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Abstract 

 

Upregulated TNF-α production and dysfunctional lymphatic pumping are observed in 

inflammatory bowel disease pathogenesis. It has been previously demonstrated that iNOS is 

involved in impaired mesenteric lymphatic pumping in animal model of intestinal 

inflammation and studies showed that TNF-α could decrease arterial contractility via iNOS 

activation. We hypothesized that TNF-α may induce impaired lymphatic pumping in 

intestinal inflammation and investigated the effects of TNF-α on rat mesenteric lymphatic 

pumping and its signaling pathway.  

Using pressure myography, we showed that the contraction frequency of isolated rat 

mesenteric lymphatic vessels was significantly decreased after TNF-α treatment, an effect 

restored following administration of PDTC, 1400W, ODQ or glibenclamide. Upregulation of 

phospho-IκB in TNF-α-treated vessels was demonstrated by western blot. We also showed 

upregulation of iNOS mRNA in TNF-α-treated vessels by quantitative real-time PCR and its 

suppression when PDTC was added.  

These findings suggest that TNF-α decreases lymphatic contractility via TNF-α- NF-κB- 

iNOS pathway. 
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Chapter One: Background 

 

1.1 Lymphatic System 

1.1.1 Overview 

The lymphatic system (Figure 1) consists of lymphatic vessels, lymph nodes, spleen, thymus, 

Peyer’s patches and tonsils and is involved in the maintenance of tissue fluid homoeostasis 

and immune surveillance and response 
[1]

.  

There are two important functions that the lymphatic system contributes in the human body. 

Firstly, as part of the circulatory system, the lymphatic system is an important player in the 

body’s response to internal and external pathogens. It provides conduits and lymph nodes for 

the presentation of potentially harmful antigens from the peripheral tissue to immune cells, 

leading to immune recognition and stimulation. Elimination of dead cells, bacteria and excess 

fluids which are deposited from the tissues is the second function that the lymphatic system 

exerts and it can also deliver these substances via the blood to the organs such as the liver, 

kidneys and large colon for detoxification and eventual elimination 
[2]

. 

1.1.2 Lymphatic Vessels 

1.1.2.1 Composition 

The lymphatic vessels, which form a drainage system, are widely distributed throughout the 

body, running parallel with veins and are organized into a very dense and extensive network. 

There are mainly two types of lymphatic vessels: the initial vessels and the collecting vessels 

(Figure 2). The latter includes prenodal and postnodal vessels, which finally converge into 

the thoracic duct and right lymphatic duct before they both merge into large veins 
[3]

. The 

initial lymphatic vessels, also termed terminal lymphatics or lymphatic capillaries, are  
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Figure 1 – Lymphatic system in human body. It includes lymphatic vessels, lymph nodes, 

and lymphoid organs, such as spleen, thymus and tonsils. It plays an important role in 

maintaining tissue fluid homoeostasis, immune surveillance and response. 

 

Adapted from Dynamic Wellness Solutions, www.dynamicwellnesssolutions.org 
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Figure 2 – The initial and collecting lymphatic vessels. The initial lymphatic vessels are 

blind-ended structures with wide lumens and thin walls, which are comprised of a single 

layer of flattened endothelial cells without smooth muscle. The collecting lymphatic 

vessels act as connections both between the initial lymphatics and the lymph nodes and 

between the lymph nodes and the blood circulation. There are a few layers of smooth 

muscle cells in the walls of collecting lymphatic vessels and valves in the lumen of 

collecting lymphatic vessels. 

 

Adapted from Maby-El Hajjami, H. and T.V. Petrova, Developmental and pathological 

lymphangiogenesis: from models to human disease. Histochem Cell Biol, 2008. 130(6): p. 

1063-78. 
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blind-ended structures with wide lumens and thin walls, comprised of a single layer of 

flattened endothelial cells without smooth muscle 
[4]

. The collecting lymphatic vessels act as 

connections both between the initial lymphatics and the lymph nodes, and between the lymph 

nodes and the blood circulation. There are two structures in the collecting lymphatic vessels 

that the initial lymphatics do not have. One is the smooth muscle cells in the walls of the 

vessels, which are responsible for the contractile function of the vessels, and the other is the 

valves that separate the vessels into different successive chambers, preventing the backward 

flow of lymph in the vessels. In addition, collecting lymphatics are surrounded by an 

adventitia of connective tissue containing adrenergic, cholinergic and peptidergic nerves 
[5]

. 

1.1.2.2 Lymphatic Endothelium 

Lymphatic vessels are structurally lined by a layer of endothelial cells supported by a 

discontinuous basement membrane. These endothelial cells, specifically related to their 

position in different types of lymphatic vessels (initial or collecting vessels), are important in 

regulating metabolic and physiological functions of lymphatic vessels and they are also the 

dominant cells that contribute to the lymphangiogenic process 
[6, 7]

. 

In initial lymphatics, endothelial cells are normally the only cell type: they are overlapping 

and surrounded by little or no basement membrane. These structural and morphological 

features allow initial lymphatics to accommodate fluid entry and to be highly endocytic and 

permeable to proteins 
[8]

. The anchoring fibrils are another significant structure related to 

initial lymphatics. They are made of strands of reticular fibres and collagen, and act as 

projections between the outside of the endothelial cells and the surrounding connective tissue 

to anchor the initial lymphatics to the interstitium 
[9]

. Anchoring fibrils are only attached to 
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the outer endothelial cell membrane of the two cells that form the open junction. This 

characteristic allows in-flowing fluid to propel the inner cell while keeping the outer cell 

fixed, causing the movement of fluid and particles into the lymphatic lumen 
[9]

. Most of the 

fluid and material are also believed to enter the initial lymphatics via open junctions down a 

pressure gradient that exists between the interstitium and lymphatic lumen 
[10]

. However, the 

expression of some cytoplasmic regulatory proteins such as actin, myosin and aquaporin 1 in 

initial endothelium suggests that potential contractile properties, motile properties and/or 

transcellular transport molecules could be involved in the regulation of water intake from the 

interstitium into the initial lymphatics
 [11]

.  

In collecting vessels, like in blood vessels, the endothelium plays a role in regulating the 

contractile functions of lymphatic smooth muscle by producing and releasing mediators such 

as nitric oxide (NO) and prostanoids. NO is an important relaxing factor in blood vessels and 

has also been shown to be involved in the relaxation of preconstricted lymphatic vessels and 

to reduce spontaneous phasic contractions in lymphatic pumping 
[12-15]

. Prostanoids, derived 

from arachidonic acid, are a large group of hormone-like lipid compounds which include 

prostaglandins, thromboxanes and prostacyclins, and whose effects on lymphatic contraction 

are complicated. Some of them, like prostaglandin F2-α (PGF2-α) and thromboxane A2 

(TXA2), have been shown to participate in increasing lymphatic contraction 
[16-18]

, while 

others, such as prostaglandin E2 (PGE2), are involved in decreasing lymphatic pumping 
[19]

. 

1.1.2.3 Lymphatic Smooth Muscle 

Smooth muscle is absent in the walls of initial lymphatics, but is present in the walls of 

collecting lymphatic vessels. The origin of smooth muscle cells is poorly known, although 

http://en.wikipedia.org/wiki/Thromboxane
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one potential theory is that the recruitment and differentiation of lymphatic muscle cells relies 

on lymphatic endothelium formation and development 
[20-22]

. The rhythmical contractions of 

lymphatic smooth muscle cells generate intrinsic lymphatic contractions 
[23, 24]

, which are 

regulated by physical factors such as transmural pressure 
[13, 25-27]

, as well as chemical 

mediators like neurotransmitters and agents released by lymphatic endothelium or 

surrounding immune cells into the interstitial space 
[22, 28-32]

. The pacemaker activity in 

smooth muscle cells leads to depolarization and the generation of an action potential that 

spreads from cell to cell along the lymphatic vessel 
[33-37]

. Together, this is responsible for 

initiating the contractions of lymphatic muscle by producing an elevation in intracellular 

calcium 
[36]

.  

1.1.2.4 Lymphatic Valves 

Lymphatic valves, which are formed by endothelial cells, exist in most collecting lymphatic 

vessels and are usually composed of two leaflets, although one study 
[38]

 demonstrated that 

valves can consist of one to five leaflets. The space between two valve leaflets is much 

narrower as compared to areas of the lymphatic lumen where no valve exists. The closure of 

valves in lymphatic vessels prevents retrograde flow and promotes net unidirectional lymph 

flow. The bulb-like and unique shape of the valve sinuses are the two factors that promote the 

formation of local turbulent flows during diastolic filling of lymph in lymphatic vessels, 

making local lymph flow profiles complicated 
[25, 39]

.  

 

1.2 Collecting Lymphatic Pumping 

Lymph, which contains immune cells, antigens and lipids, is transported against a net 
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hydrostatic pressure gradient and a standing protein concentration gradient 
[40]

 by extrinsic 

and intrinsic contractions of collecting lymphatic vessels.  

1.2.1 Extrinsic Lymphatic Contraction 

Extrinsic lymphatic contraction is mainly generated by the driving force of lymph formation, 

influences of cardiac and arterial pulsations on nearby lymphatics, movement of surrounding 

skeletal muscle, gastrointestinal peristalsis, central venous pressure fluctuations and negative 

intrathoracic pressure during inspiration and a suction effect due to blood flow in the 

subclavian veins 
[9]

. These different extrinsic factors lead to variable pressure outside the 

lymphatic vessels, ultimately causing hydrostatic gradients within the lymphatic network. 

Lymph can be transported effectively under these factors in the absence of constitutive 

contraction of the lymphatic vessel itself, but flow patterns in the lymphatic network may 

depend on the types of tissues and organs around the lymphatics. Some of these extrinsic 

forces, such as central venous pressure fluctuations, can have great effects on lymph flow in 

the entire body, while others are more or less localized to specific parts of the lymphatic 

system, such as movement of surrounding skeletal muscle and gastrointestinal peristalsis. 

1.2.2 Intrinsic Lymphatic Contraction 

Intrinsic contraction is produced rhythmically in the collecting lymphatic vessels, a 

phenomenon called lymphatic pumping. It is widely accepted that lymphatic pumping is the 

primary mechanism by which lymph is propelled centrally, and is especially important for the 

propulsion of intestinal lymph 
[41]

.  

Pumping is provided by phasic contractions of successive vessel chambers along the length 

of the vessel. These contractions are spontaneous in nature and due to coordinated 
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contractility of the smooth muscle cells in the wall of lymphatic vessels 
[24, 33, 42, 43]

. During 

the contraction of these cells, the lymphatic diameter is rapidly reduced, leading to an 

increase in the local lymph pressure in the chambers so that a local positive pressure gradient 

is generated in front of the following downstream lymphatic chambers. As a result, the 

downstream lymph valve is opened and a fraction of the lymph within the vessel is propelled 

forward. At the same time, a negative pressure gradient also develops between the 

contracting chamber and the upstream one. This gradient forms the short-lasting, local 

reversed flow which contributes to valve closure, thus preventing the lymph from being 

propelled backwards 
[25]

. This contraction propagates along vessels, producing a pulse in 

lymph flow. When the contractions of smooth muscle cells occur in a great number of vessel 

chambers, and are arranged in series and in parallel acting in a rhythmic fashion, the 

lymphatic pump is strong enough to generate substantial pressure and keeps lymph moving in 

one overall direction throughout the body 
[44]

.  

1.2.3 Lymphatic Pumping in Physiological Conditions 

1.2.3.1 Functions of Lymphatic Pumping 

Lymphatic pumping plays an essential role in fluid homeostasis and immune cell trafficking 

[22, 36]
. It keeps fluid, extracellular proteins, lipids, as well as immune cells moving from the 

interstitium to the lymph nodes and back to the blood stream. When immune cells, such as 

dendritic cells, sequester the external or internal antigens from peripheral tissues, they enter 

the lymphatic system and are transported through the pumping action of lymphatic vessels. 

Upon arrival at a lymph node, antigens are presented to T-cells and an immune response is 

initiated for cleaning up the antigens. Without lymphatic pumping, the lymphatic system is 
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not able to protect our body by getting rid of the harmful antigens in this manner.        

In mesenteric lymphatics (Figure 3), lymphatic pumping is important in transporting fat, most 

of which is of intestinal origin 
[45]

, from the lumen of the intestine to the blood circulation and 

the liver. This is especially important in the small intestine, where long-chain fatty acids 

which are longer than 12 carbon atoms in length and include essential fatty acids, must first 

be absorbed and transported in the mesenteric lymphatic vessels before they enter the 

bloodstream, whereas other short and medium-chain fatty acids can be transferred directly 

into the bloodstream via capillaries of the portal system 
[2]

. In the absence of lymphatic 

pumping, mesenteric lymphatics would be unable to clear lipids absorbed from the gut 

effectively, thus impairing digestive homoeostasis.  

1.2.3.2 Regulation of Lymphatic Pumping  

Lymphatic pumping can be modulated by several intrinsic physiological factors. Firstly, 

lymphatic pumping is influenced by transmural pressure, which is defined as the pressure 

across the vessel wall, and is affected by both intralymphatic and extralymphatic forces. As 

transmural pressure increases, lymphatic pumping is reinforced in a range of pressure values 

(cm H2O), which is variable in different tissues and species until the lymphatic vessels reach 

their maximum pumping ability. If transmural pressure increases out of this range, the 

lymphatic wall becomes over distended and the pumping diminishes 
[41, 46-48]

. Lymph flow is 

another intrinsic factor that influences lymphatic pumping. Lymph flow is generated by both 

extrinsic and intrinsic lymphatic contractions and the change of lymph flow velocity can 

cause different shear stresses, which would finally affect the lymphatic pumping 
[13, 49, 50]

. 

Lymph flow can also regulate lymphatic pumping by flow-dependent involvement of  



 10 

 

 

 

 

Figure 3 – The mesenteric lymphatic system. The immune cells such as dendritic cells 

bind the antigens in the intestinal mucosa and enter the initial lymphatics. Under 

lymphatic pumping, dendritic cells are transported in the mesenteric afferent collecting 

lymphatics, which are wrapped by adipose tissue, to mesenteric lymph nodes, where 

dendritic cells can activate T-cells and stimulate the release of antibodies from B-cells. 

Then, activated T-cells and antibodies are transported in efferent lymphatic vessels and 

delivered to blood circulation to induce immune response. Digested lipids are absorbed 

from the bowel lumen and are also transported in the mesenteric lymphatic vessels 

before they enter the bloodstream. 

 

Adapted from von der Weid, P.Y. and K.J. Rainey, Review article: lymphatic system and 

associated adipose tissue in the development of inflammatory bowel disease. Aliment 

Pharmacol Ther, 2010. 32(6): p. 697-711. 
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NO-synthase and cyclooxygenase (COX) pathways 
[51, 52]

. In response to increased lymph 

flow, more NO and/or prostaglandins are produced to mediate the decreased lymphatic 

contraction, which might be seen as a negative feedback modulation 
[49]

. Besides physical 

factors, lymphatic pumping can also be regulated by chemical mediators, which play a role as 

activators or inhibitors. These chemical mediators can exert their effects by binding to 

specific membrane or intracellular receptors and can be classified into three major groups of 

mediators, namely neurotransmitters such as noradrenaline and acetylcholine, released by 

nerve fibers 
[30, 53, 54]

, paracrine/autocrine factors such as NO and prostaglandins mentioned 

above 
[13, 17, 55, 56]

, and hormone/circulating factors, which are released into the interstitial 

fluid from the blood stream or parenchymal cells and enter the lymph 
[57]

. 

1.2.4 Lymphatic Pumping in Inflammation 

1.2.4.1 Regulation of Lymphatic Pumping  

Through lymphatic pumping, immune cells, fluid and antigens are transported via the afferent 

lymphatic vessels to lymph nodes, where resident naïve T- and B-cells are activated to 

initiate an immune response to infection and at the same time, activated lymphocytes, which 

leave the lymph nodes, are transported in efferent lymphatic vessels, in order to return to the 

bloodstream to act as patrols on the lookout for foreign antigens 
[58]

. In inflammation, 

lymphatic pumping can be modulated by increased lymph flow and inflammatory mediators. 

