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SUMMARY 

The bioactive group of lipids, the eicosanoids, which includes lysophospholipids and their 

derivatives, are lipid mediators formed from arachidonic acid. Class 1 lipid mediators include 

sphingosine-1-phosphate (S1P), lysophosphatidic acid (LPA) and endocannabinoids. LPA binds 

to specific receptors which take part in various biological processes, including brain development, 

embryo implantation, hair growth, and inflammation. Produced by the enzymatic activity of 

extracellular autotoxin (ATX), LPA is involved in asthma pathogenesis. Additionally, LPA 

enhances the production of cytokines and chemotaxis in lymphocytes, which can lead to 

contractility and proliferation of airway smooth muscle cells as well as changing inflammatory 

signaling in the epithelial cells of the bronchus. Together, all these results indicate that LPA 

participates in the molecular pathogenesis of asthma.  

Our hypothesis is that the ATX-LPA axis plays a critical role in the pathogenesis of asthma 

and makes it an ideal target for an effective anti-asthma treatment. To test our hypothesis, a human 

model (an IRB-approved protocol for sub-segmental broncho-provocation with allergen, SBP-AG, 

to induce localized allergic inflammation in human volunteers), and a mouse model (mice 

subjected to a triple allergen house dust mite, ragweed and aspergillus allergen; DRA) has been 

developed to explore the mechanism of ATX-LPA axis on the pathogenesis of asthma. To further 

explore the function of LPA in asthma, we used a transgenic mouse with ATX over-expression 

(ATX-Tg) to study the effect of triple allergen challenge compared to that of wild type mice. LPA 

receptor 2 knock-out mice (LPA2-/-) were also used to carry out additional experiments to provide 

further evidence to support our hypothesis.   
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SUMMARY (continued) 

The development of sensitive, efficient and high-throughput methods to study the ligand-

enzyme binding affinity and their potential to inhibit ATX activity is essential to identify novel 

ATX inhibitors. ATX can hydrolyze phosphatidylcholine (LPC) into two products, choline and 

LPA, and both products can be used to measure ATX activity. Previously, several in vitro 

biochemical assays based on radiometry or fluorescence had been used to screen compounds for 

potential ATX inhibition by measuring its enzymatic products, and these tested one compound at 

a time for binding or inhibition. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) 

also can be used to measure LPA, but most of the previous LC-MS based methods were used to 

detect naturally occurring LPA in biological fluids (i.e. plasma, bronchoalveolar lavage). Although 

not previously applied to ATX inhibitor screening, mass spectrometry-based bioassays are useful 

in the discovery of protein ligands and enzyme inhibitors. For example, pulsed ultrafiltration (PUF) 

LC-MS based methods, invented in our laboratory, have been used for screening of combinatorial 

library mixtures and natural product extracts in order to identify ligands for a wide variety of 

macromolecular targets including quinone reductase-2, cyclooxygenase-2, estrogen receptors, and 

retinoid X receptor. The main advantages of PUF-LCMS based screening over optical or 

radioactive detection methods are high throughput, low cost, fewer false positives, and no need to 

modify either the ligand or the targets by attaching a radiolabel, chromophore or fluorophore.  
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1. INTRODUCTION  

1.1 Lysophosphatidic Acid (LPA) 

Lysophosphatidic acid (LPA) is a water-soluble phospholipid derivative, and its structure 

is shown in figure 1.1. It is the simplest of all glycerophospholipids in vivo (1). Additionally, it is 

a known critical potent extracellular signaling molecule, which can act on G protein-coupled 

receptors (GPCRs). When LPA acts on GPCR, it leads to the altering of multiple cellular responses, 

including cell survival, cytoskeletal changes, proliferation, and calcium influx (2, 3). 

Pharmacologically active LPA was first isolated by Kirschner and Vogt from brain extracts in 

1961 (4). Since then, 7696 full-text journal articles related to LPA have been published as collected 

in NCBI.  

To date, multiple LPA receptors have been reported, which include LPA1, LPA2 and LPA3. 

These are also referred to as EDG2, EDG4, and EDG7, respectively. More recently discovered 

LPA receptors include LPA4 (P2RY9, GPR23), LPA5 (GPR92), as well as LPA6 (P2RY5, 

GPR87). One critical finding that has been established in research on LPA receptors is that LPA 

binds to the heterotrimeric G proteins, including Gi/o, G12/13, Gq, and Gs. In addition, LPA 

mediates effects in several types of cells as well as model systems, both in vitro and in vivo. 

Through gain- and loss-of-function studies, LPA has been linked to not only physiological but also 

pathophysiological effects on nearly every organ system. The influence of LPA extends to almost 

all the developmental steps and phases of an organism (5).  

There are two principal pathways of LPA biosynthesis. First, LPA can be formed from 

lysophospholipids (phosphatidylcholine/LPC, phosphatidylethanolamine/LPE or 
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phosphatidylserine/LPS) by action of the enzyme, autotaxin (ATX). The production of 

lysophospholipids, on the other hand, involves at least two mechanisms. The secretory 

phospholipase A2 (PS-PLA2) and phosphatidylserine-specific phospholipase A1 (PS-PLA1), 

which produce lysophospholipids in active platelets. In plasma, PLA1-like enzymes, as well as 

lecithin-cholesterol acyltransferase (LCAT), are involved in the production of LPC (6-7). The 

second major pathway of LPA biosynthesis entails the conversion of diacylglycerol to 

phosphatidic acid (PA) by the catalytic mechanisms of diacylglycerol kinase. The pathway may 

also involve phospholipase D converting phospholipids D to PA. The next step involves the 

conversion of PA to LPA. This process is enabled by the catalytic mechanisms of either PLA1 or 

PLA2 (8).   

LPA is present in all eukaryotic tissues that have ever been tested. The most common LPA 

species used in the laboratory is 18:1 oleoyl-LPA. It is also referred to as 1-acyl-2-hydroxy-sn-

glycero-3-phosphate. However, there are more chemical forms of LPA in different biological 

systems that have been recognized (9). The observed LPA concentration in various biological 

systems spans from low nanomolar to micromolar levels. In addition, serum is known to contain 

micromolar concentrations of LPA, which is much higher than in plasma. Notably, LPA 

concentration in plasma, approximately 0.1 μM, is much higher than the apparent nanomolar Kd 

of LPA 1-6 (10, 11).    
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Figure 1.1 LPA structure  
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1.2 Autotaxin (ATX) 

Autotaxin, which is also referred to as ectonucleotide pyrophosphatase/phosphodiesterase 

family member 2 (E-NPP 2), is a secreted catalyst involved in the conversion of 

lysophosphatidylcholine into LPA. It is encoded by the ENPP2 gene in human (12) and is produced 

as a pre-proenzyme and later discharged into the extracellular space (13).  The structure of ATX 

is shown in figure 1.2 (14). 

The ATX protein consists of four domains, which include 2 N-terminal somatomedins-B-

like (SMB) domains followed by a catalytic domain (PDE) and a C-terminus nuclease-like domain 

(NUC) (15). The interaction between proteins (protein-protein interaction) is believed to be 

mediated by the SMB domains. The crystal structure of ATX indicates that there is an interaction 

between the SMB domains and the catalytic PDE domain on one side, and on the other end, it 

interacts with the NUC domain. Based on a sequence similarity, the structure of the PDE domain 

has a close resemblance to that of prototypic NPP, which is found in the bacteria Xanthomonas 

axonopodis. The structure is an evolutionary relative of alkaline phosphatases. ATX has gone 

through a series of evolutionary changes resulting in the development of a deep lipid-binding 

pocket, which is hydrophobic. The pockets are of about 15 Å in diameter and can readily 

accommodate monoacyl groups but will exclude diacyl phospholipids. The depth of the lipid-

binding pockets is optimal for LPA (14:0) (16). 

Furthermore, studies have shown that the lipid-binding pocket of ATX is permanently 

'open'; meaning that the LPC substrate has continuous access to the active site. Binding of LPC to 

ATX might also enhance catalytic processes through 'substrate destabilization.'  When this happens, 

LPC reduces the activation energy barrier of the phosphodiester hydrolysis reaction (16). ATX 

then hydrolyzes the head groups of lysophospholipids to form lysophosphatidic acid (1 or 2-acyl-

sn-glycerol-3-phosphate, LPA). In addition, ATX acts on sphingosylphosphorylcholine resulting 

in the production of sphingosine 1-phosphate (S1P) (17).  Conversely, S1P and LPA can act as 

potent inhibitors of ATX. They have an enzymatic affinity which is roughly 1000-fold higher than 

those reported for ATX substrates (18). ATX is believed to be the primary source of blood LPA 

but not for S1P (19, 20).  

ATX is expressed in many organs in human. The brain, lungs, spinal cord, intestines, 

kidney, and the ovary contain the highest levels of mRNA. Medium levels of ATX mRNA have 
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been reported in lymph nodes, particularly at the high endothelial venules, which are involved in 

the control of lymphocyte entry (21, 22).   

 

Figure 1.2 ATX structure  

The ATX structure is shown as a semi-transparent surface. The dark and light magenta areas 

represent the two N-terminal SMB domains. The green section is the PDE domain. Lastly, the blue 

color covers the NUC domain. The estimated volumes of the shallow the open tunnel, groove, and 

the hydrophobic pocket are represented as dark blue, cyan, and orange solid surfaces, respectively 

(1).  

 

Figure 1.0.1 The figure shows the ATX structure  Figure 1.2 ATX structure 1  
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 1.3   LPA Signaling in Human Disease 

ATX converts lysophosphatidylcholine (LPC) into LPA. The latter acts on specific G 

protein-coupled receptors (GPCRs) and activates numerous signaling pathways as shown in figure 

1.3. The end result of LPA signaling depends on the patterns of LPA receptor (co-)expression as 

well as the tissue context. Cellular responses to LPA include survival, stimulation of cell migration, 

and proliferation. Many human diseases result from abnormal ATX and LPA signaling. Some of 

the major causes of harm to cardiac myocytes in myocardial infarction are ischemia and hypoxia. 

LPA tends to protect cells from hypoxia-induced apoptosis, especially mesenchymal stem cells, 

cardiac myocytes and renal cells (24-25). 

Studies indicate that LPAR1 and LPAR3 enhance the hypertrophic response, which is 

achieved by the means of activating Gi and multiple downstream effectors. The effectors include 

PI3K/Akt, Rho, and NF-kB both in vivo and in-vitro (26, 27). LPA-mediated suppression of 

isoprenaline induces the cell shortening as a result of the stimulation of LPA1 and/or LPA3 in a 

PTX sensitive manner. Lipoprotein lipase (LPL) activity is also increased by LPA in cardiac 

myocytes (28).  

Several scholars indicate that there is a strong correlation between genetic/biological 

factors and psychiatric disorders. LPA has the potential of contributing to disease progression of 

schizophrenia and bipolar disorder. It achieves this through its capacity to bring changes in glial 

cells and their progenitors as well as the physiology of neurons (29).  LPA is also related to cancer. 

The first report to show that LPA can induce tumor cell invasion in vitro was made in 1993 (30). 

Since then, numerous studies have shown that LPA is involved in cancer etiology. These studies 

have been conducted using various tumor cell lines as well as on samples obtained from cancer 

patients. Angiogenesis is important in tumor growth, where it supplies oxygen and nutrition to 

support tumor growth. Vascular endothelial growth factor (VEGF) is known to promote 

angiogenesis. It is produced by tumor cells and the consequences of its inhibition are the 

suppression of tumor growth (31).  

There is evidence showing that LPA signaling contributes to psychiatric disorders which 

indicates long-term spatial memory is related to LPA pathway (32). Additionally, the analysis of 

the concentration of LPA indicates that rat brains contain a significant amount of LPA (33). LPA 
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signaling pathway also controls neurite retraction and outgrowth which is required in the process 

of the rearrangement of synaptic connections to form neuronal plasticity (34). 

LPA is also a key lipid in reproduction. Ovaries produce LPA1-4, and the expression of 

LPA4 in the ovary is greater than in any other human tissue examined.  Autotaxin activity in 

ovaries increases after hormonal stimulation (35). The role of LPA signaling in reproduction is 

confirmed by the involvement of LPA/prostaglandin signaling in the development of the embryo 

and for sustaining pregnancy in sheep and pig (36, 37).   

 

  

 

Figure 1.3 LPA receptors 1 

 

Figure 0.2 The figure shows signaling pathways 

 

Figure 1.3, Signaling pathways stimulated by the 6 LPA receptors that have been 

confirmed (5).  
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In addition to the involvement of LPA in major organ systems and in many major diseases, 

LPA have been shown to associate with other disorders. Allergic asthma is a chronic inflammatory 

reaction associated with airway hyper-responsiveness and tissue remodeling of the airway 

structure. Numerous types of cells involved in asthmatic inflammation, which include lymphocytes, 

eosinophils, airway epithelial cells and macrophages, communicate within the microenvironment 

of the airway and airspace. LPA has a significant effect on cytokine synthesis and chemotaxis in 

lymphocytes (38-41), has been reported to affect contractility and proliferation of airway smooth 

muscle cells, and is known to modulate inflammatory signaling in bronchial epithelial cells (38-

41), indicating its possible effect on the molecular pathogenesis of asthma.  Taken together, we 

hypothesized that the ATX-LPA pathway plays an important role in the molecular mechanism of 

asthma. 

1.4 Prostaglandin-Endoperoxide Synthase 2  

In 1991, the Daniel Simmons laboratory at Brigham Young University discovered 

prostaglandin-endoperoxide synthase 2 (PTGS2 or COX-2) (45). In human beings, it is encoded 

by the PTGS2 gene. Cyclooxygenase (COX) is responsible for the production of prostanoids from 

arachidonic acid, which is hydrolyzed from cell membrane phospholipids. Phospholipase A2 also 

participates in prostanoid production. Two isoforms of COX are known, including COX-1 and 

COX-2, and each encoded by different genes. The conventional symbols for the aforementioned 

genes are PTGS1 and PTGS2, respectively. Finally, it has been found that COX-3 is a critical 

splice variant of COX-1 and predominates in the brain as well as the spinal cord (47). 

It is thought that COX-1 is expressed constitutively and acts as a ‘housekeeping’ enzyme. 

On the other hand, COX-2 is believed to be either inducible or constitutive, depending on the tissue 

involved. COX-2 is associated with inflammation, and there are a number of cytokines and 

inflammatory mediators present in various inflammatory cells that can trigger its induction. In 

acute and chronic inflammatory states, the induction of COX-2 is an important pathway for the 

synthesis of prostanoids (figure 1.4). These prostanoid molecules play a key role in the pathology 

of many inflammatory conditions, including rheumatoid arthritis, cancer, respiratory disorders, 

and Alzheimer's disease.  
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Figure 0.3 COX metabolites of arachidonic acid 

 

Figure 1.4 COX metabolites of arachidonic acid include prostaglandins, prostacyclin and 

thromboxanes. The COX enzyme acts as a catalyst for the formation of PGG2 and PGH2. PGH2 can 

then form various bioactive products, including PGF2α, PGE2, and PGI2 (prostacyclin), in processes 

that sometimes involve enzymes and sometime occur spontaneously. Metabolites of PGH2 include 

thromboxane A2 and B2 (46).  
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COX enzymes are membrane-bound proteins, which are located in the endoplasmic 

reticulum (ER). The three-dimensional structure of ovine COX-1 was first determined in 1994 

followed by x-ray crystallographic analyses of human and murine COX-2. The COX-1 and COX-

2 isoforms have considerable sequence homology (approximately 60%) and contain three main 

domains. These domains include a membrane binding domain (MBD), N-terminal epidermal 

growth factor (EGF)-like domain, and a large C-terminal globular catalytic domain. The large C-

terminal globular catalytic domain contains the COX active site that can accommodate the 

substrate or the inhibitors as well as the peroxidase that has the heme cofactor.  

