) or control for indicated times.  Levels of 

mPGES-1, cPGES, COX-2, and COX-1 protein were assessed via western blot. Treatment 

designations are structured as follows: priming agent/stimulating agent. (A) 

Representative western blots and (B-C) quantification of mPGES-1 and COX-2 protein 

content from three independent experiments from different donor horses. Values are 

normalized to β-actin loading control and are expressed as mean relative intensity units ± 

SEM. **p<0.01 and *p<0.05 compared to time-matched control (PBS/PBS) and GM-

CSF/PBS, and # p<0.05 compared to time 0 (T0) samples, via One Way ANOVA.  
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Figure 3: LPS stimulation significantly increases PGE2 levels in GM-CSF primed 

equine leukocyte cell supernatants.  

Equine leukocytes were primed with GM-CSF (1ng/mL) or control for 30 minutes, followed 

by stimulation with LPS (100ng/mL) or control for indicated times. PGE2 levels were 

assessed via ELISA. Treatment designations are structured as follows: priming 

agent/stimulating agent. Values represent mean PGE2 production ± SEM in pg/ml of six 

independent experiments from different donor horses. * p<0.05 compared to time-matched 

PBS/PBS and GM-CSF/PBS samples, via One-Way ANOVA. Data at 24 hours were log 

transformed for analysis, but back transformed for data presentation.  
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Figure 4: MF63, NS-398, and indomethacin decrease PGE2 in equine leukocyte cell 

supernatants.   

Equine leukocytes were primed with GM-CSF (1ng/ml), followed by stimulation with 

LPS (100ng/ml) in the presence of a selective mPGES-1 inhibitor (MF63, A), a selective 

COX-2 inhibitor (NS-398, B), a nonselective COX inhibitor (indomethacin, C), or vehicle 

control (0.04% DMSO) for 18 hours. PGE2 production was assessed via ELISA. Data 

represent % inhibition of PGE2 production ± SEM compared to cells stimulated in the 

presence of the vehicle for each inhibitor (0.04% DMSO), plotted against log10 inhibitor 

concentration.  IC50 values were calculated for MF63 (0.1147uM), NS-398 (0.0528uM), 

and indomethacin (0.0159uM). Experiments represent three different donor horses.  
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Figure 5: Inhibition of mPGES-1 selectively decreases PGE2, but not TXA2 or PGI2 

in LPS-stimulated, GM-CSF primed equine leukocyte cell supernatants.   

Equine leukocytes were primed with GM-CSF (1ng/ml), followed by stimulation with 

LPS (100ng/ml) in the presence of (A) a selective mPGES-1 inhibitor (MF63), (B) a 

selective COX-2 inhibitor (NS-398), (C) a nonselective COX inhibitor (indomethacin), or 

vehicle control (0.04% DMSO) for 18 hours. PGE2, TXB2 (stable metabolite of TXA2), 

and 6-keto-Prostaglandin F1α (stable metabolite of PGI2) levels were assessed via ELISA. 

Data represent % prostanoid formation ± SEM compared to stimulated cells in the 

presence of the vehicle for each inhibitor (0.04% DMSO). **p<0.001 and *p<0.05 PGE2 

secretion, ##p<0.001 and #p<0.05 TXA2 secretion, and ††p<0.001 and † p<0.05 PGI2 

secretion compared to prostanoid-matched control, via One-Way ANOVA. In (C), PGI2 

and TXA2 values were log transformed for analysis and back transformed for data 
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1. Abstract 

 

The consequences of neutrophilic inflammation are a double-edged sword; neutrophils are 

absolutely necessary for clearance of microbial pathogens but can also inadvertently elicit 

tissue injury. In equine inflammatory disease, tightly controlled neutrophil functions such as 

endothelial adhesion, intraluminal crawling, interstitial tissue migration, and reactive oxygen 

species (ROS) production, can become dysregulated, excessive, and exacerbate disease. Anti-

inflammatory therapeutics that are currently available are either ineffective or elicit 

dangerous adverse effects. Therefore, novel mechanisms of inhibiting neutrophil function are 

needed. One potential neutrophil-targeting strategy is the PGE1 analog misoprostol. 

Misoprostol is a gastroprotectant that induces formation of the secondary messenger 

molecule cyclic AMP (cAMP), which has been shown to exert many anti-inflammatory 

effects on neutrophils. Misoprostol is currently used in horses to treat NSAID-induced 

gastrointestinal injury, however its effects on equine neutrophils have not been determined. 

We hypothesized that pretreatment of equine neutrophils with misoprostol would inhibit 

neutrophil adhesion, chemotaxis, and ROS production in response to multiple pro-

inflammatory stimulants. Results of this study indicate that misoprostol inhibits equine 

neutrophil adhesion induced by LTB4, but not immune complexes (IC) or PMA. In addition, 

misoprostol inhibited equine neutrophil chemotaxis towards LTB4, CXCL8, and PAF in an in 

vitro chemotaxis plate assay. Furthermore, misoprostol also inhibited LPS-, IC-, and PMA-

induced ROS production, as measured via luminol-enhanced chemiluminescence. This data 
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indicates that misoprostol is a potent regulator of neutrophil effector functions in vitro and 

inhibits multiple mechanisms of neutrophil-mediated tissue injury.   
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2. Introduction 

 

Neutrophils provide a first line of defense against bacterial pathogens in both humans and 

horses. Upon infection, neutrophils move from the vasculature into areas of tissue infection 

by undergoing intricate mechanisms of recruitment and activation. These steps include 

endothelial adhesion, crawling along the vascular lumen, extravasation, interstitial tissue 

migration, and culminates in release bactericidal products such as reactive oxygen species 

(ROS) and antibacterial proteins (Borregaard, 2010; Kolaczkowska & Kubes, 2013; Pick et 

al., 2013; Sadik et al., 2011).  While these steps are necessary to defend the host against 

pathogens, disregulated or overabundant neutrophil responses occur in many disease states 

and elicit substantial tissue injury (Mittal et al., 2014; Wong et al., 2012). Neutrophils have 

been implicated in the pathogenesis of many devastating disorders in horses, including 

laminitis (la RebiÃ re de Pouyade & Serteyn, 2011), heaves (Bullone & Lavoie, 2015; 

Leclere et al., 2011), and gastrointestinal ischemia-reperfusion injury (Moore et al., 1995). 

Therefore, there is a significant need for neutrophil-targeted therapeutics in equine medicine.  

 Currently, therapies designed to inhibit neutrophilic inflammation in humans and 

animals are limited (Schofield et al., 2013). Thus, it is imperative that novel mechanisms of 

neutrophil inhibition are investigated. One potential neutrophil-targeting strategy is elevation 

of intracellular cyclic AMP (cAMP). cAMP is a ubiquitously produced second messenger 

molecule that is generated through G-protein coupled receptor (GPCR) signaling in 

neutrophils. Ligand binding to GPCRs leads to activation of intracellular adenylate cyclase 

(AC), which catalyzes the cyclization of AMP to form cAMP. cAMP activates two different 
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intracellular pathways, protein kinase A (PKA) and exchange proteins directly activated by 

cAMP (Epac), that mediate neutrophil adhesion (Bloemen et al., 1997; Chilcoat et al., 2002), 

chemotaxis (Harvath et al., 1991), and production of ROS (Bengis-Garber & Gruener, 1996; 

Chilcoat et al., 2002; Wang et al., 2003). Interestingly, the two pathways activated by cAMP 

have been shown to induce contradictory cellular functions: PKA elicits predominantly 

inhibitory effects within neutrophils, while Epac signaling is associated with cellular 

stimulation (Cheng et al., 2008). Recently, it has been suggested that PKA is the preferred 

pathway acted upon by cAMP within neutrophils, and thus agents that elevate cAMP hold 

great promise as inhibitors of neutrophil function in inflammatory disease (Scott et al., 2016).  

Naturally-occurring cAMP elevating agents include E-type prostaglandins (PGEs) 

such as PGE1 and PGE2. Binding of PGEs to E prostanoid (EP) 2 and EP4 receptors 

increases intracellular cAMP and attenuates multiple neutrophil functions in vitro 

(Armstrong, 1995; Hirata & Narumiya, 2012; Hong, 1996; Sugimoto & Narumiya, 2007; 

Talpain et al., 1995; Wise, 1996). However, clinical use of prostaglandins is limited due to 

instability, poor absorption, and inadequate oral availability. PGE analogs have been 

developed that demonstrate better stability and absorption, including the PGE1 analog 

misoprostol (Smallwood & Malawista, 1995). Misoprostol is an EP2, EP3, and EP4 receptor 

agonist that increases intracellular cAMP and is FDA-approved to treat NSAID-induced 

ulceration in humans due to its protective effects in the gastrointestinal (GI) tract (Ahluwalia 

et al., 2014; Blikslager, 2012). In horses, misoprostol has been shown to decrease gastric acid 

secretion, increase recovery of ischemia injured equine jejunum, and is currently used to treat 

NSAID-induced colitis and ulceration (Marshall & Blikslager, 2011; Sangiah et al.,1989; 
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Tomlinson & Blikslager, 2005). While these benefits alone justify the use of misoprostol in 

NSAID-treated patients, misoprostol could provide additional anti-inflammatory benefits in 

horses suffering from neutrophil-mediated disease.  The anti-inflammatory properties of 

misoprostol have not been studied in equine neutrophils, and therefore our goal was to 

evaluate misoprostol as a novel anti-inflammatory therapeutic in horses. We hypothesized 

that the PGE1 analog misoprostol would inhibit equine neutrophil effector functions in vitro. 

This study is the first to demonstrate that pretreatment with misoprostol leads to 

concentration-dependent inhibition of equine neutrophil adhesion, chemotaxis, and ROS 

production in response to multiple pro-inflammatory stimulants. 

 

3. Materials and Methods 

 

Experimental Reagents 

Lipopolysaccharide (LPS) from E. coli 055:B5, phorbol 12-myristate 13-acetate (PMA), 

CXCL8,  dibutyryl cyclic-AMP (db-cAMP), wortmannin, staurosporine, bovine serum 

albumin (BSA), and anti-BSA antibody were from Sigma Aldrich (St. Louis, MO); heat-

inactivated fetal bovine serum (FBS) was from Gemini-Bioproducts (West Sacramento, CA); 

misoprostol, LTB4, and PAF were from Cayman Chemical (Ann Arbor, MI); equine 

recombinant granulocyte-monocyte colony-stimulating factor (GM-CSF) was from 

Kingfisher Biotech (Saint Paul, MN); and hanks balanced salt solution (HBSS) was from 

Thermo Fischer Scientific (Grand Island, NY).   
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Equine Donors and Neutrophil Isolation 

All experiments were approved by the Institutional Animal Care and Use Committee at 

North Carolina State University (NCSU). Horses included in this study were part of the 

NCSU Teaching Animal Unit herd, 5-15 years of age, and of mixed breed and gender. All 

horses were housed under similar conditions and did not receive any medications for the 

duration of the study.  

Neutrophils were isolated from equine whole blood by density-gradient centrifugation 

as previously described (Sheats et al., 2014). Briefly, 30-60 cc of heparinized equine whole 

blood was collected via jugular venipuncture. Whole blood was placed into sterile conical 

tubes for 1 hour at room temperature to allow erythrocytes to settle out of suspension. The 

leukocyte-rich plasma layer (supernatant) was layered onto Ficoll-Paque Plus (GE 

Healthcare, Sweden) at a 2:1 ratio. Cells were centrifuged and erythrocyte contamination was 

removed from the neutrophil pellet via a 1-minute hypotonic lysis procedure. 

 

Misoprostol Pretreatment 

Neutrophils were pretreated with various concentrations of misoprostol, db-cAMP, 

wortmannin, staurosporine, or vehicle for each inhibitor, for 30 minutes at 37°C. Cell 

viability was evaluated before and after pretreatment using trypan blue exclusion and was 

routinely >95%.  
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Neutrophil Adhesion 

Equine neutrophil adhesion methods have been optimized in our lab previously (Sheats et al., 

2014). Neutrophils were resuspended to a concentration of 1x107 cells per ml in HBSS. 

2µg/mL of the fluorescent dye calcein am (Anaspec, Fremont, CA) was added to cells and 

incubated in the dark at room temperature for 30 minutes.  Following calcein labeling, cells 

were resuspended in HBSS supplemented with 1mM Ca2+, 1mM Mg2+, and 2% fetal bovine 

serum. 

For immune complex (IC)-induced adhesion, Immulon2HB plates (Thermo Fischer 

Scientific) were coated with 10 µg BSA overnight at 4º C and then incubated at 37º C for 2 

hours with 5 µg of anti-BSA antibody.  1x105 cells were plated per well and incubated for 30 

minutes at 37º C.  Wells that were not coated with anti-BSA antibodies served as 

unstimulated controls. For LTB4- and PMA-induced adhesion, plates were coated overnight 

with 5% FBS at 4º C. 1x105 cells were plated in each well and allowed to rest at 37º C for 10 

minutes before addition of 10 ng/ml PMA (or 1x10-5 % DMSO vehicle) or 10nM LTB4 (or 

3x10-3 % ethanol vehicle). Cells were incubated at 37º C for 30 minutes with PMA or 75 

seconds with LTB4.  

Following stimulation in all treatments, fluorescence in each well was read on an 

fMax plate reader (485nm excitation, 530nm emission) then washed 2 (LTB4) or 3 (IC and 

PMA) times before final read. The number of plate washes performed was determined as the 

first wash where fewer than 10% of unstimulated neutrophils were adherent to the plate. 

Percent adhesion was calculated as the difference between the initial and final fluorescence 

readings in each well. 
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Neutrophil Chemotaxis  

Equine neutrophil chemotaxis methods have been optimized in our lab previously (Cook et 

al., 2009b; Sheats et al., 2014). Neutrophils were labeled with calcein am and resuspended in 

media as described above for adhesion experiments. Neuroprobe Disposable ChemoTx 

Systems (Neuroprobe, Gaithersburg, MD) with 3 micron pore size and polycarbonate track-

etch (PCTE) filters were used for chemotaxis experiments. Cell media containing 

chemoattractant or vehicle was added to the bottom chamber of each well. The following 

chemoattractants were utilized: 10nM LTB4, 10nM PAF, 100ng/mL CXCL8, and vehicle for 

each chemoattractant (3x10-3 % ethanol for LTB4 and PAF, HBSS for CXCL8).  

Additionally, 100% migration control wells were prepared by adding 1x104 calcein-labeled 

cells to the bottom chamber of replicate wells. Porous filters were placed over the bottom 

chambers so that contact between filter and chemoattractant or control media was 

established. 1x104 misoprostol-pretreated, calcein-labeled neutrophils were then added in 

triplicate to the top portion of each well filter and were incubated for 1 hour at 37°C to allow 

cells to chemotax into bottom chambers (Sheats et al., 2014). Following incubation, non-

migrated cells were scraped from the top of the filters and EDTA was added for 10 minutes 

at room temperature.  EDTA was then scraped away and fluorescence of the bottom well was 

taken using an fMax plate reader as described above.  Percent cell migration was determined 

by percent fluorescence of wells in each treatment group compared to the 100% migration 

control wells.   
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Neutrophil Reactive Oxygen Species Production 

Production of reactive oxygen species (ROS) was measured using luminol-enhanced 

chemiluminescence, and has been optimized previously for equine neutrophils (Benbarek et 

al., 1996). Cells were plated on sterile, white, 96-well high-binding plates (Sigma), which 

were coated with 5% FBS (for LPS- and PMA-mediated respiratory burst) or 5ug/well IC 

(for IC- mediated respiratory burst) as described above for adhesion experiments. 

Neutrophils were then stimulated using three different experimental protocols: (1) priming 

for 30 minutes with 1ng/mL GM-CSF, followed by stimulation with 100ng/mL LPS (or PBS 

vehicle); (2) 100ng/mL PMA (or 0.01% DMSO vehicle); or (3) 5ug/well immobilized IC (or 

no IC unstimulated control).  1mM luminol was added to each well, and luminesce was 

measured using a Fluoroskan Ascent FL Microplate Fluorometer and Luminometer (Thermo 

Scientific).   

 As this assay had not yet been attempted in our lab, preliminary experiments were 

conducted prior to data collection to determine the optimal number of neutrophils to be used 

for each stimulant. A standard curve was created by plotting neutrophil cell numbers, versus 

raw luminescence values produced by increasing quantities of neutrophils treated with each 

stimulant. From this curve, neutrophil quantities that fell on the linear portion of the curve 

were selected for analysis (data not shown). In accordance with this preliminary data, 

neutrophils were resuspended to achieve a final concentration of 3x105 cells/well (IC), 2x105 

cells per well (LPS), or 1x105 cells/well (PMA) in HBSS supplemented with 10µM Ca2+, 

10µM Mg2+, and 2% FBS.  
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A series of kinetics studies were completed to determine the time of maximal 

significant ROS production in response to each stimulant, and were determined to be 35 

minutes for LPS, 40 minutes for PMA, and 55 minutes for IC. The effects of misoprostol 

pretreatment on stimulated ROS production were then evaluated at those time points. ROS 

production in misoprostol-pretreated cells was determined as a percentage of stimulated cells 

that were pretreated with the misoprostol vehicle (PBS in experimental protocol (1), or HBSS 

in experimental protocols (2) and (3), above). ROS production from one horse was 

considered a significant outlier via the ESD (extreme studentized deviate) method and was 

excluded from analysis (α = 0.05).  

 

Statistical Analysis 

Data were analyzed using SigmaPlot (Systat Software, San Jose, CA). All data were 

normally distributed (Shapiro-Wilk test) and are presented as mean ± SEM. Significant 

differences between treatments were determined via One-Way Repeated Measures Analysis 

of Variance (One-Way RM ANOVA) with Holm-Sidak multiple comparisons post hoc 

testing, or via two-tailed t-test, where appropriate.  A p value <0.05 was considered 

statistically significant.  
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4. Results 

 

4.1 Misoprostol pretreatment inhibits LTB4-, but not PMA- or immune complex-induced 

equine neutrophil adhesion 

To enter areas of tissue inflammation, circulating peripheral blood neutrophils must first 

arrest to endothelial cells neighboring injured tissues. This requires transient 

chemoattractant-induced adhesion, followed by firmer adhesion of activated neutrophils. 