Inflammatory edema results from enhanced vascular permeability, which enables plasma to 

move from the blood vessels to the interstitium and leads to elevated interstitial fluid and 

protein concentrations. For resolving the edema, lymph flow is observed to increase during 

inflammatory response 
[9]

 and following the elevated lymph flow, lymphatic contraction 
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would be enhanced 
[41]

 so that excessive fluid in the lymphatic vessels can be moved out 

promptly to maintain fluid homeostasis. Effects of many inflammatory mediators such as 

histamine, serotonin (5-hydroxytryptamine, 5-HT) or various prostanoids have been shown to 

modulate lymphatic pumping 
[9]

. However, in vivo, it is difficult to investigate whether the 

variation in lymphatic pumping is due to a direct stimulation by inflammatory mediators on 

lymphatic vessels or is a secondary result of other factors such as edema, which leads to 

vessel filling and increase in lymph flow. Therefore, it is probable that regulation of 

lymphatic pumping most likely involves both lymph flow and inflammatory mediators. As a 

consequence, most of the studies regarding to the modulation of lymphatic pumping by 

inflammatory mediators have been done with isolated vessel models, in order to avoid the 

influence of lymph flow that exists in vivo. 

1.2.4.2 Impairment of Lymphatic Pumping  

If lymphatic pumping is impaired and lymph flow is not regulated, poor drainage of lymph 

would occur and tissue fluid homeostasis will be compromised, eventually contributing to 

refractory edema in the interstitium 
[59]

. As immune cells are transported in the lymph, poor 

lymphatic pumping can also attenuate immune cell trafficking from the interstitium to the 

lymph nodes, consequently delaying the immune response 
[60]

. Wu et al. 
[61]

 reported that in 

inflammatory diseases such as inflammatory bowel diseases (IBD), which was mimicked in 

the 2,4,6-trinitrobenzenesulfonic acid (TNBS) induced ileitis of guinea pig model, mesenteric 

lymphatic pumping was observed to be impaired. This finding suggests that impaired 

mesenteric lymphatic pumping is potentially involved in interstitial (submucosal) edema, 

which is commonly seen in IBD 
[62]

, as well as the formation of lymphoid aggregates, which 
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are caused by dysfunctional immune cell trafficking 
[63]

. In Crohn’s disease, one type of IBD, 

ectopic lymphoid aggregates are a recurrent feature 
[64]

 and contain dendritic cells as well as 

B and T cells that are able to support germinal centre reactions and to initiate a local but 

incomplete immune response. One hypothesis has been proposed that impaired lymphatic 

pumping gives rise to dysfunctional lymph drainage, which could reduce the trafficking of 

antigens, as well as antigen-presenting cells such as dendritic cells, which are indeed able to 

get away from the inflamed interstitium, and enter the draining lymph node to induce 

immune response 
[65]

. Another pathological feature of Crohn’s disease similar to lymphoid 

aggregates is granuloma. Defective lymphatic pumping could also be responsible for 

promoting it by compromising the trafficking of macrophages in lymphatic lumen 
[66]

. As a 

result, the accumulation of macrophages can be induced in the intestinal mucosa and 

granuloma is gradually formed. Dysfunctional lymphatic pumping can also be related to 

fat-wrapping, also known as creeping fat, which is another important pathological feature in 

Crohn’s disease. Fat-wrapping is the accumulation of mesenteric adipose tissue 
[67]

, spanning 

more than 50% of the intestinal surface 
[68, 69]

. It is especially seen in all patients who suffer 

from Crohn’s disease and receive ileal resection 
[70]

. As mentioned above, intestinal 

mesenteric lymphatic pumping plays an important role in transporting long-chain fatty acids 

from the intestinal lumen to the entire body. So a possibility has been highlighted that 

impaired mesenteric lymphatic pumping may lead to the deposition of fatty acids and 

eventually form fat-wrapping in Crohn’s disease. Experimental evidence suggests that 

destruction of intestinal lymphatic drainage can induce the deposition of mesenteric adipose 

tissue over a period of 28 days 
[68]

. Moreover, some studies 
[71, 72]

 have demonstrated that 
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dysfunctional lymphatic drainage can cause accumulation of adipocytes in the skin and 

subcutaneous tissues in inflammatory disease. Hence, it is believed that dysfunctional 

lymphatic drainage caused by impaired lymphatic pumping in intestinal inflammation could 

also be a factor that contributes to mesenteric adipocyte hyperplasia and fat-wrapping.  

 

1.3 The Potential Pathway Involved in Regulating Impaired 

Lymphatic Pumping in Inflammation 

1.3.1 Molecules Involved 

1.3.1.1 Inducible NOS (iNOS) and Nitric Oxide (NO) 

Nitric oxide (NO), which is released from lymphatic endothelial cells, is one important 

mediator involved in modulating lymphatic contractility 
[17, 73]

. Production of NO is catalyzed 

by a family of enzymes called nitric oxide synthases (NOSs) (130–160 kDa) 
[74]

, a group of 

three different isoforms which include eNOS (endothelial NOS, NOS I), iNOS (inducible 

NOS, NOS II) and nNOS (neuronal NOS, NOS III). Among them, nNOS and iNOS are 

soluble, whereas eNOS is membrane bound. eNOS and nNOS are constitutively expressed in 

mammalian tissues, constantly present in resting cells, and are activated by calcium and 

calmodulin (CaM). In contrast, iNOS, which produces NO independently of intracellular 

calcium concentration 
[75, 76]

, is absent in resting cells, but can be upregulated in inflammation 

by immunostimulatory cytokines, bacterial products or infection in a number of cells, 

including endothelium, hepatocytes, monocytes, mast cells, macrophages and smooth muscle 

cells 
[77]

. The activity of iNOS can be modulated by its synthesis and catalytic activity, or by 

its degradation, which is little known about. Some studies have demonstrated 
[78, 79]

 that iNOS 
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is degraded by ubiquitination in human cells and 26S proteasome is shown to be involved in 

the degradation. 

1.3.1.2 Guanylyl Cyclase (GC) and Cyclic Guanosine Monophosphate (cGMP) 

GC is a lyase enzyme which is part of the G protein signaling cascade and there are two 

isoforms: membrane-bound (type 1, guanylate cyclase-coupled receptor) and soluble (type 

2, soluble guanylyl cyclase) forms of GC. Low or high intracellular calcium levels can 

activate or inhibit the function of GC 
[80]

. Soluble GC (sGC) can also be regulated by NO 

with binding to heme iron of sGC 
[81]

. cGMP, acting as a second messenger, is a cyclic 

nucleotide derived from guanosine triphosphate (GTP). In response to calcium or NO levels, 

guanylyl cyclase synthesizes cGMP from GTP, and cGMP, in turn, modulates an array of 

mediators, including various ion channels, phoshodiesterases and protein kinases. Besides 

that, in the context of smooth muscle cells, cGMP can also keep cGMP-gated potassium 

channels open, which lead to hyperpolarization of cell membrane by potassium efflux, finally 

causing a decrease in intracellular calcium levels and allowing smooth muscle to relax 
[81] [82]

.  

1.3.1.3 ATP-sensitive Potassium (KATP) Channels and Voltage-dependent Calcium 

Channels (VDCC) 

KATP channel is a type of potassium channel that is modulated by the intracellular 

nucleosides, adenosine triphosphate (ATP) and adenosine diphosphate (ADP). The channel 

consists of four inwardly rectifying potassium channel subunits (KIR6.1 or KIR6.2) and each 

KIR subunit is associated with a larger regulatory sulphonylurea receptor (SUR) 
[83]

. VDCC 

are a group of voltage-gated ion channels located in the membrane of excitable cells such as 

smooth muscle cells and are highly permeable to the calcium ion Ca
2+

 
[84, 85]

. There are 
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several different types of VDCCs expressed and a previous study in our lab 
[86] 

demonstrated 

that L-type and T-type VDCCs were involved in the regulation of rat mesenteric lymphatic 

contraction. At resting membrane potential, VDCCs are normally closed and become 

activated when membrane potential is depolarized. KATP channels play an important role as 

mediators of the response of vascular smooth muscle to a variety of pharmacological and 

endogenous vasodilators. In inflammatory conditions, they are also involved in dysregulation 

of arterial contraction during endotoxemia induced by LPS 
[87]

 and dysfunction of some kinds 

of smooth muscles such as colonic smooth muscle activity in DSS-induced colitis 
[88, 89]

. 

When KATP channels are activated, membrane potential is hyperpolarized through the efflux 

of potassium, thus keeping VDCC in a closed conformation. The ultimate result is the 

inhibition of muscular contraction through prevention of calcium influx through activated 

VDCC 
[90]

. 

1.3.2 Potential Regulatory Pathway 

Shirazawa et al. 
[91], [92]

 has previously shown that endogenous NO, which was generated by 

eNOS, was responsible for decreasing mesenteric lymphatic pumping in rats. In their 

manuscript, the authors demonstrated that NO produced by eNOS evoked relaxation of 

lymphatic pumping. In inflammatory conditions, high levels of iNOS are expressed in many 

cell types for their function in host defense against microbial and viral pathogens and iNOS 

turns to be the main source of NO 
[93-95]

, leading to overproduction of NO. In these 

circumstances, a large amount of NO produced by iNOS may overly relax lymphatic vessels 

so that lymphatic pumping would be dysfunctional due to insufficient lymphatic contraction. 

Mathias & von der Weid 
[96]

 reported that in the TNBS model of guinea pig ileitis described 

http://en.wikipedia.org/wiki/Membrane_potential
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previously 
[61]

, the expression of iNOS mRNA was shown to be significantly increased in the 

mesenteric lymphatic vessels draining the inflamed ileum compared to that in the healthy 

lymphatic vessels. Consequently, the stimulation of sGC is upregulated by the increased 

production of NO generated from iNOS, leading to greater production of cGMP from GTP. 

cGMP might subsequently stimulate KATP channels that were shown to cause a 

hyperpolarization of lymphatic smooth muscle cells 
[19, 97-100]

. Eventually, VDCCs are 

inhibited and lymphatic contractility is thus impaired (Figure 4). These findings suggest that 

iNOS-derived NO is an essential mediator in regulating dysfunctional lymphatic pumping in 

inflammation. However, the pathway activated during intestinal inflammation leading to 

iNOS upregulation and the inflammatory mediators involved have not been characterized.  

 

1.4 Tumor Necrosis Factor Alpha (TNF-α)  

1.4.1 Overview of TNF-α 

Tumor necrosis factors are a group of cytokines that can cause inflammation and cell 

apoptosis. There are two main members in this group: TNF-α and TNF-β. There are 

differences in the biological acticities between TNF-α and TNF-β, due to their different 

abilities for binding to the target cells. TNF-α is an important inflammatory cytokine that gets 

involved in systemic inflammation and stimulates the acute phase reaction of inflammation. It 

is produced mainly by activated macrophages as well as many other types of cells such 

as CD4+ lymphocytes, mast cells, NK cells and neurons 
[101]

. TNF-a is generated in two 

forms -17 kDa soluble TNFa (sTNF-a) and 26 kDa membrane-bound TNF-a (tmTNFa) 
[102]

. 

After transcription of the TNF-α gene and translation of TNF-α mRNA 
[103]

, TNF-α is  
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Figure 4 – Mechanism of inflammation-induced alteration of lymphatic contractile 

Function. iNOS, which is upregulated in inflammation, has been shown to be involved in 

the regulation of impaired lymphatic contraction. iNOS generates high levels of NO, 

leading to the activation of sGC and increased cGMP levels. KATP channels are then 

stimulated at least in part via the cGMP/PKG-dependent pathway, leading to a 

hyperpolarization of the lymphatic muscle, which inactivates VDCC. The influx of 

calcium via VDCC is thus inhibited, altering contraction and resulting in dysfunctional 

pumping. L-Arg, L-arginine; L-Citr, L-citrulline.   

 

Adapted from Mathias, R. and P.Y. von der Weid, Involvement of the NO-cGMP-K(ATP) 

channel pathway in the mesenteric lymphatic pump dysfunction observed in the guinea pig 

model of TNBS-induced ileitis. Am J Physiol Gastrointest Liver Physiol, 2013. 304(6): p. 

G623-34. 
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primarily produced as a type II transmembrane protein with 212 amino acids, which are 

arranged in stable homotrimers 
[104]

. Then, the soluble form of TNF-α is released from its 

membrane-integrated form by the metalloprotease TNF-α converting enzyme (TACE) 
[105]

. 

Membrane–bound TNF-α can serve as a ligand binding TNF receptor or as a receptor 

mediating the transfer of external signals back to the cell 
[106]

. The membrane bound forms of 

TNF-α are as biologically active as the secreted forms and they have overlapping and distinct 

effects on biology activities 
[107]

. Both forms of TNF-α are homotrimers (Figure 5), which 

have the appearance of a triangular cone or bell and there is a typical jelly roll-β structure in 

each of the three subunits, which are arranged edge to face 
[108]

. Some studies 
[109, 110]

 

demonstrated that the receptor binding sites of TNF-α were present in the lower half of the 

triangular pyramid in the groove between every two subunits.  

1.4.2 The Modulation of TNF-α Synthesis 

Many exogenous stimuli are able to induce the production of TNF-α including endotoxin, 

superantigens, granulocyte-macrophage colony-stimulating factor (GM-CSF), phorbol esters, 

osmotic stress, radiation 
[111]

 and TNF-α itself can stimulate pro-inflammatory cytokines, 

such as interleukin (IL)-1 and IL-6 
[112]

. The gene for encoding TNF-α is located on the short 

arm of chromosome 6 in human, between the HIA class I and II loci 
[113]

. TNF-α can be 

regulated at the transcriptional, translational, and post-transcriptional levels 
[114]

. Pretreatment 

with corticosteroids and different agents that increase intracellular cyclic AMP concentrations 

can decrease the transcription of TNF-α in monocytes 
[115]

 and the mRNA of TNF-α itself, 

containing various UAUUAU-rich regions within the 3' untranslated region can act as an 

RNAse to reduce mRNA half-life so that translation rate can be decreased 
[116]

.  
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Figure 5 – The structure of TNF-α homotrimer. TNF-α executes its function by the 

formation of homotrimer with a 3-fold symmetry, which owns the appearance of a 

triangular cone or bell. Each TNF-α monomer interacts with a TNF receptor, TNFR1 or 

TNFR2. 

 

Adapted from Guven-Maiorov, E. et al., Structural pathways of cytokines may illuminate 

their roles in regulation of cancer development and immunotherapy. Cancers (Basel), 2014. 

6(2): p. 663-83. 
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1.4.3 The Biological Effects of TNF-α 

TNF-α can exist in the bloodstream as a hormone-like peptide to change the bioactivities of 

distant tissues, while sometimes it can also act as a paracrine mediator 
[117]

. Many biological 

effects can be generated by TNF-α including suppression of infection, cytotoxicity, cellular 

differentiation and growth modulation 
[118]

. Among them, the pro-inflammatory and cytotoxic 

activities of TNF-α have attracted most research interest. Previous studies 
[119-121]

 have shown 

that TNF-α induced phagocytosis, degranulation, respiratory burst activity and release of 

arachidonic acid (AA) by stimulating neutrophils which provide the first line of defense 

against infection by phagocytosing and killing pathological micro-organisms. TNF-α can also 

increase the adherence of stimulated neutrophils to endothelium by upregulating expression 

of the endothelial adhesion molecule E-selectin and promoting endothelial production and 

secretion of IL-8, which is a powerful chemoattractant 
[122-126]

. Besides neutrophils, TNF-α is 

also able to stimulate monocytes and macrophages, long-lived phagocytes which present 

processed antigen to T lymphocytes 
[127]

. The cytotoxicity of TNF-α to a range of malignant 

cells is a great potential therapeutic intervention against tumors 
[128]

. However, the cytotoxic 

effect of TNF-α does not seem to rely on the synthesis of RNA or protein, and is even found 

to be reinforced up to 100-fold by inhibitors of transcription and translation. This implies that 

the toxic effects of TNF-α may be inhibited by the synthesis of protective proteins 
[108, 129, 130]

.  