The structures of COX-1 and COX-2 are shown in figure 1.5.  Exchanging a valine at 

position 523, present in COX-2, for an isoleucine (Ile) residue as in COX-1, alters substrate 

specificity. This modification makes it possible to access an additional side pocket for COX-2. 

The swapping of Ile-434 for a valine in COX-2 allows the proximate residue phenylalanine-518 

(Phe-518) to move away, resulting in further access to the side cavity. There is an arginine within 

the side pocket of COX-2 compared to a histidine-513 (His-513) in COX-1. The arginine can 

interact with polar moieties. These differences between the COX active sites are essential in their 

inhibitor selectivity (figure 1.6) (48). 
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Figure 1.4 COX-1 and COX-2 

A) Space-filling model of COX-2 and a simplified diagram showing sections of the enzyme. B) Space-

filling model of the COX-1 dimer as seen from the plane of a membrane. (49).  
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Figure 1.5 COX-2 active site 

The COX-2 active site alongside its diagrammatic representation as drawn by Zarghi and Arfaei 

(49).  
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Studies indicate that there is an elevation of the amounts of COX-2 in premalignant as well 

as malignant tissues. The increased transcription and enhanced mRNA stability are the main 

reasons of overexpression of COX-2 (50, 51).  The activation of PKC, as well as mitogen-activated 

protein kinases (MAPKs) are known to up-regulate COX-2. The additional factors that can 

effectively modulate the transcription of COX-2 in different types of cells as shown in figure 1.7 

include nuclear factor interleukin-6 (NF-IL6), activator protein 1 (AP-1), nuclear factor of 

activated T-cells (NFAT), nuclear factor-kappaB (NF-kB), and polyomavirus enhancer activator 

3 (PEA3).  
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Figure 1.6 Cyclooxygenase 2 (COX-2) signal pathway in cancer 

Activation of either RAS signaling or protein kinase C (PKC) facilitates the activities of mitogen-

activated protein kinase (MAPK). Upon activation, MAPK stimulates the transcription of COX-2. The 

induction of COX-2 is mediated by numerous transcription factors that include including activator 

protein 1 (AP-1) and nuclear factor kB (NF-kB). Conversely, wild-type p53 inhibits transcription of 

COX-2 (52).  
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1.5   Prostaglandins 

Prostaglandins are bioactive compounds that are made of lipids, containing hormone-like 

effects in the bodies of animals. Four major categories of prostaglandins have been identified and 

include prostaglandin (PG) E2 (PGE2), prostacyclin (PGI2), prostaglandin D2 (2) and 

prostaglandin F2α (PGF2α). Almost all types of cells produce these compounds. However, every 

type of cell generates only one or two dominant products. It is believed that prostaglandins are 

autocrine and paracrine lipid mediators whose main function in the body is to maintain local 

homeostasis. In case of an inflammatory response, the concentration and profile of prostaglandin 

production varies drastically.  Prostaglandin production increases rapidly during an acute 

inflammation, before the recruitment of leukocytes and the infiltration of immune cells. These 

inflammatory cells are normally low in uninflamed tissues.  Both COX-1 and COX-2 are known 

for their contribution toward the generation of autoregulatory and homeostatic prostanoids. 

However, COX-2, which is induced by inflammatory stimuli, growth factors, and hormones, is 

believed to be the most critical source of prostanoids in inflammation as well as in proliferative 

diseases (53).   

The prostanoid receptor is a seven transmembrane spanning G protein-coupled receptor 

(GPCR) which is rhodopsin-like. The prostanoid receptor subfamily consists of eight members, 

including EP1 (E prostanoid receptor 1), EP2, EP3, and EP4 subtypes of the PGE receptor, PGD 

receptor (DP1), PGF receptor (FP), PGI receptor (IP), and TX receptor (TP). Prostanoid receptors 

couple to a variety of signaling pathways within cells and regulate the results of receptor activation 

on the activities of the cell. EP2, EP4, IP, and DP1 receptors are responsible for the activation of 

adenylyl cyclase via GPCRs, resulting in increasing the cyclic of adenosine monophosphate 

(cAMP) within the cells. EP1 and FP are responsible for the stimulation of phosphatidylinositol 

metabolism via Gq, leading to the production of inositol trisphosphate as a result of the 

mobilization of free calcium within the individual cells (54). In addition to signaling via Gq, the 

small G-protein Rho is also coupled to the FP receptor via a Gq-independent mechanism. See 

Table 1.1 below. 

 



 
 

16 
 

 

 

Table I Signal Transduction of Prostanoid Receptors 
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Prostaglandins play a significant role in the generation of the inflammatory response, and 

almost all animal species produce PGE2 which involved in variety biological activities. PGE2 takes 

part in a variety of biological activities under physiological conditions. Such functions include the 

control of immune responses, fertility, blood pressure, and gastrointestinal integrity. Unbalanced 

synthesis of PGE2 or its degradation will result in a wide range of pathological conditions (55). 

PGE2 play a key role in redness and edema. The main cause of redness and edema is the increased 

blood flow into the inflamed tissue (56). PGE2 are also related to pain development through the 

effects on peripheral sensory neurons as well as on the central sites, which are located within the 

brain and the spinal cord (56). PGH2 can be used as a substrate to synthesize PGE2 by the enzymes 

include cPGES or mPGES-1 and mPGES-2 (57). The expression of cPGES is dominant in the 

cytosol of numerous body cells. Additionally, the cPGES requires glutathione (GSH), which is a 

necessary cofactor to enable it to produce PGE2 (58). Mice with cPGES gene deletions cannot 

survive because of perinatal lethality (59). The mice that are deficient in mPGES-1 demonstrate 

the role of this enzyme in PGE2 generation which is very important in the stimulation of 

inflammation.  

In a model of collagen-induced arthritis (CIA), compared with wild-type mice mPGES-1 

knockout mice showed less incidence and reduced intensity of disorders (60). It was also found 

that macrophages migration induced by the peritoneal injection of thioglycollate was significantly 

reduced in mPGES-1-null mice compared to wild-type control (61). In conclusion, these reports 

indicate that deletion or inhibition mPGES-1 can inhibit the inflammatory response.  

mPGES-1-derived PGE2 also plays a key role in inflammation during atherosclerosis. 

Atherogenesis in fat-fed hyperlipidemia mice model can be blocked by deleting mPGES-1 (62). 

PGE2 can bind to different EP receptors thereby producing both pro- and anti-inflammatory effects 

in a variety of cells, which include macrophages, dendritic cells, as well as T and B lymphocytes. 

PGE2 controls the expression profile of cytokines in dendritic cells (DCs). Additionally, studies 

indicate that prostaglandin signaling promotes immune inflammation through Th1 cells (63), and 

PGE2-EP4 signaling in DCs and T cells promote Th1 and IL-23-dependent Th17 differentiation 

(64). PGE2 was also found to inhibit the differentiation of Th1, B cell functions, as well as allergic 

responses. Furthermore, PGE2 has an anti-inflammatory effect on innate immune cells like 

neutrophils, NK cells, and monocytes (65). 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3081099/#R36
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PGD2 is found in both the central nervous system (CNS) and peripheral tissues where it 

results in inflammation in these tissues (66). It was reported that PGD2 also regulates sleep and 

pain perception (67). Mast cells, which are found in peripheral tissues, account for the production 

of most of PGD2. Hematopoietic and lipocalin-type PGD synthases (H-PGDS and L-PGDS, 

respectively) have also been identified. PGD2 induces IgE-mediated Type I acute allergic reactions 

in activated mast cells (68). PGD2 levels detected in the bronchoalveolar lavage fluid can reach 

biologically active amounts within minutes which is at least 150-fold higher than pre-allergen 

levels in asthmatics (69). PGD2 has been found to be produced by a variety of immune cells, which 

include antigen-presenting dendritic cells and Th2 cells. This is an indication that PGD2 play a 

critical part in the establishment of antigen-specific immune system reactions (70). 

Bronchoconstriction and airway eosinophil infiltration in allergic asthma can be induced by PGD2 

challenge (71). Additionally, allergic response airway hyper-reactivity increased in a mouse model 

with increased PGD2 generated by over-expressed lipocalin-PGD synthase (72). 

Both DP1 and DP2/CRTH2 receptors regulate the pro-inflammatory effects of PGD2. 

Furthermore, PGD2 can activate multiple signaling pathways with varying effects by binding to 

both receptors with similar high affinity, which depend on how different types of cells express 

DP1 or DP2/CRTH2 receptors. The DP1 receptor, which is expressed on dendritic cells, plays an 

important role in initiating an adaptive immune response to foreign antigens. PGD2 activation of 

the DP1 receptor following ovalbumin (OVA) challenge inhibits the migration of dendritic cells 

from the lung to lymph nodes, which leads to decreased antigen-specific T cells proliferation (73). 

PGD2 produced by H-PGDS from inflammatory cells respond to the permeation of the vasculature 

in the context of inflamed intima (74). Furthermore, L-PGDS can be initiated by laminar sheer 

stress inside the vascular endothelial cells (75). PGD2 was also reported to downregulate the 

expression of pro-inflammatory genes, such as iNOS and plasminogen activator inhibitor (76). 

Meanwhile, it was found that L-PGDS deficiency promotes atherogenesis (77).  

PGI2 has broad biological effect including vasodilation, inhibition of platelet aggregation, 

leukocyte adhesion and VSMC proliferation. The other critical observation is that PGF2α binds Gq 

protein to increase the intracellular free calcium level.   

In summary, prostaglandins play a critical role in the pathogenesis of many diseases and 

processes including inflammation, fever, reproduction, and Alzheimer’s disease. A variety of 
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analytical methods have been developed and used to qualify and quantitate prostanoids. However, 

all these methods have certain limitations. Our laboratory has developed a method using 

UHPLC/MS/MS to quantitate PGE2 and PGD2 in biological fluids and tissues. UHPLC/MS/MS 

has distinct advantages when compared to the existing methods. Accordingly, it will contribute to 

research on the functions of prostaglandins in different diseases as well as in translational and 

clinical studies.  
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2. AUTOTAXIN PRODUCTION OF LYSOPHOSPHATIDIC ACID MEDIATES 

ALLERGIC ASTHMATIC INFLAMMATION 

(Previously published as Park GY, Li Y and Christman JW (2013) 

Autotaxin production of lysophosphatidic acid mediates allergic asthmatic inflammation, Am J Respir Crit Care 

Med. 2013,188(8):928-40.) 

 

2.1 Introduction  

Asthma is a chronic respiratory condition involving airways in the lungs. One of the major 

symptoms of the disease is difficulty in breathing. Asthma is brought about by a variety of cells, 

including lymphocytes, eosinophils, airway epithelial cells, and macrophages. These cells interact 

within the microenvironment of the airway and airspace and finally cause breathing difficulty. The 

airways of a patient suffering from asthma are always inflamed. They become even more swollen 

and the muscles around them tighten especially in circumstances where the symptoms are triggered. 

The swelling is known to bring about a temporary narrowing of the airways, which makes it 

difficult for air to move in and out of the lungs. The pathogenesis of asthma will cause symptoms 

such as coughing, wheezing, shortness of breath, and chest tightness. The studies indicate the 

existence of a nexus between genetic factors and an individual’s predisposition to asthma. The 

genetic factors interact with the environment to bring about the condition, and the environmental 

influences may include timing and dose of allergen and co-exposure to infection (78).  The 

interaction of local airway susceptibility factors and allergen-specific immune polarization have a 

very important effect on the initiation and subsequent expression of the disease phenotype (see 

figure 2.1).  

  

 

Figure 2.1 Gene environment interactions in asthma (79). 
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For a long time, fats have been construed as mere energy sources and a component of cell 

membranes. However, recent studies indicate that fatty acids and their derivative compounds are 

involved in an array of biological activities. For instance, bioactive lipids, spanning from simple 

saturated fatty acids to complex molecules, play an important role in homeostasis, regulation of 

inflammatory processes, and cell proliferation, among other functions.  

Eicosanoids such as lysophospholipids (and their derivatives) are lipid mediators formed 

from arachidonic acid. There are several species including sphingosine-1-phosphate (S1P), 

lysophosphatidic acid (LPA), and endocannabinoids which belong to class 1 lipid mediators. LPA 

binds to receptors which take part in various biological processes, including brain development, 

embryo implantation, hair growth, and inflammation. LPA is a bioactive lipid mediator which is 

produced by the enzymatic activity of extracellular autotoxin (ATX) and might be involved in 

asthma pathogenesis.  Additionally, LPA enhances the production of cytokine and chemotaxis in 

lymphocytes (80,81), which can lead to contractility, proliferation of airway smooth muscle cells, 

and changing inflammatory signaling in the epithelial cells of the bronchus (82,83). Together, 

these results indicate that LPA is involved in the molecular pathogenesis of asthma.  

Our hypothesis is that the ATX-LPA axis plays a critical role in the pathogenesis of asthma 

and makes it an ideal target for an effective anti-asthma therapy. To test our hypothesis, a human 

model (an IRB-approved protocol for sub-segmental broncho-provacation with allergen, SBP-AG, 

to induce localized allergic inflammation in human volunteers), and a mouse model (mice 

subjected to a triple allergen) were used to explore the role of the ATX-LPA axis on the 

pathogenesis of asthma. To further explore the function of LPA in asthma, we used a transgenic 

mouse with ATX over-expression (ATX-Tg) to study the effect of triple allergen (house dust mite, 

ragweed and aspergillus allergen; DRA) challenge compared to that of wild type mice. LPA 

receptor 2 knock-out mice (LPA2-/-) were also used to provide further evidence to support our 

hypothesis.   
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2. 2    Material and Methods 

2.2.1   Protocol for Sub-Segmental Bronchoprovocation with Allergen (SBP-AG) 

Approval of this protocol was obtained from the Institutional Review Board of the 

University of Illinois (Chicago, IL). The U.S. Food and Drug Administration (FDA) provided an 

IND for bronchoscopic administration of allergens to volunteers.  For the University of Wisconsin 

cohort, the protocol was approved by the University of Wisconsin Health Sciences Human 

Subjects Committee. All the participating subjects were asked to give their written consent before 

participating in the activity. The signing of the consent forms is an ethical obligation that is 

required this type of scientific inquiry.  A summary of our clinical protocol is shown in figure 2.2.1. 

Next, human subject recruits were screened for inclusion and exclusion criteria. This 

process entailed skin prick testing to dust mite, short ragweed, and cockroach allergens, and 

spirometry with bronchodilator reversibility and/or methacholine challenge. After enrolling in the 

study, subjects underwent bronchoscopy and bronchoalveolar lavage (BAL).  The procedure began 

by the introduction of a four 40 ml aliquots of sterile saline, which was gently removed after each 

instillation with hand suction. The instillation was done with the purpose of recovering the lavage 

fluid (pre-challenge site). Sub-segmental bronchoprovocation with allergen (SBP-AG) was 

performed in a different sub-segment. The initial dosage in the process was 10-fold greater 

compared to the previously defined skin endpoint titration (SET) dose of allergen. After 4 minutes, 

10 ml of saline was used to flush the segment before removing the bronchoscope. After 10 minutes, 

the same segment was subjected to a second challenge with a defined SET dose. 5 mL of a 100 

BAU/mL or 1:2000 wt/vol concentration of allergen was used as the maximum challenge dose in 

the experiments. After 4 minutes, 10 ml of saline was used to flush the segment before removing 

the bronchoscope. 

At the time point of 48 hours from initiating bronchoscopy, we collected BALs from three 

different sites, including the challenged segment of the challenged lobe (Experimental site), the 

unlavaged segment contralateral to the challenge site (Contralateral site) and the unchallenged 

segment adjacent to the challenged lobe (Adjacent site).   
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Table II Summary of clinical protocol for bronchoprovocation with allergen used for 

this investigation. 
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2.2.2   Mice 

The mice used in the experiment were bred and housed in a pathogen-free barrier facility, 

which is under the management of the University of Illinois at Chicago, Biologic Resources 

Laboratory. The protocols used in all experiments were approved by the Institutional Animal Care 

and Use Committee of the University of Illinois (Chicago, IL) (IACUC approval numbers-14-122). 