Both adhesion events are mediated by β2 integrins (Langereis, 2013). Increased intracellular 

cAMP has been shown to inhibit β2 integrin-dependent adherence of equine neutrophils 

(Bloemen et al., 1997; Chilcoat et al., 2002), and thus we hypothesized that the cAMP-

elevating agent misoprostol would decrease equine neutrophil adhesion in an in vitro assay. 

Furthermore, we hypothesized that the cell-permeant cAMP analog, db-cAMP, would serve 

as a model for increased intracellular cAMP and a positive control for inhibition of adhesion 

in this study. In addition, because integrin binding ability, strength, and duration differ in 

response to particular adhesion stimulus, we wanted to evaluate the effect of misoprostol on 

adhesion stimulated by the chemoattractant LTB4, the FcγR agonist immune complexes (IC), 

and a direct stimulator of PKC (phorbol 12-myristate 13-acetate, or PMA).  

Our results show that 53.5% of cells stimulated with LTB4 adhered to FBS-coated 

plates. In contrast, pretreatment with 300µM misoprostol significantly inhibited LTB4-

stimulated adhesion to only 39.8%. Furthermore, in agreement with previous reports 

(Bloemen et al., 1997), only 22.2% of LTB4-stimulated neutrophils pretreated with the cell-

permeant cAMP analog db-cAMP were adherent in our assay (Figure 1A). This finding is 
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consistent with conclusions proposed by Smallwood et al., who suggested that misoprostol 

inhibits human neutrophil functions through elevation of intracellular cAMP (Smallwood & 

Malawista, 1995). The PI3K-inhibitor wortmannin was unable to inhibit LTB4-stimulated 

equine neutrophil adhesion in this assay (data not shown), in agreement with findings by 

Jones et. al. that chemoattractant-stimulated adhesion is PI3K-independent in human 

neutrophils (Jones et al., 1998). Thus, our results extend these findings and indicate that 

chemoattractant-stimulated adhesion is also PI3K-independent in equine neutrophils. In 

contrast, the PKC inhibitor staurosporine significantly inhibited LTB4-induced adhesion to 

33.4%, supporting a role for PCK in chemoattractant-induced β2 integrin adhesion in equine 

neutrophils (Figure 1A).  

Consistent with previous results from our lab (Sheats et al., 2014), IC stimulated 

71.3% of equine neutrophils to firmly adhere. However in contrast to previous findings 

(Chilcoat et al., 2002), pretreatment of cells with misoprostol and db-cAMP had no 

significant effect on IC-induced adhesion (Figure 1B). Pretreatment with the PI3K inhibitor 

wortmannin significantly inhibited IC-induced adhesion in this assay to 12.1%, in accordance 

with findings by Jones et. al. that FcγR-mediated β2 integrin adhesion is PI3K-dependent in 

human neutrophils (Jones et al., 1998).  

PMA stimulated 67.5% of equine neutrophils to adhere to FBS-coated plates, which 

is similar to previous findings (Sheats et al., 2014). db-cAMP had no significant effect on 

PMA-mediated neutrophil adhesion, however misoprostol pretreatment significantly 

enhanced PMA-induced adhesion to a maximum of 87.5%, supporting previous reports 

(Chilcoat et al., 2002). Neutrophil pretreatment with the PKC inhibitor staurosporine was 
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utilized as a positive control for inhibition in this assay and significantly inhibited PMA-

induced equine neutrophil adhesion to 48.0% (Figure 1C). 

 

4.2 Misoprostol pretreatment inhibits equine neutrophil migration towards LTB4, CXCL8, 

and PAF 

Following adhesion to the vascular endothelium, neutrophils must migrate along 

chemoattractant gradients to reach sites of tissue injury or infection.  This includes 

intraluminal crawling along the vascular endothelium, as well as interstitial tissue migration 

to target sites (Kolaczkowska & Kubes, 2013; R. Pick et al., 2013). Human neutrophil 

migration is enhanced by 1uM PGE1 pretreatment in response to fMLP, but inhibited at 

higher PGE1 concentrations (Farmer et al., 1991). The effect of the PGE1 analog misoprostol 

on neutrophil chemotaxis in vitro has not yet been evaluated.  Because fMLP is a weak 

chemoattractant for equine neutrophils (Sedgwick et al., 1987), we utilized CXCL8, LTB4, 

and PAF to investigate the effects of misoprostol pretreatment on equine neutrophil 

chemotaxis.  

Concentrations of chemoattractants utilized for migration experiments were chosen 

based on previous work in our lab (Cook et al., 2009b; Eckert et al., 2009; Sheats et al., 

2014). LTB4 and CXCL8 were the most potent chemoattractants, and stimulated directed 

migration of 73.6% and 70.8% of equine neutrophils, respectively (Figure 2A-B). PAF was 

slightly less potent, as only 58.0% of neutrophils migrated towards PAF (Figure 2C). Similar 

to previously reported data, 1uM misoprostol enhanced neutrophil chemotaxis towards LTB4 

and CXCL8 but did not achieve significance. Higher concentrations of misoprostol 
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pretreatment inhibited neutrophil chemotaxis in response to LTB4 and CXCL8 and 

significantly inhibited chemotaxis at a concentration of 300µM (Figure 2A-B).  Misoprostol 

pretreatment did not enhance PAF-induced chemotaxis, and instead led to concentration-

dependent inhibition of neutrophil migration at 100µM misoprostol and above (Figure 2C). 

In addition, db-cAMP significantly inhibited PAF-mediated neutrophil chemotaxis, while 

LTB4- and CXCL8-induced chemotaxis was unaffected (Figure 2).  The PI3K inhibitor 

wortmannin was used as a positive control for inhibition of chemotaxis for all 3 

chemoattractants, as PI3K is known to be required for neutrophil migration. Interestingly, 

300µM misoprostol more potently inhibited neutrophil migration towards all 

chemoattractants when compared to db-cAMP. While this could be attributed to different 

inhibitor concentrations, this potentially implicates an additional cAMP-independent 

mechanism in inhibition of equine neutrophil chemotaxis.  

 

4.3 Neutrophil production of reactive oxygen species (ROS) is increased by PMA and 

immune complexes in unprimed cells, and by LPS in GM-CSF primed cells 

Once at the site of infection, neutrophils release ROS such as superoxide (O2
-) and hydrogen 

peroxide (H2O2) to kill microbial invaders. Neutrophils are capable of releasing ROS 

intracellularly within phagosomes containing engulfed microbes, as well as into the 

surrounding tissues to kill nearby pathogens.  Release of ROS into surrounding tissues can 

cause significant tissue injury in many neutrophil-mediated diseases. Therefore, to detect 

both intra- and extra-cellular neutrophil ROS production, we utilized the highly-sensitive 

luminol-enhanced chemiluminescence method (Dahlgren & Karlsson, 1999).  
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Equine neutrophils stimulated with 5ug of immobilized IC produced a robust ROS 

response that peaked following 60 minutes of stimulation.  This was followed by a steep 

decline in ROS production over the following 60 minutes (Figure 3A). Because of high 

horse-to-horse variability, ROS production at this 60-minute point was not considered 

significantly increased over unstimulated cells. However, the next highest point of ROS 

production, observed following 55 minutes of IC stimulation, was considered significantly 

different than controls (Figure 3A).  

Stimulation with 100ng/mL PMA also resulted in a robust ROS response in equine 

neutrophils that was significantly greater than vehicle treated cells by 10 minutes of 

stimulation.  ROS production continued to increase up to 40 minutes post stimulation, at 

which point a plateau of ROS production was observed (Figure 3B).  

Equine neutrophils stimulated with 100ng/mL LPS mounted a small increase in ROS 

production that was not significantly different than unstimulated controls. In contrast, 

priming cells with 1ng/mL GM-CSF for 30 minutes prior to LPS stimulation led to a 

significant increase in ROS production which peaked following 35 minutes of LPS treatment. 

ROS production then steadily declined over the subsequent 1.5 hours.  GM-CSF priming 

alone did not have a significant effect on ROS production (Figure 3C).  

Of note is that LPS treatment of primed equine neutrophils resulted in a less potent 

ROS response than PMA and IC. Peak luminescence values in these cells were one order of 

magnitude lower than those produced by IC and PMA treatment, indicating that LPS is a 

weaker stimulant of equine neutrophil ROS production, even following neutrophil priming 

(Figure 3).  
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4.4 Misoprostol pretreatment significantly inhibits LPS-, immune complex-, and PMA-

induced equine neutrophil reactive oxygen species production by equine neutrophils 

Misoprostol and other cAMP-elevating agents have been demonstrated to inhibit human 

neutrophil ROS production (Ottonello et al., 1995; Talpain et al., 1995). Therefore, we 

hypothesized that misoprostol pretreatment would inhibit ROS production by equine 

neutrophils as well, which has yet to be investigated. 

Pretreatment with concentrations ≤1µM misoprostol had no effect on IC-stimulated 

ROS production. However, a concentration-dependent decrease in ROS was observed when 

cells were pretreated with misoprostol concentrations at and above 10µM. This effect became 

statistically significant at 200µM and 300µM misoprostol pretreatment (to 49.4% and 42.9% 

of control, respectively). Similarly, pretreatment with db-cAMP led to a concentration-

dependent decrease in IC-stimulated ROS production at concentrations at and above 750µM 

(Figure 4A). This supports the theory that misoprostol inhibits ROS production through 

elevation of cAMP (Ottonello et al., 1995; Smallwood & Malawista, 1995).  

Conversely, PMA-stimulated equine neutrophil ROS production was enhanced in 

response to misoprostol pretreatment in a concentration-dependent manner and was 

significantly elevated at a concentration of 100µM misoprostol (Figure 4B). This pattern was 

similar to that observed in PMA-induced adhesion experiments (Figure 1). Multiple doses of 

db-cAMP had no effect on PMA-stimulated ROS production, which is similar to previously 

published data (Bengis-Garber & Gruener, 1996). Surprisingly, 300uM misoprostol 

pretreatment significantly inhibited PMA-mediated neutrophil ROS production (Figure 4B). 

This indicates that the inhibitory effect of 300µM misoprostol might be attributed to cAMP-
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independent mechanisms. The PKC inhibitor staurosporine was used as a positive control for 

our ability to inhibit PMA-stimulated respiratory burst in equine neutrophils in this assay 

(Figure 4B).  

Misoprostol pretreatment was a potent inhibitor of LPS-stimulated ROS production in 

primed equine neutrophils. This effect was concentration-dependent, and was observed even 

at the lowest concentration of misoprostol evaluated (0.001µM). Similarly, db-cAMP 

pretreatment had a concentration-dependent effect on ROS production as well, which was 

significantly decreased at all concentrations of db-cAMP measured (Figure 4C).   

 

5. Discussion 

 

The aim of this study was to investigate the effect of misoprostol on equine neutrophil 

functions including adhesion, chemotaxis, and reactive oxygen species (ROS) production. 

Surprisingly, we found that misoprostol pretreatment had no effect on IC-induced adhesion, 

and in fact increased adhesion of neutrophils treated with PMA (Figure 1B-C).  In contrast, 

misoprostol inhibited transient LTB4-stimulated adhesion of equine neutrophils in our assay 

(Figure 1A). Furthermore, we demonstrated that misoprostol pretreatment decreased equine 

neutrophil chemotaxis towards LTB4, CXCL8, and PAF in a concentration-dependent 

manner (Figure 2), as well as the production of ROS in response to LPS, IC, and PMA 

(Figure 4). To our knowledge, this study is the first to establish the anti-inflammatory effects 

of misoprostol on equine neutrophil functions. 
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Overabundant and disregulated neutrophil responses elicit substantial tissue damage 

in many equine diseases including laminitis (la RebiÃ re de Pouyade & Serteyn, 2011), 

heaves (Bullone & Lavoie, 2015; Leclere et al., 2011), and gastrointestinal ischemia-

reperfusion injury (Moore et al., 1995). Previous efforts to develop neutrophil-targeting 

therapeutics have fallen short clinically (Arslan et al., 2008; Baran et al., 2001; Faxon et al., 

2002; Flaherty et al., 1994; Mertens et al., 2006; Richard et al., 1988; Schofield et al., 2013), 

thus the inhibitory effect of misoprostol on equine neutrophil functions is exciting. 

Misoprostol has been shown to exert protective effects in vivo, such as inhibition of 

neutrophil tissue influx and oxidative damage in mouse models of cerebral ischemia-

reperfusion injury and hemorrhage (Li et al., 2008; Wu et al., 2015). Additionally, 

misoprostol has been shown to reduce edema and leukocyte infiltration in murine models of 

paw, air pouch, airway, and colonic inflammation (Moraes et al., 2007; Rossetti et al., 1995; 

Smith et al., 1996; Yamada et al., 1991). Taken together with data from the current study, 

misoprostol is a promising therapeutic for neutrophil-mediated disease in horses.  

EP2 and EP4 receptor agonists increase intercellular cAMP, which is the presumed 

mechanism through which misoprostol exerts inhibitory effects in neutrophils (Armstrong, 

1995; Smallwood & Malawista, 1995; Talpain et al., 1995). Previous reports demonstrate a 

direct link between elevation of intracellular cAMP and inhibition of equine neutrophil 

functions, and thus db-cAMP was used to model this phenomenon in our study (Brooks et al., 

2011; Chilcoat et al., 2002; Sun et al., 2007). Similarities between the effects of misoprostol 

and db-cAMP in our system suggest that increased cAMP is the predominant mechanism 

through which misoprostol inhibits most, but not all equine neutrophil cellular functions 
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assayed. However, as cAMP levels were not directly measured in response to misoprostol 

pretreatment, a direct link could not be made.  

The first step in neutrophil tissue recruitment is adhesion of circulating blood 

neutrophils to the vascular endothelium. During this process, interaction of neutrophil G 

protein-coupled receptors (GPCRs) with endothelial-bound chemoattractants, such as LTB4, 

leads to “inside-out” signaling within the neutrophil (Mócsai et al., 2015). Inside-out 

signaling initiates transient neutrophil adhesion by increasing the ligand-binding affinity and 

clustering of β2 integrins on the neutrophil cell surface. Engagement of β2 integrins by 

endothelial cell adhesion molecules (CAMs) results in “outside-in” signaling that leads to 

increased expression of cell surface β2 integrins, increased β2 integrin affinity for endothelial 

CAMs, and ultimately induces more stable adhesion (Abram & Lowell, 2009; Kolaczkowska 

& Kubes, 2013). Experimental inhibition of neutrophil and endothelial CAMs significantly 

decreases neutrophil tissue influx and reduces tissue damage in IRI models (Mayadas et al., 

1993; Wilson et al., 1993; Aversano et al., 1995; Lefer et al., 1994; Palazzo et al., 1998). 

However, these experimental methods have not been clinically translatable. Thus, there is a 

critical need for more effective therapeutics that inhibit neutrophil adhesion.   

In this study, misoprostol pretreatment inhibited LTB4- and IC-induced equine 

neutrophil adhesion in a concentration-dependent manner, but was only considered 

statistically significant in LTB4 stimulated cells (Figure 1A-B). We hypothesize that 

divergent signaling pathways induced by these endogenous stimulants leads to differing 

effects of misoprostol on transient versus firm neutrophil adhesion. In human neutrophils, 

GPCR-stimulated adhesion is phosphatidylinositol-3 kinase (PI3K)-independent, while 
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FcγR-mediated adhesion is PI3K-dependent. However, it is hypothesized that these pathways 

converge on activation of GTPases that are necessary for cellular adhesion (Jones et al., 

1998; Laudanna et al., 1996; Nobes et al., 1995). PKA has been shown to directly inhibit the 

Rho GTPase, RhoA, which is critical to β2-integrin mediated neutrophil adhesion (Chilcoat 

et al., 2002; Lang et al., 1996; Laudanna et al., 1996; 1997). However, additional distinct 

GTPases play a role in adhesion stimulated by different mediators. LTB4-GPCR signaling 

stimulates Rho GTPases by activation of guanine nucleotide exchange factors (GEFs) 

including P-Rex1 and CALDAG-GEF1, which in turn activate Rho GTPase, Rac, and Ras 

GTPase, Rap1, respectively (Ma et al., 1998; Welch et al., 2002). It has been shown that 

cAMP-activated PKA can inhibit GPCR-induced activation of P-Rex1 and CALDAG-GEF1, 

thus inhibiting activation of GTPases necessary for cellular adhesion (Mayeenuddin & 

Garrison, 2006, Subramanian et al., 2013). Conversely, IC-FcγR-PI3K signaling activates 

GTPases preferentially by stimulating the GEF Vav (Futosi et al., 2013; Utomo et al., 2006). 

It has been reported that in contrast to P-Rex1 and CALDAG-GEF1, cAMP-activated PKA 

increases Vav activity in certain cell types, such as endothelial cells (Birukova et al., 2010), 

and thus could enhance FcγR-induced neutrophil adhesion. Thus, we hypothesize that PKA’s 

inhibitory effect on RhoA activity could be agonized in GPCR-stimulated cells by PKA-

induced inhibition of P-Rex1 and CALDAG-GEF1, or antagonized in IC-stimulated cells by 

PKA-stimulated Vav. This could explain the weaker inhibitory effects of misoprostol on IC- 

versus LTB4-stimulated equine neutrophil adhesion.  

An alternative explanation for the different effects of misoprostol on transient and 

firm neutrophil adhesion pertains to cAMP-activated Epac. Epac and PKA elicit divergent 
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functions within neutrophils to maintain fine-tuned control of intracellular cAMP signaling. 