1.4.4 The Role of TNF-α in IBD  

TNF-α is an important pro-inflammatory cytokine that can affect intestinal epithelial tissue 

directly. TNF-α can induce apoptosis in epithelial cells, the disruption of the epithelial barrier 

and chemokine release by intestinal epithelial cells 
[131]

. There are some publications 
[114, 132, 
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133]
 showing that TNF-α is upregulated in IBD and a study from Liu and Wang demonstrated 

[134]
 that TNF-α played an essential role in TNBS animal model, where TNF-α is released 

from macrophages early on in the inflammatory response. These studies suggest that TNF-α 

is a potential key regulator of the inflammatory cascade in this model of IBD. TNF-α 

mediates multiple pro-inflammatory signals that are involved in the pathogenesis of IBD, 

including recruitment of neutrophil to local sites of inflammation, activating fibrinolysis, 

inducing coagulation and submucosal edema 
[62, 114, 135]

. Moreover, upregulation of TNF-α 

had been shown to modulate the formation of granulomas with the presence of CD4
+
 T cells, 

which is one of the histopathological hallmarks of Crohn's disease 
[136-139]

. TNF-α mediates 

granuloma formation via several mechanisms, one of which is the regulation of the 

chemokine monocyte chemoattractant protein-I (MCP- 1) 
[140, 141]

. Under the effect of MCP-1, 

chemotactic activity is initiated, which causes circulating immune cells such as monocytes to 

be recruited to the site of inflammation where granulomas are triggered.   

1.4.5 The Potential Relationship Between TNF-α and Dysfunctional 

Lymphatic Pumping in IBD 

As mentioned above, TNF-α in conjunction with dysfunctional lymphatic pumping may 

participate in the progression of submucosal edema and formation of granulomas in IBD. 

This suggests that a potential relationship might exist between TNF-α and impaired 

lymphatic pumping and it highlights the possibility that TNF-α may be involved in inducing 

impaired lymphatic pumping in IBD. In a previous study 
[96]

, upregulation of iNOS 

expression in inflamed lymphatic vessels was shown to be one of the key factors involved in 

driving the dysfunctional mesenteric lymphatic pumping in experimental ileitis, although the 
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inflammatory cytokines responsible for the upregulation of iNOS expression were not 

determined. Since TNF-α has a close relationship with the pathogenesis of IBD, it is logical 

to suggest that TNF-α may be one of the inflammatory cytokines that elevates the expression 

of iNOS in inflamed lymphatic vessels. Moreover, in studies of arterial vascular disease 
[142, 

143]
, arterial vessel contractility was impaired due to the regulation of NO generated by iNOS 

and TNF-α was indicated to be one of the regulating factors involved. However, a direct 

effect of TNF-α on lymphatic vessel contractility has not been reported.  

 

1.5 TNF-α-Nuclear Factor Kappa-Light-Chain-Enhancer of Activated 

B Cells (NF-κB) Pathway 

1.5.1 Cell Signaling Induced by TNF-α 

TNF-α mediates its diverse biologic or pathological effects by binding to two distinct 

receptors known as TNF-α receptor type 1 (TNFR1; also known as p60, p55 and CD120a) 

and TNF-α receptor type II (TNFR2; also known as p80, p75 and CD120b). Both the 

membrane-bound and soluble forms of TNF-α can activate TNFR1, which is expressed in 

most tissues, while TNFR2 is mainly expressed by immune and endothelium cells, and the 

membrane-bound form of TNF-α is required for its full activation 
[144]

. Most information 

regarding TNF-α signaling was attained from TNFR1 
[145, 146]

. A conformational change 

occurs in the TNF-α receptor when TNF-α is bound. This binding leads to the dissociation of 

the inhibitory protein silencer of death domain (SODD) from the intracellular death domain 

of the receptor, enabling the binding of an adaptor protein, the C-terminal DD of TNFR type 

1-associated death domain protein (TRADD), to the death domain 
[147]

. Following that, three 
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main pathways can be induced. They include the activation of NF-κB, which is mainly 

responsible for stimulating inflammatory responses, the mitogen-activated protein kinases 

(MAPK) pathway, which is also involved in inflammation, as well as cell differentiation and 

proliferation and the induction of death signaling 
[145, 147-149]

. In the MAPK pathway, three 

MAPK families--extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases 

(JNKs), and p38 MAPKs are phosphorylated by MAPK cascade, which directly or indirectly 

regulate gene expression at the level of transcription, stability and cytoplasmic translocation 

of mRNA, and protein synthesis 
[144, 150, 151]

. In the death signaling pathway, the binding of 

Fas-associated death domain protein (FADD) and procaspase 8/10 to TRADD activates 

Caspase 8, which then directly stimulates effector caspase 3. The degradation of regulatory 

and structural proteins, which are essential for cell integrity, is subsequently activated by 

Caspase 3, eventually leading to cell apoptosis 
[152-154]

. 

1.5.2 NF-κB Signaling 

1.5.2.1 Overview of NF-κB 

NF-κB is a pivotal transcription factor that gives rise to the expression of many cytokines, 

adhesion molecules and enzymes 
[155, 156]

. There are five different proteins that can be 

involved in NF-κB signaling, namely p65 (RelA), c-Rel, RelB, p50 and p52. One common 

characteristic of all these proteins is the structurally conserved N-terminal 300 amino acid 

region which includes specific domains related to nuclear localization and DNA-binding 

[157-159]
. Only p65, c-Rel and RelB proteins from NF-κB family can directly stimulate the 

transcription of target genes, while the transcriptional capacity of p50 and p52 depends on 

dimerization with p65, c-Rel or RelB 
[158]

. When NF-κB is inactive, it is retained in the 
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cytoplasm with binding to the inhibitory molecules, nuclear factor of kappa light polypeptide 

gene enhancer in B-cells inhibitor (IκB), which covers the nuclear localization motif within 

the amino acid sequence of NF-κB 
[160]

.  

1.5.2.2 Activation of NF-κB by TNF-α 

NF-κB can be activated by different stimuli including bacterial cell wall components like 

LPS, viruses and DNA damaging agents and pro-inflammatory cytokines like IL-1 or TNF-α 

[161]
. When TNF-α binds to its receptor (Figure 6), the activated adaptor protein, TRADD, 

recruits two other proteins, TRAF2 and Receptor-interacting protein (RIP) 
[162]

, which enable 

the activation of IκB kinase (IKK) 
[163-165]

. IKK consists of the two subunits IKKα and IKKβ, 

both of which are able to phosphorylate specific serine residues on IκB and a regulatory 

protein, NF-κB essential modulator (NEMO), which serves as an adaptor molecule 
[166, 167]

. 

The proteosomal degradation of IκB is initiated after it is phosphorylated by IKK. NF-κB is 

then released from IκB and activated, finally allowing the nuclear localization of NF-κB 
[168]

. 

The activated and translocated NF-κB dimers in the cell nucleus can interact with regulatory 

NF-κB elements in promoters and enhancers, thereby stimulating the transcription of target 

genes 
[169-171]

. The genes that are regulated by the transcriptional activity of NF-κB include 

inflammatory and immunoregulatory genes 
[163]

. Many studies have reported that NF-κB 

plays an essential role in the pathogenesis of chronic intestinal inflammatory disease, and that 

severity of intestinal inflammation correlates significantly with activated levels of NF-κB 

[172-174]
. Some studies have also reported 

[175-178]
 that iNOS mRNA transcription can be 

regulated by NF-κB. As mentioned above, the increased expression of iNOS in inflamed 

lymphatic vessels is involved in the impairment of mesenteric lymphatic contraction in an  
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Figure 6 – The TNF-α-NF-κB signaling pathway. Inactive NF-κB stays in the cytosol, 

combined with IκB. TNF-α binds to its receptor and initiates a signaling cascade, 

resulting in the activation of IKK that directly phosphorylates IκB and ultimately 

results in the ubiquitination and degradation of IκB. NF-κB is released from IκB and 

becomes activated, allowing it to translocate to the nucleus and stimulate the 

transcription of some pro-inflammatory cytokine genes. 

 

Adapted from Paola I. Ingaramo et al. Diabetes and Its Hepatic Complication. Hot Topics in 

Endocrine and Endocrine-Related Diseases, 2013, Chapter 5.  
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animal model of intestinal inflammation 
[96]

. Therefore, it is possible that the transcription of 

the iNOS gene in lymphatics might also be initiated by NF-κB in inflammatory conditions 

and that the pro-inflammatory cytokine TNF-α is responsible for the activation of NF-κB. 

Taken together, we can infer that the TNF-α-NF-κB-iNOS pathway is involved in the 

pathogenesis of dysfunctional mesenteric lymphatic pumping.  

 



 28 

Chapter Two: Hypothesis and Aims 

 

2.1 Hypothesis 

The pro-inflammatory cytokine, TNF-α, can decrease lymphatic pumping in collecting 

lymphatic vessels from the rat mesentery by activating the TNF-α-NF-КB-iNOS pathway. 

 

2.2 Objectives and Aims 

2.2.1 Objective 1 

To determine the effects of TNF-α on the contractile function of collecting lymphatic vessels 

from rat mesentery. 

2.2.1.1 Rationale 

In IBD, TNF-α plays an essential role in inducing submucosal edema and granulomas
 [62, 114, 

135-137]
. These two events may also be initiated by dysfunction of mesenteric lymphatic 

pumping 
[2, 61, 68]

. Therefore, it is possible that the involvement of TNF-α in the pathogenesis 

of IBD may occur, at least in part via its action to impair lymphatic pumping. 

2.2.2 Objective 2 

To determine whether TNF-α regulates mesenteric lymphatic pumping via activation of the 

TNF-α-NF-κB-iNOS pathway. 

2.2.2.1 Aim 1 

To determine whether NF-κB is involved in the regulation of mesenteric lymphatic pumping 

by TNF-α.  

2.2.2.1.1 Rationale 

Activation of NF-κB is one of the pathways that TNF-α can induce 
[168-171]

 and it is usually 
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seen in inflammatory responses. Therefore, the TNF-α-NF-κB pathway may also be involved 

in decreasing lymphatic pumping during inflammation. 

2.2.2.2 Aim 2 

To determine whether iNOS is involved in the regulation of mesenteric lymphatic pumping 

by TNF-α.  

2.2.2.2.1 Rationale 

In the TNBS-induced ileitis model, which recapitulates some features of Crohn’s disease, 

mesenteric lymphatic pumping is impaired 
[61]

. Part of this observed effect is due to high 

expression of iNOS in inflamed lymphatics 
[96]

. Studies on artery contractility 
[142, 179]

 

reported that TNF-α could decrease vascular contraction by stimulating the expression of 

iNOS. TNF-α may also suppress the lymphatic contraction with the involvement of iNOS.    

2.2.2.3. Aim 3 

To determine whether transcription of iNOS gene is activated by NF-κB in dysfunctional 

mesenteric lymphatic vessels treated with TNF-α.   

2.2.2.3.1 Rationale 

It is known that transcription of iNOS gene in inflammation is mediated by NF-κB-activation 

[74]
. As high expression of iNOS mRNA is seen in inflamed dysfunctional lymphatic vessels 

[96]
, it is possible that the transcription of iNOS gene is also under the control of NF-κB 

during stimulation of TNF-α. 

2.2.3 Objective 3 

To further confirm that sGC and KATP are involved downstream of the TNF-α- NF-КB- iNOS 

pathway. 
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2.2.3.1 Rationale  

As mentioned above, the high expression of iNOS mRNA in inflamed lymphatic vessels 
[96]

 

leads to elevated NO production. The described action of NO relies on stimulation of  

soluble guanylate cyclase (sGC) and production of cGMP. Furthermore, NO-induced 

inhibition of lymphatic pumping also implicates KATP channels 
[9, 29, 97, 98]

. cGMP and KATP 

channels are thus potential downstream players in the TNF-α-NF-κB-iNOS-induced 

dysfunctional lymphatic pumping. 
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Chapter Three: Materials and Methods 

 

3.1 Animal 

Male Sprague–Dawley rats (Charles River Labs, Senneville, Canada) weighing between 200g 

and 300g were chosen for the source of mesenteric collecting lymphatic vessels. The animals 

were housed at a room temperature of 22 °C with 12-hour day and light cycles and allowed 

full access to water and food at all times. All animal protocols used in this study were 

reviewed and approved by the University of Calgary Animal Care and Ethics Committee and 

conformed to the guidelines established by the Canadian Council on Animal Care. 

 

3.2 Lymphatic Vessel Dissection 

Rats were anaesthetized by isofluorane (Pharmaceutical Partners of Canada, Richmond Hill, 

Canada) inhalation in a sealed box and humanely euthanized by decapitation. Then, the small 

intestine including jejunum and ileum was exteriorized after laparotomy and kept in cold (4ºC) 

Dulbecco`s phosphate buffered saline (DPBS; Sigma-Aldrich, St-Louis, USA). A piece of 

ileal mesentery containing one stem of mesenteric artery, one mesenteric vein and two 

mesenteric collecting lymphatic vessels, one on each side of the mesenteric blood vessels, 

was isolated from the gut and pinned in a Petri dish filled with cold DPBS. The collecting 

lymphatic vessels were immediately dissected out of the mesentery and surrounding adipose 

tissue using a dissection microscope. 
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3.3 Chemicals and Solutions for Incubation and Pressure Myography 

TNF-α (Sigma-Aldrich, St-Louis, USA) was diluted in distilled water to make a stock 

solution of 0.1mg/ml and was subsequently diluted in Nutrient Mixture F-12 (DMEM/F12; 

Life Technologies, Grand Island, USA) containing 5% penicillin (Life Technologies, Grand 

Island, USA) and 5% streptomycin (Life Technologies, Grand Island, USA) to achieve final 

concentrations of 0.1ng/ml, 1ng/ml, 3ng/ml and 10 ng/ml for incubation with mesenteric 

lymphatic vessels. Stock solutions of pyrrolidine dithiocarbamate (PDTC; Tocris Bioscience, 

Minneapolis, USA), 1400W (Tocris Bioscience, Minneapolis, USA), indomethacin 

(Sigma-Aldrich, St-Louis, USA), 1H-(1,2,4) oxadiazolo [4,3-a] quinoxalin-1-one (ODQ; 

Alexis Biochemicals, Farmingdale, USA) and glibenclamide (Sigma-Aldrich, St-Louis, USA) 

were all prepared in dimethyl sulfoxide (DMSO; Sigma-Aldrich, St-Louis, USA) at a 

concentration of 10 mM. Then, PDTC, 1400W and ODQ were diluted in DMEM/F12 to 

achieve a final concentration of 10 µM for incubation with vessels alone or in the presence of 

TNF-α. When the inhibitors glibenclamide, indomethacin, 1400W and ODQ were used to 

treat vessels during myography experiments, they were diluted to achieve final concentrations 

of 10 µM in physiologic saline solution (PSS), which was of the following composition (mM): 

CaCl2, 2.5; KCl, 5; MgCl2, 2; NaCl, 120; NaHCO3, 25; NaH2PO4, 1; glucose, 11. The pH of 

PSS was maintained at 7.4 by constant bubbling with 95% O2/5% CO2. The working 

concentration of PDTC was determined based on the study showing its effectiveness on 

iNOS inhibition at the given concentration 
[180]

. Previous studies 
[61, 96, 181]

 showed that 1400W, 

indomethacin, ODQ and glibenclamide all effectively inhibited the contraction of inflamed 

lymphatic vessels at concentration of 10µM, so the same concentration for these four drugs 
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was applied. The reasons for experimental determination of TNF-α concentration will be 

elaborated on in the discussion section (Section 5.1).  