The experiments used adult male mice which were 8- to 10-wk-old with an average weight of 20–

25 g. The UIC animal facility successfully bred the breeding pairs of ATX-Tg and ATX 

heterozygous (ATX+/-) mice on the FVB background which were provided by Dr. Susan Smyth 

(University of Kentucky). Meanwhile, Dr. Chun (The Scripps Research Institute, La Jolla, CA) 

provided the LPA2-/- mice. 

2.2.3   Reagents 

Dr. Glenn D. Prestwich from University of Utah, Salt Lake City, Utah provided 4-

(decanoylamino)benzyl]phosphonic acid, which is an ATX inhibitor GWJ-23 (figure 2.2). GWJ-

23 was dissolved in 1% DMSO and injected into the intra peritoneum at a dose of 10 mg/kg. 

Meanwhile, the control groups were administered at the equivalent dose of DMSO carrier only.  

  

 

Figure 2.2 Structure of 4-(decanoylamino) benzyl]phosphonic acid (GWJ-23) 

 

 

  



 
 

25 
 

2.2.4   DRA Triple Allergen Asthma Model  

The triple allergen (DRA)-induced allergic mice asthma model of Goplen et al. (84) was 

used with minor modifications in order to repeat the pathophysiologic features of SBP-AG of 

human asthmatics. On the first and fifth days, we sensitized the mice with the DRA antigens and 

gave the intranasal challenge on days 12, 13 and 14. On day 15, the sensitized mice were sacrificed 

once we collected their bronchiole alveolar lavage (BAL) fluids for analyzing cellularity and pro-

inflammatory cytokines. Meanwhile, lung tissues were collected to assess allergic inflammation 

and cytokine production. Triple antigen (DRA) challenge can significantly stimulate eosinophils 

and macrophages infiltrating into alveolar spaces, aggravate the peribronchial and perivascular 

inflammation and increase Th2 cytokines production. 

2.2.5   Lung Tissue Preparation 

We used pressurized low melting agarose to prepare mouse lung tissue after sacrifice. 

Briefly, pressurized low melting agarose was prepared by boiling 0.5% w/v low melting point 

agarose at 60°C and then keeping it at 42°C in a water bath. After tracheostomy, we infuse the 

0.5% melted agarose through the tracheostomy tube from a height of 28 cm H2O so that agarose 

could be pressurized equally over the lung fields. Thereafter, the tracheostomy tube was tied while 

the lung tissue was placed into a formalin container which was refrigerated overnight in order to 

facilitate solidification and fixation. 

2.2.6 Morphometric Analysis and Digital Pathology 

The Genie System (Aperio Technologies, Vista, CA, US), specially designed to 

automatically classify tissue in whole slide images, was used in the study. In this system, users 

outline tissue regions of interest to be analyzed and quantified. These outlined regions are 

submitted to the server, and all these data can be used to build a data pool and develop an image 

processing algorithm that can effectively differentiate between the defined tissue classes.  Actually 

a “black box” to analyze unknown images, the user does not need to know the exact algorithm 

applied by the Genie System to successfully and reproducibly differentiate the chosen tissue 

classes. For this study, we defined several training regions as 4 groups: inflammation, bronchus, 

alveoli, and a blank. Overall training accuracy for all the regions was 96.18%.   

In order to quantitate the Periodic acid–Schiff (PAS) staining, we use a Vectra 1.0 system 
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(PerkinElmer, Waltham, MA, USA) to image the entire lung field. We manually selected all 

microscopic fields containing bronchus. Vectra version 2.0 system was applied to identify the 

bronchus tissue class and segment nuclei. A manually set threshold was applied to define PAS 

staining for each “nucleus” as positive or negative.  The same threshold setting was applied on the 

entire lung field. The final measurement was the percentage of PAS positive nuclei in the bronchial 

epithelial cells. The pathologist doing the analysis was blinded by the treatment group information.   

2.2.7 Western Blot 

We used the same amounts of BAL fluid drawn from each lung segment of pre-challenged 

and post-challenged SBP-AG human subjects to do electrophoresis and immunoblotting using 

lysophospholipase D (autotaxin) polyclonal antibody (10005375, Cayman Chemical).   In order to 

verify the specificity of the autotaxin band, a specific ATX blocking peptide, lysophospholipase 

D blocking peptide (10007193, Cayman Chemical) was used to pre-absorb the antibody as per the 

manufacturer’s instructions.  

2.2.8 Measurement of Cytokines and Total IgE 

Cytokine levels in BAL fluids and lung homogenates were analyzed using of multiplexed 

bead-based Milliplex system (EMD Millipore, Billerica, MA, USA). Total serum IgE levels were 

analyzed using a mouse IgE kit (eBioscience, San Diego, CA, USA), as per the manufacturer’s 

instructions.  

2.2.9 Immunohistochemistry and Immunofluorescent Staining 

We used formalin-fixed and paraffin-embedded sections of lung specimens for 

immunohistochemistry (IHC) and cytospin slides from BAL samples for immunofluorescence 

(IF). This study applied several primary antibodies including anti-MBP1 (kindly provided by Dr. 

James J. Lee, Mayo Clinic Arizona, Scottsdale AZ) and anti-ATX (10005375, Cayman Chemical). 

For IHC, a commercialized kit was used (Daco). A Zeiss LSM 710 confocal microscope (Carl 

Zeiss, Germany) was used to photograph fluorescent images.  

2.2.10 Statistical Analysis 

All data were statistically analyzed by the statistician at the UIC Center for Clinical and 

Translation Science, Design and Analysis Core (DAC). In summary, we examined the normality 

for all data using the Kolmogorov-Smirnov test and Q-Q plots. For normally distributed data, we 
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used the paired two-sample t test to compare two group with equal variance or unequal variance 

assumptions. For data with non-normal distribution, a non-parametric method (signed rank test) 

was applied to compare two paired samples. All data were analyzed using the SAS statistical 

package (version 9.2, SAS Institute, Cary. NC). 
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2.3 Results 

2.3.1 ATX Protein Level Increased in BAL Fluid of Asthma Subjects Following Allergen 

Challenge and in Lung Tissue of Mice Following a Triple Allergen Challenge  

Total and differential cells were counted in BAL fluid recovered from the subjects with 

mild asthma enrolled in the SBP-AG protocol. The data showed that the total cell count, which 

primarily consists of eosinophils and macrophages, increased ~8-fold in the BAL fluid drawn from 

the allergen-challenged sub-segment compared with the negative control group. The eosinophil 

cell count in the adjacent segment only mildly increased and did not increase in the contralateral 

segment, strongly suggesting that the allergic reaction was confined to the experimental site 

following with allergen challenge, and that there was minimal spill over to adjacent segments 

(figure 2.3). We then used Western blot to quantitate the ATX protein level within BAL fluid 

acquired before and after allergen challenge from three different segments. These data indicated 

ATX expression significantly increased in the allergen-challenged site compared with the pre-

challenged or contra-lateral post challenge sites (figure 2.4). In addition, we found a significantly 

lower level of ATX in the adjacent sub-segment to the allergen challenged site (figure 2.4).  
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Figure 2.3   Total cell and differential counts of BAL fluid recovered from subjects with mild 

asthma enrolled in the SBP-AG protocol. The total cell count increased approximately 8-fold in the 

BAL fluid from the allergen-challenged subsegment and consisted primarily of eosinophils (Eos) and 

alveolar macrophages (AM). There was only a mild increase in the eosinophil count in the adjacent 

segment and no increase in the contralateral segment, indicating that the allergic reaction was 

confined to the experimental site, with minimal spillover to adjacent segments.  
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Figure 2.4 Western immunoblot for ATX in BAL fluid samples obtained from human 

subjects pre- and post-allergen challenge in the SBP-AG protocol. 
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In order to further confirm our results, we applied an antibody neutralizing peptide in the 

experiments (figure 2.5). The results showed that neutralizing peptide diminished the bands 

obtained after the allergen-challenge. These results indicated that the antibody neutralizing peptide 

specifically bound to the specific ATX band and confirmed that ATX expression upgraded after 

allergen challenge. In response to allergen challenge, ATX was shifted to a perinuclear localization 

from the cytoplasm of alveolar macrophages where ATX was located before allergen challenge.   

Bone marrow-derived murine macrophages (BMDMs) instead of human alveolar 

macrophages were used to test weather allergen challenge affect ATX expression because it is very 

difficult to culture and harvest enough human alveolar macrophages.  Western blot was used to 

quantify the ATX expression level in BMDMs which were treated with IL-4.  The results showed 

that IL-4 can induce ATX expression, and ATX was found to be secreted into the culture medium 

(figure 2.6).  

Mice were subjected to sensitization and challenge with a combination of house dust mite, 

ragweed and aspergillus allergen (triple allergen DRA), as previously described with minor 

modifications (84), including two of the major allergens used for human SBP-AG. H & E staining 

and Diff-Quik staining showed that the triple allergen DRA model induced abundant eosinophilic 

allergic lung inflammation (figure 2.7). In the model, we found ATX protein expression in lung 

tissue, especially in terminal bronchial epithelial cells and alveolar macrophages by 

immunostaining, whereas there was minimal ATX staining in type 1 pneumocytes endothelial cells 

and eosinophils (figure 2.8  A and B). 
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Figure 2.5 Western immunoblot for ATX in BAL fluid samples obtained pre- and post-allergen 

challenge in the SBP-AG protocol with or without blocking peptide. 
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Figure 2.6   Immunofluorescent staining for ATX in BAL cells recovered from an SBP-AG protocol 

subject pre- and post-allergen challenge. Cytospin slides of BAL cells from a SBP-AG asthma subject 

were prepared from the allergen-challenged sub-segment before and after allergen challenge and 

stained by immunofluorescence for CD14 and ATX.  Anti-CD14 (red) was used a biomarker for 

alveolar macrophages. The anti-ATX antibody was conjugated with GFP (green).  In the bottom panel, 

murine bone marrow derived macrophages (BMDM) were treated with various concentrations of IL-4 

(0-20 ng/ml) for 48 hours and the culture supernatants were analyzed by Western blotting for ATX; a 

dose-response relationship was demonstrated for the IL-4 induced secretion of ATX by BMDM. 
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Figure 2.7 Summary of triple antigen (house dust mite, ragweed and aspergillus allergen) 

DRA-induced acute allergic mouse model. The mice developed an intense peribronchial 

inflammatory response (left panel), and the BAL cells were predominantly resident 

macrophages with a pronounced eosinophilic infiltration.  
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Figure 2.8 Immunohistochemistry for ATX expression in allergic lung inflammation induced by the 

triple allergen DRA mouse model. A)  Autotaxin was highly expressed in distal airway epithelial cells 

in the distal airway, mostly on the luminal side, as well as by alveolar macrophages; while B) 

expression by endothelial cells, eosinophils and type1 pneumocytes was significantly lower or minimal. 

A 
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2.3.2 Over-Expression of ATX Accentuates Allergic Lung Inflammation in Mice 

A strong association was observed between allergen challenge and ATX protein expression 

in BAL fluid from allergen challenged asthmatics subjects.  In order to investigate the role of the 

ATX/LPA axis in the pathophysiology of asthma, we used genetically modified mice to furtherly 

test our hypothesis. First of all, transgenic mice with ATX (ATX-Tg) over-expression was 

subjected to triple allergen DRA, the result showed that ATX-Tg mice produced more 

inflammatory cells, mostly eosinophils, and more protein in lung homogenate in response to triple 

allergen DRA challenge than wild type mice (figure 2.9), but there was no significant difference 

in the percentage of differential cell counts between two groups.  Total serum IgE level increased 

equally in both groups of mice following DRA sensitization (figure 2.10). In the DRA model, 

ATX-Tg mice generated significantly higher levels of IL-4 and IL-5 in lung homogenates and 

BAL fluid (figure 2.11) compared with wild type mice (WT-FVB), whereas IFN-γ showed no 

significant difference between the two groups (figure 2.12). We used automated digital 

morphometric analyses to evaluate the severity of allergic lung inflammation in cross sections of 

the entire lung field which indicated that there was a greater degree of lung inflammation in ATX-

Tg mice than wild type mice (WT-FVB) in response to DRA challenge (figure 2.13). ATX-Tg 

mice also had a greater degree of goblet cell metaplasia compared to wild type mice (WT-FVB) 

in response to DRA challenge (figure 2.14). 
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A 

B 

Figure 2.9  A) Total cell counts in BAL fluid of ATX-overexpressing transgenic mice. ATX-Tg 

mice had more BAL cells before and following allergen challenge, compared with WT mice of the 

same background.   B) Concentration of total protein of lung homogenates in wild type vs. ATX-Tg 

mice as induced by DRA triple allergen protocol. The protein concentration of lung homogenates 

of ATX-Tg was higher than that of wild type mice, following DRA allergen challenge.  
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Figure 2.10 Total serum IgE concentrations in wild type vs. ATX-Tg mice as induced 

by the DRA triple allergen model. Total serum IgE levels were measured by ELISA. 
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Figure 2.11 Concentration of IL-4 in lung homogenates (A) and BAL fluids (B) of ATX-Tg vs. and 

wild type (WT-FVB) mice induced by the DRA triple allergen model.  Concentration of IL-5 in lung 

homogenates (C) and BAL fluids (D) of ATX-Tg and wild type (WT-FVB) mice induced by the 

DRA triple allergen model. n ≥ 5   

A B 

C D 
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Figure 2.12 Concentration of IFN-γ in lung homogenates (A) and BAL fluids (B) of ATX-Tg vs. and 

wild type (WT-FVB) mice induced by the DRA triple allergen model.   

A B 
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Figure 2.13 The pathologic severity of allergic lung inflammation in ATX-Tg vs. wild type (WT-

FVB) mice induced by the DRA triple allergen model. Total lung inflammation was quantified using 

digital morphometry software systems as described in Materials and Methods section. Whole lung 

fields were scanned and analyzed to classify regional involvement of inflammation in a blinded 

fashion. The numeric values correspond to the percentage of the regional area of lung inflammation. 

The analysis was repeated at least twice with similar results. The color codes represent the following: 

green-inflammation, blue-alveolar space, yellow-structural tissue, and pink-void area. 
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Figure 2.14 Quantitation of goblet cell metaplasia in ATX-Tg vs. wild type (WT-FVB) mice induced 

by the DRA triple allergen model. Using the digital morphometric software system described in the 

Materials and Methods section, bronchial epithelial cells were automatically identified. PAS staining 

was assessed using the same threshold setting for the whole lung field. The left figure shows the raw 

PAS staining, the middle figure shows the identification of individual bronchial epithelial cells, and 

the right figure identifies the PAS positive goblet cells using digital signal threshold as described in 

the Materials and Methods section. The numeric values represent the percentage of PAS positive 

cells of total bronchial epithelial cells. The analysis was repeated at least twice with similar results. 
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2.3.3 Blocking the ATX/LPA Axis Attenuates Allergic Lung Inflammation 

Secondly, we investigated the hypothesis that blocking ATX-LPA axis could alleviate 

allergic inflammation induced by triple allergen DRA in mice. LPA receptor 2 (LPA2) has been 

reported to be expressed in the lung tissue as well as many other cell types (84). Our preliminary 

data indicated that eosinophils highly expressed LPA2 mRNA. Therefore, LPA2 knock-out mice 

(LPA2-/-), which had lost the LPA2 receptor signaling pathway (86), were used to study the 

function of ATX-LPA in allergic lung inflammation. Our results showed that in comparison with 

wild type mice with the same genetic background (WT-129SV), LPA2-/- mice subjected to DRA 

challenge have fewer inflammatory cells in BAL fluid (figure 2.15) and alleviated DRA 

challenging induced increase of IL-4 and IL-5 level in both lung tissue and BAL fluid (figure 2.16). 

Meanwhile, IFN-γ showed no significant difference between the two groups which was similar to 

the previous results (figure 2.17). A lesser degree of inflammation with the triple allergen DRA 

challenge model in LPA2-/- mice was shown by quantification of lung pathology (figure 2.18).   