While cAMP-activated PKA generally inhibits neutrophil functions, Epac signaling has been 

shown to enhance cellular adhesion (Cheng et al., 2008). This effect is mediated through the 

Ras GTPase Rap1 that is essential for Mac-1-mediated neutrophil and macrophage adhesion 

(Bergmeier et al., 2007; Lim et al., 2011). We hypothesize that increased intracellular cAMP 

could potentially activate both PKA and Epac in equine neutrophils, and these pathways 

could antagonize one another to modulate the effects of misoprostol on transient and firm 

adhesion.  

In contrast to LTB4 and IC, misoprostol pretreatment led to a dose-dependent increase 

in PMA-stimulated adhesion that is similar to previous reports from our lab (Chilcoat et al., 

2002). PMA is a synthetic mimic of diacylglycerol (DAG), and thus mediates adhesion 

through a PI3K-independent mechanism. Cell-free assays have demonstrated that Rho 

GTPases can activate various PKC isoforms and thus may be upstream of PKC signaling 

(Slater et al., 2001). Therefore, inhibitory effects of cAMP-PKA on upstream Rho GTPases 

would not affect PMA-stimulated PKC activation. Furthermore, PKC can directly activate 

RhoA, potentially outcompeting inhibitory effects of PKA on RhoA activity and adhesion 

(Laudanna et al., 1997). Additionally, as PMA-induced adhesion was increased by 

misoprostol, it is possible that PKA-stimulated Vav could work synergistically with PMA to 

increase adhesion through a PI3K-dependent mechanism  (Birukova et al., 2010). 

Following adhesion, neutrophils crawl along the vascular endothelium and undergo 

directed interstitial tissue migration in response to chemoattractant gradients. 

Chemoattractants induce neutrophil migration by engaging GPCRs and activating many 
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common downstream signaling pathways, including mitogen-activated protein kinases 

(MAPK), phospholipase C (PLC), and PI3K. These pathways lead to activation of multiple 

GTPases that are essential for neutrophil chemotaxis, including Rho, Rac, and Cdc42. While 

many of these mechanisms are shared, each unique GPCR initiates different chemotactic 

responses, intensities, and migration patterns (Kim & Haynes, 2012). One example of these 

differences is the lipid-cytokine-chemokine cascade in neutrophil-mediated disease. Lipid 

chemoattractants predominantly initiate neutrophil chemotaxis into inflamed tissues, while 

chemokines such as CXCL8 amplify neutrophil chemotaxis in later stages (Sadik & Luster, 

2012). Because of these differences, we evaluated the effect of misoprostol on multiple types 

of chemoattractants including the lipids LTB4 and PAF, and the chemokine CXCL8.  

Misoprostol pretreatment inhibited equine neutrophil chemotaxis towards CXCL8, 

LTB4, and PAF (Figure 2).  Misoprostol most potently inhibited chemotaxis towards PAF, 

which was demonstrated to be the weakest inducer of equine neutrophil migration (Figure 

2C). LTB4 and CXCL8 were more potent chemoattractants, and significant inhibition of 

chemotaxis was only produced at the highest concentration of misoprostol tested (300µM). 

Interestingly, 1-10µM misoprostol increased chemotaxis towards LTB4 and CXCL8, 

however this was not statistically significant (Figure 2A-B). This data agrees with previous 

reports indicating that low levels of cAMP can stimulate neutrophil migration, while higher 

cAMP concentrations can inhibit it (Elferink & de Koster, 1993). This could be explained by 

the critical role of Rac in cellular migration and Rac regulation by PKA. PKA has been 

shown to activate Rac in migrating neutrophils, leading to lamellapodia formation and 

directed migration. However, hyper-activation of PKA has also been shown to inhibit 
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GTPase activation and thus inhibits chemotaxis (Howe et al., 2004). Increased intracellular 

cAMP, as seen at higher doses of misoprostol, could serve as a hyper-activation signal to 

inhibit Rac activation. In light of these reports, surprisingly, 1mM db-cAMP did not 

significantly inhibit LTB4 or CXCL8-induced chemotaxis (Figure 2A-B).  Previous studies 

have demonstrated that endogenous PGEs inhibit cell migration through EP2, which is liked 

to increased intracellular cAMP (Armstrong, 1995; Harvath et al., 1991; Smallwood & 

Malawista, 1995). cAMP-activated PKA inhibits multiple downstream targets, including p38 

MAPK, which is necessary for equine neutrophil migration (Costantini et al., 2010; Eckert et 

al., 2009). However in addition to PKA, cAMP also acts on multiple additional targets to 

initiate a complex array of intracellular signaling. Studies have shown that cAMP signaling 

can have divergent effects in human neutrophils that depend on the cAMP-elevating agent 

and the chemoattractant concentration. One study found that LTB4-induced chemotaxis was 

insensitive to the synthetic cAMP agent 8Br-cAMP, but was potently inhibited by PGE1. 

Additionally, cAMP has been shown to have little effect on chemotaxis in the presence of 

optimal concentrations of LTB4, however significantly inhibited chemotaxis towards 

threshold LTB4 concentrations (defined as the lowest concentrations of LTB4 that elicit a 

significant chemotactic response) (Harvath et al., 1991). Taken together with our findings, it 

is likely that the effects of cAMP on equine neutrophil chemotaxis are dependent on the 

specific cAMP-elevating agent and the chemoattractant concentration utilized.  

There are multiple additional mechanisms that could cause misoprostol to have 

different effects on neutrophil chemoattractant responses. Our first hypothesis is that 

distribution of specific chemoattractant receptors and downstream PKAs, ACs, or 
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phosphodiesterases in equine neutrophils could lead to cAMP compartmentalization. This 

limits the availability of critical intracellular secondary messenger molecules and modulates 

their effects throughout the cell (Zaccolo et al., 2006). A second potential explanation for 

these differences could be an unidentified cAMP-independent mechanism. In one study, 

cAMP was not implicated in PGE2-medaited inhibition of chemotaxis in human neutrophils, 

however the alternative pathway through which EP2 suppressed neutrophil chemotaxis was 

not found (Armstrong, 1995).  Previous reports also demonstrate that PGE2 can inhibit PI3K 

activity through a PKA-independent mechanism. However, this study was not able to fully 

elucidate the mechanism involved in this process and remains to be studied (Kolsch et al. 

2008; Burelout et al., 2004).  

Once within the tissues, neutrophils produce reactive oxygen species (ROS) to kill 

bacterial pathogens. However, abundant ROS production can also elicit substantial oxidative 

tissue injury. ROSs are produced by active NADPH oxidase complexes that are formed 

following activation, translocation, and assembly of multiple soluble components at 

intracellular and plasma cell membranes. Of these components, activation of p47phox and 

Rac GTPase are essential to NADPH complex formation and generation of superoxide in 

neutrophils (El-Benna et al., 2009; E. Pick, 2014). Rac and p47phox are activated through 

induction of the PI3K pathway following stimulation by pro-inflammatory mediators such as 

LPS and IC (Chen et al., 2003; Han et al., 1998; Yamamori et al., 2002). PI3K also 

phosphorylates and activates p38 MAPK, which activates additional members of the NADPH 

complex and has been shown to play a role in membrane translocation of activated Rac 

(Brown et al., 2004; Yamamori et al., 2002). The kinetics of LPS-induced p38 MAPK 
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phosphorylation in neutrophils mimic the kinetics of ROS production seen in our assay 

(Figure 3), with phosphorylation peaking at 30 minutes and sustained through 60 minutes of 

stimulation (Haselmayer et al., 2009). In our study, peak time and intensity of ROS 

production varied between stimulants, with more robust ROS production in response to PMA 

and IC when compared to LPS stimulation. The different peaks and intensities seen with each 

stimulant indicate that signaling leading to ROS production within equine neutrophils is 

heavily dependent on the inciting factor.    

Because LPS alone was a weak inducer of equine neutrophil ROS production, we 

hypothesized that priming neutrophils with granulocyte-monocyte colony-stimulating factor 

(GM-CSF) prior to LPS stimulation would produce a more robust response. GM-CSF 

induces low levels of p47phox phosphorylation, but does not induce translocation to areas of 

NADPH complex formation. However, priming neutrophils with GM-CSF prior to exposure 

to more potent stimulants leads to more robust phosphorylation and translocation of p47phox 

and subsequent ROS formation (Dang et al., 1999). This theory was supported in equine 

neutrophils, as priming with GM-CSF significantly increased ROS production in response to 

LPS stimulation in our study (Figure 3C).  

Misoprostol and db-cAMP inhibited IC and LPS-stimulated ROS production in a 

concentration-dependent manner (Figure 4 A, C). Both IC and LPS require activation of 

PI3K and increased intracellular phosphatidylinositol (3,4,5) trisphosphate (PIP3) for ROS 

production (Haselmayer et al., 2009; Kulkarni et al., 2011). P13K activates multiple 

downstream targets that orchestrate NAPDH oxidase assembly, such as p38 MAPK (Brown 

et al., 2004; Yamamori et al., 2002). Additionally, increased intracellular PIP3 is a dual 
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activator of P-Rex1 GEF that stimulates Rac GTPase activity that is also required for 

NADPH complex function. Phosphorylation of P-Rex1 via cAMP-induced PKA has been 

shown to inhibit P-Rex1 function and subsequent Rac activity (Mayeenuddin & Garrison, 

2006). Furthermore, PKA also exerts inhibitory effects on other essential NADPH complex 

components and activators including p47phox and p38 MAPK (Bengis-Garber & Gruener, 

1996; Costantini et al., 2010). This data suggests that misoprostol likely inhibits ROS 

production in IC and LPS-stimulated neutrophils through cAMP-activated PKA. In contrast, 

PMA stimulates ROS production through direct activation of PKC, which is a potent inducer 

of p38 MAPK activity and activation of NADPH complex components (Capsoni et al., 2012; 

Dekker et al., 2000). Therefore, this pathway is generally thought to be insensitive to cAMP-

elevating agents that act on Rho GTPases upstream of PKC (Haselmayer et al., 2009; 

Ottonello et al., 1995; Slater et al., 2001). Interestingly, while db-cAMP had no effect on 

PMA-mediated ROS production, 100µM misoprostol significantly increased ROS levels. 

Conversely, 300µM misoprostol significantly decreased ROS production (Figure 4B), which 

has been documented previously (Penfield & Dale, 1985).  We hypothesize that similar to 

PMA-stimulated adhesion, cAMP-induced PKA activity could stimulate Vav GEFs and 

downstream Rho GTPases to enhance formation of the NADPH complex in response to 

PMA. Alternatively, cAMP-activated Epacs could also stimulate Rap1, which has been 

suggested, but not proven to be involved in superoxide production (Pick, 2014). As these 

enhancing effects were only observed at concentrations up to 100µM misoprostol, it is 

possible that further amplified PKA activation by increasing levels of intracellular cAMP can 

outcompete PKC activation of p38 MAPK to inhibit complex formation. 
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Misoprostol is currently used to treat and prevent NSAID-induced GI injury in equine 

patients suffering from inflammatory disease (Blikslager, 2012; Marshall & Blikslager 2011). 

Replenishing PGE levels with misoprostol restores mucosal barrier function following 

ischemia-reperfusion injury in equine small intestine, potentially through a cAMP-dependent 

mechanism (Blikslager et al., 2000; Tomlinson & Blikslager, 2005). Taken together with our 

data, this indicates that misoprostol would be a safe addition to NSAID therapy to preserve 

GI health while also exerting anti-inflammatory effects. Excitingly, previous reports suggest 

that misoprostol may augment the anti-inflammatory benefits of NSAIDs (Kitsis et al., 1991; 

Moraes et al., 2007). Select NSAIDs have been shown to inhibit neutrophil adhesion (Diaz-

Gonzalez et al., 1995), chemotaxis (Bertolotto et al., 2014), and respiratory burst (Umeki, 

1990); thus, addition of misoprostol could lead to more complete inhibition of neutrophilic 

inflammation with fewer GI side effects compared to NSAID treatment alone.   

In conclusion, this study demonstrates for the first time that misoprostol exerts anti-

inflammatory effects on equine neutrophil effector functions in vitro. Misoprostol 

pretreatment led to a concentration-dependent decrease in equine neutrophil LTB4-stimulated 

adhesion, LTB4, CXCL8-, and PAF-induced chemotaxis, and reactive oxygen species 

production in response to LPS, IC, and PMA stimulation. While many of these effects were 

observed at relatively high concentrations of misoprostol, lower doses of misoprostol may 

prove to be anti-inflammatory in vivo upon interacting with multiple cell types. In fact, it has 

been suggested that many of the protective effects provided by misoprostol in vivo following 

cerebral ischemia-reperfusion injury are mediated through EP2 and EP4 receptors on 

endothelial cells, which neutrophils closely interact with to elicit many of their effects (Li et 
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al., 2008). In vivo equine inflammatory models are needed to investigate this theory and are 

underway. Additionally, this study provides proof of principle that EP receptor agonists elicit 

anti-inflammatory effects on equine neutrophils and paves the way for evaluating other EP2 

and/or EP4 receptor agonists as anti-inflammatory therapeutics is horses. 
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6. Figures 

 

 

 

Figure 1: Misoprostol pretreatment inhibits LTB4-, but not IC- or PMA-induced 

equine neutrophil adhesion.  

Calcein-labeled equine neutrophils were pretreated with varying concentrations of 

misoprostol, db-cAMP, or the vehicle for each inhibitor (HBSS). Preincubation with 

known inhibitors of neutrophil adhesion - wortmannin (for IC) or staurosporine (for LTB4 

and PMA) - was utilized as a positive control for inhibition. Neutrophils were stimulated 

with the following stimulants or vehicles: (A) 10nM LTB4 (or EtOH vehicle), (B) 

100ng/mL PMA (or DMSO vehicle),  (C) 5ug immobilized IC (or 5% BSA vehicle). Cells 

were stimulated with LTB4 for 75 seconds, or PMA and IC for 30 minutes. Initial 

fluorescence readings were taken prior to removal of non-adherent neutrophils via 

multiple washing steps including 2 washes for LTB4, and 3 washes for IC and PMA. 

Percent adhesion was calculated as the final fluorescence reading versus the initial 

fluorescence reading in each well. Data are expressed as mean % adhesion ± SEM and 

represent 3 different horses. **p<0.001 and *p<0.05 indicate significant difference from 

stimulated cells pretreated with misoprostol vehicle, via One Way RM ANOVA.  
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Figure 2: Misoprostol pretreatment inhibits CXCL8-, LTB4-, and PAF-induced 

equine neutrophil chemotaxis.  

Calcein-labeled equine neutrophils were pretreated with multiple concentrations of 

misoprostol, db-cAMP, or the vehicle for each inhibitor (HBSS). The PI3K inhibitor 

wortmannin was used as a positive control inhibition. Neutrophils were stimulated to 

chemotax for 1 hour towards the following chemoattractants or vehicles: (A) 100ng/mL 

CXCL8 (or HBSS vehicle), (B) 10nM LTB4 (or EtOH vehicle), or (C) 10nM PAF (or 

EtOH vehicle). Percent chemotaxis was calculated as florescence in each bottom well 

following 1 hour of chemotaxis, versus 100% migration control wells. Data are expressed 

as mean % chemotaxis ± SEM and represent 3 different horses. **p<0.001 and *p<0.05 

indicate significant difference from stimulated cells pretreated with the misoprostol 

vehicle, via One Way RM ANOVA. 
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Figure 3: Kinetics of equine neutrophil ROS production stimulated by LPS, IC, and 

PMA.  

Equine neutrophils were treated with the following stimulants or vehicles: (A) 1ng/mL 

GM-CSF priming for 30 minutes followed by stimulation with 100ng/mL LPS (or PBS 

vehicle), (B) 5ug immobilized IC (or 5% BSA vehicle), or (C) 100ng/mL PMA (or 

DMSO vehicle). Stimulated cells were incubated in the presence of 1mM luminol for 2 

hours.  Kinetic luminescence readings were taken every 5 minutes.  Data are presented as 

mean ± SEM arbitrary units of luminescence and represent at least 3 different horses. 

**p<0.001 and *p<0.05 indicate significant difference from unstimulated vehicle treated 

cells via One Way RM ANOVA (LPS) or two-tailed t-test (IC and PMA).  
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Figure 4: Pretreatment with misoprostol inhibits LPS-, IC-, and PMA-stimulated 

equine neutrophil ROS production.  