 

3.4 Lymphatic Vessel Incubation 

After dissection, lymphatic vessels were cut into two halves. One half was placed into a 3.5 

mm sterile petri dish filled with DMEM/F12 solution to serve as a sham control vessels. The 

other half was placed into a petri dish filled with DMEM/F12 supplemented with TNF-α 

alone (0.1ng/ml, 1ng/ml, 3ng/ml, 10ng/ml) or PDTC (10µM), 1400W (10µM), ODQ (10µM) 

drug alone or a combination of TNF-α (3ng/ml) and PDTC (10µM), 1400W (10µM) or ODQ 

(10µM) drug. These were all defined as treated vessels. All vessels were then placed in an 

incubator (5% CO2, 37ºC) for a period of 4, 6, 12 or 24 hours. A previous study 
178

 has 

demonstrated that there was no significant difference in the contraction frequency, amplitude 

and tone index between freshly isolated lymphatic vessels and lymphatic vessels that 

underwent incubations for up to 9 days under nonpressurized or pressurized conditions. We 

examined the contractile performance of lymphatic vessels in our experimental conditions 

and compared contractility of freshly isolated mesenteric lymphatic vessels with that of 

vessels incubated for 24 hours, using our pressure myograph system (described below), and 

also found no significant difference in the contraction frequency between fresh and cultured 

vessels (Result Section 4.1, Figure 10, 11). Together, these findings demonstrate that 

lymphatic contraction is not affected by incubation alone and thus, the incubated vessels are 

suitable for investigating changes in contractile function following exposure to different 

treatments.  
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3.5 Lymphatic Vessel Pressure Myography 

3.5.1 Pharmacological Studies 

Following lymphatic vessel incubation, vessels without additional treatment were mounted in 

a pressure myograph system (Figure 7). Vessels were tied onto two tips of fixed, matched 

polished glass micropipettes (Original Size: Outside Diameter: 1.2mm, Inside Diameter: 

0.69mm, Length: 10cm) in Plexiglas chamber (Figure 7A). The inflow and outflow pipettes 

were connected to independently adjustable pressure reservoirs filled with PSS. Levels of the 

reservoirs were set at the same height so that flow generated by pressure differences at two 

ends of the vessel could not occur, and the transmural pressure inside the vessel was 

maintained constant and equal to the pressure determined by the level of PSS in the two 

reservoirs (Figure 7B). The chamber was filled with circulating PSS, which was kept at 37ºC 

by a circulating water bath (Figure 7C). Care was taken to ensure that air bubbles were absent 

in the pipettes and the tubes that connected the pipettes and reservoirs. Once the vessel was 

cannulated, a positive transmural pressure (3–5 cmH2O) was used to assess for leaks, ensure 

vessel integrity and to confirm a lack of twisting in the mounted vessel. Then, the vessel was 

set to its approximate in situ length by briefly increasing transmural pressure to 10cmH2O, 

and positioned just above the glass bottom of the chamber, which was transferred to the stage 

of a microscope. The vessel was then set to a transmural pressure of 5 cmH2O and warmed to 

37ºC for a 10–15 minute equilibration period, or until phasic contractions were observed 

(Figure 8), followed by vessel equilibration at 5 cmH2O for another 30 minutes. The 

transmural pressure was maintained at 5 cmH2O and vessel contractions recorded for 5 

minutes by a microscope-CCD video camera, through which the signal was  
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A                                  B  

           

 

C                                  D 

          
 

Figure 7 – The Pressure Myograph System used to assess lymphatic pumping. Vessels 

are cannulated onto two tips of fixed, matched polished glass micropipettes and placed 

in the mounting chamber, which is full of circulating buffered PSS (A). The other ends 

of the two micropipettes are connected to two reservoirs by the tubes. The micropipettes, 

reservoirs and tubes are all filled with PSS and the heights of the solution in the 

reservoirs are the same (B). Drugs are added in another reservoir, which is also filled 

with buffered PSS and connected to the chamber by tubes (C). The buffered PSS is 

warmed by water bath and circulates between the mounting chamber and the reservoir. 

The lymphatic contraction is observed on a television monitor and the signal is 

transferred to the trace in a computer (D). 
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Figure 8 – A cycle of the intrinsic lymphatic contraction. (A) The vessel at the end of 

diastole, (B) the vessel close to the end of systole, (C) the vessel at the end of systole, (D) 

the vessel at the middle of the subsequent diastole. 

 

Adapted from Zawieja, D.C., Contractile physiology of lymphatics. Lymphat Res Biol, 2009. 

7(2): p. 87-96. 
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sent to a computer as a digitized trace (Figure 9). The last 2 minutes of recording were taken 

into account for analysis. We defined the vessels incubated without any drug as sham vessels, 

which were used as a control, compared to other vessels with different treatments. From the 

result section 4.1 (Figure 11), we can see the average contraction frequency of the cultured 

vessels was between 4 and 5 cpm. So we considered the sham vessels as the normal vessels 

only when they performed regular rhythmical contractions and their frequency was equal to 

or more than 4 cpm. Data were only taken from these sham vessels. Different drugs [1400W 

(10µM), indomethacin (10µM), ODQ (10µM), Glibenclamide (10µM)] were added 

individually in the circulating PSS after the first 5 minutes of recording and the vessel 

maintained at 5 cmH2O for another 20 minutes so that there was enough time for the 

interaction between the vessel and the drugs. Subsequently, the contractions were recorded 

again for 5 minutes and the data of the last 2 minutes was taken for analysis. Finally, the 

passive diameter of each vessel at 5 cmH2O transmural pressure was measured after 

30-minute exposure to Ca
2+

-free PSS, which has the same compositions as PSS except that 

CaCl2 (2.5mM) was excluded and ethylenediaminetetraacetic acid (EDTA, 3mM) was added 

to chelate any residual calcium. 

3.5.2 Lymphatic Contraction Measurements 

In the pressure myograph system, lymphatic contractions were observed on a television 

monitor (Figure 7D) connected to a video camera and the change in vessel diameter was 

monitored using a video-dimension analyzer (Living Systems Instrumentation, Burlington, 

USA) and recorded on a computer via an analog-to-digital converter. Outer end-diastolic and 

outer end-systolic diameters of the contracting vessels were measured from the recorded  
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A 

 

B 

 

 

Figure 9 – Sample traces representing the contractions of a vessel in PSS (as shown in 

graph A) and in calcium-free PSS (as shown in graph B) and the description of the 

parameters used in the study. EDD: end diastolic diameter; ESD: end systolic diameter 

PD: passive diameter (lymphatic diameter in calcium-free PSS) 

 

Modified from Zawieja, D.C., Contractile physiology of lymphatics. Lymphat Res Biol, 2009. 

7(2): p. 87-96. 

 

Amplitude 
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images using computer-based, Chart v5.5.6 software (ADInstruments, Mountain View, USA). 

Cardiac pump analogies were used to define systolic and diastolic lymphatic diameters with 

reference to the lymphatic contractile cycle, and the end-diastolic and end-systolic points in 

the diameter tracings were recorded for 5 minutes at 5 cmH2O transmural pressure. Using 

methods similar to those described in previous studies 
[183-185]

, we assessed lymphatic 

contractility using 3 parameters: (i) frequency, (ii) amplitude, both of which characterize the 

phasic contraction, and (iii) tone index, which characterizes the level of tonic contraction. 

The 3 parameters were calculated as follows: (i) Contraction frequency was the number of 

contractions per minute, which was counted from the recorded tracing images. (ii) 

Contraction amplitude was the difference between the diastolic and systolic diameters of the 

vessels. Because of the variations among lymphatic vessels, the diastolic and systolic 

diameters were normalized to the passive lymphatic diameters at 5 cmH2O transmural 

pressure so that we could compare changes in amplitude at different pressured lymphatic 

vessel segments. (iii) Tonic index was the difference between passive outer lymphatic 

diameter in Ca
2+

-free PSS and outer end-diastolic diameter in PSS at 5 cmH2O transmural 

pressure, expressed as a percentage of the passive outer lymphatic diameter. 

 

3.6 Real Time Polymerase Chain Reaction (qPCR) 

We used the same procedure as described above to dissect and incubate the lymphatic vessels 

without and with treatment [TNF-α (3ng/ml), PDTC (10µM) individually or both of them for 

6 hours, 12 hours or 24 hours]. The vessels were then placed in RNA-later (Qiagen, 

Mississauga, Canada) for 24 hours, followed by homogenization using a QIAshredder 
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(Qiagen, Mississauga, Canada) and extraction of RNA using the Qiagen Micro RNeasy Kit 

(Qiagen, Mississauga, Canada). The extracted RNA was used to synthesize cDNA with 

SuperscriptⅡReverse Transcriptase enzyme (Invitrogen, Burlington, Canada) and oligo (dT) 

primers (Life Technologies, Grand Island, USA). The target genes (β-actin, iNOS, COX-1 

and COX-2) in cDNA were amplified by using QuantiTect Syber Green (Qiagen, Mississauga, 

Canada) in an iCycler iQ Real-Time PCR Instrument (Bio-Rad, Mississauga, Canada). The 

sequences of all primers were determined according to the NCBI published rat sequences for 

β-actin, iNOS, eNOS, COX-1 and COX-2 and forward and reverse primers were designed 

using Primer3 Software 
[186, 187]

. (see Table 1). PCR results were quantified using the CT 

method 
[188]

, and iNOS, eNOS, COX-1 and COX-2 mRNA expression was normalized toβ

-actin. 

 

3.7 Western Blot 

In this study, we performed a western blot protocol described in previous studies 
[189, 190]

. 

Lymphatic vessels were dissected as described above and incubated without any treatment or 

with TNF-α (3ng/ml, 10ng/ml) for 4 hours or 24 hours. After incubation, the vessels were 

lysed in extraction buffer which contained the following: Phosphatase Inhibitor Cocktail A 

(1:100 dilution; Santa Cruz Biotechnology, Dallas, USA), 60 mM Tris HCl (pH 6.8), 2% 

sodium dodecyl-sulfate (SDS), 10% Glycerol, 0.01% bromophenol blue and 100 mM 

dithiothreitol (DTT). Extracted cytoplasmic proteins were prepared by heating at 94ºC for 10 

min, followed by rotation overnight at 4ºC. The samples were loaded in stacking gel of the 

following composition: 4.5% acrylamide (Bio-Rad, Mississauga, Canada), 125 mM Tris HCl  
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Gene Forward Sequences Reverse Sequences Size 

(bp) 

β-actin AGGGTGTAACGCAGCAAAGT ACTCTCCACCTTCCAGCAGA 118 

iNOS CACCACCCTCCTTGTTCAAC CAATCCACAACTCGCTCCAA 120 

eNOS TGCAACAAACCGAGGCAATC CACCAGCTGGCTGTTCCAGA 114 

COX-1 ACTGGAAACCCAGCACATTC AAGGAGACATAGGGGCAGGT 108 

COX-2 GGCCATGGAGTGGACTTAAA CTCTCCACCGATGACCTGAT 109 

 

Table 1 – Quantitative real-time PCR primer sequences of the genes of interest. 

Sequences are listed in the 5’-3’ direction. Forward and reverse primers were designed 

using Primer3 Software. 
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with pH 8.8, 0.1% SDS, 0.1% ammonium persulfate (APS, Bio-Rad, Mississauga, Canada) 

and 0.17% Tetramethylethylenediamine (TEMED, Bio-Rad, Mississauga, Canada). The 

loaded gel was immersed in a running buffer solution (composition: 3% Trizma base, 14.4% 

glycine and 1% SDS) and the extracted proteins were resolved in a 10% separating gel 

(composition: 10% acrylamide, 375 mM Tris HCl with pH 8.8, 0.1% SDS, 0.14% APS and 

0.07% TEMED) by electrophoresis (3 mA current) for 90 min. Following successful 

electrophoresis, proteins in the separating gel were transferred to a 0.2 µm nitrocellulose 

membrane (Bio-Rad, Mississauga, Canada) or polyvinylidene difluoride (PVDF) membrane 

(Roche, Indianapolis, USA) at 100 V for 120 min or 100 min at 4°C in transfer buffer, which 

contained 1.44% glycine, 0.3% Trizma base and 20% methanol. Goat polyclonal anti-smooth 

muscle (SM)-22 antibody (1:2000 dilution; Novus Canada, Oakville, Canada), 

anti-IκB/phospho-IκB antibodies (1:1000 dilution; Cell Signaling Technology, Danvers, USA) 

and anti-iNOS antibody (1:1000 dilution; Millipore Canada, Etobicoke, Canada) were applied 

to incubate with the membranes in 0.1% TBST [a mixture of Tris-buffered saline (TBS) 

and Tween 20], which contained 150 mM NaCl, 25 mM Tris HCl with pH 7.5 and 0.1% 

tween 20 (Millipore, Billerica, USA) with 5% bovine serum albumin (BSA) or 5% non-fat 

milk overnight, following the fixation of the protein with 0.5% glutaraldehyde in phosphate 

buffered saline (PBS) (composition of 0.8% NaCl, 0.02% KCl, 0.024% NaH2PO4 and 0.14% 

Na2HPO4) for 45 min and the blockage of the non-specific reacting protein in the membranes 

with 5% BSA/non-fat milk in 0.1% TBST for 90 min. After washing (4× 5 min) with 0.05% 

TBST (composition of 150 mM NaCl, 25 mM Tris HCl with pH 7.5 and 0.05% tween 20) for 

SM-22, IκB and phospho- IκB proteins or 0.02% TBST (composition of 150 mM NaCl, 25 
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mM Tris HCl with pH 7.5, 3mM KCl and 0.02% tween 20) for iNOS protein, the membranes 

were incubated with different secondary antibodies [anti-goat IgG–horseradish 

peroxidase-conjugated secondary antibody (1:5000 dilution; Millipore, Bellerica, USA) for 

SM-22, anti-mouse IgG biotin-SP conjugated antibody (1:10000 dilution; Chemicon, 

Billerica, USA) for phospho-IκB, anti-rabbit IgG biotin-SP conjugated antibody (1:10000 

dilution; Chemicon, Billerica, USA) for IκB and iNOS] in 0.1% TBST for 1 hour. Then, the 

membranes only with SM-22 staining were washed (5 × 5 min) with 0.05% TBST and (2 × 5 

min) with TBS containing 150 mM NaCl and 25 mM Tris HCl with pH 7.5. The membranes 

with both IκB and phospho-IκB staining or only with iNOS staining were washed (5 × 5 min) 

with 0.05% TBST or 0.02% TBST, followed by incubation with horseradish 

peroxidase-conjugated streptavidin (1:200000, Pierce Biotechnology, Rockford, USA) for 

half an hour. These membranes were finally washed with 0.05% or 0.02% TBST (5× 5 min) 

and with TBS (2 × 5 min). Finally, the membranes were developed with Amersham ECL 

advanced western blotting detection kit (GE Healthcare, Mississauga, Canada) for detecting 

chemiluminescence signal, the signal was picked up using a Fuji CCD camera (Fujifilm 

Canada, Mississauga, Canada) and the images were formed using chemiluminescence 

imaging software (LAS3000 Mini; Fujifilm Canada, Mississauga, Canada). The protein 

staining was quantified and analyzed by MultiGauge v3.0 software (Fujifilm Canada, 

Mississauga, Canada) and IκB, phospho-IκB and iNOS protein expressions were all 

normalized to smooth muscle protein (SM-22) expression for comparison. 
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3.8 Statistical Analysis 

Statistical differences were determined by ANOVA and two-tailed, paired Student’s t test 

using InStat software (GraphPad Software, La Jolla, USA). Results were considered 

significant at P <0.05 and very significant at P<0.01. Data are expressed as mean values±

one standard error of the mean (SEM). 
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Chapter Four: Results 

4.1 The Effects of Vessel Incubation on Lymphatic Pumping 

4.1.1 Vessel Incubation Does Not Affect the Contraction Frequency of 

Lymphatic Pumping 

Lymphatic vessels isolated from the rat mesentery were divided into two groups. One group 

was mounted in the pressure myograph system immediately while the other was cultured for 

24h before being mounted. There was no significant difference in contraction frequency at 

the different transmural pressures contractility of fresh and cultured lymphatic vessels was 

tested (Figure 10, 11).  