Since total knockdown of ATX (ATX -/-) was embryonically lethal, we then tested our 

hypothesis by using another transgenic mice with conditional knockout of ATX (ATX +/-).  The 

ATX protein level decreased 50% in the heterozygote mice compared with their wild type 

counterparts (87). In order to completely prevent the enzyme activities of ATX, GWJ-23, a novel 

chemical inhibitor of ATX was used to evaluate the role of ATX in the imitation of asthma in mice 

(88).  The protocol of GWJ-23 experiments is described in figure 2.19. Our result showed that the 

ATX (+/-) mice had reduced levels of IL-4 and IL-5 in BAL fluid induced by triple allergen DRA 

challenge compared with wild type mice. The level of IL-4 and IL-5 in BAL fluid was furtherly 

reduced by pre-treatment with the ATX inhibitor GWJ-23 (figure 2.20). These results proved that 

the ATX/LPA axis was critical to induce asthmatic inflammation and indicated that the ATX/LPA 

axis was a possible novel target for therapeutic intervention in severe asthma. 
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Figure 2.15 Total cell counts in BAL fluid of wild type vs. LPA2-/-. LPA2-/- mice induced by the 

DRA triple allergen model. LPA2-/- mice had a lower number of total cells in BAL fluid following 

allergen challenge, compared with wild type mice of the same background (WT-129SV). n ≥ 5 mice 

per group. *p<0.05 
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  Figure 2.16 Concentrations of IL-4 in whole lung homogenates (A) and BAL fluids (B) of the LPA2-

/- vs. wild type (WT-129SV) mice induced by the DRA triple allergen model. Concentration of IL-5 

in whole lung homogenates (C) and BAL fluids (D) of  LPA2-/- vs. wild type (WT-129SV) mice 

induced by DRA triple allergen. Experiments were carried out at least twice with similar results. n ≥ 5  

mice per group. *p<0.05. 

C D 

A B 
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Figure 2.17. Concentration of IFN-γ in lung homogenates and BAL fluid of LPA2-/- vs. wild type 

(WT-129SV) mice sensitized with DRA and challenged either with PBS or DRA in the DRA allergic 

asthma model. n ≥ 5 mice per group 
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Figure 2.18 Pathologic severity of allergic lung inflammation in LPA2-/- vs. WT(129SV) mice in the 

DRA triple allergen model. The whole lung field was scanned and analyzed as described in the 

Materials and Methods section. The numeric values represent the percentage of regional area of lung 

inflammation. The analysis was repeated at least twice with similar results. The color codes represent 

followings: green-inflammation, blue-alveolar space, yellow-structural tissue, and pink-void area. 
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Figure 2.19 Diagram of the experimental design used for the ATX inhibitor, GWJ-23 in WT and 

ATX (+/-) mice in the DRA triple allergen model. 

 

 

All mice received either GWJ-23 (ATX inhibitor) or equivalent dose of the vehicle (DMSO). 
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Figure 2.20 Concentration of IL-4 (A) and IL-5 (B) in BAL fluids of ATX-het vs. WT mice induced 

in the DRA triple allergen model. ATX-heterozygous and WT mice were sensitized and challenged by 

DRA, with and without treatment using an ATX enzyme inhibitor (GWJ-23). 
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2.4 Discussion and Conclusion 

Asthma is a common chronic inflammatory disorder of airways of the lungs which is 

caused by a combination of complex and incompletely understood gene-by-environment 

interactions. Although researchers have proposed a variety of asthma pathogenic mechanisms, few 

have been successfully translated into effective treatments of asthmatic patients. There are various 

inflammatory protein mediators which involved in the pathophysiology of asthma including 

various lipid mediators, chemokines, cytokines, cytokines, as well as growth factors 

(89).  Bioactive lipid mediators such as prostaglandins are also believed to have a significant effect 

on the pathogenesis of asthma (90).  In our study, the data showed that LPA, a classic bioactive 

lipid mediator, plays a critical role in pathogenesis of asthma through experiments which explored 

a human model of asthmatic lung inflammation and a triple-allergen-induced model (DRA) of lung 

inflammation in gene knockout mice.  

First, our clinical data indicated that the levels of ATX protein were elevated in airway 

spaces of patients with mild asthma following subsegmental bronchial allergen challenge in both 

a discovery and verification cohort of subjects.  Secondly, we confirmed our previous findings 

according to results from the DRA murine asthma and human asthmatic SBP-AG subjects. Thirdly, 

the result of a gain-of-function study indicated elevation of ATX level in mice accentuates allergic 

lung inflammation and the asthma phenotype in terms of Th2 cytokine production. Fourthly, the 

result of the loss-of-function study showed that the combined genetic (ATX +/-) and 

pharmacologic (GWJ-23, an ATX enzyme inhibitor) inhibition of the ATX-LPA axis significantly 

suppressed both Th2 cytokine production and inflammatory response in the mouse DRA model. 

Additionally, LPA2 receptor knockout mice were resistant to the development of asthmatic lung 

inflammation induced by triple allergen DRA challenge. The somatomedin B (SMB) domains of 

ATX are homologous to the SMB domain of vitronectin, both of which can bind to integrins (91). 

The interaction between integrin and SMB domain of ATX leads to produce LPA in the area of 

activated integrins expression. The biological function of LPA is believed to mediate by binding 

to the LPA2 receptor in our mice allergic asthma model, but the role of LPA receptors on human 

inflammatory and airway cells have not been tested yet. Above all, we can conclude that ATX/LPA 

signaling pathway plays a very critical role in the pathophysiology of asthma and could be a novel 

therapeutic target of asthma.  
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3. DEVELOPMENT OF AN ULTRAFILTRATION LC-MS PLATFORM FOR 

AUTOTAXIN 

3.1 Introduction  

Belonging to the small enzyme family of ectonucleotide pyrophosphatases and 

phosphodiesterases, autotoxin (ATX) is an extracellular enzyme that hydrolyzes lysophosphatidyl 

cholines (LPCs) into lysophosphatidic acids (LPAs) (figure 3.1). LPAs are simple lipid mediators 

that bind selectively to cell surface receptors and activate intracellular responses. ATX-LPA 

signaling has been implicated in vascular development (92), various human cancers (93), 

lymphocyte homing and chronic inflammation (94), fibrotic diseases (95), thrombosis and 

cholestatic pruritus (96) and urethral obstructive disease (97). Given its role in human disease and 

the fact that ATX is an extracellular enzyme, ATX is a promising target for therapy.  

The development of sensitive, efficient and high throughput methods to study the ligand-

enzyme binding affinity and their potential to inhibit ATX activity are essential to identify novel 

ATX inhibitors. ATX can hydrolyze LPC into two products, choline and LPA, and both can be 

used to measure ATX activity. Previously, several other in vitro biochemical assays have been 

developed and used to screen compounds for potential ATX inhibition including a radiometry 

method (98,99) and a fluorescence method (100-102), which are designed to test one compound 

at a time for binding or inhibition. Liquid chromatography-tandem mass spectrometry (LC-

MS/MS) also can be used to measure LPA (103,104), but most of the LCMS based methods were 

used to detect naturally occurring LPA in biological fluids (i.e. plasma, bronchoalveolar lavage).  

Although not yet applied to ATX inhibitors screening, mass spectrometry-based bioassays 

have been useful in the discovery of protein ligands and enzyme inhibitors. For example, pulsed 

ultrafiltration (PUF) liquid chromatography-mass spectrometry (LCMS) based methods (figure 

3.2) (105,106), invented in our laboratory, have been used for screening of combinatorial library 

mixtures and natural product extracts in order to identify ligands for a wide variety of 

macromolecular targets including quinone reductase-2 (107), cyclooxygenase-2 (108,109), 

estrogen receptors (110), and the retinoid X receptor (111). The main advantages of PUF-LCMS 

based screening over optical or radioactive detection methods are high throughput, low cost, and 
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less false positives, and the fact that there is no need to modify either the ligand or the targets by 

attaching a radiolabel, a chromophore and a fluorophore, etc.  

When the macromolecular target is soluble such as a cytosolic or extracellular protein, 

PUF-LCMS screening is particularly useful because the target protein is maintained in solution 

during the screening process. During PUF-LCMS, potential ligands in combinatorial library 

mixtures or natural product extracts are allowed to bind to the target protein, ultrafiltration is used 

to separate the protein-ligand complexes from unbound small molecules, and then the retained 

ligands are released by denaturing the target protein for analysis using LC-MS.  To the best of our 

knowledge, no screening assays have been reported previously for the discovery of ATX inhibitors 

from complex mixtures. Since ATX is an extracellular soluble enzyme, the application of a 

solution-phase screening technique such as PUF-LCMS is ideal for the discovery of small 

molecule ATX ligands contained in complex matrixes such as botanical extracts. Subsequent to 

detection during PUF-LCMS, high resolution tandem mass spectrometry may be used to facilitate 

the characterization and identification of each ligand by high resolution accurate mass 

measurement. 
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Autotaxin 

Figure 3.1 Conversion of 16:0 LPC to 16:0 LPA by autotaxin 
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Figure 3.2 Conceptal diagram of PUF-LCMS 
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3.2 Materials and Methods  

3.2.1 Chemicals and Reagents 

All solvents were HPLC grade or better and were purchased from Fisher (Hanover Park, 

IL). Recombinant human ATX, PF-8380 and S32826 were purchased from Cayman Chemical 

(Ann Arbor, MI). GWJ-23 and BrP-LPA were purchased from Echelon Bioscience (Salt Lake City, 

UT), and centrifugal ultrafiltration filters (Microcon YM-30) were purchased from Millipore 

(Bedford, MA) (see chemical structures in figure 3.3). Methanol extracts of Glycyrrhiza glabra 

and Glycyrrhiza uralensis were provided by the UIC/NIH Botanical Center for Dietary 

Supplements Research, and glabridin (see chemical structures in figure 3.4) was purchased from 

Sigma-Aldrich (St. Louis, MO). C16:0 LPC, C16:0 LPA and C17:0 LPA were purchased from 

Avanti Polar Lipids (Alabaster, AL). Dulbecco’s Modified Eagle Medium was purchased from 

Gibco (Grand Island, NY). All organic solvents were HPLC grade or better and were purchased 

from Thermo Fisher (Hanover Park, IL). High purity water was prepared using a Millipore 

(Bedford, MA) Milli-Q system. 

3.2.2 Sample Preparation  

 Ultrafiltration separations were carried out using centrifugation with a Millipore (Billerica, 

MA) vial system (MWCO 30 kDa) for screening pooled compound libraries and extracts of 

botanical extracts. A library of purified natural products and synthetic compounds was prepared 

from compounds isolated in-house at the UIC/NIH Center for Botanical Dietary Supplements 

Research or purchased from multiple vendors. The purity and identity of each compound was 

verified using LC-MS. Stock solutions were prepared by the dissolution of powdered material in 

dry DMSO and then stored at -20 °C. Botanical extracts were obtained as organic solutions and 

were also stored at -20 °C until use. A standard stock solution of pooled samples was prepared 

containing ~100 compounds in DMSO at an equimolar concentration of 100 µM. Working solu-

tions of the pooled ligands were prepared by diluting the DMSO standard stock solution with 50 

mM ammonium acetate buffer (pH 8.0) containing 100 mM NaCl to produce final incubation 

concentrations between 2.5-4 µM. The volume of DMSO in the final incubations was less than 

3%.  

The assay protein concentration of 1 µM was selected for the detection of ligands with 
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dissociation constants of 50 µM or lower, which included the natural ligand glabridin (K
d
 ~1 µM) 

and a wide range of potential ligands with lower affinity. The concentration of autotaxin within 

each incubated solution was calculated using the molecular mass of 125 kDa. Genistein was used 

as an internal standard for all incubations, and a stock solution of 100 µM genistein in DMSO was 

prepared from powdered material.  

3.2.3 Ultrafiltration Screening Conditions  

For PUF-LC-MS screening for ligands of ATX, 10 μM compounds (individually or in 

mixtures) or 0.5 mg/mL of botanical extract was incubated with 1 μM of human recombinant ATX 

or denatured human recombinant ATX (negative control) in 150 μL of 50 mM Tris buffer (pH 8.0) 

containing 140 mM NaCl, 25 mM KCl, 1 mM CaCl2, and 1 mM MgCl2 at 37 °C for 1 h. After 

incubation, each compound, compound mixture or extract was filtered through a 30,000 Da 

molecular weight cutoff ultrafiltration membrane by centrifugation at 13, 000xg for 10 min at 4 °C. 

To remove unbound compounds, the ATX-ligand complexes were washed three times with 150 

μL aliquots of 50 mM ammonium acetate (pH 7.5) followed by another centrifugation at 13,000xg 

for 10 min. The ligands were dissociated from ATX using 300 μL of methanol. Then the 

ultrafiltrate containing ligands was evaporated to dryness under a stream of nitrogen.  

After reconstitution in 100 μL 50% aqueous methanol, the ultrafiltrates containing ATX 

ligands were characterized using LC-MS. Identical incubations using denatured ATX were used 

to control for nonspecific binding; and LC-MS peaks that increased in area in the experiments 

relative to the control containing denatured ATX indicated specific binding. A hit was defined as 

an LC-MS peak area response that is at least 5 times higher than the response of the negative 

control containing denatured ATX. A hit meeting these criteria was re-tested for binding to the 

active site of ATX by adding 10 μM PF-8380 as a competitive inhibitor of binding to the ATX 

active site to the test solution and then repeating the PUF-LCMS screening process. If signal of 

the potential hit was attenuated or eliminated in the presence of 10 μM PF-8380, then the potential 

ligand was confirmed to bind to the ATX active site. If binding was not attenuated by competition 

with PF-8380, then the ligand would be determined to be binding to another site on ATX. 
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S32826  

Figure 3.3 Structures of ATX inhibitors: PF-8380 and S32826 

Figure 3.4 Structure of glabridin 
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3.2.4 LC-MS Conditions for the Proof of Principle Assay  

Each reconstituted ultrafiltrate was analyzed using either a Shimadzu (Kyoto, Japan) 

LCMS-8050 triple quadrupole mass spectrometer (for library compounds such as PF-8380) or a 

Shimadzu ion trap/time-of-flight (IT-TOF) high resolution mass spectrometer (for botanical 

extracts) equipped with a Shimadzu Nexera UPLC system. For the analysis of ultrafiltrates from 

incubations with discreet compounds, the triple quadrupole mass spectrometer was used with 

selected ion monitoring and polarity switching. The injection volume was 10 µl, and separations 

were carried out using a Waters (Milford, MA) Acquity UPLC BEH C18 column (130Å, 1.7 µm, 

2.1 mm x 100 mm) with a 5 minute linear gradient from 25% to 95% acetonitrile in 0.1% aqueous 

formic acid, followed by isocratic 95% acetonitrile for 1.5 minutes. The flow rate was 400 μl/min, 

and the column was re-equilibrated at least 2.5 minutes between analyses. For detection of 

protonated or deprotonated molecules of PF-8380 and S32826, the ions of m/z 477.60 (positive 

mode), m/z 396.4 (negative mode), m/z 338.1 (negative mode), and m/z 405.4 (negative mode) 

were monitored, respectively. For the analysis of ultrafiltrates from incubations with complex 

natural product mixtures such as botanical extracts, 40 µl aliquots were analyzed on the high 

resolution mass spectrometer equipped with a Waters (Milford, MA) Xterra C18 column (150 x 2.1 

mm, 3.5 µm). After 5 minutes at 95% methanol in water containing 0.1% formic acid (v/v), a 95 

minute linear gradient was used from 5% to 100% methanol. Mass spectra were recorded over the 

mass range m/z 180 to 750 or from m/z 740 to 1500 using electrospray with polarity switching (±) 

for a total duty cycle of 1.72 seconds at a normalized collision energy for collision induced 

dissociation of 90%, ion accumulation time of 10 ms, and an activation q value of  0.210. The ion 

source parameters for tandem mass spectrometry included a capillary voltage of -3.5 kV, source 

block temperature 300°C, desolvation line temperature 200°C, and a nebulizer gas flow of 2.5 

l/min. External calibration using a solution of sodium trifluoroacetate provided mass accuracy 

within 5 ppm. Genistein at 50 nM was used as an internal standard for all incubations, and a stock 

solution of 100 μM genistein in DMSO was prepared from powdered material. 