Equine neutrophils were pretreated with multiple concentrations of misoprostol, db-

cAMP, or the vehicle for each inhibitor (HBSS (IC and PMA), or PBS (LPS)). The PKC 

inhibitor staurosporine was used as a positive control for inhibition of PMA-induced ROS 

production. Equine neutrophils were treated with (A) 1ng/mL GM-CSF priming for 30 

minutes followed by stimulation with LPS (or PBS vehicle) for 35 minutes; (B) 5ug 

immobilized IC (or 5% FBS) for 55 minutes; or (C) 100ng/mL PMA (or DMSO vehicle) 

for 40 minutes, in the presence of 1mM luminol. Data are presented as mean % ROS 

production ± SEM compared to stimulated cells pretreated with the misoprostol vehicle, 

and represent at least 3 different horses. **p<0.001 and *p<0.05 indicate significant 

difference from stimulated cells pretreated with the misoprostol vehicle, via One Way RM 

ANOVA 
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1. Abstract 

 

Proinflammatory cytokines including TNFa, IL-1b, IL-6, and IL-8 are potent mediators of 

immune responses in horses. While necessary for orchestration of protective leukocyte 

functions, disregulated cytokine signaling occurs in multiple disease states and is implicated 

in multiple leukocyte-induced equine pathologies. Safe and effective cytokine-targeting 

therapies have not been developed in horses, and thus novel mechanisms of inhibiting 

cytokine production are needed. One potential mechanism is elevation of intracellular cyclic 

AMP (cAMP), a secondary messenger molecule that modulates cytokine synthesis in 

leukocytes. Intracellular cAMP production can be induced by activation of E-prostanoid (EP) 

receptors 2 and 4 by the prostaglandin E (PGE1) analog, misoprostol.  Misoprostol is 

currently used as a gastroprotectant in horses, but has not been evaluated as a cytokine-

targeting equine therapeutic. We hypothesized that misoprostol treatment before or after LPS 

stimulation would inhibit equine leukocyte production of the pro-inflammatory cytokines 

TNFa, IL-1b, IL-6, and IL-8 at the mRNA and protein level, as measured by RT-PCR and 

multiplex bead immunoassay, respectively. To test this hypothesis, freshly collected equine 

leukocyte-rich plasma was utilized to reflect the complex environment encountered by 

equine leukocytes in vivo. Treatment of leukocytes with misoprostol either before or after 

LPS stimulation inhibited TNFa, IL-1b, and IL-6 mRNA production, but did not affect IL-8 

mRNA. At the protein level, misoprostol pre- and post-treatment inhibited LPS-induced 

TNFa and IL-6 production, but had no effect on IL-8. Interestingly, misoprostol pretreatment 

enhanced IL-1b protein synthesis following 6 hours of LPS stimulation, while post-treatment 



 

148 

with misoprostol inhibited IL-1b protein production when measured after 24 hours of LPS 

stimulation. These results indicate that misoprostol exerts anti-inflammatory effects on 

equine leukocytes when applied either before or after a proinflammatory stimulus. However 

these effects appear to be cytokine-specific, and can differentially mediate cytokine 

production at the mRNA and protein level.   
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2. Introduction 

 

Pro-inflammatory cytokines are small protein mediators that initiate and propagate 

inflammation. These molecules are produced by many cell types in response to inflammatory 

insult and aid in clearance of microbial infection through orchestration of leukocyte 

functions. These functions include recruitment and activation of leukocytes at sites of tissue 

injury (Kolaczkowska & Kubes, 2013), upregulation of leukocyte adhesion molecules for 

leukocyte adhesion and migration (Radi et al., 2001), and amplification of pro-inflammatory 

mediator synthesis and secretion to augment the inflammatory cascade (Chaudhry et al., 

2013). In the context of inflammatory disease, the fine-tuned balance of cytokine production 

and signaling often becomes disregulated and overabundant, resulting in destructive and 

catabolic leukocyte processes that elicit tissue injury and exacerbate disease. Disregulated 

cytokine production plays a role in multiple disease states in humans and horses, including 

osteoarthritis (Wojdasiewicz et al., 2014), sepsis (Chaudhry et al., 2013), colitis (Műzes, 

2012), and equine laminitis (la RebiÃ re de Pouyade & Serteyn, 2011). Of these cytokines, 

TNFa, IL-1b, IL-6, and IL-8 have been shown to play a pivotal role in the development of 

inflammatory disease, and thus have been a major target for therapeutic development 

(Chaudhry et al., 2013; Harada et al., 1994; Hunter & Jones, 2015; Ren & Torres, 2009; 

Sedger & McDermott, 2014). However, cytokine-targeting strategies have shown varied 

clinical efficacy and are associated with many deleterious side effects that limit their use in 

some patients (Calich et al., 2010; Song et al., 2002; Dinarello, 2003). Therefore, novel 

methods of safely and effectively inhibiting cytokine production are needed.   
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One potential mechanism of targeting cytokine production is elevation of intracellular 

cyclic AMP (cAMP). Increased cAMP inhibits many equine leukocyte functions, including 

chemotaxis (Brooks et al., 2011), adhesion, respiratory burst (Chilcoat et al., 2002), and 

production of pro-inflammatory cytokines (Sun et al., 2010). These effects are mediated 

primarily through activation of protein kinase A (PKA) in equine leukocytes (Chilcoat et al., 

2002). In human leukocytes, it has been shown that cAMP-activated PKA phosphorylates 

cAMP response element binding protein (CREB), which inhibits transcriptional activity of 

NF-kb that is essential for pro-inflammatory cytokine production (Wen et al., 2010). Thus, 

cAMP-elevating agents show great promise as anti-inflammatory therapeutics in equine and 

human leukocytes.  

Multiple cAMP-elevating therapeutics have been investigated for anti-inflammatory 

potential in horses, including phosphodiesterase (PDE) inhibitors such as pentoxifylline, and 

β2 adrenergic agonists such as Clenbuterol. While pentoxifylline and Clenbuterol elicit anti-

inflammatory effects in equine models (Barton & Moore, 1994; Barton et al., 1997a; Chilcoat 

et al., 2002; Cudmore et al., 2013; Laan et al., 2006; Venugopal et al., 2012), limitations to 

their use have been observed in vivo. One study demonstrated few clinically beneficial 

effects of pentoxifylline administration in an in vivo equine model of endotoxemia (Barton et 

al., 1997b). Additionally, it has been reported that Clenbuterol loses therapeutic efficacy for 

treatment of RAO in horses after 21 days and might even worsen the condition thereafter 

(Read et al., 2012). Furthermore, these therapies have been shown to elicit deleterious 

cardiovascular, neurologic, and musculoskeletal effects in humans and horses (Escolar et al., 
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2012; Kearns & McKeever, 2009; Grimmer et al., 2016; Thompson et al., 2011). Thus, 

investigation of novel cAMP-elevating agents in horses is warranted.  

This study proposes that the prostaglandin E1 (PGE1) analog misoprostol, a 

gastroprotectant and cAMP-elevating agent, is a promising anti-inflammatory therapy for use 

in horses. Misoprostol is FDA-approved to treat gastropathies associated with nonsteroidal 

anti-inflammatory drugs (NSAIDs) in humans, and is currently used for the same purpose in 

horses. Misoprostol is an E-prostanoid (EP) receptor 2, 3, and 4 agonist that has been 

demonstrated to elevate intracellular cAMP in leukocytes (Smallwood & Malawista, 1995). 

The anti-inflammatory effects of misoprostol on human leukocytes are mediated 

predominantly through the EP2 receptor, which is readily expressed on innate immune cells 

such as neutrophils (Armstrong, 1995; Meja et al., 1997; Talpain et al., 1995; Wheeldon & 

Vardey, 1993; Wise, 1996). Misoprostol has been demonstrated to modulate leukocyte pro-

inflammatory cytokine production in multiple human and murine models (Gobejishvili et al., 

2015; Haynes et al., 1992; Meja et al., 1997; Widomski et al., 1997). However, misoprostol 

has not yet been investigated as a cytokine-targeting anti-inflammatory therapy in horses. 

Thus, the goal of this study is to evaluate the effect of misoprostol on equine leukocyte pro-

inflammatory cytokine production at the mRNA and protein level in response to 

lipopolysaccharide (LPS) stimulation. We hypothesized that misoprostol treatment of equine 

leukocytes before or after LPS stimulation would inhibit TNFα, IL-1b, IL-6, and IL-8 mRNA 

and protein production as measured by RT-PCR and multiplex bead immunoassay, 

respectively.  
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3. Materials and Methods 

Equine Donors and Blood Collection 

All horses utilized in this study were housed at the North Carolina State University (NCSU) 

Teaching Animal Unit.  Horses were of mixed breed and gender, and included quarter horses, 

thoroughbreds, Tennessee walking horses, and breed crosses. Ages of horses ranged from 5-

15 years. All horses were kept on pasture under similar conditions, and did not receive any 

anti-inflammatory medications while being used in this study. All procedures were approved 

by the NCSU Institutional Animal Care and Use Committee (IACUC).  

Leucocyte-rich plasma was obtained as previously described (Eckert et al., 2007). 

Briefly, 30-60cc of heparinized equine whole blood was collected via jugular venipuncture. 

Blood sat for 1 hour at room temperature to allow erythrocytes to settle out of solution, and 

the supernatant leukocyte-rich plasma (LRP) layer was collected.  

 

Misoprostol Treatment and LPS Stimulation 

For pretreatment of leukocytes, misoprostol (Cayman Chemical, Ann Arbor, MI) or vehicle 

control (0.05% DMSO) was applied to LRP at various concentrations for 30 minutes at 37°C 

prior stimulation with lipopolysaccharide (LPS) from E. coli 055:B5 (Sigma Aldrich, St. 

Louis, MO). For post-treatment of leukocytes, misoprostol or vehicle control was applied to 

LRP either 30 or 60 minutes following LPS stimulation.  

LRP was stimulated with LPS at a final concentration of 100ng/mL, or vehicle 

control for LPS (sterile PBS), for various time periods at 37°C. Cell viability was assessed 
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via trypan blue exclusion before and after misoprostol and LPS treatment and was routinely > 

95%. 

 

RNA Isolation and First-Strand cDNA Synthesis 

All RNA isolation and DNAse materials were obtained from Qiagen (Valencia, CA). RNA 

was isolated using an RNeasy Mini Kit with QIAshredder column homogenation per 

manufacturer protocol. An RNase-free DNAse set was used to perform two DNase steps: one 

on-column DNase procedure, as well as one DNase procedure following elution of RNA. 

Following the second DNaase digestion, RNA was cleaned up using the RNeasy Mini Kit 

and quantified using a Nanodrop Spectrometer. Equal quantities of RNA from each sample 

were used for cDNA synthesis using the Superscript III First-Strand Synthesis System 

(Invitrogen, Thermo-Fischer Scientific, Grand Island, NY) per manufacturer’s protocol with 

random hexamers (50ng/ul).  

 

Real-Time PCR 

Real-time PCR was carried out using a BioRad MyIQ Single Color Real-Time PCR 

Detection System (BioRad, Hercules, CA) using Taqman primers and probes (Invitrogen, 

Thermo-Fischer Scientific). Primers and probes were obtained from Invitrogen’s proprietary 

equine-specific gene expression assay database and have been validated by the company. 

Invitrogen identifies the NCBI target sequence used to design the primers and probe, the 25 

base pair region of probe binding, and predicted amplicon size (Canales et al., 2006; Shi et 

al., 2006). In preliminary experiments, all PCR products were run on a 2% agarose gel and 
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visualized using EZ Vision Three-DNA Dye (Amresco, Solon, OH) to verify specificity of 

the product. ID numbers of Taqman gene expression assays used are as follows: TNFα, 

Ec03467871; IL-6, Ec03468678; IL-1β, Ec04260296; IL-8, Ec-3468860 and β2M: 

Ec03468699 . PCR samples were run in triplicate, and each well contained equal quantities 

of cDNA (between 1-10ng), 1x Taqman primers and probes, 1x Taqman gene expression 

master mix, and RNase-free water up to 25ul. PCR cycle conditions were carried out per 

manufacturer’s protocol as follows: 50°C for 2 minutes, once; 95°C for 10 minutes, once; 

95°C for 15 seconds, followed by 60°C for 1 minute (with real-time data collection enabled), 

40 times.  

Outliers were removed from any triplicate with a standard deviation greater than 

0.167, and the mean of the remaining two wells was used for analysis. Fold change in mRNA 

levels was determined using the ΔΔCt data analysis method, and β2M was chosen as the 

stably expressed housekeeping gene in preliminary experiments in equine leukocytes using 

procedures described by Radonic et al. (Radonic et al., 2004). 

 

Multiplex Bead Immunoassay Sample Collection and Analysis 

Prior to treatment, equine LRP was diluted 1:1 in RPMI media without phenol red and 

supplemented with 100U/mL penicillin and 100ug/mL streptomycin (Sigma Aldirch). 

Diluted LRP was then pre- or post-treated with misoprostol and stimulated with LPS as 

described above for 6 or 24 hours. Cell supernatant was collected and used for cytokine and 

chemokine analysis.  



 

155 

Simultaneous analysis of 23 different cytokines and chemokines was carried out 

using an equine-specific Milliplex® Map Magnetic Bead Panel (EMD Millipore, Billerica, 

MA) per manufacturer’s protocol. Cytokines/chemokines included in the analysis were: 

interleukin-1α (IL-1α), IL-1β, IL-2, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12 (p70), IL-13, IL-

17A, IL-18, tumor necrosis factor-α (TNFα), interferon-γ (IFNγ), IFNγ-induced protein 10 

(IP-10, or CXCL10), granulocyte-stimulating factor (G-CSF), granulocyte monocyte-

stimulating factor (GM-CSF), growth-regulated protein (GRO, or CXCL1), monocyte 

chemotactic protein-1 (MCP-1, or CCL2), fibroblast growth factor-2 (FGF-2), Eotaxin (or 

CCL11), Fractalkine (or CX3CL1), and RANTES (or CCL5).  

Briefly, supplied 96-well assay plates were washed using kit wash buffer before use. 

Background (assay buffer), standard, and control wells were loaded onto the plate and diluted 

1:1 with serum matrix. The serum matrix for this kit was diluted 1:1 with RPMI media before 

use to mimic the sample environment. Next, 25ul of each sample and assay buffer were 

plated in triplicate in sample wells. Plates were covered and incubated on an orbital shaker 

overnight at 4°C in the presence of magnetic beads coated with fluorescently-labeled capture 

antibodies for each analyte. Beads were then washed and incubated with biotinylated 

detection antibodies, followed by addition of streptavidin-phycoerythrin. Beads were washed 

again before resuspension in drive fluid and sample analysis using a Luminex MagPix® 

instrument and Luminex xPONENT® software (Luminex, Austin, TX).  

Data analysis was conducted using Milliplex Analyst® software (EMD Millipore). A 

minimum count of 50 beads per well was used for inclusion in analysis. Outliers were 

removed from any triplicate with a coefficient of variation (CV) >15%, and the mean of the 
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remaining duplicate samples was used for analysis. Values that fell below the lower limit of 

detection (LLOD) of the assay were assigned the lowest detectable concentration for that 

analyte, as determined by the Analyst® software. Cytokines/chemokines in which >50% of 

sample values fell below the LLOD were not analyzed.  Mean fluorescence intensity (MFI) 

data using a 5-parameter logistic standard curve was used to calculate analyte concentration. 

One horse was removed from analysis due to high CV across all samples, and presence of 

multiple outlying analyte values at baseline and upon LPS stimulation at 6 and 24 hours (via 

extreme studentized derivative method, α=0.05). 

 

Statistical Analysis 

Data was analyzing using SigmaPlot Version 12.0 (Systat Software, San Jose, CA). Data was 

assessed for normality via the Shapiro-Wilk test (p<0.05), and non-normal data were log 

transformed to achieve normality for analysis (noted in figure legends). Data that required 

log transformation included TNFα mRNA fold change at the 2 hour time point presented in 

figure 1A, TNFα pg/ml at 6hr presented in table 1, and Fractaline and IFNγ pg/ml at 24 hours 

presented in table 1. Data was back transformed for presentation. Data was analyzed via One 

Way RM ANOVA with Holm-Sidak multiple comparisons post hoc testing, or paired t-test 

where noted. Log transformation did not achieve normality or equality of variance for IL-1β 

protein values at 6 or 24 hour time points (table 1); thus raw median IL-1β values were 

analyzed using Friedman’s RM ANOVA on Ranks with Student-Newman-Keuls multiple 

comparisons post hoc testing. For comparison, all data are presented as mean ± SEM. 
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4. Results 

 

4.1 Kinetics of cytokine mRNA expression in LPS-stimulated equine leukocytes 

Leukocyte production of pro-inflammatory cytokines occurs rapidly following LPS 

stimulation. To assess the effect of misoprostol on maximal LPS-stimulated cytokine mRNA 

production, we first determined the kinetics of cytokine mRNA expression in response to 

LPS in our equine LRP model. TNFα, IL-6, and IL-1β mRNA production peaked after 2 

hours of stimulation with 100ng/mL LPS, and quickly declined by 6 hours of treatment 

(Figure 1A-C). In contrast, IL-8 displayed a biphasic pattern of mRNA production, peaking 

first at 2 hours before declining and peaking again at 18 hours (Figure 1D). This pattern is 

also observed in human whole blood following LPS stimulation (DeForge & Remick, 1991). 

Because all cytokines displayed a peak in production following 2 hours of LPS stimulation, 

this time point was chosen for initial analysis of the effects of misoprostol pre-treatment on 

LPS-induced cytokine mRNA levels in equine leukocytes.  

 

4.2 Misoprostol pretreatment inhibits LPS-stimulated TNFα, IL-6, and IL-1β, but not IL-8 

mRNA levels in equine leukocytes  

Elevation of intracellular cAMP dampens multiple immune cell functions. However, 

different cAMP-elevating agents have been shown to have varied and even opposing effects 

on TNFα, IL-6, IL-1b, and IL-8 mRNA synthesis in distinct equine leukocyte populations 

(Barton & Moore, 1994; Laan et al., 2006; Sun et al., 2010). Additionally, cAMP can elicit 

different effects on cytokines at the mRNA and protein level, indicating a potential role for 
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cAMP in transcriptional and post-transcriptional regulation of some cytokines (D'Hellencourt 

et al., 1996; Verghese et al., 1995). The effects of misoprostol on proinflammatory cytokine 

mRNA production in leukocytes have not been thoroughly studied and have not been 

evaluated in horses. Thus, we began our investigation by evaluating the effect of misoprostol 

pre-treatment on pro-inflammatory cytokine mRNA expression in equine leukocytes. 

 Misoprostol pretreatment led to a concentration-dependent decrease in TNFα, IL-6, 

and IL-1β, but not IL-8 mRNA levels in equine leukocytes following 2 hours of LPS 

stimulation (Figure 2). TNFα mRNA was most potently inhibited by misoprostol at 

concentrations of 1µM and above (maximum inhibition to 10.3% of control; Figure 2A), 

which is in agreement with previous reports in human peripheral blood mononuclear cells 

(Gobejishvili et al., 2015). Comparatively, IL-6 and IL-1β mRNA levels were significantly 

decreased at and above 10uM misoprostol (maximum inhibition to 33.1% and 64.5% of 

control, respectively; Figure 2B-C), and thus were less sensitive to the effects of misoprostol. 