 

4.2 The Effects of TNF-α on Lymphatic Pumping 

4.2.1 TNF-α Decreases Lymphatic Contraction Frequency in a 

Concentration-dependent Manner 

Isolated lymphatic vessels were incubated without any treatment (sham) or with TNF-α at 

different concentrations (0.1, 1, 3, 10ng/ml). After 24h incubation, lymphatic vessels were 

mounted in the pressure myograph system. The contraction frequency of the lymphatic 

pumping was 4.4±0.8 contractions per minute (cpm) in sham group while it was 3.5±0.6cpm, 

2.1±0.8cpm, 1.7±0.8cpm, 0.4±0.3cpm respectively in response to TNF-α at concentrations of 

0.1ng/ml, 1ng/ml, 3ng/ml, 10ng/ml. The contraction frequency decreased as TNF-α 

concentration increased and there was a significant difference between sham group and 

TNF-α (3ng/ml)-treated group (P<0.05) or between sham group and TNF-α (10ng/ml)-treated 

group (P<0.01) (Figure 12, 13A). The contraction amplitude was 69.7±4.0% of passive  
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Figure 10 – The effect of vessel culture on lymphatic pumping. Representative traces 

illustrate that the contraction frequency of both fresh lymphatic vessels (A) and 

cultured lymphatic vessels (B) is increased as transmural pressure elevates. (FLV: fresh 

lymphatic vessels, CLV: cultured lymphatic vessels) 
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Figure 11 – Effect of increase in transmural pressure on contraction frequency of 

freshly isolated and cultured lymphatic vessels. There is no significant difference in the 

contraction frequency between freshly isolated lymphatic vessels and lymphatic vessels 

with 24-hour incubation under different transmural pressures (n=6). 
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Figure 12 – Effect of TNF-α on lymphatic pumping. Representative traces illustrate that 

TNF-α decreases the contraction frequency of lymphatic vessels as TNF-α 

concentrations increases from 0.1ng/ml to 10ng/ml.  
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Figure 13 – Concentration-dependent effect of TNF-α on lymphatic contraction 

frequency. The pressure myograph analysis shows that TNF-α decreases the contraction 

frequency of mesenteric lymphatic pumping in a concentration-dependent manner (A) 

without affecting the contraction amplitude (B) and tone index (C) after 24-hour 

incubation. The contraction frequency is significantly lower when the concentration of 

TNF-α is at 3ng/ml or 10ng/ml, comparing to that in sham vessels. (n=4, transmural 

pressure: 5cm H2O, *: P<0.05, **: P<0.01). A TNF-α concentration of 3ng/ml was 

determined appropriate to be used in all subsequent experiments. 
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diameter in sham group while it was 66.4±4.4%, 65.0±4.1%, 72.2±3.4%, 44.9±16.2% of 

passive diameter respectively in response to TNF-α at concentrations of 0.1ng/ml, 1ng/ml, 

3ng/ml, 10ng/ml (Figure 13B) and the tone index was 6.2±0.3% of passive diameter in sham 

group while it was 8.4±1.6%, 4.3±1.8%, 7.2±2.9%, 3.6±0.9% of passive diameter 

respectively in response to TNF-α at concentrations of 0.1ng/ml, 1ng/ml, 3ng/ml, 10ng/ml 

(Figure 13C). No significant difference was seen among different groups in the contraction 

amplitude or tone index. 

 

4.3 Involvement of NF-κB 

4.3.1 The Decreased Lymphatic Contraction Frequency Caused by TNF-α 

Can Be Restored after 24-hour Incubation with the NF-κB Inhibitor, PDTC 

Lymphatic vessels were dissected from the rat mesentery and cut into two halves. One half of 

the vessels was incubated without any treatment and the other half of the vessels was 

incubated independently with PDTC (10µM), TNF-α (3ng/ml) or TNF-α (3ng/ml) plus PDTC 

(10µM). The contraction frequency (normalized to sham vessels) in PDTC-treated, 

TNF-α-treated or TNF-α plus PDTC-treated vessels were 110.0±7.7%, 49.2±5.7% or 188.5

±40.2% of that in sham vessels. A significant difference was seen between sham vessels and 

TNF-α-treated vessels (P<0.05) or between TNF-α-treated vessels and TNF-α plus 

PDTC-treated vessels (P<0.01) (Figure 14, 15A). The contraction amplitude and the tone 

index (both normalized to those in sham vessels) in PDTC-treated, TNF-α-treated or TNF-α 

plus PDTC-treated vessels were 111.5±3.3%, 117.0±11.2%, 104.0±8.3% and 71.6±

10.7%, 80.9±22.5%, 175.1±65.0% of respective ones in sham vessels but no significant 

difference was seen among different groups of treated vessels (Figure 15B, C).  
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Figure 14 – Original traces showing the effect of PDTC on TNF-α-induced inhibition of 

lymphatic pumping. The contraction frequency does not change in vessels incubated 

with PDTC (10µM) for 24 hours (B), when compared to sham vessels (A). When the 

vessels are incubated with TNF-α (3ng/ml) for 24 hours, the contraction frequency is 

decreased (D, compare to sham vessels in C). The contraction frequency is restored 

when the vessels are incubated with TNF-α (3ng/ml) and PDTC (10µM) for 24 hours (F, 

compare to sham vessels in E) 
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Figure 15 – Effect of PDTC on TNF-α-induced inhibition of lymphatic pumping. (A) 

The pressure myograph analysis shows that the contraction frequency of mesenteric 

lymphatic pumping is significantly restored in the lymphatic vessels incubated with 

TNF-α (3ng/ml) and the selective NF-κB inhibitor, PDTC (10µM) in combination for 24 

hours, compared to vessels only incubated with TNF-α (3ng/ml). There was no 

significant statistical difference in the contraction frequency between sham vessels and 

TNF-α plus PDTC-treated vessels and in the contraction amplitude (B) or tone index (C) 

among vessels with different treatments. (n=4, transmural pressure: 5cm H2O, *: 

P<0.05) 
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4.3.2 The Expression of Phospho-IκB Protein Is Significantly Increased in 

Lymphatic Vessels Incubated with TNF-α  

Western blot examinations showed that the staining of IκB protein extracted from rat 

mesenteric lymphatic vessels, which were incubated without or with TNF-α at the 

concentration of 3ng/ml and 10ng/ml for 24 hours, was visually and equally strong among 

different samples (Figure 16A), but the staining of phospho-IκB protein extracted from the 

same source was visually stronger and stronger as the concentration of TNF-α increased 

(Figure 17A). The expression of IκB protein examined by quantitative analysis was shown to 

be at the similar level among different samples without significant statistical difference 

(Figure 16B). But the expression of phospho-IκB protein was quantitatively, significantly 

higher in the vessels with incubation of TNF-α at the concentration of 3ng/ml (P<0.05) and 

10ng/ml (P<0.01) than that in sham vessels (Figure 17B). 

  

4.4 Involvement of iNOS 

4.4.1 The Decreased Lymphatic Contraction Frequency Caused by TNF-α 

Can Be Partially Restored after a Short Time Interaction with the iNOS 

Inhibitor, 1400W 

Isolated lymphatic vessels were cut into two halves and one half was incubated without 

treatment (sham vessel) while the other was incubated with TNF-α (3ng/ml) for 24 hours 

before they were mounted in pressure myograph system. The contraction frequency (6.0±

0.3cpm) was significantly higher in sham vessels than the one (3.3± 0.3cpm) in 

TNF-α-treated vessels (P<0.05). The contraction frequency was 6.4±0.4cpm with addition  
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Figure 16 – Detection by western blot of IκB in lymphatic vessels without and with 

TNF-α treatment. (A) The staining of IκB protein extracted from mesenteric lymphatic 

vessels with different treatments (sham, incubation with TNF-α at 3 ng/ml and 10ng/ml) 

is visually identical in western blot examination. (B) Quantitative analysis shows that 

there is no significant change of IκB protein expression in mesenteric lymphatic vessels 

after 4-hour incubation with different concentrations of TNF-α (3ng/ml, 10ng/ml), 

comparing to that in sham vessels (n=4). 

 

http://en.wikipedia.org/wiki/I%CE%BAB%CE%B1
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Figure 17 – Illustration by western blot of the phosphorylation of IκB with TNF-α 

treatment. (A) The staining of phosphorylated IκB protein extracted from mesenteric 

lymphatic vessels, which were incubated with TNF-α at the concentrations of 3 ng/ml 

and 10ng/ml, is visually stronger than that extracted from sham vessels in western blot 

examination. (B) Phosphorylated IκB protein expression is showed by quantitative 

analysis to be higher respectively in mesenteric lymphatic vessels incubated with TNF-α 

at the concentration of 3ng/ml or 10ng/ml for 4 hours, comparing to that in sham vessels 

(n=4, *: P<0.05, **: P<0.01). TNF-α elevated the expression of phosphorylated IκB 

protein in a concentration-dependent manner. 

http://en.wikipedia.org/wiki/I%CE%BAB%CE%B1
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of 1400W (10µM) in sham vessels but it was increased to 4.7±0.5cpm with addition of 

1400W (10µM) in TNF-α-treated vessels for 20 min and significant difference was seen 

(P<0.05) (Figure 18, 19A). There was not any significant statistical difference in the 

contraction amplitude (Figure 19B), or tone index (Figure 19C) between sham vessels and 

TNF-α-treated vessels before or after respective addition of 1400W or in TNF-α-treated 

vessels between before and after addition of 1400W. 

4.4.2 The Decreased Lymphatic Contraction Frequency Can Be Completely 

Restored when 1400W Is Incubated Together with TNF-α  

Half of the dissected lymphatic vessels was incubated without any treatment (sham vessels) 

while the other halves were incubated with 1400W (10µM), TNF-α (3ng/ml) or TNF-α 

(3ng/ml) plus 1400W (10µM) respectively for 24 hours. The contraction frequency 

(expressed as percentage of that in sham vessel) in TNF-α-treated vessels (53.2±6.7% ) was 

significantly reduced (P<0.05) but the contraction frequency in TNF-α plus 1400W-treated 

vessels (116.9±19.1%) was significantly higher than that in TNF-α treated vessels (P<0.05) 

(Figure 20, 21A). There was no significant difference in the contraction frequency between 

sham and 1400W-treated vessels (Figure 20, 21A), as well as in either of the contraction 

amplitude (Figure 21B), or tone index (both also expressed as percentage of the respective 

ones in sham vessels) (Figure 21C), among vessels with different treatments. 

4.4.3 The Expression of iNOS mRNA Is Significantly Increased in 

TNF-α-treated Lymphatic Vessels 

Real-time PCR analysis showed that after 6-hour incubation, the relative expression of iNOS 

mRNA in TNF-α (3ng/ml)-treated vessels [(4.6±1.1)×10
-3

] was significantly increased,  
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Figure 18 – Representative traces illustrating the effect of 1400W on TNF-α-induced 

inhibition of lymphatic pumping. The contraction frequency does not change in sham 

vessels in addition of 1400W (10µM) for 20 min (A). The contraction frequency is 

partially restored in TNF-α (3ng/ml)-treated vessels with addition of 1400W (10µM) for 

20 min (B). 
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Figure 19 – Effect of 1400W on TNF-α-induced inhibition of lymphatic pumping. (A) 

From the pressure myograph analysis, the contraction frequency of mesenteric 

lymphatic pumping is shown to be partially restored when 1400W (10µM) is applied in 

the experiment for 20 minutes in TNF-α(3ng/ml)-treated vessels after 24-hour 

incubation (n=4, transmural pressure: 5cm H2O, *: P<0.05). No significant change can 

be seen in the contraction amplitude (B) or tone index (C) after addition of 1400W.  
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Figure 20 – Original traces showing the effect of 24-hour incubation with 1400W on 

TNF-α-induced inhibition of lymphatic pumping. The contraction frequency does not 

change in the vessels incubated with 1400W (10µM) for 24 hours (B), comparing to that 

in sham vessels (A). When the vessels are incubated with TNF-α (3ng/ml) for 24 hours, 

the contraction frequency is decreased (D), comparing to that in sham vessels (C). The 

contraction frequency is restored when the vessels are incubated with TNF-α (3ng/ml) 

and 1400W (10µM) for 24 hours (F), comparing to that in sham vessels (E) 
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Figure 21 – Effect of 24-hour 1400W incubation on TNF-α-induced inhibition of 

lymphatic pumping. (A) After 24-hour incubation with TNF-α(3ng/ml) and 1400W 

(10µM) together, the contraction frequency of mesenteric lymphatic pumping is showed 

by the pressure myograph analysis to be completely restored, comparing to that in 

vessels incubated with TNF-α only (n=4, transmural pressure: 5cm H2O, *: P<0.05). 

There is no significant difference in the contraction frequency between sham vessels and 

TNF-α plus 1400W-treated vessels, or in the contraction amplitude (B) and tone index 

(C) among vessels with different treatments.  
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compared to that in sham vessels [(1.0±0.5)×10
-3

] (P<0.05), or control vessels [(0.1±

0.0)×10
-3

] (P<0.05), which did not receive any treatment or incubation (Figure 22A). The 

expression was gradually decreased in TNF-α-treated vessels but there was no significant 

difference among control, sham or TNF-α-treated vessels after 12 and 24-hour incubations 

(Figure 22B, C). There was no significant difference in the expression of eNOS mRNA 

among control, sham or TNF-α-treated vessels after 6 or 12-hour incubations (Figure 22A, B) 

but the expression was significantly higher in sham vessels [(0.7±0.1)×10
-3

] than that in 

TNF-α-treated vessels [(0.2±0.0)×10
-3

] after 24-hour incubation (P<0.01) (Figure 22C). In 

TNF-α-treated vessels, the mRNA expression of iNOS was significantly higher than that of 

eNOS after both 6 and 12-hour incubations (P<0.01) (Figure 22A, B). 

4.4.4 The Change of the Expression of iNOS Protein Cannot Be Confirmed 

Yet by Western Blot 

Proteins were extracted from inflamed gut tissue of the rat model of TNBS-induced ileitis as 

a positive control. The original extraction sample was diluted 1 in 5, 1 in 10 and 1 in 20 

respectively to create a decreasing concentration ladder. Western blot showed the staining 

intensity of iNOS protein decreased in parallel with the reduction in loaded protein (Figure 

23A). This indicated that the anti-iNOS antibody used (1:1000 dilution; Millipore) detected a 

protein from the rat tissue with MW similar to iNOS. When iNOS protein was extracted from 

rat mesenteric lymphatic vessels incubated separately or with TNF-α at the concentration of 

3ng/ml and 10ng/ml for 24 hours, iNOS staining could not be distinguished from the 

background (Figure 23B). The result did not allow us to demonstrate whether there were 

changes of iNOS protein expression in vessels with different treatments. 
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Figure 22 – Changes in iNOS and eNOS mRNA expression during TNF-α treatment. 

Quantitative real time PCR analysis shows that (A) the expression of iNOS mRNA is 

significantly increased in TNF-α-treated vessels, comparing to that in sham vessels and 

control vessels (isolated, untreated and unincubated vessels) after 6-hour incubation. 