3.2.5 LC-MS Conditions for Screening of Natural products for Binding to Autotaxin 

The reconstituted ultrafiltrate solution was injected (40 μl) onto a Waters Xterra 150 x 2.1 

mm 3.5 μm C18 column connected to Shimadzu (Columbia, MD) LC20ADXR enhanced pressure 

tolerance HPLC system coupled with an IT-TOF mass analyzer. A universal LC-MS method for 
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all sample types was developed allowing for an uncomplicated batch setup and data processing 

workflow of large sample sets. The aqueous mobile phase (A) was water containing 0.1 % v/v 

formic acid and the organic mobile phase B was acetonitrile. The gradient was 5% B from 0 to 5 

minutes and then from 5% to 100% B from 5 to 100 minutes for a slope of 1 % B per minute, 

isocratic 100% B for 2 minutes, re-equilibrate at initial condition for 5 minutes. A total run time 

of 120 minutes proved to be sufficient to elute all compounds and eliminate run to run carry over. 

The Shimadzu IT-TOF HRMS was scanned from m/z 180 to 750 and from m/z 740 to 1500 using 

electrospray ionization with both positive and negative polarities for a total duty cycle of 1.72 

seconds. Pure methanol was analyzed as a blank. Operating parameters were defined as follows: 

Vcap = +4500 V or -3500 V, heating block and curved desolvation line set to 300°C, nitrogen 

drying gas flow 2.5 l/min. A total of four events with two assigned for each polarity were employed 

to cover the desired mass range m/z 100-1500 with a total cycle time of 500 ms.  

3.2.6 LC-MS Based ATX Functional Assay 

To a microcentrifuge tube containing C16:0 LPC (193 μl of a 40 μM in Dulbecco’s 

Modified Eagle Medium) and test compound (5 μl of various concentrations), 2 μl of a 2 μM ATX 

solution in storage buffer (final concentration 20 nM) was added, and the reaction mixture was 

incubated at 37°C for 60 minutes. The reaction was stopped by adding 400 μl methanol followed 

by 10 μl of a 2 μM solution of C17:0 LPA in methanol as an internal standard. Samples were 

centrifuged at 13,000xg for 10 minutes, and supernatants were analyzed using LC-MS/MS. 

Control experiments were performed in parallel using an identical procedure except that the test 

compound was omitted. All the functional assays were performed in duplicate and analyzed twice. 

The concentration of C16:0 LPA (the enzymatic product of ATX conversion of C16:0 LPC) 

in each sample was measured using LC-MS/MS, and the percent of ATX inhibition by each test 

solution was determined by comparing the amount of C16:0 LPA produced in the experiment with 

that produced in the negative control incubation. Measurements were carried out using LC-MS/MS 

with selected reaction monitoring on the Shimadzu LCMS-8050 triple quadrupole liquid 

chromatograph mass spectrometer. A 5 μl aliquot of each supernatant was injected onto a 

Supelco (Sigma-Aldrich) Ascentis Express C8 HPLC column (2.1 x 75 mm; 2.7 μm particle size). 

A 5-minute linear gradient was used from 25% to 95% acetonitrile/chloroform (80:20, v/v) with a 

counter solvent of methanol/water/formic acid (60:39.5:0.5, v/v/v) containing 5 mM ammonium 
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formate followed by an isocratic hold for 1.5 minutes. The flow rate was 400 μl/minute, and the 

column was re-equilibrated at least 2.5 minutes between analyses. The selected reaction 

monitoring transitions that were measured were m/z 496 to m/z 184 (positive mode) for 16:0 LPC, 

m/z 409 to m/z 152.9 (negative mode) for 16:0 LPA, and m/z 423.1 to m/z 152.9 for the internal 

standard 17:0 LPA. Polarity switching was used, and the dwell time was 10 milliseconds per 

transition. 

For IC50 value determination, 8 different concentrations of each inhibitor were assayed 

twice. The IC50 value of each inhibitor toward ATX was determined by plotting and analyzing the 

inhibition curve data using GraphPad Prism 5.0c software (Mountain View, CA). Using 8 

concentrations of C16:0 LPC from 0 to 300 μM, the initial rates of formation of C16:0 LPA were 

determined for ATX using LC-MS/MS. From these data, Michaelis-Menten curves were plotted, 

and the Km values were determined using GraphPad Prism 5.0c software (Mountain View, CA). 
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3. 3 Results  

3.3.1 PUF-LC-MS Screening Assay 

To verify that this new PUF-LCMS assay could detect ATX ligands, the known ligands 

PF-8380 and S32826 were screened (figure 3.5). Using denatured ATX as a negative control, LC-

MS analysis of the ultrafiltrates after incubation, washing, and release of the same known ATX 

ligands indicated that these compounds exhibited little or no non-specific binding to denatured 

ATX or the PUF apparatus.  Based on the LC-MS peak enhancement for the known ligands of 

ATX relative to the corresponding peaks in the negative controls, all of the ligands produced 

signals indicative of positive hits in the PUF-MS/MS assay (figure 3.5). All of these compounds 

were tested at the same concentration of 10 µM, and as expected, PF-8380 had the highest peak 

enhancement compared with the negative control.  
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Figure 3.5 PUF-LCMS Chromatography of PF-8380 and S32826 
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Figure 3.6 PUF-LCMS total ion chromatogram of ultrafiltrate obtained following the incubation of a G. glabra 

extract with ATX. Note the hit at a retention time of 51.5 minutes. 
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After confirming that PUF-LCMS screening can be used to detect known ligands/inhibitors 

of ATX including PF-8380 and S32826, this approach was used to screen a series of botanical 

extracts including the licorice roots, Glycyrrhiza uralensis and Glycyrrhiza glabra, for new natural 

product ligands of ATX. As shown in the PUF-LCMS chromatograms in figure 3.6, a hit was 

detected in the extract of G. glabra, eluting at 51.5 min.  Enhancement of the peak was more than 

20-fold compared to the control containing denatured enzyme, which indicated significant specific 

binding of the ligand to ATX. Based on the high resolution accurate mass measurement of the 

protonated molecule of this hit of m/z 325.147 (figure 3.7), the elemental composition was 

determined to be C20H20O4 (-1 ppm, theoretical mass of glabridin). Based on this elemental 

composition and comparison with the known compounds of G. glabra, the isomeric licorice 

compound glabridin was obtained for comparison. Based on identical retention times (figure 3.8), 

elemental composition, and tandem mass spectra (figure 3.9), this PUF-LCMS hit was identified 

as glabridin (see structure in figure 3.4).  

To verify that the ligand glabridin was bound to the active site of ATX, PF-8380 was added 

to the incubation mixture as a competitive inhibitor, and the PUF-LC-MS screening process was 

repeated. As shown in the computer-reconstructed mass chromatograms in Figure 3.10, the signal 

for glabridin of m/z 325.147 was attenuated or eliminated in the presence of 10 μM of the high-

affinity ATX ligand PF-8380. These results confirmed that the G. glabra compound glabridin 

binds to the active site of ATX. 

3.3.2 ATX Functional Assay 

To assess the ability of glabridin to inhibit ATX, a functional ATX enzyme activity assay 

was developed and validated based on LC-MS/MS quantification of the reaction product, C16:0 

LPA formed from the enzymatic release of choline from C16:0 LPC. The unnatural phospholipid, 

C17:0 LPA, was used an internal standard. Because the chemical structures (Figure 3.11) and 

retention times of C16:0 LPA and C17:0 LPA were nearly identical (retention times 2.25 min and 

2.26 min respectively (Figure 3.12), the internal standard could be added to the sample before 

extraction to control for errors during sample preparation as well as for fluctuations in mass 

spectrometer response. The SRM transitions for analytes and internal standard during electrospray 

MS/MS with collision-induced dissociation for 16:0 LPC were m/z 496 to m/z 184 in positive mode 

and in negative ion mode were m/z  409.0 to m/z 153.1 for 16:0 LPA and m/z 423.0 to m/z 153.1 
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for the internal standard 17:0 LPA (I.S.).  For fragmentation sites in these molecules, see figure 

3.12. 

  

Figure 3.7 High resolution accurate mass measurement of the protonated molecule of this hit of m/z 

325.147 

 

 

Positive mode: m/z
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MW: 324.37
Formula: C20H20O4

Glabradin
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Figure 3.8 LC-MS of 10 μM standard of glabridin 
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Figure 3.9 High resolution positive ion electrospray mass spectrum of the protonated molecule of 

glabridin (top) and collision-induced dissociation product ion tandem mass spectrum (bottom) 
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Figure 3.10 PF-8380 (Green solid line) was added to the incubation mixture as a competitive inhibitor 

glabridin m/z 325.147 attenuated or eliminated (Red dot line) in the presence of 10 μM of the high-

affinity ATX ligand PF-8380 
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Figure 3.11 Chemical structures of 16:0 Lyso PA, 16:0 Cyclic LPA and 17:0 Lyso PA 
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Figure 3.12  LC-MS/MS selected ion chromatograms and fragmentation patterns of 16:0 Lyso PA, 

16:0 Cyclic LPA and 17:0 Lyso PA 
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Beginning with the ATX incubation conditions as above, multiple parameters were 

optimized including the ATX enzyme level, the substrate concentration and the incubation time. 

This experimentally determined Km of ATX was in the range reported previously of 100 to 260 

μM (112-114) and was within the normal range of LPC in plasma (115). Based on this information, 

the concentration of the substrate, 150 μM C16:0 LPC, used in the enzymatic reaction was selected 

based on kinetics studies that indicated the Km value of human recombinant ATX for LPC was 

150 μM.  

In order to select the incubation time for the functional assays, control experiments 

(without inhibitors) were carried out for various times (0, 30, 60, 90 and 120 minutes). A reaction 

time of 60 min was determined to be optimal, as C16:0 LPA formation was linear up to 60 minutes 

after which the reaction rate declined (Table 3.1). The calibration curve for the measurement of 

C16:0 LPA was linear (r2>0.998) over the range 10 pg/ml to 10 μg/ml, and the limit of detection 

(LOD) and limit of quantitation (LOQ) were 10 pg/ml and 50 pg/ml, respectively. The intraday 

and interday accuracies of C16:0 LPA measurement were from 97.4 to 102.3%, and the precision 

was within 4.5% for concentrations of 10 pg/ml to 10 μg/ml.  

To develop a dose-response curve, additional functional experiments were carried out with 

various concentrations ranging from 0.01 to 10 μM PF-8380, S32826, GWJ-23 and BrP-LPA 

against 1 μM ATX enzyme at 37°C. Quantification of C16:0 LPA by using LC-MS/MS. The 

percent inhibition of the reaction product C16:0 LPA was calculated using the following equation: 

100(A0 - A)/A0, where A0 was the amount of C16:0 LPA (reaction product) formed when no 

inhibitor was present and the C16:0 LPA concentration in the presence of respective inhibitor. The 

IC50 values of PF-8380, S32826, GWJ-23 and BrP-LPA were calculated by nonlinear regression 

analysis using sigmoidal dose-response curve fitting. The regression square value of the dose-

response curve was 0.995, and the IC50 values for the inhibition of ATX by PF-8380, S32826, 

GWJ-23 and BrP-LPA are shown in Table 3.2.  

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2946453/table/T1/
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Table III 16:0 LPA Formed in Control Experiments Performed at Incubation Times 0, 30, 60, or 90 

min 

 

 

16:0 LPA  Formed in Control Experiments Performed at Incubation Times 0, 30, 60, or 90 min 

 

Incubation time (min) 16:0 LPA μM 

0 0.513 ± 0.03 

30 5.429 ± 0.05 

60 14.162 ± 0.02 

90 12.839 ± 0.07 

*Control experiments were carried out without inhibitor 

 

Table IV  IC50 values for the inhibition of ATX by PF-8380, S32826, GWJ-23 or BrP-LPA 

 

 

IC50 values for the inhibition of ATX by PF-8380, S32826, GWJ-23 or BrP-LPA 

 

ATX inhibitors  IC50 

PF-8380  2.8nm 

S32826  9nm 

GWJ-23  18nm 

BrP-LPA  100–200 nM 

 

ATX inhibitors IC50 for ATX 

PF-8380 4.1nm 

S32826 12.7nm 

GWJ-23 29.3 nm 

BrP-LPA 180 nM 
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Glabridin is the first ATX inhibitor known to occur in plants. The natural source of 

glabridin, the licorice species G. glabra, has long been used to treat a variety of diseases including 

peptic ulcers, hepatitis C, and pulmonary and skin diseases and exhibits a wide range of 

pharmacological properties including antiinflammatory, antiviral, antimicrobial, antioxidative, 

anticancer, immunomodulatory, hepatoprotective, and cardioprotective effects (116). Since its 

initial isolation and structure determination from G. glabra in 1976, glabridin (117) and 

standardized licorice extracts have had an increasingly significant impact on the food, dietary 

supplements and cosmetic markets. The inhibition of ATX by glabridin probably accounts for 

some of the anti-inflammatory properties of G. glabra.  Although in comparison with PF-8380  

(IC50 2 nM) and other published ATX inhibitors, glabridin was a weaker inhibitor (IC50 > 0.5 μM), 

it represents a new scaffold for the development of more potent inhibitors of ATX that may 

overcome some of the limitations of these previously reported compounds in terms of their safety 

and efficacy (118).  
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3.4 Conclusion  

We developed a PUF-LCMS based binding assay for ligands of the enzyme ATX and 

validated it using the known ATX inhibitors PF-8380 and S32826. The assay was successfully 

applied to the screening of botanical extracts, and the natural product glabridin, from G. glabra, 

was identified through dereplication. As with PUF-LCMS assays reported for other targets, 

complex botanical extracts can be screened and hits characterized and dereplicated much faster 

than is possible using the conventional bioassay-guided fractionation approach. Even if a natural 

product hit is a novel structure and cannot be identified through dereplication, the use of high-

resolution accurate mass measurement and tandem mass spectrometry during the assay provide 

insight into the structure of the hit. As the chromatographic retention time of the hit is known, this 

can be a starting point for isolation of the natural product for additional structural characterization.  

To complement the screening assay, a functional ATX inhibition assay was developed and 

validated based on the LC-MS/MS measurement of the enzymatic conversion of C16:0 LPC to 

C16:0 LPA. This sensitive assay uses small amounts of enzyme that are comparable to those 

required for optical-based commercial kits. The assay is also fast and requires less than 5 min per 

sample.  
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4. FIBROBLAST-SPECIFIC DELETION OF VON HIPPEL-LINDAU PROTEIN 

PROTECTS AGAINST BLEOMYCIN-INDUCED PULMONARY FIBROSIS IN A HIF- 

INDEPENDENT PATHWAY 

4.1 Introduction 

 Idiopathic pulmonary fibrosis (IPF) is a chronic and ultimately fatal disease characterized 

by a progressive loss of lung function without clear etiology. Recent approvals of Ofev (Nintedanib) 

and Esbriet (Pirfenidone) by the U.S. Food and Drug Administration (FDA) as novel orally 

antifibrotic available drugs indicated for IPF marked a milestone for an effective therapies of IPF 

(119). Although both agents are “First-in-class” products which offer the promising option to slow 

down the progression IPF, the therapeutic effects of these medications are rather modest and were 

only tested in a very short time period. Therefore, there is an urgent need to explore novel strategies 

to enlighten the management of IPF patients. 