In contrast, IL-8 mRNA levels were unaffected by misoprostol pretreatment (Figure 2D). The 

effects of misoprostol on IL-6, IL-1β, and IL-8 mRNA expression have not yet been 

evaluated in leukocytes. Considering the opposing effects of other cAMP-elevating agents on 

IL-6, IL-1b, and IL-8 mRNA in other equine leukocyte models (Barton & Moore, 1994; 

Laan et al., 2006; Sun et al., 2010), our data suggests that misoprostol exerts a uniquely 

inhibitory effect on equine leukocyte IL-6 and IL-1β mRNA production.  
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4.3 Misoprostol treatment following LPS stimulation inhibits TNFα, IL-6, and IL-1b mRNA 

expression in equine leukocytes 

In most clinical situations, veterinarians must apply anti-inflammatory therapy following an 

inflammatory insult. Thus, to assess the clinical relevance of misoprostol therapy on TNFα, 

IL-6, and IL-1b mRNA levels, we evaluated the effect of misoprostol when applied 

following LPS stimulation of equine leukocytes at both an early (2 hours) and late (6 hours) 

time point.  

 Application of misoprostol 30 and 60 minutes following LPS stimulation of equine 

leukocytes resulted in a statistically significant decrease in TNFα (to 29.5% and 33.7% of 

control) and IL-6 mRNA (to 73.3% and 57.8% of control) when assessed following 2 hours 

of LPS treatment (Figure 3A). Additionally, application of misoprostol 60 minutes following 

LPS stimulation significantly inhibited IL-1b mRNA production when evaluated at 2 hours 

(to 76.9% of control), however had no effect if applied at 30 minutes (Figure 3A). In 

contrast, when cells were stimulated with LPS for 6 hours, misoprostol treatment 30 and 60 

minutes following LPS stimulation decreased IL-6 mRNA only (to 41.9% and 48.2% of 

control), whereas TNFa and IL-1b mRNA levels were not affected (Figure 3B). This 

indicates that misoprostol inhibits the initial equine leukocyte pro-inflammatory response to 

LPS, even after intracellular signaling has already been induced. However, these effects are 

varied after 6 hours of LPS stimulation.  
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4.4 Misoprostol significantly inhibits LPS-stimulated equine leukocyte secretion of TNFα, IL-

6, IL-1β, and IP-10 in equine leukocytes  

Reports have demonstrated that cAMP-elevating agents can elicit differential and even 

divergent effects on cytokines at the mRNA and protein level (D'Hellencourt et al., 1996; 

Verghese et al., 1995). Thus, we evaluated the effect of misoprostol treatment on cytokine 

secretion in LPS-stimulated equine leukocytes at both an early (6 hour) and late (24 hour) 

time point. For this study, a multiplex bead immunoassay was used to simultaneously 

evaluate the effect of LPS stimulation and misoprostol treatment on 23 different cytokines. 

As shown in Table 1, 100ng/mL LPS significantly increased secretion of almost all cytokines 

and chemokines evaluated at 6 hours, including TNFα, IL-6, IL-1β, IL-8, IP-10, IL-10, IL-4, 

IFN, IL-2, IL-18, IL-5, Fractaline, G-CSF, GRO, MCP-1, and Eotaxin.  Of these analytes, 

only TNFα, IL-6, IL-1β, IL-8, and IL-10 remained significantly increased at 24 hours. Seven 

of the analytes (FGF-2, IL-13, IL-17A, IL-1α, GM-CSF, RANTES, and IL-12p70) were 

below the limit of detection for this assay and were not analyzed.  

 The results of misoprostol treatment on LPS-induced cytokine protein levels are 

shown in table 1. Misoprostol treatment both before and after LPS stimulation resulted in a 

statistically significant decrease in TNFα and IL-6 protein following 6 and 24 hours of LPS 

stimulation. IL-8 protein levels were unaffected by misoprostol treatment, similar to data 

obtained at the mRNA level (Figure 2D). Interestingly, misoprostol pretreatment led to a 

significant increase in IL-1β protein at 6 hours of LPS stimulation, while misoprostol post 

treatment had no effect at this time point.  Furthermore, misoprostol treatment following LPS 
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stimulation led to a statistically significant decrease in IL-1β protein at 24 hours, at which 

time misoprostol pretreatment had no effect. 

In addition to the above cytokines, misoprostol post-treatment significantly inhibited 

IP-10 protein production after 6 hours of LPS stimulation. No other cytokines or chemokines 

were significantly affected by misoprostol pre- or post-treatment. However, an insignificant 

decrease in IFNγ protein of greater than two-fold was noted in misoprostol pre- and post-

treated leukocytes at 24 hours (Table 1).  

Taken together, these results indicate that misoprostol pre- and post- treatment of 

LPS-stimulated equine leukocytes inhibits secretion of pro-inflammatory TNFα and IL-6 

proteins, as well as exerts differential effects on IL-1β mRNA and cytokine secretion. 

Interestingly, the anti-inflammatory cytokine IL-10, which has been documented to be 

increased by misoprostol treatment in leukocytes (Gobejishvili et al., 2015) was unaffected.  

 

5. Discussion 

 

Dysregulated cytokine production and subsequent leukocyte responses have been implicated 

in the pathophysiology of multiple diseases that affect horses (Chaudhry et al., 2013; la 

RebiÃ re de Pouyade & Serteyn, 2011; Műzes, 2012; Visser & Pollitt, 2011; Wojdasiewicz 

et al., 2014). While increased intracellular cAMP has been demonstrated to inhibit cytokine 

synthesis in equine leukocytes, many cAMP-elevating therapies studied in horses are 

associated with limited clinical efficacy and adverse effects in vivo (Laan et al., 2006; Sun et 

al., 2010; Barton et al., 1997b; Escolar et al., 2012; Kearns & McKeever, 2009; Read et al., 
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2012; Thompson et al., 2011). This study is the first to demonstrate that the cAMP-elevating 

PGE1 analog, misoprostol, significantly decreases pro-inflammatory cytokine mRNA and 

protein levels in an in vitro model of equine inflammation. Misoprostol treatment prior to and 

following LPS stimulation decreased TNFa and IL-6 mRNA and protein levels in equine 

leukocytes, but had no effect on IL-8. Interestingly at early time points of analysis, 

misoprostol inhibited LPS-stimulated IL-1b mRNA synthesis but increased IL-1b protein 

levels. Conversely at later time points, misoprostol had no effect on IL-1b mRNA production 

but decreased IL-1b protein secretion (Figures 2-3, Table 1). This indicates that misoprostol 

is a potent modulator of equine leukocyte pro-inflammatory cytokine mRNA and protein 

synthesis, as well as suggests a potential role in cytokine regulation at the transcriptional and 

post-transcriptional level. 

 Misoprostol inhibition of TNFa mRNA and protein synthesis is documented in 

leukocytes from multiple species. Misoprostol decreases TNFa mRNA and protein synthesis 

in human and rodent leukocytes in vitro (Gobejishvili et al., 2015; Haynes et al., 1992; Meja 

et al., 1997), as well as in ex vivo human and in vivo rodent models of inflammation 

(Gobejishvili et al., 2015; Mahatma et al., 1991; Nakamura et al., 1992). Furthermore, the 

cAMP analog db-cAMP has been shown to inhibit TNFa mRNA production in vitro in 

equine monocytes (Sun et al., 2010). In our study, misoprostol pre- and post- treatment 

inhibited equine leukocyte TNFa mRNA levels (Figures 2-3), and suppressed TNFa protein 

secretion (Table 1). These results are exciting, as TNFa is a critical mediator of 

inflammatory disease and has become an important target for therapy development. TNFa is 
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implicated in the pathophysiology of several equine inflammatory disorders, including 

dysregulated immune responses in endotoxemia and sepsis (Beutler et al., 2008; Morris et al., 

1990), increased neutrophil infiltration in inflammatory airway disease (Richard et al., 2014), 

and enhancement of neutrophil reactive oxygen species production and tissue damage that 

plays a role in laminitis (Binder et al., 1999; Kwon, et al., 2013). Therefore, our finding that 

misoprostol significantly inhibits TNFa mRNA and protein secretion in equine leukocytes is 

promising for treatment of equine inflammatory disease.  

The mechanism by which misoprostol inhibits TNFa mRNA and protein production 

in equine leukocytes has not yet been elucidated, but we hypothesize that this is a cAMP-

dependent mechanism. It has been shown that misoprostol elicits multiple anti-inflammatory 

effects in human leukocytes though elevation of intracellular cAMP (Armstrong, 1995; 

Gobejishvili et al., 2015; Smallwood & Malawista, 1995). Increased cAMP predominantly 

stimulates two intracellular pathways, including activation of protein kinase A (PKA), and/or 

exchange proteins directly activated by cAMP (Epacs). cAMP-activated PKA is generally 

associated with inhibitory effects in leukocytes, including decreased TNFa mRNA and 

protein synthesis (Gobejishvili et al., 2015). In contrast, Epac activation elicits pro-

inflammatory effects mediated through the GTPase, Rap1, including stimulation of cellular 

adhesion and secretion (Cheng et al., 2008). Recent reports suggest that cAMP preferentially 

activates the inhibitory PKA pathway in neutrophils, and that misoprostol inhibits TNFa 

mRNA expression in human leukocytes in a PKA-dependent manner. However functional 

Epacs are present in leukocytes and thus could also play a role in cytokine regulation (Scott 

et al., 2016). In other cell types, PKA and Epac can antagonize or agonize one another in 
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various processes, suggesting that cross-talk between these pathways could orchestrate 

cellular functions (Cheng et al., 2008). The Epac pathway has not been fully studied in 

leukocytes, however it is possible that both the Epac and PKA pathways maintain fine-tuned 

control of cAMP signaling to modulate equine leukocyte cytokine production.  

 The potential routes through which cAMP-activated PKA inhibits cytokine 

production have not been evaluated in equine leukocytes, however previous studies in other 

species implicate inhibition of transcription factor NF-kb. NF-kb is critical for LPS-

stimulated toll-like receptor 4 (TLR4) signaling and upregulation of pro-inflammatory 

cytokine expression. In human leukocytes, cAMP-activated PKA inhibits NF-kb 

transcriptional activity by activating CREB (cAMP response element binding protein) 

(Gobejishvili et al., 2015; Wen et al., 2010). CREB inhibits NF-kb through competition for 

cofactors that are necessary for activity, and thus inhibits NF-kb-mediated transcription of 

pro-inflammatory cytokine mRNA (Parry & Mackman, 1997; Wen et al., 2010). 

Interestingly, cAMP has also been demonstrated to inhibit elements of the AP-1 transcription 

factor complex through activation of Epac-Rap1 signaling, leading to reduced expression of 

many inflammatory genes. Additionally, Epac has been implicated in a second potential 

mechanism of cytokine inhibition involving activation of SOCS (suppressor of cytokine 

signaling) proteins. These proteins are upregulated by native PGEs and misoprostol through 

cAMP-activated Epac-Rap1 signaling (Cheon et al., 2006; Gasperini et al., 2002; Sands et 

al., 2006). SOCS1 has been demonstrated to inhibit TLR signaling by inducing ubiquitination 

and degradation of NF-kb to prevent cytokine transcription (Ryo et al., 2003). Additionally, 

SOCS3 inhibits activation of TRAF6, which is a critical component of TLR signaling 
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(Frobøse et al., 2006). While these mechanisms have yet to be investigated in equine 

leukocytes, it is possible that multiple cAMP-activated pathways are responsible for 

misoprostol-mediated cytokine inhibition in horses. 

In addition to the suppressive effects of misoprostol on TNFa expression in our 

model, misoprostol pre- and post- treatment also inhibited LPS-stimulated equine leukocyte 

IL-6 mRNA (Figures 2-3) and IL-6 protein synthesis (Table 1). These results somewhat 

contradict previous studies that report varied effects of cAMP-elevating agents on leukocyte 

IL-6 production. Earlier studies demonstrate that misoprostol and other cAMP-elevating 

agents can enhance IL-6 expression in innate immune cells (Haynes et al., 1992). This 

seemingly contradictory effect of cAMP has been attributed to the pleiotropic nature of IL-6, 

as it can exert both pro- and anti-inflammatory effects in vivo. Interestingly, one study 

demonstrated that the phosphodiesterase (PDE) inhibitor and cAMP-elevating agent 

pentoxifylline has no effect on IL-6 mRNA or protein production in LPS-stimulated human 

monocytes, but inhibited IL-6 protein synthesis in human whole blood (D'Hellencourt et al., 

1996). Additional equine-specific studies have demonstrated that cAMP-elevating agents 

have no effect on IL-6 mRNA expression in equine alveolar macrophages (Laan et al., 2006), 

but decrease IL-6 activity in LPS-stimulated equine whole blood (Barton & Moore, 1994). 

These studies suggest that increased intracellular cAMP has different effects on isolated cell 

types when compared to mixed cell populations. In whole blood or LRP, cross-talk between 

different cell types could serve to inhibit IL-6 expression in response to cAMP-elevating 

agents by decreasing TNFa and ROS production, or enhancing secretion of anti-

inflammatory mediators such as IL-10. Taken together with our study, we hypothesize that 
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cAMP-elevating agents exert specific inhibitory effects on IL-6 expression in a mixed 

population of equine leukocytes when compared to a single cell type system.  

The ability of misoprostol to inhibit TNFa and IL-6 mRNA and protein production 

when applied following LPS stimulation is exciting (Figure 3), as clinicians are most often 

faced with treating inflammation following inflammatory insult. Our data indicates that 

misoprostol is able to inhibit an active pro-inflammatory process that has initiated multiple 

intracellular signaling pathways. This demonstrates that misoprostol could be a practical 

choice of anti-inflammatory for clinicians in a setting in which patients are being treated for 

acute and possibly chronic inflammatory disorders. 

The divergent effects of misoprostol on IL-1b mRNA and protein production in 

equine leukocytes suggest that misoprostol regulates IL-1b on a transcriptional and post-

transcriptional level. Previous studies demonstrate that cAMP-elevating agents can decrease 

(Haynes et al., 1992; Laan et al., 2006), increase (Sung & Walters, 1991), or have no effect 

(Sun et al., 2010) on IL-1β mRNA and protein synthesis in human and equine monocytes, 

and exert opposing effects on IL-1β mRNA and protein production in human leukocyte 

models (D'Hellencourt et al., 1996; Verghese et al., 1995). At early time points in our study 

(i.e. 2 hours for mRNA, and 6 hours for protein assessment), pretreatment with misoprostol 

decreased LPS-stimulated IL-1b mRNA production (Figures 2C, 3A), but enhanced IL-1b 

protein secretion (Table 1). While we cannot definitely explain these divergent effects, we 

hypothesize that they are orchestrated by caspase-mediated IL-1b activation. In immune 

cells, IL-1b is synthesized as an inactive precursor (pro-IL-1b) and requires activation by the 

protease caspase-1 for secretion. Interestingly, caspase-1 is constitutively active in circulating 
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blood monocytes (Netea et al., 2009), and cAMP has been shown to induce caspase-1-

dependent monocyte IL-1b synthesis. Furthermore, cAMP can directly stimulate caspase-1 

activity in pulmonary microvascular endothelial cells (Larena et al., 2015; Renema et al., 

2016). Thus, cAMP-stimulated caspase-1 activity could activate pro-IL-1b protein more 

rapidly in our assay leading to increased mature IL-1b protein secretion, even if IL-1b 

mRNA levels are decreased. In vivo, native PGEs might utilize this mechanism to regulate 

several processes in health and disease. IL-1β has been shown to play some homeostatic roles 

in vivo (Ren & Torres, 2009), and it is possible that decreased IL-1b mRNA levels coupled 

with increased IL-1b protein could serve to balance IL-1b synthesis to maintain homeostasis 

during the onset of inflammation in horses. 

At later points of assessment (i.e. 6 hours for mRNA, and 24 hours for protein 

analysis), misoprostol had no significant effect on IL-1b mRNA production (Figure 3B), but 

decreased IL-1b protein secretion when applied following LPS stimulation (Table 1). It is 

possible that differences in effects on IL-1b between early and late time points are due to 

leukocyte differentiation over time in culture. 24 hours of LPS stimulation, in combination 

with the cytokine milieu present in cell supernatants, provides conditions needed for 

monocytes to begin differentiation into macrophages (Geissmann et al., 2010). Caspase-1 is 

constitutively inactive in macrophages, and thus requires two separate stimulatory events for 

mature IL-1b secretion: the first to upregulate IL-1b mRNA and pro-IL-1b protein synthesis, 

and the second to activate caspase-1 to process mature IL-1b. Rapid metabolism of 

misoprostol and downregulation of EP2 receptors following extended exposure to PGEs most 
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likely limits the effects of misoprostol on IL-1b mRNA synthesis at 24 hours in our model 

(Nishigaki et al., 1996). Thus, although IL-1b mRNA was not affected at this later time 

point, a lack of caspase-1 activity in these cells could decrease mature IL-1b protein 

secretion after 24 hours. In vivo, accumulated pro-IL-1b protein could potentially serve as 

substrate for rapid formation of active IL-1b upon caspase-1 activation once cells encounter a 

second inflammatory stimulus. The mechanisms regulating this differential effect remain to 

be determined in equine leukocytes. 