There is no significant difference in the eNOS mRNA expression among vessels with 

different treatments but the mRNA expression of iNOS is significantly higher than that 

of eNOS in TNF-α-treated vessels (n=4, *: P<0.05, **: P<0.01). (B) There is no 

significant difference in the expression of iNOS and eNOS mRNA among vessels with 

different treatments after 12-hour incubation. However, the mRNA expression of iNOS 

is still significantly higher than that of eNOS in TNF-α-treated vessels (n=3). (C) There 

is no significant difference in the expression of iNOS mRNA among vessels with 

different treatments while the expression of eNOS mRNA is significantly lower in 

TNF-α-treated vessels than that in sham vessels (n=5). 
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Figure 23 – Western blots illustrating iNOS expression in rat inflamed tissues. The 

staining of iNOS protein (positive control) extracted from inflamed gut tissue of the rat 

model of TNBS-induced ileitis is showed to be decreased in western blot in correlation 

with the decrease in protein amount (A). The background of the staining in western blot 

(B) is strong so that the staining of iNOS protein extracted from rat mesenteric 

lymphatic vessels with 24-hour incubation of TNF-α (concentration at 3ng/ml and 

10ng/ml) could not be distinguished from the background (PL: protein ladder).  
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4.4.5 The Decreased Lymphatic Contraction Frequency Caused by TNF-α 

Cannot Be Restored after Interaction with the Nonselective COX Inhibitor, 

Indomethacin 

The contraction frequency (1.8±0.4cpm) was significantly lower in TNF-α-treated vessels 

than that (5.0±1.0cpm) in sham vessels (P<0.05). The contraction frequency was 1.5±

0.6cpm with addition of indomethacin (10µM) in TNF-α-treated vessels for 20 min and no 

significant difference was seen when it was compared to that before using indomethacin in 

the same vessels (Figure 24, 25A). There was no significant difference in the contraction 

amplitude (Figure 25B), or tone index (Figure 25C) between sham vessels and TNF-α-treated 

vessels before or after respective addition of indonethacin or in TNF-α-treated vessels 

between before and after addition of indomethacin. 

4.4.6 The Expressions of COX-1 and COX-2 mRNA Do Not Change in 

TNF-α-treated Lymphatic Vessels 

It was shown in real-time PCR analysis that there was no significant difference in the relative 

expression of COX-1 and COX-2 mRNA among control vessels  [(4.7±1.5)×10
-3

 and (1.5

±0.9)×10
-3

], which did not receive any treatment or incubation, sham vessels [(1.7±

0.5)×10
-3

 and (1.7±0.8)×10
-3

] and TNF-α(3ng/ml)-treated vessels [(1.7±0.9)×10
-3

 and (1.8

±0.9)×10
-3

] (Figure 26).  
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Figure 24 – Representative traces illustrating the effect of indomethacin on 

TNF-α-induced inhibition of lymphatic pumping. The contraction frequency does not 

change in both sham (A) and TNF-α (3ng/ml)-treated (B) vessels in addition of 

indomethacin (10µM) for 20 min.  
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Figure 25 – Effect of indomethacin on TNF-α-induced inhibition of lymphatic pumping. 

(A) The pressure myograph analysis shows that the contraction frequency of lymphatic 

pumping is significantly lower in vessels incubated with TNF-α (3ng/ml) for 24 hours 

before or after addition of indomethacin (10µM) in circulating bath for 20 min than that 

in sham vessels (n=3, transmural pressure: 5cm H2O, *: P<0.05). There is no significant 

change in the contraction frequency of TNF-α-treated vessels between before and after 

addition of indomethacin. No significant difference can be seen in the contraction 

amplitude (B) or tone index (C) among vessels with different treatments.  
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Figure 26 – Changes in COX-1 and COX-2 mRNA expression during TNF-α treatment. 

Quantitative real time PCR analysis shows that there is no significant change in the 

expression of COX-1 and COX-2 mRNA in TNF-α(3ng/ml)-treated vessels, comparing 

to that in sham vessels and control vessels (isolated, untreated and unincubated vessels) 

after 6-hour incubation (n=3). 
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4.5 TNF-α Stimulates iNOS Expression via Activation of NF-κB  

4.5.1 The Elevated Expression of iNOS mRNA Is Suppressed in Lymphatic 

Vessels Incubated with TNF-α and NF-κB Inhibitor, PDTC 

Real-time PCR analysis showed (Figure 27) that after 6-hour incubation, the relative 

expression of iNOS mRNA in TNF-α (3ng/ml) plus PDTC (10µM)-treated vessels [(4.0±

1.7)×10
-3

] was not significantly lower than that in TNF-α (3ng/ml)-treated vessels [(7.4±

0.8)×10
-3

]. The relative expression of iNOS mRNA in TNF-α(3ng/ml)-treated vessels was 

however significantly increased, compared to that in sham vessels [(3.0±1.4)×10
-3

] (P<0.05), 

which was consistent with the change in result 4.3.3 (Figure 22). There was no significant 

difference either between sham and TNF-α plus PDTC-treated vessels or between sham and 

PDTC-treated vessels.  

 

4.6 Involvement of sGC 

4.6.1 The Decreased Lymphatic Contraction Frequency Caused by TNF-α 

Cannot Be Restored after a Short Time Interaction with the sGC Inhibitor, 

ODQ 

Addition of ODQ in TNF-α (3ng/ml)-treated vessels, which were mounted in the pressure 

myograph system for 20 min after 24-hour incubation, could just restore the contraction 

frequency from 1.4±0.3 cpm to 1.9±0.3 cpm, which was still significantly lower than that 

in sham vessels (3.5±0.3 cpm) (P<0.05) (Figure 28, 29A). There was no significant 

difference among vessels with different treatments either in the contraction amplitude (Figure 

29B), or tone index (Figure 29C).  
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Figure 27 – Changes of iNOS mRNA expression in the presence of PDTC during TNF-α 

treatment. iNOS mRNA expression examined by quantitative real time PCR is showed 

to be partially suppressed in the mesenteric lymphatic vessels incubated with TNF-α 

and PDTC together for 6 hours. There is no significant difference in the expression 

between TNF-α-treated vessels with and without presence of PDTC in the incubation 

(n=4, *: P<0.05).   
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Figure 28 – Representative traces showing the effect of ODQ on TNF-α-induced 

inhibition of lymphatic pumping. The contraction frequency does not alter in both sham 

(A) and TNF-α (3ng/ml)-treated (B) vessels in addition of ODQ (10µM) for 20 min.  
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Figure 29 – Effect of ODQ on TNF-α-induced inhibition of lymphatic pumping. (A) The 

pressure myograh analysis shows that the contraction frequency of lymphatic pumping 

is not significantly restored in TNF-α (3ng/ml)-treated vessels with application of ODQ 

(10µM) in the circulating bath for 20 minutes. The contraction frequency is still 

significantly lower in TNF-α plus ODQ-treated vessels than that in sham vessels (n=6, 

transmural pressure: 5cm H2O, *: P<0.05). No significant difference can be seen in the 

contraction amplitude (B) or tone index (C) among vessels with different treatments.  
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4.6.2 The Decreased Lymphatic Contraction Frequency Can Be Completely 

Restored when TNF-α and ODQ Are Incubated Together 

The contraction frequency (expressed as percentage of that in sham vessels) was 42.7±7.3% 

in TNF-α (3ng/ml)-treated vessels, which was significantly lower than that (102.9±13.2%) 

in TNF-α (3ng/ml) plus ODQ (10µM)-treated vessels and that in sham vessels (P<0.05) 

(Figure 30, 31A). No significant difference was seen in the contraction frequency between 

sham vessels and TNF-α plus ODQ-treated vessels (Figure 30, 31A), or in either the 

contraction amplitude (Figure 31B), or tone index (Figure 31C), among vessels with different 

treatments.  

 

4.7 Involvement of KATP Channel 

4.7.1 The Decreased Lymphatic Contraction Frequency Caused by TNF-α 

Can Be Partially Restored after a Short Time Interaction with the KATP  

Channel Blocker, Glibenclamide  

After 24-hour incubation, the contraction frequency in TNF-α (3ng/ml)-treated vessels was 

2.1±0.8cpm while that in sham vessels was 5.5±1.7cpm and a significant difference was 

seen between these two groups of vessels (P<0.05) (Figure 32, 33A). The contraction 

frequency in TNF-α (3ng/ml)-treated vessels was 3.9 ± 1.0cpm after addition of 

glibenclamide (10µM) for 20 min in pressure myograph system, which was significantly 

increased, compared to that before adding glibenclamide. Despite the contraction frequency 

in TNF-α plus glibenclamide-treated vessels being lower than that in sham vessels, no 

significant difference existed between these two groups (Figure 32, 33A). There was also no  
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Figure 30 – Original traces showing the effect of ODQ on TNF-α-induced inhibition of 

lymphatic pumping after 24-hour incubation. The contraction frequency does not 

change in the vessels incubated with ODQ (10µM) for 24 hours (B), comparing to that 

in sham vessels (A). The contraction frequency is decreased (D) in the vessels incubated 

with TNF-α (3ng/ml) for 24 hours, comparing to that in sham vessels (C). When the 

vessels are incubated with TNF-α (3ng/ml) and ODQ (10µM) for 24 hours (F), the 

contraction frequency is restored, comparing to that in sham vessels (E).            
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Figure 31 – Effect of 24-hour incubation with ODQ on TNF-α-induced inhibition of 

lymphatic pumping. (A) The contraction frequency of lymphatic pumping in the vessels 

with 24-hour incubation of TNF-α (3ng/ml) and ODQ (10µM) together is showed in the 

pressure myograph analysis to be significantly restored, comparing to that in 

TNF-α-treated vessels. No significant difference can be seen between sham vessels and 

TNF-α plus ODQ-treated vessels (n=4, transmural pressure: 5cm H2O, *: P<0.05). 

There is no significant difference seen in the contraction amplitude (B) or tone index (C) 

among vessels with different treatments.  
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Figure 32 – Representative traces showing the effect of glibenclamide on TNF-α-induced 

inhibition of lymphatic pumping. The contraction frequency does not change in sham 

vessels in addition of glibenclamide (10µM) for 20 min (A). The contraction frequency is 

partially restored in TNF-α (3ng/ml)-treated vessels in addition of glibenclamide (10µM) 

for 20 min (B). 
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Figure 33 – Effect of glibenclamide on TNF-α-induced inhibition of lymphatic pumping. 

The contraction frequency of lymphatic pumping, showed in the pressure myograph 

analysis, (A) is partially but significantly restored in the vessels with incubation of 

TNF-α (3ng/ml) for 24 hours and with application of glibenclamide (10µM) in the 

circulating bath for 20 minutes, comparing to that in TNF-α-treated vessels. There is no 

significant statistical difference in the contraction frequency between sham vessels and 

TNF-α plus glibenclamide-treated vessels, the same as in the contraction amplitude (B) 

or tone index (C) among vessels with different treatments. 
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significant difference seen in the contraction amplitude (Figure 33B), or tone index (Figure 

33C), among vessels with different treatments. 
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Chapter Five: Discussion 

 

5.1 The Role of TNF-α in Impairment of Lymphatic Pumping 

Wu et al. 
[61]

 previously showed that the contraction of guinea pig mesenteric lymphatic 

vessels was compromised when the animal suffered from intestinal inflammation induced by 

TNBS. This finding suggests that the impaired mesenteric lymphatic pumping generally 

exists under inflammatory condition and likely leads to a decrease in lymph flow in the 

lymphatic vessels connecting the intestinal mucosa to the lymph nodes. Thus, lymph stasis 

may be induced, which may contribute to, or enhance the severity of, mucosal edema and 

inflammation. Furthermore, the transportation of immune cells such as macrophages and 

dendritic cells via the lymphatic vessels would also be attenuated under dysfunctional 

lymphatic pumping and this would potentially be part of the reasons for the formation of 

pathological features such as lymphoid aggregates and granulomas seen in IBD 
[64-66]

. This 

suggests that impaired lymphatic pumping may play an essential role in the development of 

chronic gut inflammation but the mechanism of regulating the impaired lymphatic pumping 

remains unknown. Figuring out this mechanism would provide a treatment target for 

improving the lymphatic contraction so that it would finally alleviate the inflammatory 

development. Many pro-inflammatory cytokines are involved in the generation and progress 

of gut inflammation 
174-176

 and TNF-α is one of these important cytokines. As mentioned 

above (Background 1.4.4), there is a close relationship between TNF-α and IBD and high 

expression of TNF-α can be found in animal model of TNBS-induced colitis 
[191-194]

. 

Therefore, the induction of dysfunctional lymphatic pumping in TNBS model 
[61]

 which 

mimics IBD condition is possibly due to the increase in production of TNF-α. Certainly, 
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TNF-α is probably not the only cytokine contributing to the impaired lymphatic contraction 

in the complicated inflammatory circumstance but investigating the effects of TNF-α on the 

lymphatic pumping may at least help to figure out one potential mechanism that is involved 

in inducing dysfunction of lymphatic contraction. Moreover, many studies 
[142, 195-199]

 

demonstrate that TNF-α can impair the contractility of arterial vessels and this finding further 

supports the possibility that TNF-α might have the same effects on the lymphatic vessels.     

In order to examine the effects of TNF-α, first, we need to determine the appropriate 

concentration of TNF-α for the experiments. Some studies showed 
[200, 201]

 that during 

inflammation, the concentration of TNF-α in serum of rats is between 0.1ng/ml and 0.3 ng/ml 

but no study has demonstrated the concentration of TNF-α in lymph yet. We can also find that 

in some studies 
[202-204]

, a range of TNF-α concentration from 0.1ng/ml to 10ng/ml was used 

in cell cultures, inducing inflammatory effect. In a study on arterial vessels 
[142]

, a 

concentration of TNF-α at 100ng/ml was shown to impair the contractility of rat cremaster 

arterioles and in a study involving IBD patients 
[205]

, the medium concentration of TNF-α in 

serum was shown to be 7.8ng/ml, which was about 390-fold higher than that in healthy 

people (0.02ng/ml). From the above studies and from our experiments, we can see these 

rather low concentrations in the nanogram per milliliter, or nanomolar range (7.8ng/ml equals 

to approximately 0.47nM) are sufficient to induce an inflammatory effect. Indeed, TNF-α and 

other cytokines can exert their effects in a low concentration via signal amplification, where 

NF-κB plays an essential role 
[206, 207]

. A concentration-response experiment was performed in 

this study for figuring out the minimum effective concentration of TNF-α within the range 

from 0.1ng/ml to 100ng/ml. The results (Figure 12, 13A) show that TNF-α can decrease the 
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frequency of lymphatic contractions in a concentration-dependent manner, causing a very 

significant (P<0.01) decrease at the concentration of 10ng/ml. Furthermore, no contraction 

was seen when TNF-α was at a concentration of 100ng/ml (data not shown). It can be 

considered that the minimum effective concentration may fall in the range between 1ng/ml 

and 10ng/ml. According to the distribution in logarithmic index between 1ng/ml and 10ng/ml, 

the concentration at which TNF-α can exert half of the effect at 10ng/ml should be 3ng/ml 

and from the result (Figure 12, 13A), we can see the contraction frequency was significantly 

lower than that in sham vessels (P<0.05) as well when the concentration of TNF-α was at 

3ng/ml. Therefore, it was determined that 3ng/ml was an appropriate concentration that can 

be seen as the minimum effective concentration and it is the concentration used for all the 

following experiments. On the other hand, we set the transmural pressure at 5 cmH2O to 

examine the lymphatic function because it had been shown that the mesenteric lymphatic 

pumping could exert its maximum ability to drain the fluid in the vessel set at 5 cmH2O 

transmural pressure without imposed flow 
[49, 208]

, which could be generated by the different 

pressures between the input and output ends of the vessel 
[13]

. 

Lymphatic contractile function is characterized by frequency and amplitude, both 

representing phasic contraction, and tone index representing the extent of tonic contraction. 

The result (Figure 13C) shows there is no significant difference (P>0.05) in tone index of 

lymphatic vessels treated with TNF-α among different concentrations. So TNF-α may 

actually have no effects on the tonic contraction of the lymphatic pumping. With respect to 

the phasic contractions, Figure 13B shows that TNF-α attenuated the frequency significantly 

without decreasing the amplitude in a concentration-dependent manner. Thus, TNF-α is found 
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to be able to impair the lymphatic pumping potentially relying on decreasing the contraction 

frequency without significantly affecting contraction amplitude or tone index.  