The von Hippel-Lindau protein, also known as pVHL, is a protein expressed in human and 

is encoded by the VHL gene. Researchers first identified Von Hippel-Lindau protein (pVHL) as a 

tumor suppressor since the mutation of VHL gene has a strong association with tumors via 

activation of hypoxia-inducible factor (HIF) (120-124), however, more emerging evidence 

indicates that VHL also plays an important role in alveolar epithelial function epithelial cilia 

maintenance (124), extracellular matrix assembly, cell proliferation(124-132) and cytoskeleton 

dynamics through HIF-independent functions. Although the role of VHL in human diseases is 

mostly illustrated in a loss-of-function model (133), recent published results show that VHL 

protein is overexpressed in patients with IPF (134, 135) and chronic obstructive pulmonary disease 

(COPD).  

Our previous data showed that lungs from patients with IPF overexpressed VHL protein in 

fibroblastic foci (135). Bleomycin treatment also induced increased VHL expression in mouse 

lung fibroblasts, but not increased in alveolar type II cells (135). We believe that overexpression 

of VHL may lead to increased lung fibroblast proliferation, induction of collagen, fibronectin and 

fibronectin receptor α5 integrin subunit, and increased activation of focal adhesion kinase (FAK) 

(135). Furthermore, suppression of VHL expression prevented the proliferation of mouse 

embryonic fibroblasts induced by TGF-β1 (135). These results suggest that overexpression of 
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VHL causes the activation of integrin/FAK signaling pathway, fibroblast proliferation, and fibrosis, 

aberrant expression of fibronectin and collagen. 

In this study, we obtained novel evidence that fibroblast-specific pVHL (Fsp-VHL) plays 

a critical role in the blelomycin-induced mouse fibrosis model. We generated novel strains of 

fibroblast specific knockout or knockdown mice to identify whether suppression of pVHL in 

fibroblasts prevents bleomycin-induced pulmonary fibrosis independent of HIF activation. 

Paradoxically, we found that pVHL is only involved in pulmonary fibrosis but is not affected by 

bleomycin-induced lung injury and inflammation. Moreover, suppression of pVHL blocks the 

activation of Wnt and promotes the antifibrotic PGE signaling. Together, our data suggest that 

pVHL is essential for the development of pulmonary fibrosis in bleomycin-induced mouse fibrosis 

model. 

Previously we reported that von Hippel-Lindau protein (pVHL) expression is elevated in 

human and mouse fibrotic lungs and that overexpressed pVHL stimulates fibroblast proliferation. 

We sought to determine whether loss of pVHL in fibroblasts prevents bleomycin-induced injury 

or fibrosis in vivo. We generated heterozygous fibroblast specific pVHL knockdown mice (Fsp-

VHL+/-) and homozygous fibroblast specific pVHL knockout mice (Fsp-VHL-/-by crossbreeding 

vhlh 2-lox mice (VHL+/+) with Fsp-Cre mice. We found that Fsp-VHL-/- but not Fsp-VHL+/- mice 

had elevated red blood cell counts, hematocrit, and hemoglobin content, an indicator of HIF 

activation. To examine the role of pVHL in bleomycin-induced lung injury and fibrosis in vivo, 

we administered PBS or bleomycin to age-, sex- and strain-matched 8 week-old VHL+/+, Fsp-

VHL+/- and Fsp-VHL-/- mice. In Fsp-VHL+/- and Fsp-VHL-/- mice, bleomycin-induced collagen 

accumulation, fibroblast proliferation, differentiation, matrix protein dysregulation was prevented. 

Suppression of pVHL also decreased bleomycin-induced Wnt signaling and PGE2 signaling. Loss 

of pVHL decreased inflammation 21 days after administration of bleomycin. Taken together, these 

results suggest that pVHL plays a critical role in bleomycin-induced pulmonary fibrosis, possibly 

via HIF-independent pathway.   
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4.2 Methods and Procedures 

4.2.1 Mice.  

Homozygous vhlh 2-lox mice (provided by Dr. Volker Haase from Vanderbilt University) 

and homozygous (Fsp)-Cre mice (provided by Dr. Anthony J Trimboli from laboratories of Dr. 

Gustavo Leone and Michael C. Ostrowski from the Ohio State University) were crossbred to 

generate mice with fibroblast-specific knockout of VHL (18, 19). Tail DNA from their offspring 

was tested by PCR to identify the genotypes with the primers listed in Table 4.1 on a Mastercycler 

epgradient S model (Eppendorf, Hamburg/Germany) (136, 137). Animal studies were done 

following the procedures from the National Institutes of Health and experimental protocols were 

approved by the University of Illinois at Chicago Institutional Animal Care and Use Committee. 

4.2.2 Chemical and Reagents  

PGE2, PGD2, d4-PGE2, and d4-PGD2 were purchased from Cayman Chemicals (Ann 

Arbor, MI). Citric acid and bleomycin were purchased from Sigma-Aldrich (St. Louis, MO). 

Butylated hydroxytoluene (BHT) was purchased from Thermo Fisher Scientific (Rockford, IL), 

and formic acid was purchased from EMD Chemicals (San Diego, CA). Purified water was 

prepared using an ELGA (Saint Maurice Cedex, France) PURELAB Ultra purification system. All 

organic solvents were HPLC grade or better and were purchased from Thermo Fisher Scientific 

(Rockford, IL), and all other chemicals and solvents were ACS reagent grade, unless stated 

otherwise.  

4.2.3 Delivery of Bleomycin and PBS to Mice Lungs.  

50 μl of saline or bleomycin (50 μl, 0.045 units) dissolved in saline was delivered 

intratracheally as described previously (17, 20). Briefly, mice were sedated and secured. We used 

a flexible metal wire to guide the placement of angiocath and then administered bleomycin by 

direct instillation into the angiocath (two 25 μl aliquots 2 minutes apart) using a Hamilton syringe.  
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4.2.4 Isolation and Culture of Mouse Lung Fibroblasts.  

Mouse lung fibroblasts were isolated from mice following published procedures (135). The 

identification of mouse lung fibroblasts was done basing on the morphology and expression of 

vimentin and collagen. Finally, the viability of cells was analyzed by Trypan blue exclusion assay.  

4.2.5 Histological Analysis.  

The mouse lungs have were removed en bloc, fixed in 10% paraformaldehyde, embedded 

in paraffin and sectioned. These lung sections were used for staining with H&E and Masson’s 

Trichrome staining (135). 

4.2.6 Bronchoalveolar lavage (BAL) Analysis 

BAL fluid were collected through a 20-gauge angiocath ligated into the trachea as 

described (138). 1 ml PBS/mouse were injected to collect the BAL. 200-μl aliquot of the BAL 

fluid will be placed in a cytospin and used for Wright staining to determine cell counts and cell 

differential analysis. The supernatant of remaining BAL fluid were used for the measurement of 

BAL protein (Bradford) (135). 

4.2.7 Sircol Assay  

Mouse lungs were homogenized and aliquots of lung homogenates were assayed for total 

lung collagen levels using the Sircol collagen dye binding assay (Bicolor Ltd., Northern Ireland, 

UK) according to the manufacturer’s directions.  

4.2.8 Measurement of PGD2 and PGE2 by Mass Spectrometry 

Quantitative analysis of PGD2 and PGE2 were carried out by UHPLC-MS/MS as 

described previously (139). UHPLC separations were performed using a Shimadzu (Columbia, 

MD) Nexera UHPLC system equipped with a Waters (Milford, MA) Acquity ultra performance 

liquid chromatography (UPLC) BEH C18 (2.1 mm × 50 mm, 1.7 µm) analytical column. An 

isocratic mobile phase consisting of acetonitrile/aqueous 0.1% formic acid (40:60, v/v) was used 

at a flow rate of 1.2 ml/min. The UHPLC column temperature was 50°C. The operating pressure 

was 0.690 mBar (10,000 psi), and the sample injection volume was 5 µl. The UHPLC system was 

interfaced to a Shimadzu LCMS-8040 triple quadrupole mass spectrometer, and prostanoids were 
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detected using negative ion electrospray. The ion source conditions were as follows:  350°C 

interface temperature, 3,500 V interface voltage, 250°C DL temperature, 400°C heat block 

temperature, 3 l/min nebulizer gas, and 15 l/min drying gas. The UHPLC-MS/MS system was 

controlled using Shimadzu LabSolutions 5.41.239 software. During MS/MS, argon was used for 

collision-induced dissociation, and the Q1, Q3 pre bias and collision energy were optimized for 

each analyte. The selected reaction monitoring (SRM) dwell time was 15 ms, and the switching 

time between SRM transitions was 1 ms.  Isomeric PGD2 and PGE2 were measured using a SRM 

transition of m/z 351 to m/z 271, and the SRM transition of m/z 355 to m/z 275 was selected for 

the internal standards d4-PGE2 and d4-PGD2. 

Stock standard solutions of the 6 prostanoids (PGE2 and PGD2) and 2 internal standards 

(d4-PGE2, and d4-PGD2) were prepared in methanol at a concentration of 100 µg/ml each. Working 

standard mixture solutions of the 2 analytes and 2 internal standards at 10 µg/ml each were 

prepared by dilution of the stock solutions in methanol/water (50:50, v/v). All stock solutions and 

working solutions were stored at -20°C in the dark. PBS was spiked with calibration standards 

containing 2 analytes at concentrations of 0.05, 0.1, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 800, 

and 1000 ng/ml to make a final volume of 500 µl for each solution. Samples for quality control 

(QC) were prepared by spiking appropriate aliquots of the working solution into PBS at 

concentrations of 0.1, 4, 400, and 750 ng/ml. The spiked samples were treated as the same as BAL. 

4.2.9 Quantitative Real-Time RT-PCR and Microarray Analysis.  

Total RNA was extracted using the miRNeasy mini kit (Qiagen, Valencia, CA) and 

quantified with Nanodrop 2000 Spectrophotometer (Thermo Scientific., Waltham, MA). 

Synthesis of complementary DNA (cDNA) was performed using the ABI High Capacity cDNA 

Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative real-time RT-PCR 

(qRT-PCR) was carried out on the ABI StepOnePlus real-time PCR system using the ABI SYBR 

Green PCR master mix (Applied Biosystems). The amplification of the genes was normalized to 

the amplification of the mitochondrial ribosomal protein L19 (RPL19). The sequences of the 

primers used in the real time qRT-PCR are shown in Table 4.1. We overexpressed pVHL in N12 

human fibroblast by infection of pAd-VHL-HA (pAd-GFP was used as control infection) (135), 

extracted the total RNAs, and performed microarray analysis with Affymetrix GeneChip Human 

Genome U133 Plus 2.0 Array. Data was analyzed in Partek Genomics statistical package from 
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Partek, (St. Louis, MO). Hybridization signal intencyties were normalized by quantiles and 

summarized using the Robust Multi-array Average (RMA) (140).  

4.2.10 Measurement of TGF-β1 in BAL fluid  

Levels of TGF- (R&D Systems, Minneapolis, MN) were measured using an ELISA kit 

following the manufacturer’s protocol. The optical density of each well was read using a GloMax-

Multi Detection System (Promega, Madison, WI) set to 450 nm with wavelength correction set to 

540 nm. 

4.2.11 Statistical Analysis.  

Results were presented as mean (± SEM). First we used one way analysis of variance 

(ANOVA) to analyze data.  Then once the ANOVA showed a significant difference, the 

Bonferroni correction post-test was performed to compare all individual groups. The statistical 

significance level was set at 0.05 level. 
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4.3 Results 

4.3.1 Fibroblast Specific Knockout of pVHL and Activation of HIF.  

Previously, we have shown that VHL is upregulated in fibroblasts in fibrotic tissues and 

overexpression of VHL induces fibroblast proliferation (135), indicating that pVHL may involve 

into the development of IPF. To test our hypothesis, we investigated whether loss of VHL can 

prevent pulmonary fibrosis. Strains of fibroblast specific VHL knockdown (Fsp-VHL+/-) and 

knockout mouse (Fsp-VHL-/-) were generated by crossbreeding the homozygous vhlh 2-lox 

(VHL+/+) mice (provided by Dr. Volker Haase of Vanderbilt University) with homozygous Fsp-

Cre mice (provided Dr. Gustavo Leone of the Ohio State University) (figure 4.1A) (136, 137). 

Two loxP sites which develop normally flank the VHL promoter and the first exon in vhlh 2- lox 

mice. In Fsp-Cre mice, the fibroblast specific protein-1 (Fsp-1; also known as S100A4) promoter 

(137, 141) drives the Cre expression. In lung, fibroblasts but not macrophages or ATII cells express 

Fsp-1 and Fsp-1 expresses in procollagen positive cells, suggesting that in lung Fsp-1 is also 

fibroblast relatively specific (142). We confirmed the genotypes of Fsp-VHLfl/fl, Fsp-VHL+/- and 

Fsp-VHL-/- mice by analyzing the DNA samples obtained from mouse tails using the PCR 

technique (figure 4.1B). Mouse lung fibroblasts (MLF) from these mice were also isolated and 

pVHL mRNA from MLF were analyzed. We confirmed that the level of pVHL mRNA in Fsp-

VHL+/- and Fsp-VHL-/- mice were graded knockdown (figure 4.1C). Two commercial pVHL 

antibodies were used to detect pVHL proteins in MLF; however, no bands were showed in neither 

of them even in wild-type MLFs, indicating a limited application of pVHL antibodies on MLFs. 

pVHL is a known E3 ligase which aims at HIFα for proteosome degradation and loss of pVHL 

results in increased HIF activity (133, 143). As expected, Fsp-VHL-/- mice showed elevated levels 

of hematocrit (HCT), red blood cells (RBC) and hemoglobin (HGB), suggesting HIF activation 

(figure 4.1D-4.1F). However, levels of RBC, HCT, and HGB from Fsp-VHL+/- mice showed no 

significant difference with levels from wild type mice (figure 4.1D-4.1F), suggesting that 

knockdown of VHL is not sufficient to activate HIF pathway.  

Furthermore, elevated mRNA levels of HIF downstream genes, vascular endothelial 

growth factor(VEGF), erythropoietin (EPO), and glucose transporter (Glu) 1 were shown in MLFs 

isolated from Fsp-VHL-/- mice, but not Fsp-VHL+/-  mice (figure 4.1G-4.1I). These results 

indicated that the HIF pathway was activated in Fsp-VHL-/- mice, but not Fsp-VHL+/- mice. Thus, 
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Fsp-VHL+/- and Fsp-VHL-/- mice are an ideal model to explore the HIF-dependent and HIF-

independent functions of pVHL during pulmonary fibrosis. To measure the percentage of Fsp-1-

positive population in MLFs, we labeled MLFs isolating from Fsp-VHLfl/fl mice with Fsp-1 

antibody, and analyzed them by using fluorescence-activated cell sorting test. This result showed 

that 93.97 (3.84) % (mean [±SEM]) of MLF were Fsp-1 positive (Figure 4.1J). In comparison, 

96.21% of pooled MLF, which isolated from five Fsp-VHL-/- mice were Fsp-1 positive. These data 

indicated that knockout of pVHL does not change the population of Fsp-1-positive MLF. 
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Figure 4.1 The figure shows conditional knockout of VHL in fibroblasts. A) Schematic illustration of the 

generation of heterozygous fibroblast specific VHL knockout mice (Fsp-VHL+/-) as well as homozygous 

VHL knockout mice (Fsp-VHL-/-). This is achieved by crossbreeding vhlh 2-lox (VHLfl/fl) mice with Fsp-

Cre mice. B) Genotypes of these mice were confirmed by PCR using DNAs obtained from the tails of mice. 

C) Mouse lung fibroblasts (MLF) were then isolated from these mice where they were used to measures the 

mRNA levels of VHL. D-F) The mice were anesthetized and the blood was drawn to measure the amounts 

of hematocrit (HCT), red blood cells (RBC), and hemoglobin (HGB). n≥5; *, P<0.05; **, p<0.01. 
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4.3.2 Suppression of Fibroblast-Specific pVHL Prevents Bleomycin-Induced Pulmonary 

Fibrosis in Vivo.  