The effects of misoprostol on IL-8 mRNA and protein synthesis have not been 

previously evaluated. Thus, we are the first to report that misoprostol has no effect on IL-8 

mRNA or protein levels in leukocytes. IL-8 is a potent chemoattractant that recruits 

neutrophils to areas of tissue inflammation, upregulates neutrophil adhesion molecules, and 

induces neutrophil adhesion and enzyme release. Surprisingly, some cAMP-elevating agents 

increase IL-8 production in LPS-stimulated equine monocytes (Sun et al., 2010), but inhibit 

IL-8 mRNA synthesis in equine alveolar macrophages (Laan et al., 2006). Furthermore, 

similar to IL-6, one human study demonstrated that pentoxifylline has no effect on IL-8 

mRNA or protein in human monocytes, but inhibits secretion of IL-8 protein in LPS-

stimulated human whole blood (D'Hellencourt et al., 1996). These disparities suggest that 

cAMP-elevating agents have varied effects on IL-8 production in different types of 

leukocytes, as well as in isolated versus mixed leukocyte populations. As misoprostol had no 

effect on IL-8 production in equine LRP, while other cAMP-elevating agents decrease IL-8 

in human whole blood, we hypothesize that this effect is specific to equine cells and to 

misoprostol. While the later has yet to be investigated, it is possible that misoprostol exerts 
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unidentified effects on equine leukocytes that do not affect IL-8. This could be a homeostatic 

function in vivo, as IL-8 has been hypothesized to play a reparative role in porcine gut 

models (Nguyen et al., 2014) and could be preserved by natural PGEs to maintain GI health 

and repair in horses.  

 The recent availability of a commercially available equine multiplex bead 

immunoassay that detects 23 different secreted cytokines and chemokines allowed us to 

investigate the effect of misoprostol pre- or post-treatment on a multitude of proteins secreted 

by equine leukocytes. In addition to the analytes previously discussed, misoprostol post-

treatment significantly inhibited secretion of IP-10 (also known as CXCL10, or IFNγ-

inducible protein 10) following 6 hours of LPS stimulation. IP-10 is rapidly induced 

following infection and is upregulated in LPS-stimulated innate immune cells to attract and 

stimulate effector T cells (Dufour et al., 2002). In addition to IP-10, we saw an insignificant 

2-fold decrease in IFNγ secretion in misoprostol pre- and post-treated leukocytes following 

24 hours of LPS stimulation. Significant inhibition of IFNγ protein secretion by misoprostol 

pretreatment has been demonstrated previously in human monocytes (Haynes et al., 1992). 

IFNγ is critical for defense against intracellular bacterial infections and some viruses, and is 

also a critical regulator of macrophage activation, MHC I and II antigen presentation, and 

effector T cell differentiation. Taken together, this indicates that misoprostol could aid in 

regulating the bridge between innate and adaptive immune responses in vivo.  

Surprisingly, the anti-inflammatory IL-10 protein was not affected by misoprostol 

treatment. Previous studies have demonstrated that misoprostol treatment increases IL-10 

protein production in an ex vivo human leukocyte model (Gobejishvili et al., 2015). 
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Additionally, other cAMP-elevating agents augment IL-10 protein secretion in LPS-

stimulated human monocytes, suggesting that this is a cAMP-dependent mechanism. cAMP-

dependent increases in IL-10 expression require PKA activity in human cells (Eigler et al., 

1998), suggesting divergent roles for PKA in cytokine regulation. Previous work in equine 

monocytes describe that db-cAMP significantly augments LPS-stimulated equine monocyte 

IL-10 mRNA levels, however did not evaluate the effect on IL-10 protein (Sun et al., 2010). 

Because our study did not evaluate IL-10 mRNA, our data suggests that misoprostol and 

potentially other cAMP-elevating agents do not effect IL-10 protein secretion in equine 

leukocytes.    

 This study is the first to confirm that misoprostol regulates equine leukocyte cytokine 

production at the mRNA and protein levels.  Significant inhibition of TNFα, IL-6, and IL-1β 

mRNA and protein at multiple points in the inflammatory cascade indicate that misoprostol 

is a potent anti-inflammatory therapeutic in LPS-stimulated equine leukocytes. This data is 

exciting, as safe and effective therapeutics designed to inhibit cytokine production and limit 

inflammation have yet to be identified in horses. Misoprostol is currently employed in horses 

as a gastroprotectant, and our data suggests that misoprostol could also be safely used as an 

anti-inflammatory therapeutic. Additionally, previous studies have shown that misoprostol 

can augment the anti-inflammatory effects of NSAIDs (Kitsis et al., 1991; Moraes et al., 

2007), while also preventing GI injury by decreased gastric acid secretion and enhancing GI 

mucosal repair in horses (Sangiah et al., 1989; Tomlinson & Blikslager, 2005). Further 

studies will investigate the ability of misoprostol to inhibit cytokine production in ex vivo and 
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in vivo models of inflammation in order to further characterize misoprostol as an anti-

inflammatory therapeutic in horses.  
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6. Figures 

 

 

 

 

 

 

 

 

Figure 1: LPS increases TNFα, IL-6, IL-1β, and IL-8 mRNA levels in equine 

leukocytes.  

Equine LRP was stimulated with 100ng/mL LPS or vehicle (PBS) for 1, 2, 6, or 18 hours. 

mRNA was isolated, and levels of (A) TNFα, (B) IL-6, (C), IL-1β, and (D) IL-8 mRNA 

were quantified using real-time PCR. Data are expressed as mean ± SEM fold change in 

mRNA levels over untreated cells at 0 hours (not shown), and represent four different 

horses. *p<0.05 indicates a significant difference between LPS-stimulated cells and time-

matched unstimulated controls via paired t-test.  
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Figure 2: Misoprostol pre-treatment decreases TNFα, IL-6, and IL-1β mRNA levels 

in LPS-stimulated equine leukocytes.  

Equine LRP was pre-treated with various concentrations of misoprostol or vehicle (0.05% 

DMSO) for 30 minutes, followed by stimulation with 100ng/mL LPS or PBS for 2 hours. 

mRNA was isolated, and levels of (A) TNFα, (B) IL-6, (C), IL-1β, and (D) IL-8 mRNA 

were quantified via real-time PCR. Data are expressed as mean ± SEM fold change in 

mRNA levels versus LPS-stimulated cells pretreated with the misoprostol vehicle 

(denoted as 0µM misoprostol), and represent three different horses. **p<0.001 and 

*p<0.05 indicates a significant difference compared to LPS-stimulated cells pretreated 

with the misoprostol vehicle (black bar) via One-Way RM ANOVA.   
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Figure 3: Misoprostol treatment 30 and 60 minutes following LPS stimulation 

inhibits TNFα, IL-6, and IL-1β mRNA production in equine leukocytes.   

Equine LRP was stimulated with 100ng/mL LPS or PBS, followed 30 or 60 minutes later 

by treatment with 100µM misoprostol or vehicle (0.05% DMSO). Cells were incubated 

for (A) 2 hours, or (B) 6 hours, and mRNA was isolated. Levels of TNFα, IL-6, and IL-1β 

mRNA were assessed via real-time PCR. Data are expressed as mean ± SEM fold change 

in mRNA levels of six (A) or four (B) different horses versus LPS-stimulated cells that 

were post-treated with the misoprostol vehicle (denoted as 0µM misoprostol). **p<0.001 

and *p<0.05 indicates a significant deference compared to LPS-stimulated cells that were 

post-treated with the misoprostol vehicle (black bars) via One-Way RM ANOVA.   
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7. Tables 

 

 

 

 

Table 1: Effect of misoprostol treatment before or after LPS stimulation on equine 

leukocyte extracellular cytokine levels.   

Four different treatment groups were analyzed: unstimulated equine LRP pre-treated with 

the misoprostol vehicle (0.05% DMSO), not shown; 0µM = equine LRP pre-treated for 30 

minutes with misoprostol vehicle (0.05% DMSO) prior to LPS stimulation; 100µM Pre 

Treatment = equine LRP pre-treated for 30 minutes with 100µM misoprostol prior to LPS 

stimulation; 100µM Post Treatment = equine LRP was stimulated with 100ng/mL LPS, 

followed 30 minutes later by treatment with 100µM misoprostol. All samples were 

incubated at 37°C for 6 or 24 hours. Cell supernatants were analyzed for 

cytokine/chemokine levels using a multiplex bead-based immunoassay. Data are 

presented as mean ± SEM cytokine levels in pg/mL, and represent five different horses. 

Significant differences from unstimulated samples pre-treated with the misoprostol 

vehicle (not shown) via One Way RM ANOVA (*p<0.05) or Friedman RM ANOVA 

(§p<0.05) are indicated. Significant differences from LPS-stimulated samples pre-treated 

with the misoprostol vehicle (denoted as 0µM misoprostol) via One Way RM ANOVA 

(†p<0.05), or Friedman RM ANOVA on Ranks (‡p<0.05) are also indicated.  
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Analyte Levels 6 Hours Post LPS Treatment (pg/mL) 

  
Misoprostol (µM)  

Cytokine 
0µM 100µM Pre Treatment 100µM Post Treatment 

TNF-α 894.064 (±179.221)* 106.758 (±18.060)
†
 123.098 (±30.886)

†
 

IL-6 261.540 (±42.707)* 189.514 (±27.817)
†
 142.422 (±26.252)

†
 

IL-1β 3150.524 (±1520.336)
§
 6027.748 (±2914.889)

‡
 3594.648 (±1682.129) 

IL-8 160.750 (±33.802)* 158.802 (±30.795) 154.986 (±30.643) 

IP-10 173.014 (±51.100)* 168.298 (±52.347) 166.196 (±50.940)
†
 

IL-10 284.534 (±59.435)* 322.008 (±79.808) 269.366 (±53.206) 

IL-4 1486.826 (±557.649)* 1468.370 (±550.651) 1460.358 (±543.439) 

IFNγ 947.748 (±286.373)* 932.092 (±281.452) 918.024 (±285.689) 

IL-2 12.988 (±2.803)* 12.984 (±2.635) 12.988 (±2.687) 

IL-18 142.850 (±43.023)* 143.136 (±42.121) 142.644 (±42.195) 

IL-5 56.785 (±14.970)* 58.262 (±14.692) 56.848 (±14.935) 

Fractaline 1211.792 (±772.502)* 1210.620 (±795.108) 1203.280 (±776.168) 

G-CSF 334.736 (±100.147)* 337.046 (±99.541) 329.058 (±101.121) 

GRO 206.730 (±19.548)* 217.976 (±19.254) 210.944 (±19.566) 

MCP-1 3767.000 (±1012.198)* 3770.200 (±1004.467) 3686.400 (±990.298) 

Eotaxin 15.282 (±6.499) 15.618 (±6.714) 15.008 (±6.685) 

Table 1 (Continued): Effect of misoprostol treatment before or after LPS stimulation 

on equine leukocyte extracellular cytokine levels.  
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Analyte Levels 24 Hours Post LPS Treatment (pg/mL) 

  
Misoprostol (µM)  

Cytokine 0µM 100µM Pre Treatment 100µM Post Treatment 

TNF-α 159.388 (±32.838)* 27.758 (±3.707)
†
 35.814 (±9.906)

†
 

IL-6 93.298 (±14.794)* 59.310 (±12.267)
†
 52.858 (±10.413)

†
 

IL-1β 1133.266 (±366.477)
§
 670.146 (±214.096) 575.286 (±200.162)

‡
 

IL-8 67.866 (±10.138)* 68.048 (±9.256) 67.058 (±8.910) 

IP-10 90.624 (±19.337) 82.244 (±23.320) 84.344 (±21.908) 

IL-10 163.348 (±38.802)* 153.022 (±33.184) 147.664 (±35.273) 

IL-4 389.620 (±121.471) 393.586 (±124.957) 395.160 (±125.627) 

IFNγ 617.860 (±202.735) 283.524 (±67.384) 251.630 (±72.228) 

IL-2 5.688 (±0.769) 5.694 (±0.677) 5.550 (±0.791) 

IL-18 35.224 (±8.172) 35.786 (±8.486) 35.934 (±8.32) 

IL-5  16.934 (±3.445) 17.280 (±3.481) 17.166 (±3.444) 

Fractaline 2.294 (±0.233) 2.314 (±0.232) 2.306 (±0.243) 

G-CSF 85.532 (±28.732) 89.294 (±29.413) 89.166 (±31.782) 

GRO 62.574 (±7.753)* 61.424 (±6.904) 63.848 (±6.862) 

MCP-1  778.114 (217.657) 797.044 (±215.033) 791.620 (±214.179) 

Eotaxin  --   --   --  

Table 1 (Continued): Effect of misoprostol treatment before or after LPS stimulation 

on equine leukocyte extracellular cytokine levels.   
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1. Abstract 

 

Misoprostol is an E prostanoid (EP) 2, 3, and 4 receptor agonist that is used to treat and 

prevent NSAID-induced GI injury in horses. In addition, misoprostol has also been shown to 

elicit anti-inflammatory effects in vivo by increasing production of leukocyte intracellular 

cyclic AMP (cAMP). cAMP-elevating agents inhibit production of the potent pro-

inflammatory cytokine TNFα, which plays a key role in the pathophysiology of multiple 

equine inflammatory diseases. While previous studies from our lab reveal that misoprostol 

inhibits TNFα production in equine leukocytes in vitro, ex vivo studies are needed to assess 

the clinical relevance of this drug as an anti-inflammatory in horses. Furthermore, the 

pharmacokinetic profile of oral misoprostol administration has not been determined in 

horses. Thus, our goals were to define the pharmacokinetic parameters of orally administered 

misoprostol in horses and to evaluate misoprostol as a potential equine anti-inflammatory 

therapeutic. We hypothesized that misoprostol would be rapidly absorbed following oral 

administration at a clinically-relevant dose of 5ug/kg, and would achieve maximal plasma 

concentrations that inhibited TNFα mRNA production in lipopolysaccharide (LPS)-

stimulated leukocytes ex vivo. For this study, we utilized leukocyte-rich plasma (LRP) to 

more closely reflect conditions experienced by equine leukocytes in vivo. Oral administration 

of misoprostol at a dose of 5ug/kg produced a rapid Tmax of 23.4 ± 2.4 minutes, with a 

Cmax of 290 ± 70 pg/mL. LPS stimulation of equine LRP ex vivo before and after 

misoprostol administration elicited a significant increase in TNFα mRNA levels. At our 

approximate Tmax, a 23% decrease in TNFα mRNA levels was observed when compared to 
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LPS-stimulated LRP collected before misoprostol administration. However, this decrease 

was not statistically significant. This study indicates that misoprostol is rapidly absorbed 

following oral administration in horses, but that a single dose of 5ug/kg elicits only a mild 

inhibitory effect on LPS-stimulated TNFα mRNA production in equine leukocytes ex vivo. 

Further studies analyzing different misoprostol dosing strategies, including repeat 

administration or combination with other anti-inflammatory drugs, are warranted.  
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2. Introduction 

 

Immune response to tissue injury and infection is mediated by an intricate series of 

inflammatory processes, including pro-inflammatory mediator production and subsequent 

leukocyte activation. While beneficial under homeostatic conditions, these inflammatory 

responses often become overabundant and disregulated in disease states and lead to 

unnecessary tissue damage. Of the milieu of pro-inflammatory mediators produced, tumor 

necrosis factor α (TNFα) is a particularly potent pro-inflammatory cytokine that plays an 

important role in the pathophysiology of multiple equine disorders, such as inflammatory 

airway disease (IAD) (Richard et al., 2014), endotoxemia (Morris et al., 1990), and laminitis 

(Kwon et al., 2013). TNFα induces multiple leukocyte functions that while helpful for 

defense against pathogens, can conversely exacerbate injury in multiple diseases states such 

as sepsis (Strassheim et al., 2002), equine laminitis (la RebiÃ re de Pouyade & Serteyn, 

2011), and equine recurrent airway obstruction (RAO) (Bullone & Lavoie, 2015). Thus, anti-

inflammatory therapeutics that inhibit TNFα activity are needed for treatment of equine 

inflammatory disease.   

Current anti-inflammatory regimens used in equine medicine rely heavily on non-

steroidal anti-inflammatory drugs (NSAIDS) that halt the inflammatory cascade through 

inhibition of prostaglandin production. While these drugs effectively mitigate inflammatory 

pain and edema, NSAIDs have conversely been demonstrated to increase TNFα production 

in LPS-stimulated monocytes, whole blood, and arthritic synovial membrane cultures (Page 

et al., 2010). In addition, NSAIDs are associated with dangerous gastrointestinal (GI) side 
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effects in horses that limit their use (Cook & Blikslager, 2014; Marshall & Blikslager, 2011). 

NSAID-induced GI injury is predominantly caused by inhibition of prostaglandin E2 (PGE2), 

which serves a gastroprotective role in vivo. Restoration of PGE levels using the PGE1 

analog misoprostol has been shown to aid in mucosal recovery of ischemia injured equine 

jejunum (Tomlinson & Blikslager, 2005) and reduce gastric acid secretion in the equine 

stomach (Sangiah er al., 1989). Thus, misoprostol is used clinically to treat and prevent 

NSAID-induced GI pathology in horses. Interestingly in addition to this role, misoprostol has 

also been shown to elicit anti-inflammatory effects on human leukocytes by agonizing E-type 

prostaglandin receptor EP2 (Armstrong, 1995; Talpain et al., 1995). EP2 agonists activate 

adenylate cyclase (AC), which in turn cyclizes intracellular AMP to form cyclic AMP 

(cAMP), a critical second messenger molecule that modulates multiple cellular mechanisms.   

(Smallwood & Malawista, 1995). Elevated intracellular cAMP dampens equine leukocyte 

effector functions including chemotaxis, adhesion, and production of reactive oxygen species 

that elicit substantial tissue injury (Brooks et al., 2011; Chilcoat et al., 2002; Sun et al., 2008; 

Wong et al., 2012). Furthermore, EP2 agonists that elevate intracellular cAMP have been 

shown to inhibit human leukocyte TNFα production in vitro (Meja et al., 1997). Thus, EP2 

activation provides a potential alternative mechanism of decreasing TNFα synthesis and 

inhibiting inflammation in horses that is safer than NSAID use. 