Previous study in our lab 
[86] 

demonstrated that two types of VDCC, L-type and T-type 

calcium channels, were involved in the regulation of transmural pressure-induced lymphatic 

phasic contractions. Specifically, this study 
[86]

 suggests that T-type VDCC is involved in 

initiating or modulating the pacemaker activity, thus regulating the contraction frequency, 

while L-type VDCC is responsible for the contraction strength, regulating the contraction 

amplitude. TNF-α may decrease the contraction frequency via inhibiting T-type VDCC but 

not L-type VDCC so that the contraction amplitude is not affected. Transmural pressure may 

regulate the tonic contraction of lymphatic smooth muscle by increasing cytosolic calcium 

concentration, leading to activation of myosin light chain kinase (MLCK) 
[183, 209]

 and also by 

activating Rho-associated protein kinase (ROCK), causing inhibition of myosin light chain 

phosphatase (MLCP) 
[210]

. When TNF-α inhibits T-type VDCC, the reduced influx of calcium 

ion via VDCC can lead to a decrease in cytosolic calcium concentration so that the activation 

of MLCK could be attenuated. But tonic contraction can be maintained strong because the 

ROCK pathway, 
[210]

 one of the calcium sensitization pathways, is still activated in lymphatic 

vessels. This regulation could be seen as a compensatory mechanism for the attenuated 

regulation by MLCK. So this may explain why TNF-α does not have effects on the tonic 

contraction of lymphatic vessels in the current study.  

Anti- TNF-α has been used for the treatment of IBD for many years and infliximab is one of 

the most common antibodies for TNF-α 
[135]

. A study 
[211]

 also reported that infliximab had 

treatment efficacy in lymphedema but the mechanism is still unknown. Our study 
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demonstrates the effect of TNF-α on lymphatic pumping and this may shed light on how 

infliximab works to resolve lymphedema. Moreover, the finding of our study and the 

resolution of lymphedema by infliximab may further support the role of impaired lymphatic 

pumping in inducing lymphedema. 

 

5.2 Involvement of NF-κB Activated by TNF-α in Dysfunction of 

Lymphatic Pumping 

NF-κB is a crucial mediator in the cell signaling activated by TNF-α and this pathway is 

critically involved in the inflammatory response 
[212-215]

. We previously showed that TNF-α 

could decrease the frequency of the lymphatic contraction and it could be one of the potential 

pro-inflammatory cytokines involved in the impairment of lymphatic pumping in 

inflammation. NF-κB, which is activated after a series of signal cascades induced by TNF-α 

binding to its receptor, is also suggested to be potentially involved in down-regulating 

lymphatic contractile function. This hypothesis was tested by using PDTC, an indirect NF-κB 

inhibitor, but a direct IKK inhibitor, which thus prevents IκB phosphorylation
 [216-218]

. 

Without phosphorylation by IKK, IκB remains bound to NF-κB, maintaining it inactive, and 

blocking its translocation to the nucleus and the transcription of target genes. The result of 

pressure myograph analysis (Figure 14, 15A) indicates that the contraction frequency of 

lymphatic vessels incubated with TNF-α and PDTC for 24 hours can be significantly restored, 

when compared to that of vessels treated with TNF-α alone. For further examination of the 

involvement of NF-κB at the molecular level, some experimental methods such as ELISA and 

western blot could be used to detect the expression of activated NF-κB extracted from the 

http://en.wikipedia.org/wiki/I%CE%BAB%CE%B1
http://en.wikipedia.org/wiki/I%CE%BAB%CE%B1
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nucleus. However, extracting activated NF-κB protein from the cell nucleus of the mesenteric 

lymphatic vessels was not successful in this study. The reason may be due to the small size of 

the rat mesenteric lymphatic vessels, which have a net wet weight of about 10 to 20 mg per 

vessel. Even if in the experimental conditions, the number of vessels collected together was 

increased, the quantity of tissue might still not be enough to obtain detectable amount of 

nuclear NF-κB protein. In order to examine the activation of NF-κB protein, another method 

was used, which examined the change in the expression of IκB and phospho-IκB protein. 

NF-κB is inactive in the cytoplasm when it is combined to IκB but activated and transferred 

to the nucleus when it is released from IκB, which is phosphorylated at that time by its kinase. 

The western blot results (Figure 17) show that the expression of phospho-IκB is significantly 

increased in a concentration-dependent manner in TNF-α-treated vessels. This indirectly 

indicates that when more TNF-α interacts with the lymphatic vessels, more phospho-IκB is 

generated, suggesting that more NF-κB is activated. There is no significant change in the 

expression of IκB (Figure 16) between sham vessels and vessels treated with TNF-α at 

3ng/ml or even at 10ng/ml. This may be due to the high level of IκB in lymphatics and the 

concentrations of TNF-α used in the experiment, which are just enough to activate a small 

amount of NF-κB-IκB complex in the cytoplasm so that the overall change of IκB expression 

do not have a big difference. 

 

5.3 iNOS Is Involved in Regulating the Lymphatic Pumping of 

TNF-α-treated Vessels 

NO is an important relaxing factor altering lymphatic contractions 
[9, 28, 29, 73, 219]

 and it is 



 84 

mainly generated by eNOS in physiological states 
[26, 220]

. But in inflammatory conditions, a 

high concentration of NO generated by iNOS may dominantly contribute to the impairment 

of lymphatic contraction 
[93, 94, 96, 221]

. Previous data generated in our laboratory 
[96] 

demonstrated that iNOS was involved in the regulation of impaired mesenteric lymphatic 

pumping observed in an animal model of intestinal inflammation. Moreover, some studies 
[179, 

222-224]
 demonstrated that TNF-α could impair arterial or cardiac contractility via activating 

iNOS. So it is possible that iNOS could also be involved in downregulating contraction 

frequency of the mesenteric lymphatic vessels induced by TNF-α, as observed in the current 

study. The results (Figure 18, 19A) show that when the iNOS selective inhibitor, 1400W, was 

added to the TNF-α-treated vessels during the pressure myography experments, the decreased 

contraction frequency of TNF-α-treated vessels was partially restored. These data suggest that 

either iNOS is not the only enzyme involved in the TNF-α-induced dysregulation of the 

lymphatic pumping, or iNOS is not completely inhibited by 1400W due to inadequate 

concentration and/or interaction time. In the previous experiments of our lab 
[96]

, 10µM 

1400W was applied to inhibit iNOS and the lymphatic pumping was restored significantly in 

the vessels isolated from TNBS animal model. In the current study, the amount of iNOS 

induced in TNF-α-treated lymphatic vessels may be less than that in the vessels in the 

inflammatory circumstance such as TNBS-induced ileitis, where more inflammatory 

cytokines, other than TNF-α, can stimulate the induction of iNOS 
[225, 226]

. So the 

concentration of 1400W at 10µM should be high enough to suppress iNOS function in the 

present study. Another reason for incomplete inhibition of iNOS by 1400W is that 1400W is a 

slow, irreversible binding inhibitor of iNOS 
[227]

 and it may take a few hours (at least 2 hours) 
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[227]
 to exert its inhibitory effect. The time (20 min) for the presence of 1400W in the 

TNF-α-treated vessels mounted in pressure myograph system may not be long enough to 

completely inhibit the interaction between the iNOS-induced production of NO and vessels. 

As 1400W had been used to treat cells or tissues for incubation in some studies 
[228, 229]

, we 

tried to incubate the lymphatic vessels with TNF-α and 1400W together for 24 hours before 

mounting the vessels in the pressure myograph system. In this way, 1400W might have 

stronger inhibitory effect by interacting with the vessels for a longer time. The results (Figure 

20, 21A) demonstrate that 1400W can completely restore the contraction frequency after 

24-hour incubation and this suggests that iNOS is the dominant regulating factor for 

deceasing the contraction frequency of TNF-α-treated vessels.  

At the molecular level, real-time PCR (Figure 22A) shows that the expression of iNOS 

mRNA is significantly up-regulated in TNF-α-treated vessels after 6-hour incubation but the 

expression is gradually decreased after 12- and 24-hour incubations (Figure 22B, C). Time of 

24 hours is thought to be enough for a series of reactions in the cell from the activation of 

transcription factors to protein synthesis and some studies 
[230, 231]

 showed that the expression 

of iNOS protein could be detected in cells after incubation with TNF-α for 24 hours. These 

studies may give us an indication that the expression of iNOS protein can be activated within 

24 hours after lymphatic vessels are incubated with TNF-α. The activation of iNOS gene 

transcription should happen in the early stage of incubation, so time frame experiments were 

performed in this study to find out the time point when iNOS mRNA was expressed at the 

highest level. The results (Figure 22) suggest that 6 hour might be the time point to get the 

highest level of expression and due to degradation, the expression at the time points of 12 
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hour and 24 hour could not reflect the actual amount of iNOS mRNA, which were activated 

by TNF-α. From the results of PCR, we can also see the expression of iNOS mRNA is 

significantly higher than that of eNOS in TNF-α-treated vessels after 6 and 12-hour 

incubations (Figure 22A, B) and eNOS mRNA expression is significantly lower in 

TNF-α-treated vessels than that in sham vessels after 24-hour incubation (Figure 22C). This 

suggests that iNOS is upregulated while eNOS is downregulated in TNF-α-treated vessels 

and this further supports that high level of NO that alters the lymphatic contraction is 

dominantly generated from upregulation of iNOS in inflamed vessels, which is activated by 

TNF-α.   

Real-time PCR result (Figure 22) shows the expression of iNOS mRNA is upregulated in 

TNF-α- treated vessels and we tried to further examine the expression of iNOS protein in 

vessels by western blot. After having tested several anti-iNOS antibodies, a polyclonal 

anti-iNOS antibody generated in rabbit (1:1000 dilution, Millipore) was selected. The result 

(Figure 23A) shows that this antibody interacts reasonably well with a protein extracted from 

inflamed gut of the rat TNBS model (positive control) and clear bands at the relative 

molecular weight level of iNOS (131 KD) could be detected. The same antibody was further 

used to examine the expression of iNOS protein extracted from rat mesenteric lymphatic 

vessels but the result (Figure 23B) does not show bands as convincing as those in experiment 

with positive control protein. Thus, change in iNOS protein expression in vessels incubated 

with TNF-α could not be compared to that in sham vessels. This may be due to the strong 

background in the membrane, suggesting unselective binding to other proteins other than 

iNOS from rat mesenteric lymphatic vessels by this antibody. Low sensitivity of the antibody 
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and small amount of iNOS protein extracted from vessels may also be incriminated.    

 

5.4 Activation of iNOS mRNA Transcription by NF-κB 

From the functional experiments of the lymphatic pumping and the molecular examinations 

of the incubated lymphatic vessels (real-time PCR and western blot), we show that NF-κB 

and iNOS are respectively involved in the dysfunction of lymphatic contraction induced by 

TNF-α. More evidences are required to demonstrate that the transcription of iNOS gene is 

activated by NF-κB so that TNF-α, NF-κB and iNOS would be the pathway involved in 

regulation of lymphatic pumping. In the cirrent study, real-time PCR was performed to 

compare the expression of iNOS mRNA between lymphatic vessels with and without NF-κB 

inhibitor, PDTC. From the result of PCR (Figure 27), the expression of iNOS mRNA is 

shown to be suppressed in TNF-α-treated vessels when PDTC is present in the incubation 

solution. The decrease of iNOS mRNA expression in TNF-α plus PDTC-treated vessels is 

however not significantly different, compared to that in TNF-α-treated vessels. It is possible 

that iNOS mRNA is not all activated by NF-κB in the TNF-α-induced impairment of 

lymphatic contractility. MAPK pathway is another cell signaling that is triggered by TNF-α 

[148]
 and JNK is involved in this pathway, playing the role of activating the transcription of 

different genes 
[232]

, similar to the role of NF-κB in the TNF-α-NF-κB pathway. Some studies 

suggested 
[233-236]

 that iNOS is one of the potential genes that can be activated by JNK during 

inflammation. Therefore, in our experimental conditions, part of iNOS mRNA could possibly 

come from the JNK-activated transcription in TNF-α-treated vessels. However, the results of 

Figure 14, 15A, where PDTC completely restored the contraction frequency, suggest that 
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NF-κB is the only transcription factor that is involved in TNF-α-induced lymphatic pumping 

impairment.  

On the other hand, some studies focusing on investigating the effects of cyclooxygenase 

(COX) on lymphatic pumping showed that the spontaneous contractile activity was 

suppressed when COX inhibitors were present 
[31, 237]

. These findings suggest that 

arachidonate metabolites generated in lymphatic vessels may contribute to the modulation of 

the lymphatic pumping. The study by Wu et al. 
[61]

 also suggested that COX is involved in 

impairing lymphatic pumping in inflammation. Thus, TNF-α-NF-κB-COX might be another 

potential pathway that is involved in regulating lymphatic contractility. Nevertheless, the 

complete restoration of the contraction frequency after inhibiting iNOS function by 1400W in 

TNF-α-treated vessels (Figure 20, 21A) suggests that iNOS is the main enzyme involved in 

modulating TNF-α-induced dysfunction of lymphatic pumping. Moreover, we used the 

nonselective COX inhibitor, indomethacin, in mounted lymphatic vessels to examine whether 

pumping could be restored after treatment of TNF-α. The results (Figure 24, 25A) show 

addition of indomethacin cannot restore the contraction frequency, which is decreased in 

TNF-α-treated vessels. The expression of COX (COX-1 and COX-2) mRNA in 

TNF-α-treated lymphatic vessels was also investigated in the current study but the expression 

was not upregulated (Figure 26). These findings highly suggest that NF-κB-activated iNOS is 

dominantly involved in dysfunctional lymphatic pumping induced by TNF-α. 

We cannot see a significant decrease of iNOS mRNA expression in TNF-α plus 

PDTC-treated vessels and it may be due to the large error bar in the representative column 

(Figure 27), which means the average value has a large variance. Increasing the number of 
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PCR experiments may minimize the variance of the value so that significant change can be 

observed. Another reason for the insignificant decrease is that the inhibitory effect of PDTC 

may not be strong enough so a certain amount of iNOS mRNA could be still activated by 

NF-κB. The discrepancy between the insignificant inhibition of iNOS mRNA expression 

(Figure 27) and complete restoration of lymphatic contraction frequency by PDTC (Figure 14, 

15A) suggests that part of the amount of iNOS protein which is translated from iNOS mRNA 

activated by NF-κB is adequate to alter the function of lymphatic pumping. Although the 

inhibition of NF-κB by PDTC cannot reduce the activation of iNOS gene significantly, the 

amount of suppressed iNOS protein due to the attenuated translation from effective 

PDTC-suppressed iNOS mRNA is still large enough to prevent the lymphatic function from 

being impaired. It is also possible that although iNOS mRNA is not downregulated by PDTC, 

the stability of iNOS mRNA could be decreased, leading to ineffective iNOS protein 

translation. Sequence analysis of the human iNOS mRNA 
[116]

 showed 4 sequence motifs 

(AUUUA) in the 3’-untranslated region (3’-UTR) that had been shown to induce mRNA 

destabilization via interacting with RNA binding proteins such as HuR 
[238, 239]

 and p37AUF1 

[240, 241]
.The same sequence were even found 4 times more in iNOS mRNA of rat 

[116]
. So the 

expression of RNA binding proteins may be also activated in the current study, resulting in 

decreased stability of iNOS mRNA. The discrepancy between Result 4.3.1 and Result 4.5 

could be explained by the inhibition of iNOS mRNA translation and the degradation of iNOS 

protein as well. Some express factors can inhibit iNOS mRNA translation by interacting with 

the 5’- and/or 3’-UTR sequence of iNOS mRNA 
[242]

. 26S proteasome (mentioned in Section 

1.3.1.1) 
[78, 79]

 and caveolin-1 
[243] 

could be involved in proteosomal degradation of iNOS 
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protein. All of these might also happen in the rat lymphatic vessels in the current study. 