To test the hypothesis that VHL plays a key role in bleomycin-induced pulmonary fibrosis, 

we delivered bleomycin (0.045 units dissolved in 50 μl saline)/mouse intratracheally to VHL+/+, 

Fsp-VHL+/-, and Fsp-VHL-/- mice for 21 successive days. We used mice administered with the 

same volume of PBS as control. 21 days after successive administration, the lung tissues of these 

mice were harvested and the collagen contents which is a hallmark of fibrosis were measured. As 

shown in figure 4.2A, despite Fsp-VHL-/- mice exhibited a slight elevation of basal collagen 

expression, both Fsp-VHL+/- and Fsp-VHL-/- mice displayed an increased collagen expression in 

bleomycin-administrated mice. Meanwhile, Fsp-VHL+/- and Fsp-VHL-/- mice also showed an 

increase of the mRNA levels of col1a1 and col1a2 (figure 4.2B and 4.2C). Furthermore, the results 

of Masson’s Trichrome staining confirmed our observation (figure 4.2D). Above all, these results 

indicate that pVHL has a HIF-independent function in the development of pulmonary fibrosis.  
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Figure 4.2. Suppression of fibroblast-specific pVHL prevents bleomycin-induced fibrosis in 

vivo. Wild type (VHL+/+) mice and Fsp-VHL+/- and Fsp-VHL-/- mice were administered with PBS 

or Bleomycin intrachacheally. 21 days later, the lungs of these mice were collected and used for 

collagen analysis by the Sircol assay (A), real time qRT-PCR (B-C), and Masson’s Trichrome 

staining (D). RPL19 gene was used as internal control for qRT-PCR. n≥5; *, P<0.05; **, p<0.01. 
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4.3.3 Suppression of Fibroblast-Specific pVHL Prevents Bleomycin-Induced Pulmonary 

fibroblast Proliferation, Differentiation, and Matrix Protein Dysregulation in Vivo  

As we know, pulmonary fibrosis is related with fibroblast proliferation, differentiation, and 

ECM protein dysregulation. To address whether inhibition of VHL can prevent pulmonary fibrosis 

via suppression of fibroblast proliferation in vivo, we measured the levels of mouse proliferating 

cell nuclear antigen (PCNA) in lung tissues collected from the VHL+/+, Fsp-VHL+/-, and Fsp-VHL-

/- mice which were administrated PBS or bleomycin  for 21 successive days. Our results showed 

that the expression levels of bleomycin-induced PCNA were decreased in Fsp-VHL+/- and Fsp-

VHL-/- mouse lungs (figure 4.3A). Our results also suggested that suppression of VHL decreased 

the level of bleomycin-induced α-SMA (Acta2) (figure 4.3B). Above all, we concluded that 

suppression of fibroblast-specific VHL prevents fibroblast proliferation and differentiation.  

Expression of ECM proteins is dysregulated in the pathogenesis of pulmonary fibrosis.  

Previously our data indicated that overexpression of VHL upregulates the expression of Fn 

(fibronectin) and integrin α5β1 and activates FAK in lung fibroblasts, resulting in fibroblast 

proliferation (135). Our results showed that suppression of VHL in fibroblasts inhibited the 

expression of integrin α5β1 (figure 4.3C). MMP2 and MMP9 regulate the dysregulation of ECM 

during fibrosis (144, 145). Although suppression of VHL had little effect on the expression of 

bleomycin-induced MMP2 in the VHL+/+, Fsp-VHL+/-, and Fsp-VHL-/- mice, the expression level 

of MMP9 decreased in these mice (figure 4.3D and 4.3E). These data suggest that VHL may play 

an important role in ECM deposition in fibroblast via a MMP9-specific pathway.  
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Figure 4.3. Suppression of fibroblast-specific pVHL prevents bleomycin-induced fibroblast 

proliferation, differentiation, and matrix protein dysregulation in vivo. We harvested lungs of VHL+/+, 

Fsp-VHL+/-, and Fsp-VHL-/- mice 21 days after administration of PBS and bleomycin. Mouse lungs were 

homogenized and used to extract total RNA for the measurement of mRNA levels of mouse PCNA (A), 

α-SMA (Acta2) (B), integrin α5 (C), MMP2 (D), and MMP9 (E) by real time qRT-PCR. RPL19 gene was 

used as internal control for qRT-PCR. n≥5; *, p<0.05; **, p<0.01; n.s, no significance. * and ** compare 

the difference between PBS and other groups. n.s. compares the difference between the high dose AD 

vector group and the bleomycin group. 
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4.3.4 Expression of VHL Correlates with the Wnt/Frizzled Pathway  

Previous reports indicated that Wnt signaling plays a critical role in IPF (146-149). The 

levels of Wnt-2B, 5B and Frizzled (Fz)-related protein were found to be elevated in patients with 

IPF, and we know that β-catenin targets play an important role in promoting pulmonary fibrosis 

or proliferation (150-152). Wnt signaling pathways share the same essential elements in classical 

Wnt signaling through stabilizing β-catenin and translocating to the nucleus, however they have 

different ligands. To investigate whether VHL correlates Wnt signaling, overexpressed VHL in 

N12 fibroblast was used to do microarray analysis, the result showed that overexpression of VHL 

led to upregulation of Wnt signaling (figure 4.4A). In Fsp-VHL+/- and Fsp-VHL-/- mice, we found 

that bleomycin-induced expression of Wnt5b and Wnt16 decreased (figure 4.4B and 4.4C). 

Although bleomycin had no direct effects on lipoprotein receptor-related protein 6 (Lrp6) 

expression, Lrp6 expression was inhibited by suppressing VHL in the mice treated with bleomycin 

(figure 4.4D). These data indicated that Wnt signaling correlated with VHL expression. 
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Figure 4.4. Expression of VHL correlates with the Wnt/Frizzled pathway. A) N12 cells infected with 

Ad-GFP or Ad-VHL-HA were used for microarray analysis with Affymetrix GeneChip Human Genome 

U133 Plus 2.0 Array. The overexpression of pVHL was validated in our previous publication (17). 

ANOVA test were used to calculate significance of the differential expression.  Microarray expression 

data was analyzed by Pathway Studio® to represent all known relationships and potential interactions 

between the differentially expressed genes. The color of each cell denotes its log2 signal intensity. Black 

is the median of all signal intensities on the heat map. Green and red indicates the up- and down-regulated 

genes respectively. B-D) We measured the mRNA levels of Wnt5b (B), Wnt16 (C), Lrp6 (E) in lungs of 

VHL+/+, Fsp-VHL+/-, and Fsp-VHL-/- mice administered with PBS and bleomycin by real time qRT-PCR. 

RPL19 gene was used as internal control for qRT-PCR. n≥5; *, p<0.05; **, p<0.01; n.s, no significance. 

* and ** compare the difference between PBS and other groups. n.s. compares the difference between the 

high dose AD vector group and the bleomycin group. 
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4.3.5 Suppression of VHL Protects Bleomycin-Mediated Suppression of PGE2 and PGD2 

in the Fibrotic Stage 

Emerging data suggested that the loss of production of prostaglandins (PGs), including 

PGE2, plays a critical role in the pathogenesis of IPF (153-155). Pulmonary fibrosis can be 

inhibited by PGE2 signaling through inhibiting lung myofibroblast differentiation and migration 

(155, 156). Our results showed that PGE2 levels decreased in the lungs collected from bleomycin-

treated mice, whereas PGE2 and PGD2 levels showed no significant change in Fsp-VHL+/- and 

Fsp-VHL-/- mice treated with bleomycin (figure 4.5A-4.5B), indicating that pulmonary fibrosis in 

mice can be prevented by knockdown or knockout of VHL which can retain the homeostasis of 

PGE2 signaling.  

PGE2 is converted from PGH2 through the catalyzation of prostaglandin synthase enzymes 

(e.g., PGE synthases) (155,157). PGH2 is synthesized by arachidonic acid (AA) and the conversion 

is catalyzed by cyclooxygenase (COX)-1 or COX-2 enzymes (155, 158). During pulmonary 

fibrosis PGE2 exerts its anti-fibrosis effect via E-prostanoid (EP) receptors, particularly EP2 and 

EP4 (155, 159). To study the mechanism of restoring PGE2 signaling in Fsp-VHL+/- and Fsp-VHL-

/- mice, we harvested lung tissue samples in these mice and quantitated the gene expression of 

COX-1, COX-2, PGE synthase1, 2, 3 and EP2 and EP4 by qRT-PCR. Our results suggested 

bleomycin administration upregulated the expression of COX-1, COX-2, PGE synthase1, 3, and 

EP2 in VHL+/+ mice (figure 4.5C-4.5H), which is consistent with previous reports that there is 

compensatory induction of PGE2 production and COX-2 expression immediately after bleomycin 

administration (160, 161). However, PGE synthase2 levels had no significant change (figure 4.5F). 

Interestingly, this compensatory elevation did not appear in the Fsp-VHL+/- and Fsp-VHL-/- mice 

treated with bleomycin (figure 4.5C-4.5F). In summary, these data indicate that suppression of 

VHL plays an essential role in maintaining PGE2 homeostatis and prevent the development of 

pulmonary fibrosis. 
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Figure 4.5. Loss of VHL protects bleomycin-mediated suppression of PGE2 and PGD2 in the 

fibrotic stage. We collected the BAL fluid from the VHL+/+, Fsp-VHL+/-, and Fsp-VHL-/- mice 21 days 

after administration of PBS and bleomycin and measured the contents of prostaglandin E (PGE2) (A) and 

prostaglandin D (PGD2) (B). C-H) We measured the mRNA levels of PTGS1/Cox1 (C), PTGS2(Cox2) 

(D), PGE synthase 1 (E), PGE synthase 2 (F), PGE synthase 3 (G), and Ptger2/EP2 (H) in lungs of these 

mice by real time qRT-PCR. RPL19 gene was used as internal control for qRT-PCR. n≥5; *, p<0.05; **, 

p<0.01; n.s, no significance. * and ** compare the difference between PBS and other groups.  
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4.3.6 Suppression of VHL in Pulmonary Fibroblasts Has Little Effect on Bleomycin-

Mediated Lung Injury and Inflammation in Vivo  

Inflammation may precede IPF and may be the first step of fibrogenesis. Profibrotic 

cytokines were secreted by inflammatory cells to stimulate fibroblasts which contribute to 

pulmonary fibrosis (162, 163). In the bleomycin-mediated pulmonary fibrosis, an initial acute lung 

injury and inflammatory response may precede lung fibrosis (138, 164) and lung fibrosis is 

maximal at ~ 21 days after bleomycin administration (165, 166). To explore whether suppression 

of VHL prevents bleomycin-induced lung injury and inflammation, we drew bronchoalveolar 

lavage (BAL) fluid from VHL+/+, Fsp-VHL+/-, and Fsp-VHL-/- mice which were treated with PBS 

or bleomycin for 5 days and analyzed the protein amount, cell counts and cell differentiation. 

Briefly, our results showed that VHL+/+ and Fsp-VHL+/- mice had similar BALF protein amount, 

cell counts and cell differentiation, comparing with Fsp-VHL-/- mice which exhibited higher 

protein amount and cell differentiation (figure 4.6A-4.6C). TGF-β1 is reported to be a potent pro-

fibrotic cytokine, however, suppression of VHL had no effect on the bleomycin-induced 

production of TGF-β1 in BALF (figure 4.6D). We also analyzed the gene expression of cytokines 

which were reported to involve in pulmonary fibrosis. These results showed that deletion of pVHL 

did not result in any significant changes on IL-1a, IL-1b, and IL-10 after bleomycin administration, 

but bleomycin-induced IL-6 expression was suppressed by the deletion of pVHL. Above all, our 

data indicates suppression of VHL has no effect on bleomycin induced lung injury and 

inflammation. 
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Figure 4.6. Suppression of pVHL in fibroblasts has no effect on bleomycin-induced lung injury and 

inflammation in the early stage. Wild type (VHL+/+) mice and Fsp-VHL+/- and Fsp-VHL-/- mice were 

administered with PBS or bleomycin intratracheally, 5 days later, mouse bronchoalveolar lavage fluids 

(BALF) were collected and used to determine the protein concentration (A). Aliquots of 180 μ BALF were 

applied to cytospin and Wright staining to determine total cell counts (B) and differential cell counts (C) 

under microscope (200X magnification). The cell counts were expressed as numbers of cells/high power 

field (hpf). (D) The BALF was also used to determining the TGF-β1 concentration.  n≥5; * and #,  p<0.05; 

** and ##, p<0.01; n.s, no significance. * and ** compare the difference between PBS and other groups. #, 

##, and n.s. compare the difference between the high dose AD vector group and the bleomycin group.  
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Table V Primers for PCR 

Gene Forward primer (5’to 3’) Reverse primer (5’to 3’) Application 

VHL  CTCAggTCATCTTCTgCAACC TCTgTCTTggCCTCCTgA

gT 

genotyping 

Cre TCCTGCCCTTAGGTCTCAAC CCTGTTTTGCACGTTC

ACCG 

genotyping 

VHL (mouse) GCTCCTGCTGTAGTCCTG CTTCTCTGCTGTAACT

GTCTG 

qRT-PCR 

Col1a1 (mouse) GCACGAGTCACACCGGAACT AAGGGAGCCACATCG

ATGAT 

qRT-PCR 

Col1a2 (mouse) CTACTGGTGAAACCTGCATCCA GGGCGCGGCTGTATGA

G 

qRT-PCR 

PCNA (mouse) GCCAGACCTCGTTCCTCTTAGA TCAGGCGTGCCTCAAA

CAT 

qRT-PCR 

Acta2 (mouse) CGGGAGAAAATGACCCAGATT GGACAGCACAGCCTG

AATAGC 

qRT-PCR 

Integrin α5 

(mouse) AGGTGGGCAGGGTCTACATCT 

CGAATCGGCTGAACTC

ATCTT 

qRT-PCR 

MMP2 (mouse) GGACAGTGACACCACGTGACA GGCCTCATACACAGCG

TCAAT 

qRT-PCR 

MMP9 (mouse) GGACGACGTGGGCTACGT CACGGTTGAAGCAAA

GAAGGA 

qRT-PCR 

Wnt5b (mouse) CCAAGACGGGCATCAGAGA CACGGTGCTGCAGTTC

CA 

qRT-PCR 

Wnt16 (mouse) TGTATGGTCGCCACTACCACTT CGCTACTCAGCTCATA

GCCAAA 

qRT-PCR 

Lrp6 (mouse) TGGCTTGGCGGTGTGAT TGCCCGCTGGCACACT qRT-PCR 

PTGS1/Cox1 

(mouse) 

TTCCGAGCCCAGTTCCAATA GGATGCCAGTGATAG

AGATGGTT 

qRT-PCR 

PTGS2/Cox2 

(mouse) 

CAGGTCATTGGTGGAGAGGTGTA GGATGTGAGGAGGGT

AGATCATCT 

qRT-PCR 

PGE synthase 1 

(mouse) 

TGGAGCGCTGCCTCAGA AAGCCGAGGAAGAGG

AAAGG 

qRT-PCR 

PGE synthase 2 

(mouse) 

AGGCCTTCGACGACCTGAT TCAATGGCCCGCTCCA

T 

qRT-PCR 

PGE synthase 3 

(mouse) 

CGCCCACCCGTTTGTCT TCGATCGTACCACTTT

GCAGAA 

qRT-PCR 

Ptger2/EP2 

(mouse) 

GCAACATCAGCGTTATCCTCAA AATCCGCAGCGGCTTC

TT 

qRT-PCR 

IL-1a (mouse) GCCCGTGTTGCTGAAGGA AGAAGAAAATGAGGT

CGGTCTCA 

qRT-PCR 

IL-1b (mouse) CTACAGGCTCCGAGATGAACAAC TCCATTGAGGTGGAGA

GCTTTC 

qRT-PCR 

IL-6 (mouse) CGCTATGAAGTTCCTCTCTGCAA GGAAGGCCGTGGTTGT

CA 

qRT-PCR 

TNF-α (mouse) CCCAAGGCGCCACATCT CCACGTCGCGGATCAT

G 

qRT-PCR 

TGF-β1 

(mouse) 

TCGACATGGAGCTGGTGAAA CTGGCGAGCCTTAGTT

TGGA 

qRT-PCR 

TGF-β2 

(mouse) 

ACCTTTTTGCTCCTGCATCTG TGCGCATAAACTGATC

CATGTC 

qRT-PCR 

TGF-β3 

(mouse) 

TGACCCACGTCCCCTATCAG CCCCGTGCATCTCTTC

CA 

qRT-PCR 
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5. CONCLUSION AND DISCUSSION 

The current theory proposes that suppression of pVHL activates HIF, which leads to 

pulmonary fibrosis by enhancing epithelial mesenchymal transition or pulmonary hypertension 

(133, 143). Interestingly, fibrotic fibroblasts upregulate pVHL, overexpression of which enhances 

fibroproliferation and production of collagen and fibronectin, independently of HIF function (135). 