Our lab has recently shown that misoprostol inhibits multiple equine leukocyte 

functions in vitro including LPS-stimulated TNFα production (unpublished data). However, 

the therapeutic potential and anti-inflammatory benefits of oral misoprostol administration in 

horses have not yet been evaluated. Multiple studies have investigated the ability of 
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misoprostol to control inflammation in vivo in other species. Oral misoprostol administration 

reduces serum TNFα levels in rodents following intravenous administration of 

lipopolysaccharide (LPS) (Mahatma et al., 1991; Nakamura et al., 1992), as well as ex vivo in 

LPS-stimulated human whole blood (Gobejishvili et al., 2015). Oral administration of 

misoprostol also attenuates inflammation in rodent models of airway inflammation (Smith et 

al., 1996), GI injury (Yamada et al., 1991), and carragenan-induced paw inflammation 

(Moraes et al., 2007). Interestingly, misoprostol has also been shown to augment the anti-

inflammatory benefits of NSAIDs when they are administered simultaneously (Kitsis et al., 

1991; Moraes et al., 2007), potentially by dampening the stimulatory effect of NSAIDs on 

TNFα synthesis. Thus, misoprostol has the potential to provide not only gastroprotective 

benefits, but also anti-inflammatory effects when used alone or in combination with NSAID 

therapy in horses.  

Misoprostol has been shown to have a relatively short half-life following oral 

administration, with a Tmax of 20-30 minutes in humans and a highly variable Cmax (Abdel-

Aleem et al., 2003; Huang et al., 2012; Tang et al., 2007). The pharmacokinetics of 

misoprostol have not yet been evaluated in horses, but are critical to establishing the use of 

misoprostol as an anti-inflammatory therapeutic in this species. Additionally, the effects of 

oral misoprostol administration on equine leukocyte TNFα production have not yet been 

evaluated. Thus, our goal was to define the pharmacokinetics of oral misoprostol 

administration in horses, as well as the effects of orally dosed misoprostol on TNFα cytokine 

production of stimulated equine leukocytes. We hypothesized that administration of a single 

oral dose of 5ug/kg misoprostol, which is used clinically in horses (Jacobson et al., 2013), 



 

190 

would significantly inhibit TNFα mRNA production in LPS-stimulated equine leukocytes in 

an ex vivo inflammation model.  

 

3. Materials and Methods 

 

Equine Subjects 

All experiments performed in this study were approved by the North Carolina State 

University (NCSU) Institutional Animal Care and Use Committee.  Six adult, castrated male 

horses of various breeds were used.  Horses weighed between 400-600kg, and ages ranged 

from 5-15 years.  All horses were deemed healthy based on normal physical exam, blood 

serum chemistry, and complete blood count findings prior to inclusion in the study. Horses 

were housed in indoor box stalls for the duration of the study and offered free choice water 

and hay, with the exception of a 12 hour fasting period prior to administration of misoprostol.  

 

3.1 Methods: Pharmacokinetic Study 

Misoprostol Administration 

One day prior to drug administration, an area over the right jugular vein of each horse was 

clipped and aseptically prepared.  A local subcutaneous block was performed with 0.5mL of 

2% lidocaine, followed by percutaneous placement of a 14-guage 13.3cm intravenous 

catheter into the right jugular vein as previously described (Messenger et al., 2011). 

Extension tubing was secured to each catheter, and a three-way stopcock was utilized to cap 

the tubing and facilitate blood collection. The total internal volume of the catheter plus 
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extension tubing was 3.8mL. Catheters and extension tubing were then secured in place using 

2-0 Monosof suture, and routine monitoring of the catheter and catheterization site was 

performed throughout the study. Horses were then fasted overnight. The next day, 

misoprostol tablets (Cytotec 200ug, Pfizer) at a dose of 5ug/kg were dissolved in 30ml of 

warm water in a 60mL catheter tip syringe for 5-10 minutes. 10mL of Karo syrup was added 

to enhance palatability. Misoprostol solutions were then immediately administered to horses 

in the interdental space onto the back of the tongue, and the head was elevation for 

approximately 30 seconds to ensure adequate delivery of the drug. Physical exams were 

conducted prior to drug administration, as well as 1, 2, 4, 6, 8, 10, 12, and 24 hours following 

misoprostol administration to assess horse’s mentation, rectal temperature, heart and 

respiratory rates, capillary refill time, mucous membrane color and hydration, digital pulse, 

as well as intestinal borborygmi in all four gut quadrants in response to the drug. All 

abnormalities were noted, and none required intervention by a veterinarian.  Horses were fed 

one flake of hay 2 hours following drug delivery, and fecal piles were quantified at each 

sampling point.   

 

Blood Sampling 

Thirty seconds prior to blood sample collection, 10mL of blood waste was collected through 

the catheter and discarded to ensure adequate removal of contaminants from the extension 

line. 7mL of blood was then sampled through the catheter at 10, 20, 30, 45, 60, and 90 

minutes, and 2, 4, 6, 8, 12, and 24 hours following oral misoprostol administration and 

immediately placed into lithium heparin vacutainer tubes.  Catheters were flushed with 10mL 
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heparinized saline following each blood collection.  Blood samples were kept on ice for a 

maximum of 1 hour prior to centrifugation at 2,000 g for 10 minutes.  Plasma was collected, 

placed into cryogenic plastic tubes, and frozen at -80°C until analysis.  

 

Chromatographic Assay – Misoprostol Free Acid 

Misoprostol is quickly metabolized in plasma to the stable metabolite, misoprostol free acid 

(MFA). Plasma concentrations of MFA were determined by ultra-high pressure liquid 

chromatography with mass spectrometry. Calibration curves were prepared by fortifying 

blank equine plasma with stock solutions of misoprostol free acid (Cayman Chemical, Ann 

Arbor, MI, USA) and the internal standard, misoprostol free acid-d5, (Cayman Chemical, 

Ann Arbor, MI, USA) dissolved in 100% methanol.  Samples and standards were then 

prepared by adding 1 mL plasma to 1 mL of 1% formic acid in water in a glass tube, and 

vortexing for 15 seconds.  The sample mixture was then added to supported liquid extraction 

cartridges (Isolute SLE+ 2 mL, Biotage, Charlotte, NC, USA) and a light vacuum was 

applied to initiate absorption. Two aliquots of 5 mL of methyl tert-butyl ether were added to 

the cartridges, allowed to sit for 5 minutes, and then slowly eluted under light vacuum. The 

resulting eluate was then placed in an evaporator and dried under a 20 psi stream of nitrogen 

for 30 minutes at 44°C.  Samples were reconstituted in 100 µl of 50:50 water:methanol (v/v).  

Volumes of 80 µL for samples and standards were injected on an Agilent Infinity 1290 

system coupled with an Agilent G6530A Q-TOF Mass Spectrometer (Agilent Technologies, 

Santa Clara, CA, USA) run in ESI negative mode.  Parameters for the ESI dual source were: 

drying gas, 9 L/min of nitrogen; nebulization gas, 30 psi; sheath gas flow rate, 11 L/min; 
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sheath gas temperature, 350°C; drying gas temperature, 350°C; capillary voltage, 4000 V; 

nozzle voltage, 1000 V; fragmentor voltage, 120 V; and CID collision gas, nitrogen. A 

gradient was used and the initial mobile phase was 5mM ammonium acetate buffer and 95:5 

water:acetonitrile (50:50 v/v) for the first 10 minutes.  The last 2 minutes of the run, the 

mobile phase was (5:95v/v).  Flow rate was maintained at 0.5 mL/min. The SIRS used for 

misoprostol free acid and misoprostol free acid-d5 were 367.25 and 372.29 respectively.  

Separation was achieved using an Agilent Zorbax SB C18 (3.5 µm, 4.6 x 50 mm) and guard 

column (Waters Corporation, Milford, MA, USA) maintained at 30°C. Under these 

conditions, the retention time for misoprostol free acid and misoprostol free aid-d5 were 8.4 

and 8.0 minutes respectively. Standard curves were linear over a concentration range of 0.05-

50 ng/mL.  The lower limit of quantification was 0.05 ng/mL, with an R2 ≥ 0.99.   

 

Data Analysis 

Data analysis was performed using a one-compartmental model, which was chosen based on 

visual analysis of the mean plasma concentration versus time curve to determine the model of 

best fit. The maximal plasma concentration of MFA (Cmax) and the time at which MFA 

reached maximal concentration (Tmax) were derived from the plasma concentration curve 

and are presented as mean ± SD. Additional parameters reported here are the total systemic 

drug exposure, as calculated by the area under the MFA serum concentration versus time 

curve extrapolated to infinity (AUC0-∞), the first-order absorption and elimination rate 

constants (k01 and k10, respectively), and the half-life of absorption and elimination (k01 t½ 

and k10 t½, respectively) of misoprostol. As no intravenous administration of misoprostol was 
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performed for comparison, the true bioavailability (F) of the drug could not be calculated. 

Thus, the primary pharmacokinetic parameters of volume of distribution (Vd) and clearance 

(Cl) are reported as Vd/F and Cl/F and assumes that F is 100%.  

 

3.2 Methods: Ex Vivo Inflammation Model Study 

Misoprostol Administration and Blood Sampling 

In a separate phase of this study, conducted 9 months following the pharmacokinetics trial, 

the same group of horses was utilized to evaluate the effects of misoprostol in an ex vivo 

equine inflammation model. Misoprostol was orally administered and physical exams and 

monitoring were completed as described in the pharmacokinetic study methods section. 

Thirty milliliters of heparinized whole blood was obtained via jugular venipuncture prior to 

drug administration (time 0, T0), and 30 minutes, 1 hour, and 4 hours following drug 

administration. An additional EDTA whole blood sample was obtained at the T0 and 30 

minute time points and used for a complete blood count analysis. Samples were taken from 

alternating sides, as well as alternating upper and lower quadrants of the vein to avoid 

excessive jugular trauma.  Following collection, heparinized whole blood was aliquoted into 

sterile 15 mL polypropylene conical tubes and allowed to settle at room temperature for 1 

hour. After erythrocytes settled out of solution, and the leukocyte-rich plasma (LRP) layer 

was collected and leukocytes were examined for viability via trypan blue exclusion.  

Leukocyte viability was routinely above 95% prior to and following oral misoprostol 

administration.  
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Ex Vivo LPS Stimulation 

One milliliter aliquots of LRP were placed into sterile polypropylene micro centrifuge tubes 

and treated with LPS (E. coli 055:B5, Sigma-Aldrich, St. Louis, MO) at 100ng/mL final 

concentration, or the vehicle for LPS (sterile PBS) for 2 hours at 37°C. Leukocyte viability 

was assessed via trypan blue exclusion and was routinely >95%.  

 

RNA Isolation and First-Strand cDNA Synthesis 

RNA isolation and DNase materials were obtained from Qiagen (Valencia, CA). RNA was 

isolated using an RNEasy Mini Kit per manufacturer’s instructions, with homogenation using 

a QIAshredder. One on-column DNAse digestion was performed prior to RNA elution, as 

well as following RNA elution using an RNase-Free DNAse set. RNA was then cleaned up 

using an RNEasy mini kit per manufacturer’s protocol.  Final eluted RNA concentration was 

determined using a Nanodrop Spectrometer. First-strand cDNA synthesis was carried out 

with equal quantities of mRNA from each sample using the Superscript III Reverse 

Transcription System (Invitrogen, Thermo-Fischer Scientific, Grand Island, NY) per 

manufacturer’s instructions using random hexamers (50ng/mL).  

 

Real-Time PCR 

Real-time PCR was performed using a BioRad MyIQ Single-Color Real-Time PCR 

Detection System (Biorad, Hercules, CA). A PCR master mix was prepared for each sample, 

and each was dispensed onto PCR plates in triplicate. Each well contained 1 x Taqman Gene 

Expression Master Mix, 1 x Taqman primer and probe (Applied Biosystems, Thermo-Fischer 
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Scientific), equal quantities of cDNA (ranging from 6-10ng per experiment), and RNase-free 

water up to a final volume of 25ul. No-reverse-transcriptase and no-template controls were 

included to confirm the absence of genomic DNA and DNA contamination, respectively. 

Equine-specific Taqman primers and probes were obtained from Invitrogen’s proprietary 

database (Assay ID for TNFα: Ec03467871, and β2M: Ec03468699). Invitrogen validates 

these primers and provides the NCBI target sequence used to design the primer and probe, 

the 25 base pair region of probe binding, and predicted size of the amplicon for each set 

(Canales et al., 2006; Shi et al., 2006). In preliminary experiments, products of the PCR 

reaction were run on a 2% agarose gel and visualized using EZ Vision Three DNA Dye 

(Amresco, Solon, OH) to verify product specificity. Amplification cycles were carried out 

per manufacturer’s protocol as follows: 50°C for 2 minutes, one time; 95°C for 10 minutes, 

one time; 95°C for 15 seconds, followed by 60°C for 1 minute (with enabled real-time data 

collection), 40 times. Fold change in TNFα mRNA levels was calculated using the ΔΔCt 

method of data analysis using β2M as the housekeeping gene. We have previously identified 

β2M as a stably expressed housekeeping gene in equine leukocytes using the method 

developed by Radonic et. al (Radonić et al., 2004) (data not shown).   

 

Statistical Analysis 

All data were normally distributed as determined by the Shapiro-Wilk method. mRNA data 

are expressed as mean fold change TNFα mRNA ± SEM, and were analyzed using One Way 

RM ANOVA with Holm-Sidak multiple comparisons post hoc testing. Mean pulse, 

respiration rate, temperature, complete blood cell counts of total white blood cells (WBCs) 
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and individual leukocyte populations were compared before and after misoprostol 

administration via paired t-test, and were not significantly different.  

 

4. Results 

 

4.1 Misoprostol Dosing and Tolerance  

Oral misoprostol administration at a dose of 5ug/kg is routinely used in clinical settings at the 

NCSU College of Veterinary Medicine Teaching Hospital and is generally well tolerated.  

Misoprostol was administered to horses orally by a veterinarian who is board-certified in 

equine internal medicine and pharmacology (JLD). Minimal loss of drug occurred during 

each oral dosing procedure. In the first phase of this study, horses showed few side effects to 

this dose of misoprostol, with the exception of one horse who displayed signs of abdominal 

discomfort, soft manure, and depressed mentation 30 minutes post dosing. This episode did 

not require veterinary intervention and resolved before conclusion of the 24-hour study 

period. One additional horse developed soft manure approximately 2 hours post dosing that 

also resolved within 24 hours. In the second phase of the study, 4 of the 6 horses had one soft 

manure pile over the 24-hour study period but did not display any signs of discomfort or 

colic. Physical exam parameters including pulse, respiratory rate, and temperature were not 

significantly different before and after misoprostol administration (data not shown). 

Complete blood counts reflected no significant changes in white blood cell (WBC) number, 

or individual populations of neutrophils, monocytes, or lymphocytes following misoprostol 

administration in the second phase of the trial (Table 2).  
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4.2 Misoprostol Pharmacokinetics  

Misoprostol is quickly metabolized in vivo via rapid presystemic de-esterification in the 

stomach to form the pharmacologically active carboxylic acid, misoprostol acid (Davies et 

al., 2001). Thus, misoprostol free acid (MFA) was measured in equine plasma as a reflection 

of misoprostol absorption. The mean plasma concentration of misoprostol free acid versus 

time following oral administration of misoprostol in five horses is depicted in Figure 1. A 

single dose of misoprostol was absorbed quickly and resulted in detectable MFA levels in the 

plasma by 15 minutes following oral drug administration. The time of peak MFA plasma 

concentration (Tmax) occurred at 23.4 ± 2.4 minutes following administration, and the 

maximal MFA plasma concentration (Cmax) was 290 ± 70 pg/mL. Plasma MFA 

concentration increased with an absorption half-life (k01 t1/2) of 7.2 ± 2.4 minutes, and 

declined with an elimination half-life (k10 t1/2) of 40.2 ± 12 minutes. The mean total systemic 

exposure to the drug as extrapolated by AUC0-∞ was found to be 400 ± 120 pg h/mL (Table 

2).  

 

4.3 Oral misoprostol administration leads to a trending, but insignificant inhibition of TNFα 

mRNA levels ex vivo in LPS stimulated equine leukocytes  

Misoprostol has been demonstrated to decrease TNFα production in vivo in mouse models 

(Mahatma et al., 1991; Nakamura et al., 1992), and in vitro in human neutrophils (Meja et al., 

1997). Additionally, a recent study in human subjects demonstrated that a 14-day course of 

orally administered misoprostol at doses of 100-300µg four times daily significantly 

inhibited TNFα levels by approximately 29% in an ex vivo LPS-stimulated whole blood 
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model (Gobejishvili et al., 2015). Thus, we were interested in evaluating the effect of oral 

misoprostol administration on TNFα production in equine leukocytes using a similar model 

of inflammation in horses.  Stimulation of equine leukocytes with 100ng/mL of LPS led to 

significant increase in TNF-α mRNA levels compared to vehicle controls at all four time 

points sampled: prior to dosing (time 0, or T0), at the approximate Tmax (30m), and 1 and 4 

hours after misoprostol administration (Figure 2A). Administration of 5µg/kg misoprostol 

decreased LPS-stimulated TNF-α mRNA expression at 30 minutes by approximately 23%, 

however this did not reach statistical significance (Figure 2B). High inter horse variability 

was seen, with misoprostol decreasing TNFα production in four of the six horses at 30 

minutes (in one horse (A) by approximately 75%), and slightly increasing TNFα mRNA 

levels in two horses tested (Figure 2C).  