 

5.5 Further Confirmation of the Involvement of sGC and KATP 

Channel in the TNF-α-induced Pumping Inhibition 

The sGC and KATP channels were shown to be involved in the regulation of dysfunctional 

mesenteric lymphatic pumping and they were thought to be the part of the signaling pathway 

downstream of iNOS-NO in TNBS model of guinea pig ileitis 
[96]

. In the present study, the 

upstream part of the same pathway was investigated using the TNF-α-treated isolated 

lymphatic vessels of the rat mesentery as the animal model. So we intended to further 

confirm the involvement of sGC and KATP channel in the downstream of 

TNF-α-NF-κB-iNOS pathway in the rat model.  

5.5.1 Involvement of sGC 

In order to confirm that sGC was involved in the regulation of dysfunctional mesenteric 

lymphatic contractility in the rat, the sGC inhibitor, ODQ, was used in pressure myograph 

experiments. The results (Figure 28, 29A) show that addition of ODQ to vessels mounted in 

the pressure myograph system cannot significantly restore the contraction frequency of 

TNF-α-treated vessels. Moreover, the contraction frequency of TNF-α-treated vessels with 

ODQ is still significantly lower than sham vessels (P<0.05). In a previous study from our lab 

[96]
, NO was shown to regulate the lymphatic contraction via sGC-dependent mechanism. But 

there are also some studies 
[244-248]

 showing that NO can regulate different cell functions via 

sGC-independent pathways, one of which is the NO-mediated apoptosis that many studies 

have investigated 
[244]

. Specially, NO was found to be able to induce the apoptosis of vascular 
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smooth muscle cells without activating sGC 
[249, 250]

. So it is possible that NO could impair 

lymphatic contraction by inducing the apoptosis of lymphatic smooth muscle cells. That 

might explain the incomplete restoration of lymphatic contraction frequency in the presence 

of ODQ. However, in fact the contraction of TNF-α-treated vessels is significantly attenuated 

with decreasing frequency, but without stopping and this might be conflicting with this 

apoptosis hypothesis, which is expected to induce complete inhibition of smooth muscle 

contraction. Referring back to ODQ itself, it is a sGC-specific cyclase inhibitor and the 

mechanism of inhibiting sGC is not completely clear. The increased affinity of sGC for 

oxygen and the generation of an ODQ radical by transferring an electron from sGC to ODQ 

may be the two plausible mechanisms 
[251]

 and the inhibition of sGC by ODQ is suggested to 

be NO-competitive and irreversible 
[252]

. In the current study, ODQ was used to interact with 

TNF-α-treated vessels for only 20 minutes after 24-hour incubation and the failure to restore 

the contraction frequency by the addition of ODQ in TNF-α-treated vessels could be due to 

the amount of NO generated after incubation, which competitively binds to sGC so that ODQ 

was not able to suppress the activity of sGC by binding to it. In some studies 
[253-255]

, the 

inhibitory effect of ODQ on sGC was seen to be apparent after hours even days of incubation, 

so we tried to change the way to use ODQ by incubating the vessels with TNF-α and ODQ 

together before they were mounted in the pressure myograph system. The results (Figure 30, 

31A) show that in this condition, ODQ can significantly restore the contraction frequency to 

the same level as the sham-treated vessels, further confirming that sGC is involved 

downstream of TNF-α-NF-κB-iNOS pathway. During the incubation with ODQ, NO was 

gradually generated by iNOS in TNF-α-treated vessels and the amount might not be enough 
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yet to compete against ODQ to bind to sGC. Therefore, ODQ could combine with sGC and 

resulted in irreversible oxidation of the prosthetic heme group in sGC, which enabled ODQ to 

inhibit sGC irreversibly 
[252]

. Even more NO could be induced later during the incubation, it 

could not be competitive against ODQ for binding to sGC any more. Nevertheless, another 

study 
[256]

 showed a contrasting finding that the inhibition of sGC by ODQ was not 

irreversible and could be overcome by elevating NO concentration. But the experiments 

conducted in this research 
[256]

 were in a cellular context while the purified sGC was used to 

investigate the molecular mechanism of ODQ-induced inhibition of sGC in the study 

mentioned above 
[252]

. Moreover, the reversible inhibitory effect of ODQ was observed only 

after incubation for up to 30 min 
[256]

 and this might also explain why addition of ODQ in 

TNF-α-treated vessels for 20 min in our study could not restore the contraction frequency 

(Figure 28, 29A). If the time of incubation with ODQ is extended, the reversible inhibitory 

effect of ODQ might be changed to be irreversible, explaining why we could see that the 

contraction frequency in TNF-α-treated vessels was restored after 24-hour incubation with 

ODQ (Figure 30, 31A).    

5.5.2 Involvement of KATP Channels 

KATP channels are suggested to be involved in dysfunctional contractile activity of smooth 

muscle and arterial vessels in inflammation 
[87, 89, 257, 258]

. Some studies also suggest that KATP 

channels play an essential role in modulating lymphatic contraction 
[98, 100, 259-261]

. The study 

by Mathias and von der Weid 
[96]

 further infers that KATP channels are involved in 

dysregulation of lymphatic pumping in inflammation. In our study, we used the KATP channel 

blocker, glibenclamide in functional experiments to examine if it could restore the contraction 
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frequency of TNF-α-treated lymphatic vessels. The results (Figure 32, 33A) show that 

glibenclamide significantly restores the decreased contraction frequency of TNF-α-treated 

vessels, demonstrating that KATP channels are also involved in TNF-α-induced impairment of 

rat mesenteric lymphatic vessels. KATP channels are usually activated via the cyclic AMP 

(cAMP)-protein kinase A (PKA) pathway in lymphatic muscle 
[98]

. Both cAMP and cGMP 

are hydrolyzed by phosphodiesterases (PDEs) in the cell and they can compete against each 

other for catalytic sites of PDEs that have modest selectivity of cyclic nucleotide 
[262-265]

. In 

most of the cells, basal cAMP level is significantly higher than that of cGMP but upregulation 

of cGMP can become more effective to compete against cAMP for the catalytic sites of PDEs. 

This would decrease hydrolysis of cAMP by dual-specificity PDEs, leading to cAMP 

elevation and a increase in signaling through cAMP-PKA pathways 
[266, 267]

. Therefore, in the 

current study, increased production of NO, which is generated by iNOS in TNF-α-treated 

vessels, could result in more activated cGMP, which potentially has cross-talk with cAMP to 

activate PKA, which then phosphorylates KATP channels 
[96, 267, 268]

. cGMP-dependent protein 

kinase G (PKG), which is directly activated by cGMP, could also be involved in the 

phosphorylation of KATP channels 
[97]

. Incomplete restoration of dysfunctional lymphatic 

pumping by glibenclamide in this study implicates KATP channel might not be the only target 

protein which is phosphorylated by PKA or PKG and involved in regulating the contraction 

of TNF-α-treated vessels. Many proteins involved in smooth muscle relaxation have been 

found to be the targets of phosphorylation by PKA and PKG such as calcium activated 

potassium channel of large conductance (BKCa channel), regulator of G-protein signaling-2/4 

(RGS-2/4), guanosine-5'-triphosphate binding-ras homolog gene family, member 
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A (RhoA-GTP) and myosin phosphatase target protein (MYPT) 
[269-274]

. Further investigation 

might be needed to figure out whether these proteins are also involved in the dysfunction of 

the lymphatic pumping in inflammation. 

The restoration of impaired lymphatic pumping by inhibiting KATP channels asks the question 

as to whether glibenclamide could be used in the treatment of IBD, where dysfunctional 

lymphatic pumping has been demonatrated. However, some studies 
[275, 276]

 suggest that 

opening of KATP channels has anti-inflammatory effects on experimental IBD animal models 

by suppressing the production of pro-inflammatory cytokines such as TNF-α, IL-1β and 

releasing myeloperoxidase (MPO). Blocking KATP channels with glibenclamide reversely 

abrogated these protective effects on experimental IBD. This implies that KATP channels play 

different roles in different cells during the inflammatory process of IBD. The application of 

glibenclamide to treat IBD might be beneficial by improving lymphatic pump function but its 

side effects on inhibiting anti-inflammatory benefits may counteract the effect on lymphatic 

contraction. Therefore, it does not seem that glibenclamide is qualified to be a good candidate 

for the treatment of IBD. Our current study demonstrates that KATP channels are involved in 

the pathway of TNF-α-induced dysfunctional lymphatic pumping. We can consider using 

TNF-α antibody (e.g. infliximab) instead of glibenclamide for restoring the lymphatic 

pumping in IBD. Thus, anti-TNF-α treatment for IBD is further supported to be effective in 

the current study by exploring the effects of TNF-α on mesenteric lymphatic pumping.  
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5.6 The Target Cells under the Effects of TNF-α in Mesenteric 

Lymphatic Vessels 

Our study shows that TNF-α-induced iNOS is involved in the dysfunction of lymphatic 

pumping but the cells in the mesenteric lymphatic vessels where iNOS is expressed in 

response to TNF-α have not been figured out in the current study. The endothelial cells and 

smooth muscle cells are the main cellular components of lymphatic vessels and they play an 

important role in regulating lymphatic contraction 
[13, 22, 28, 73, 277]

. It is reasonable to infer that 

TNF-α mainly stimulates either or both of these cells to impair the lymphatic contraction by 

inducing iNOS. Besides lymphatic endothelial cells and smooth muscle cells, immune cells 

such as macrophages in the lumen and the wall of lymphatic vessels could also be activated 

by TNF-α to generate iNOS 
[221, 278]

. Some studies showed that iNOS could be induced by 

TNF-α in the isolated endothelial cells taken from human umbilical vein 
[279-281]

, the smooth 

muscle from human artery 
[282] 

and the macrophages around the blood vessels from mice 
[283]

, 

although no studies have been found yet about the expression of TNF-α-induced iNOS in 

endothelium, smooth muscle or macrophages around rat mesenteric lymphatic vessels. 

However, these studies can potentially support the possible responding cells in mesenteric 

lymphatic vessels interacting with TNF-α. Further research on localization of TNF-α-induced 

iNOS in lymphatic vessels is required so that we can have a clearer picture of how TNF-α 

affects lymphatic contraction.     

 

5.7 Conclusion 

TNF-α is involved in the dysregulation of rat mesenteric lymphatic contraction by decreasing 
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the contraction frequency without affecting the contraction amplitude or tonic contraction. 

NF-κB is potentially activated by TNF-α and this leads to increased transcription of iNOS 

gene, subsequently upregulating iNOS synthesis to produce more nitric oxide. sGC and KATP 

channel are confirmed further to be involved in impairing the lymphatic pumping. These 

findings suggest that TNF-α-NF-κB-iNOS pathway is potentially one of the mechanisms 

involved in dysfunction of mesenteric lymphatic contraction in intestinal inflammation and 

sGC and KATP channel play a role as the modulators in the downstream of this pathway.   

 

5.8 Future Directions 

NF-κB is shown to be involved in the dysregulation of lymphatic pumping in the contractile 

function experiment and the involvement is also indirectly indicated at the molecular level by 

showing the increased expression of phospho-IκB in TNF-α-treated vessels with western blot 

method. PDTC is used as a NF-κB inhibitor in the current study, but it can also exert 

anti-oxidant effect 
[284, 285]

. Reactive oxygen species (ROS), sometimes referred to as free 

radicals, have been reported to be induced by TNF-α in vascular cells such as endothelial 

cells, smooth muscle cells and adventitial fibroblasts and they are important mediators 

involved in cellular injury 
[286, 287]

. Uncontrolled ROS production and/or deceased antioxidant 

activity results in a deleterious state called ‘oxidative stress’, which is involved in impairing 

vascular contraction 
[287]

. TNF-α may also decrease lymphatic pumping via ROS and the 

restoration of lymphatic pumping by PDTC may be due to the antioxidant effect but not the 

inhibition of NF-κB. To further confirm the activation of NF-κB in TNF-α induced lymphatic 

pumping inhibition, firstly, we can use other specific NF-κB inhibitors with different 
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mechanisms of inhibition in the contractile function experiment. Unlike PDTC, there are 

some inhibitors that suppress NF-κB-activated transcription without suppressing the 

activation of NF-κB in cytoplasm by inhibiting IκB phosphorylation and degradation. NF-κB 

activation inhibitor II, 4-Methyl-N
1
- (3-phenyl-propyl) -benzene-1, 2-diamine (JSH-23) is one 

of the potential candidates. Some studies 
[288-291]

 showed that JSH-23 is able to suppress 

DNA-binding of activated NF-κB in cultured cells but the exact mechanism is still not clear. 

The expression of iNOS is one of the inflammatory mediators that can be inhibited by 

JSH-23 compound 
[288, 289]

. Thus, we can replace PDTC with JSH-23 to further confirm the 

role of NF-κB in suppression of lymphatic contraction as well as inhibition of iNOS 

expression in TNF-α-treated vessels. Secondly, we can use immunofluorescence to examine 

whether NF-κB is in the cell nucleus and confirm its involvement in TNF-α-treated vessels, 

but prior to that, an effective antibody needs to be determined. With this method, we can also 

show what type of cells is responsive to TNF-α by localizing activated NF-κB in the 

lymphatic vessels. The involvement of iNOS is indicated by the restoration of 

TNF-α-impaired lymphatic pumping in the presence of iNOS specific inhibitor (1400W) 

during functional test and the up-regulation of iNOS mRNA expression in response to TNF-α, 

which is shown in real-time PCR. We tried to examine the expression of iNOS protein in 

TNF-α-treated vessels by western blot but the results cannot show the clear staining of iNOS 

protein yet. This may be due to the small amount of iNOS protein in the samples and/or low 

sensitivity of the selected antibody. Thus, we can increase the amount of iNOS protein in the 

samples by putting more vessels together for extracting the proteins and search for a more 

sensitive and specific antibody. We can also use immunofluorescence to examine iNOS 

http://en.wikipedia.org/wiki/I%CE%BAB%CE%B1
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protein expression as well as localize iNOS in TNF-α-treated vessels so that it may help us to 

figure out what type of cells are in response to TNF-α in lymphatic vessels.  

The current study shows TNF-α-NF-κB-iNOS pathway is potentially involved in the 

impairment of mesenteric lymphatic pumping in inflammation. Further investigation can be 

laid on the regulation of TNF-α in inflamed lymphatic vessels so that the upstream of 

TNF-α-NF-κB-iNOS pathway can be explored. Lipopolysaccharide (LPS) is one of the large 

molecules that elicit inflammatory response in animals 
[292, 293]

 and has been showed to 

stimulate the expression of TNF-α during inflammation 
[294-296]

. Different studies have 

reported that LPS could induce TNF-α expression by activating vascular endothelial cells 
[297]

, 

smooth muscles cells 
[298-300]

 and macrophages 
[301-304]

. In the inflammatory circumstance, 

TNF-α, which could decrease the lymphatic contraction, might be released from the cells that 

are stimulated by LPS. These cells include lymphatic endothelial cells, smooth muscle cells 

and immune cells such as macrophages, which are transported in the lumen of lymphatic 

vessels and/or are recruited to lymph nodes and interstitial tissue around lymphatic vessels by 

chemokines 
[305-308]

. Moreover, macrophages might also be attracted and accumulated in the 

adipose tissue around the mesenteric collecting lymphatic vessels 
[309]

, the same as the ones in 

the perivascular adipose tissue in the inflammation 
[310-312]

. Therefore, LPS could be one of 

the factors that impair lymphatic pumping in inflammation and involved in inducing TNF-α 

as the upstream of TNF-α-NF-κB-iNOS pathway. The mechanism of the potential 

phosphorylation of KATP channel by PKG, which is activated by sGC-induced cGMP, is still 

not clear in dysfunctional lymphatic pumping triggered by TNF-α or in the animal model of 

TNBS-induced ileitis 
[96]

. On the other hand, the results (Section 4.7) implicate more ion 
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channels or cell components other than KATP channels are involved in lymphatic contractile 

dysfunction. All these would be the future research directions upon this study for figuring out 

the whole mechanism of regulating lymphatic pumping in inflammation.  
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