Consistently, our results suggest that bleomycin-induced lung fibrosis is prevented in both Fsp-

VHL+/- and Fsp-VHL-/- mice (figure 4.2). Thus, this study makes the first causal link between VHL 

in fibroblasts and fibrosis using mouse models. Furthermore, our results suggest that resistance to 

bleomycin-induced pulmonary fibrosis (figure 4.2) in both Fsp-VHL+/- (HIF is not activated, figure 

4.1) and Fsp-VHL-/- (HIF is activated, figure 4.1) mice is mediated by a HIF independent function 

of pVHL. These results support our previous finding that overexpression of VHL induces 

fibroblast proliferation and expression of collagen and Fn (fibronectin) in an HIF independent 

pathway, but not fibronectin/integrin/FAK dependent pathway (figure 4.7) (135). Therefore, our 

study shifts the paradigm of the role of pVHL in fibrosis from loss-of-function to a gain-of-

function and HIF-independent function of pVHL in promoting fibrogenesis.     

It is worth pointing out that there is a mild elevation of collagen in Fsp-VHL-/- mice both 

with and without bleomycin administration, indicating there might be a spontaneous pulmonary 

fibrosis in Fsp-VHL-/- mice. In addition, researchers reported that mice with mutation of the pVHL 

at codon 200 (R200W) exhibited pulmonary vascular remodeling, hemorrhage, edema, and 

macrophage infiltration and fibrosis in the end stage assumably via a HIF2-dependent pathway 

(143). We assumed that HIF will be stabilized by losing both alleles of VHL in Fsp-VHL-/-mice, 

which may activate the recruitment and migration of fibrocytes to wound sites, causing pulmonary 

fibrosis (167-170). Overall, the role of pVHL in lung fibrosis may be complicated and involves in 

both HIF independent and HIF dependent pathways.     
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Figure 4.7 A schematic diagram depicting the role of pVHL on fibroblast phenotype and 

pulmonary fibrosis. pVHL may act at multiple levels, such as Fn/integrin α5β1/focal adhesion 

kinase (FAK), PGE 2 , and Wnt/Frizzled pathways to coordinately regulate fibroblast proliferation, 

differentiation, and migration during fibrogenesis. 
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Fibrotic diseases including IPF are characterized with hyperproliferation of fibroblasts, 

differentiation of fibroblasts into collagen-producing myofibroblasts, and deregulated ECM 

remodeling. Inhibition of pVHL in fibroblasts leads to decreased expression of PCNA and α-SMA 

in mice administrated with bleomycin (figure 4.3A and 4.3B), indicating that fibroblastic pVHL 

is required for fibroblast proliferation and differentiation into myofibrolasts. Our results show that 

overexpression of pVHL activates fibroblast proliferation via an integrin α5 dependent function 

(135). Consistently, we have reported that inhibition of fibrotic pVHL alleviates the expression of 

bleomycin-induced integrin α5 (figure 4.3C). ECM protein synthesis and degradation are 

controlled by several mechanisms and degradation of ECM proteins is mainly regulated by MMPs, 

among of which MMP2 and MMP9 are dysregulated and overexpressed in fibrotic diseases 

including IPF (171). Our results also indicated that both MMP2 and MMP9 mRNA are 

overexpressed in bleomycin-administrated mice, and that inhibition of pVHL only suppresses 

bleomycin-induced of MMP9 (figure 4.3D and 4.3E), indicating an MMP9 specific signaling 

pathway in pVHL-mediated pulmonary fibrosis, similar to adenoviruses infection-induced fibrosis 

(172).  

Previous reports showed that IPF patients have increased levels of Wnt2, Wnt2b, Wnt5b 

and Fz-related protein which are well reported to induce pulmonary fibrosis (150-152). Moreover, 

bleomycin-mediated pulmonary fibrosis in mice can be prevented by inhibiting the Wnt/β-catenin 

signaling pathway (173). We found that overexpression of pVHL in fibroblasts activates Wnt 

signaling pathway, whereas suppression of pVHL blocks bleomycin-induced Wnt5b and Wnt16 

and decreases the level of Lrp6 in bleomycin-treated mice (figure 4.4). Therefore, according to 

these data, we conclude that there is a link between pVHL-Wnt-fibrosis. However, the mechanism 

how pVHL regulates Wnt signaling pathway remains unknown and needs further study. 

During the pathogenesis of pulmonary fibrosis, researchers have reported that PGE2 

production decreased and induced pulmonary fibrogenesis via activation of lung myofibroblast 

differentiation and migration (153-156). Similarly, our results showed that production of PGE2 

levels in the fibrotic lungs of VHL+/- mice were reduced after bleomycin administration, whereas 

PGE2 levels in Fsp-VHL+/- and Fsp-VHL-/- mice remains unchanged after bleomycin treatment 

(Fig 4.5F-5B), implicating that pVHL is required in controlling the homeostasis of PGE2 signaling 

pathway. Previous reports indicate that a compensatory up-regulated expression of PGE2 signaling 

genes, including COX-1, COX-2, PGE synthase1, 3, and EP2, occurs in VHL+/- mice treated with 
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bleomycin (160, 161). Furthermore, our results showed that there is no such a compensatory 

induction of COX-1, COX-2, PGE synthase1, 3, and EP2 in Fsp-VHL+/- and Fsp-VHL-/- mice 

treated with bleomycin (figure 4.5C-4.5H), further confirming the function of pVHL in the 

homeostasis of PGE2 signaling pathway. Further investigations are necessary to explore the 

molecular mechanisms how pVHL regulates PGE2 signaling pathway.  

Bleomycin administration is not only widely used to induce acute lung injury (ALI) and 

lung inflammation, which showed increase in pro-inflammatory cytokines, leukocyte infiltration, 

pulmonary edema and significant oxidative stress, but also leads to pulmonary fibrosis, which is 

accompanied with fibroblasts proliferation, differentiation of fibroblasts into collagen-producing 

myofibroblasts, and deregulated ECM remodeling. However, Fsp-VHL+/- mice and their 

littermates had similar BALF protein amount, cell counts and cell differentiation, Fsp-VHL-/- mice 

displayed higher protein amount, cell counts, cell differentiation (figure 4.6A-4.6C), indicating 

that pVHL has little effect on lung BLM induced acute lung injury. Furthermore, similar levels of 

bleomycin-induced TGF-β1  were shown in wild type mice, Fsp-VHL+/- mice and Fsp-VHL-/- mice 

have, implicating that  pVHL has little effect on BLM induced TGF-β1signaling pathway (figure 

4.6D). Above all, pVHL likely acts on the fibrotic stage in the bleomycin model. Furthermore, we 

found that suppression of pVHL in fibroblasts inhibits bleomycin-induced IL-1b, IL-6, TNF-α, 

TGFb1, and TGFb3 in the fibrotic stage (figure 4.7), suggesting that loss of pVHL caused 

prevention of fibrosis also inhibits the sustained inflammation.  

We used the bleomycin-mediated pulmonary fibrosis model in this study, which does share 

the similar pathogenesis with idiopathic pulmonary fibrosis. In the future, other fibrosis models 

also can be used to confirm our findings. Although Fsp-1 was originally thought to be expressed 

only in fibroblasts, emerging evidence show that other cell types also express Fsp-1. Thus, it is 

possible that, in our bleomycin-induced fibrosis model, other cell types may play a role in the 

phenotype change of pVHL knockout mice.  It is likely that fibroblast specific protein-1 (Fsp-1) 

positive fibroblasts only represent a portion of the total lung fibroblast population, and thus the 

role of Fsp-1 driven knockout of pVHL in the pathogenesis of pulmonary fibrosis suggests the 

essential role of this subpopulation of fibroblasts in fibrogenesis. Recent reports also indicate that 

Fsp-1 is also expressed in fibrocytes and epithelial cells experiencing EMT (174-177). Therefore, 

knockout of pVHL with Fsp-Cre may ablate pVHL expression in interstitial fibroblasts and 

fibroblasts/myofibroblasts derived from epithelial cells and fibrocytes. Thus, alleviation of lung 
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fibrosis in Fsp-VHL+/- and Fsp-VHL-/- mice may suggest the comprehensive contribution of all 

these types of cells.  

Together, our results indicate that pVHL is required for pulmonary fibrosis by controlling 

fibroblast proliferation, differentiation and ECM dysregulation, possibly via an HIF independent 

pathway, and that pVHL also mediates the fibrogenesis by altering BLM-induced MMP9, Wnt 

signaling and prostaglandin E2 (PGE2) signaling (Fig 4.8). Further studies are warranted to 

investigate how pVHL regulates MMP9, Wnt and PGE2 signaling.  
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and anthocyanidins in human serum and urine; 

lycopene in cytoplasma and nucleic of primary 

prostate cells  
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TEACHING 

EXPERIENCE  

Teaching assistant, University of Illinois, Chicago, Illinois  

(08/2008 - 05/2009)  

 PHAR 402, Principles of Drug Action and Therapeutics II (Fall 2007)  

 PHAR 407, Principles of Drug Action and Therapeutics VII  

(Spring 2008)  

  

PROFESSIONAL  

MEMBERSHIPS  

  

 

HONORS  

AWARDS  

  

  

  

  

  

American Society of Mass Spectrometry (04/2010 - present)  

American Association of Clinical Chemistry (06/2013 - present) 

 

 

MSACL Young Investigator Travel Award (2016)                                                                                                                          

NIH ODS The Mary Frances Picciano Dietary Supplement 

Research Practicum (2014) 

W.E. van Doren Scholar, University of Illinois, Chicago                                                                                                  

(2014) 

ASMS Travel award, ASMS Conference Committee  (2013) 

  

  

PUBLICATIONS  

  

  

 

van Breemen RB, Wright B, Li Y. Standardized grape powder for basic 

and clinical research  (Chapter 1). In: John Pezzuto, "Grapes and Health." 

(2016) 

Newsome A, Li Y, van Breemen RB (co-first author) 

Improved quantification of free and ester-

bound gallic acid in foods and beverages by UHPLC-MS/MS. J Agric 

and Food Chem. 2016; 64(6):1326-34 

DG Nosal , Burton T, Wright B, Li Y, van Breemen RB. Quantification 

of polyphenols in freeze-dried table grape powder. Planta Med 2015; 81 

– PR4. 

Zhou Q, Chen T, Zhang W, Bozkanat M, Li Y, van Breemen RB, 

Christman JW, Zhou G. Suppression of von Hippel-Lindau protein in 
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fibroblasts protects against bleomycin-induced pulmonary fibrosis, Am of 

Respir Cell and Mol Biol. 2016; 54(5):728-39. 

Park GY, Li Y, Christman JW. Autotaxin production of lysophosphatidic 

acid mediates allergic asthmatic inflammation. Am J Respir Crit Care 

Med. 2013; 188(8):928-40. 

Zhao G, Li Y, Xiao L. Pivotal role of reactive oxygen species in 

differential regulation of lipopolysaccharide-induced prostaglandins 

production in macrophages. Mol Pharmacol. 2013; 83(1):167-78. 

Gaba RC, Li Y, Kumar N. Transarterial sorafenib chemoembolization: 

preliminary study of technical feasibility in a rabbit model. J Vasc Interv 

Radiol. 24(5):744-50. 

Xiao L, Li Y, Christman JW. Lipopolysaccharide-induced expression of 

microsomal marrow derived macrophages. PLoS One. 2012; 7 

(11):e50244. 

Chang M, Li Y, Yang L. Development of methods to monitor ionization 

modification from dosing vehicles and phospholipids in study samples. 

Bioanalysis. 2011 Aug  3(15) 1719-1739. 

Hoshino J, Park EJ, Kondratyuk TP, Marler L, Pezzuto JM, van Breemen 

RB, Mo S, Li Y, Cushman M. Selective synthesis andbiological 

evaluation of sulfate-conjugated resveratrol metabolites. J Med Chem. 

2010; 53(13):5033-43. 

Cai RL, Li Y, Qi Y. Antifatigue activity of phenylethanoid-rich extract 

from Cistanche deserticola. Phytother Res. 2010; 24(2): 313-5. 

YCH Li, Y Song, Y Qi. Advancement in Pharmacological Research on 

Radix Angelicae Dahuricae. World Phytomedicines. 2007; 22(4): 161-

164. (In Chinese) 

Y Qi, RL Cai, M Wang, Y Song, B Liu, YCH Li, DM Zhao. Establishment 

of the range of normal values of blood biochemicaI measurements in SPF 

Wistar rats. Chinese J Comparative Med. 2006; 16(4):198-201. (In 

Chinese) 
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Y Qi, RL Cai, M Wang, Y Song, B Liu, YCH Li, DM Zhao. Establishment 

of normal range and values of blood biochemical measurements in beagle 

dogs. Chinese J Comparative Med. 2006; 16(4): 201-204. (In Chinese) 

Y Qi, RL Cai, M Wang, Y Song, B Liu, YCH Li, DM Zhao. Establishment 

of the range of normal values of blood. Biochemical measurements in SPF 

SD rats. Chinese J Comparative Med. 2006; 16(4):193-196. (In Chinese) 

 

PRESENTATIONS Li, Y.; van Breemen, R.B.: Anti-inflammation biomarkers identified by 

LC-MS based lipidomics study and inhibitors screening by PUF-LCMS 

and LC-MS functional assay. Proceedings of the 8th Mass Spectrometry 

Applications to the Clinical Lab (MSACL); Palm Springs, CA, Feb 21-

25, 2016. 

Li, Y.; Dahl, J.; White, J.; van Breemen, R.B.: Quantitation of 8-iso-

PGF2α in human urine using UHPLC-MS-MS. Proceedings of the 61th 

ASMS Conference on Mass Spectrometry and Applied Topics; 

Minneapolis, MN, June 9-13, 2013. 

Dong, L.; Li, Y.; van Breemen, R.B.: Atmospheric pressure 

photoionization mass of carotinoids using methyl-tert-butyl ether as a 

dopant. Proceedings of the 61th ASMS Conference on Mass Spectrometry 

and Applied Topics; Minneapolis, MN, June 9-13, 2013. 

Nikolic, D.; Li, Y.; van Breemen, R.B.: Mass spectrometric 

characterization of residual pyrrolizidine alkaloids in commercial 

preparations of borage oil. Proceedings of the 60th ASMS Conference on 

Mass Spectrometry and Applied Topics; Vancouver, BC, CAN, May 19-

24, 2012. 

Li, Y.; Ming, C; van Breemen, R.B.: Ion suppression effect of 

phospholipids on dextromethophan and propranolol. Proceedings of the 

59th ASMS Conference on Mass Spectrometry and Applied Topics; 

Denver, CO, June 5-9, 2011. 

Li, Y.; Dong, L.; van Breemen, R.B.:  Lycopene sub-cellular localization 

in primary prostate epithelial and stromal cells. Proceedings of the 58th 
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ASMS Conference on Mass Spectrometry and Applied Topics; Salt Lake 

City, UT, May 23-27, 2010.  
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APPENDICES 

 

 