 

5. Discussion 

 

TNFα plays a destructive role in many equine inflammatory diseases including IAD, RAO, 

endotoxemia, and laminitis (Bullone & Lavoie, 2015; Kwon et al., 2013; Morris et al., 1990; 

Richard et al., 2014). Currently, equine veterinary medicine relies heavily on NSAID 

therapies to reduce inflammation and pain, however these drugs are associated with 

detrimental GI side effects in horses and can increase TNFα production (Marshall & 

Blikslager, 2011; Page et al., 2010). In human medicine, specific TNFα-targeting strategies 

have been developed that effectively inhibit inflammation, but are associated with multiple 

side effects (Lichtenstein et al., 2012). Thus, there is a critical need for safer therapies to 
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inhibit TNFα production in both equine and human inflammatory disease. Misoprostol, a 

PGE1 analog that is currently used as a gastroprotectant in horses and humans, has been 

shown to decrease pro-inflammatory cytokine expression in vitro and in vivo in human cells 

and rodent models (Mahatma et al., 1991; Meja et al., 1997; Nakamura et al., 1992; 

Widomski et al., 1997). Furthermore, previous studies in our lab have shown that misoprostol 

inhibits TNFα mRNA production and secretion in a concentration-dependent manner in 

equine leukocytes in vitro (unpublished data). Thus, we sought to evaluate the effect of 

orally-administered misoprostol on TNFα mRNA production in an ex vivo equine leukocyte 

model of inflammation. We first defined the pharmacokinetics of orally administered 

misoprostol in horses, and found that the Cmax and Tmax of the misoprostol metabolite, 

misoprostol free acid (MFA), was comparable to data from human trials (Abdel-Aleem et al., 

2003; Huang et al., 2012; Tang et al., 2002). A recent study reports that repeat oral dosing of 

misoprostol in humans significantly inhibited LPS-stimulated TNFα levels in whole blood by 

29% in an ex vivo inflammation model (Gobejishvili et al., 2015). Therefore, we 

hypothesized that orally-administered misoprostol would inhibit TNFα mRNA production in 

our equine ex vivo model as well. Our study demonstrates that a single oral dose of 5µg/kg 

misoprostol led to a 23% decrease in TNFα mRNA levels in LPS-stimulated equine 

leukocytes ex vivo, however this decrease was not statistically significant (Figure 2).  

This study is the first to define the pharmacokinetics of oral misoprostol 

administration in horses. A single dose of 5µg /kg misoprostol produced a Cmax of 290 ± 70 

pg/mL and a Tmax of 23.4 ± 2.4 minutes. Additionally, this dose of misoprostol resulted in 

an absorption half-life (k01 t1/2) of 7.2 ± 2.4 minutes, an elimination half-life (k10 t1/2) of 40.2 
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± 12 minutes, and an AUC0-∞ of 400 ± 120 pg h/mL (Table 2). These kinetics are similar to 

those previously reported in human literature. Misoprostol is a lipophilic methyl ester drug 

that is rapidly and extensively absorbed from the GI tract (Tang et al., 2007). While high 

lipophilicity promotes quick absorption, it is also associated with rapid metabolism. In 

accordance with these properties, orally administered misoprostol displays a consistent mean 

Tmax in humans of 20-29 minutes and elimination half-life of 40-70 minutes (Abdel-Aleem 

et al., 2003; Foote et al., 1995; Huang et al., 2012; Tang et al., 2002). However, other 

pharmacokinetic parameters have been shown to be inconsistent between human studies. 

Reported values for Cmax range from 280-2047 pg/mL, and AUC0-∞ values range from 420-

1700 pg h/mL (Foote et al., 1995; Huang et al., 2012; Tang et al., 2002). These human 

studies report a coefficient of variation between Cmax values in different subjects of up to 

50%, indicating that misoprostol is a highly variable drug (Tang et al., 2002). These wide-

ranging differences may be accounted for by well-known concomitant parameters such as 

age, weight, genetic differences, and race/breed differences that affect absorption, 

elimination, or metabolism of the drug between subjects. These factors could also explain the 

inter-horse variability of Cmax and AUC0-∞ seen in the current study following identical 

dosing strategies. This variability could potentially cause differences in the anti-

inflammatory effects of misoprostol in horses within the same population.   

 In this study, we evaluated the effect of oral administration of misoprostol on equine 

leukocyte TNFα mRNA levels following LPS stimulation ex vivo. TNFα is a potent pro-

inflammatory cytokine and key player in the pathophysiology of equine inflammatory 

disease. TNFα signals through two distinct transmembrane receptors, TNF Receptor 1 
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(TNFR1) and TNFR2, which can elicit diverging intracellular signaling pathways. TNFR 

activation recruits various proteins to the receptor cytoplasmic tails to direct downstream 

signaling events ranging from apoptosis to inflammation and enhanced cell survival. Pro-

inflammatory effects elicited by TNFα are primarily mediated through activation of the 

transcription factor NF-κβ, and include increased expression of endothelial adhesion 

molecules needed for leukocyte extravasation and emigration into tissues, and induction of 

pro-inflammatory prostaglandins, chemokines, and cytokines that mediate immune cell 

activation and responses (Meager, 1999; Sedger & McDermott, 2014). TNFα has also been 

associated with downregulation of neutrophil motility, enhanced release of reactive oxygen 

species (ROS) and proteases, and has been implicated in dysregulated immune responses 

during sepsis (Beutler et al., 2008; Binder et al., 1999). Thus, inhibition of TNFα has been 

intensely investigated for treatment of inflammatory disease in humans. Anti-TNFα 

monoclonal antibody therapies elicit a small but significant increase in survival of human 

septic patients (Lv et al., 2014). Additionally, anti-TNFα therapy inhibits inflammation in 

inflammatory bowel disease in humans, but is also associated with loss of efficacy in a large 

percentage of patients (Ben-Horin et al., 2014). Furthermore, side effects of anti-TNF therapy 

have been reported that include serious and potentially life-threatening infections 

(Lichtenstein et al., 2012). Reviews of these therapies indicate the importance of TNFα in 

mediating inflammatory disease and indicate a need for continued study of mechanisms to 

modulate TNFα.   

 One potential mechanism of inhibiting TNFα production is elevation of intracellular 

cyclic AMP (cAMP), a cyclic nucleotide that regulates multiple innate immune cell 
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functions. Elevation of cAMP is induced by activation of stimulatory G-protein coupled 

receptor (GPCR) signaling, leading to activation of intracellular adenylate cyclase (AC) and 

cyclization of AMP to form cAMP (Serezani et al., 2008). Agonists of the PGE GPCRs EP2 

and EP4, including misoprostol and naturally-occurring PGE1, lead to elevation of 

intracellular cAMP and have been demonstrated to dampen LPS-stimulated cytokine 

production in leukocytes (Haynes et al., 1992; Smallwood & Malawista, 1995; Talpain et al., 

1995). LPS is a pathogen-associated molecular pattern (PAMP) that induces TNFα mRNA 

production by interaction with toll-like receptor 4 (TLR4) on leukocytes. TLR4 signaling 

stimulates multiple pathways that culminate in activation of transcription factors such as NF-

κβ and AP-1 that mediate pro-inflammatory cytokine synthesis. Activated AP-1 and NF-κβ 

translocate into the nucleus and bind promoter regions of proinflammatory genes such as 

TNF-a, IL-6, and IL-1β, to induce gene transcription. It has been proposed that misoprostol 

can inhibit pro-inflammatory cytokine production through cAMP activation of protein kinase 

A (PKA) and subsequent inhibition of transcription factor CREB (cAMP response element-

binding protein) (Gobejishvili et al., 2015). Phosphorylated CREB inhibits NF-κβ 

transcriptional activity through competition for coactivators that are needed for NF-κβ 

binding and function in the promoter region of proinflammatory genes (Wen et al., 2010). 

Thus, we hypothesized that oral administration of the EP2, EP3, and EP4 receptor agonist 

and cAMP-elevating agent misoprostol would inhibit LPS-stimulated equine leukocyte TNFα 

mRNA production in an ex vivo model of equine inflammation. 

The plasma concentration of misoprostol that elicits anti-inflammatory activity in vivo 

has not been determined. However, in vitro studies report IC50s of 750nM and 955nM for 
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misoprostol-induced TNFα suppression in human monocytes (Haynes et al., 1992; Meja et 

al., 1997). Our mean Cmax of 290 pg/mL (758pM) in horses is one order of magnitude lower 

than these predicted IC50s, however it is important to remember results obtained from in 

vitro studies are not always an accurate representation of the in vivo environment. In vivo, 

leukocytes interact with other cell types such as endothelial cells that are critical to innate 

immune cell responses during inflammation. In rodent models of ischemia-reperfusion 

injury, misoprostol provides tissue protective effects that are mediated through EP2 and EP4 

receptors on endothelial cells (Li et al., 2008; Natori et al., 1997). Therefore, in vivo 

administration of misoprostol affects leukocytes directly and indirectly through their actions 

on other cell types.  

In our study, a single oral dose of misoprostol (5µg /kg) led to a 23% decrease in 

LPS-induced TNFα mRNA production ex vivo at 30 minutes when compared to baseline 

controls (0 hours). However, this trend was not statistically significant. We hypothesized that 

lack of significance was due to high inter-horse variability, as well as a low maximal plasma 

concentration of misoprostol obtained following oral administration. Our results are similar 

to a recently published trial in which oral misoprostol administration in humans resulted in a 

significant decrease (29%) in TNFα levels in an ex vivo inflammation model similar to our 

study design (Gobejishvili et al., 2015). This human trial differed from our study in that they 

utilized a repeat dosing strategy of 1-300ug misoprostol four times daily for 14 days prior to 

ex vivo LPS stimulation of whole blood. Repeat dosing of misoprostol is unlikely to achieve 

higher Cmax values in horses, as peak plasma concentrations have been shown to remain 

relatively stable after a repeat dosing regimen every 3 hours in humans; thus no drug 
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accumulation in the plasma is detected. However, this study did demonstrate that the AUC0-∞ 

and therefore total systemic drug exposure was significantly increased following this repeat 

dosing regimen (Tang et al., 2009). Therefore, repeat dosing could exert a cumulative effect 

on cells exposed to misoprostol for longer periods and has yet to be explored in horses.  

Additional methods of increasing peak plasma concentrations of misoprostol, and 

thus anti-inflammatory effects in vivo, include administration of a higher dose of misoprostol. 

The Cmax of MFA in this study was relatively low, and detection of MFA plasma 

concentrations in horses required a highly sensitive quantification method (time of flight 

quantification). This is most likely due to the short half-life, high plasma protein binding 

(85%), and poor systemic bioavailability (7%) of orally administered misoprostol. However, 

administering a higher dose of misoprostol is likely to result in gastrointestinal side effects in 

horses.  Administering greater than 400-800ug misoprostol per day in humans is associated 

with diarrhea and abdominal cramping (Davies et al., 2001). The dose utilized in this study 

(5µg /kg) is routinely and safely used in horses clinically (Jacobson et al., 2013), however it 

is unknown if higher doses of misoprostol would elicit these abdominal side effects in equine 

patients. One horse in the first phase of our study developed signs of colic within 30 minutes 

of dosing, as evidenced by abdominal discomfort, soft feces, and dull mentation.  While no 

medical intervention was needed, it is likely that increasing the dose of misoprostol could 

potentially lead to additional or more severe side effects. 

If repeat or increased dosing strategies prove to be ineffective, misoprostol could be 

used to augment the anti-inflammatory effects of NSAIDs while preserving GI homeostasis 

in horses. Previous studies have demonstrated that misoprostol enhances the anti-
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inflammatory effects of the NSAIDs piroxicam, indomethacin, and sodium salicylate on 

neutrophil ROS production, degranulation, and aggregation in vitro (Kitsis et al., 1991). 

Additionally, misoprostol augments the anti-inflammatory effects of the COX-2 selective 

drug etoricoxib in rodent models of carrageen-induced paw inflammation (Moraes et al., 

2007). The augmentative anti-inflammatory effects of misoprostol are potentially mediated 

by inhibition of NSAID-induced TNFα production, as has been demonstrated in human 

monocytes and arthritic synovial membrane explants (Page et al., 2010). Conversely, some 

studies have shown that oral administration of NSAIDs significantly reduces TNFα levels in 

osteoarthritic human synovial joints (Gallelli et al., 2013). Additionally, the COX-2 inhibitor 

nimesulide has been shown to decrease TNFα mRNA production in murine brain tissues 

following LPS challenge (Teeling et al., 2010). Taken together, these studies indicate that 

addition of misoprostol to existing NSAID therapy could strengthen anti-inflammatory 

effects by either reducing NSAID-induced TNFα production, or by augmenting the inhibitory 

effects of NSAIDs on TNFα synthesis that occur in certain disease processes.  

This study demonstrates that orally administered cAMP-elevating agents and EP2 

receptor agonists elicit moderate anti-inflammatory effects on equine leukocytes ex vivo. This 

paves the way for use of other potentially more effective cAMP-elevating agents and EP2 

receptor agonists in horses as they become available. Previous studies have shown that oral 

administration of pentoxifylline (PTX), a phosphodiesterase inhibitor that increases 

intracellular cAMP, decreases severity of RAO in equine models but does not inhibit 

leukocyte influx (Leguillette et al., 2002). Additionally, intravenous PTX produces mild 

beneficial effects in models of equine endotoxemia by decreasing rectal temperature, 



 

207 

respiratory rate, and prolonging time to recalcification of whole blood, however substantial 

benefit was not observed (Barton et al., 1997b). Taken together with our study, oral 

administration of existing as well as future cAMP-elevating agents have the potential to 

decrease inflammation in equine disease. Therapeutic EP2 receptor agonists are not yet 

commercially available, although multiple groups have developed small molecule EP2 

agonists that produce beneficial anti-inflammatory effects in preclinical stroke and glaucoma 

models (Ganesh, 2014). Thus, future EP2 receptor agonists could exert beneficial effects in 

equine inflammatory diseases. 

Use of misoprostol as an anti-inflammatory in specific types of diseases warrants 

further study. For example, misoprostol has been shown to enhance T17-cell mediated 

inflammation in disease models of rheumatoid arthritis and inflammatory bowel disease 

(Sheibanie et al., 2007). Previous studies in our lab have demonstrated that misoprostol 

inhibits production of multiple cytokines in equine leukocytes, as well as decreases equine 

neutrophil functions in a concentration-dependent manner (unpublished data). Together with 

the current study, this data suggests that misoprostol would provide moderate anti-

inflammatory effects in vivo to inhibit inflammation in leukocyte-mediated diseases in 

horses. However, different misoprostol dosing strategies warrant further study in this ex vivo 

model prior to in vivo testing.  
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 6. Figures 

 

 

 

 

 

Figure 1: Mean plasma concentration of misoprostol free acid (pg/mL) versus time 

(hours) after oral administration of misoprostol at a dose of 5ug/kg.  Data are represented 

as mean ± SD and include five different horses 
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Figure 2: Effect of oral misoprostol administration on LPS-stimulated equine 

leukocyte TNFα mRNA levels ex vivo.  

Heparinized whole blood samples were obtained via jugular venipuncture before oral 

misoprostol administration (0 hours), as well as 0.5, 1, and 4 hours after administration.  

One leukocyte-rich plasma (LRP) sample was immediately processed per horse as a 

baseline measurement of TNFα mRNA levels. The remaining LRP was divided into 

groups and stimulated with LPS (100ng/mL) or vehicle (PBS) for 2 hours. mRNA was 

isolated for real-time PCR. (A) LPS significantly increased TNFα mRNA levels at each 

time point evaluated.  Data are presented as mean fold change TNFα mRNA ± SEM 

versus unstimulated baseline cells (not shown, equal to 1) and represent 6 horses. *p<0.05 

versus time-matched vehicle treated cells (white bar) via paired t-test. (B) Misoprostol did 

not exert a statistically significant effect on LPS-stimulated TNFα mRNA levels in equine 

leukocyte rich plasma. Data are presented as mean fold change TNFα mRNA ± SEM 

versus time-matched vehicle treated unstimulated cells (not shown, equal to 1) and 

represent 6 different horses. (C) Inter-horse variability of the effect of misoprostol on 

LPS-stimulated TNFα mRNA levels. Data are presented as in (B).  
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7. Tables 

Table 1: Pharmacokinetics of oral administration of 5ug/kg misoprostol in 5 horses. 

Data represent 5 different horses. Tmax, time to maximum concentration; Cmax, maximum 

concentration; k01, first-order absorption rate constant; k10, first-order elimination rate 

constant; k01 t1/2α, half-life of absorption; k10 t1/2, half-life of elimination; AUC0-∞, area under 

the concentration-time curve extrapolated to infinity; Vd/F, apparent volume of distribution 

dependent on bioavailability; Cl/F, clearance dependent on bioavailability. 

Pharmacokinetic Parameter Value ± SD 

Tmax (hr) 0.39 ± 0.04 

Cmax (ng/mL) 0.29 ± 0.07 

k01 (hr 
-1

) 6.27 ± 1.57 

k10 (hr 
-1

) 1.10 ± 0.31 

k01 t1/2 (hr) 0.12 ± 0.04 

k10 t1/2 (hr) 0.67 ± 0.20 

AUC0-∞ (hr*ng/mL) 0.40 ± 0.12 

Vd/F 12.49 ± 2.38 

Cl/F 224.84 ± 59.89 
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Table 2: Effects of 5ug/kg oral misoprostol on leukocyte counts before (0 hours) and 0.5 

hours following administration. Values were not significantly different before or after oral 

misoprostol administration (via pared t-test or signed rank t-test, where appropriate).  

 Cell Number (103/µL) 

 
 Total WBC  Neutrophils Monocytes Lymphocytes 

 Min 0 30 0 30 0 30 0 30 

Horse A  6.18 6.20  4.264 4.526 0.062 0.00  1.669 1.550  

          
Horse B  6.72 6.00  2.755 3.00  0.067 0.18 3.696 2.160  

          
Horse C  6.62 6.25 4.237 4.813 0.066 0.313 2.052 0.875 

          
Horse D  6.72 6.46 5.174 4.845 0.067 0.065 1.142 1.292 

          
Horse E  5.79 5.93 3.532 3.973 0.116 0.059 2.084 1.779 

          
Horse F  5.54 5.65 3.158 2.543 0.166 0.113 2.161 2.656 
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