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Abstract 
Invasive growth of malignant tumors is associated with local and systemic inflammation, which may 
promote progression and metastases. Inflammation is also responsible for appearing manifestations of 
advanced cancer as fatigue, anorexia and wasting with eicosanoids, proinflammatory cytokines and 
nitric oxide as mediators. The aim of the present work was to extend information on the significance 
of cyclooxygenase activity in local and systemic progression of tumor disease. 
Methods: Murine tumor models (MCG-101, K1735-M2), human carcinomas xenontransplanted to 
nude mice, tumor cell cultures and tissue samples from human colorectal adenocarcinomas were used. 
Inhibitors of cyclooxygenase and nitric oxide synthase, antibodies against IL-6 and recombinant IL-12 
were used to evaluate effects on tumor growth, inflammation (SAP, CRP, ESR) and host wasting 
(anorexia, body composition). Expression of proteins was evaluated by immunohistochemistry, 
western blot and RT-PCR. Signal molecules were quantified by RIA, ELISA and 
immunoelectrophoresis. Eicosanoids and polyamines were fractionated by HPLC. Cell proliferation 
was estimated by mitotic counting and flow cytometry.  
Results: Inhibition of prostaglandin synthesis (indomethacin) reduced tumor growth, attenuated host 
wasting and prolonged survival in MCG-101 bearing mice with high tumor production of PGE2. By 
contrast, no such effects were seen in K1735-M2 bearing mice with insignificant PGE2 production. 
Indomethacin also reduced growth of human tumors on nude mice. There was no clear-cut correlation 
between overall COX-2 expression in tumors and sensitivity to indomethacin treatment, although 
COX-2 expression was significantly correlated to tumor PGE2 production; factors that predicted 
reduced survival in colon carcinoma. IL-6 deficient mice showed reduced tumor growth and wasting. 
Indomethacin reduced plasma PGE2 levels and wasting in all groups of cytokine knockout mice, but 
only IL-12 knockouts showed concomitant reduction in tumor growth. Recombinant IL-12  reduced 
tumor growth in wild type mice, but not so in IFN-γ deficient mice. Cytokine knockout tumor-bearing 
mice experienced anorexia to the same extent as wild types. Our results suggested subtype EP 
receptors to explain effects by PGE2 exposure to tumor and stroma cells. Systemic inflammation was 
related to tumor cell proliferation evaluated by p15, TGFb3 and Bcl-2 in tumor tissue. Indomethacin 
treatment increased tumor tissue expression of IL-6, TNF-α, GM-CSF, TGFβ, cNOS decreased 
expression of b-FGF, angiogenin, vWF and blood vessel density, whereas EGF, VEGF, PDGF A, B, 
IL-1α, transferrin receptors were unchanged. Cell cycle was prolonged in vivo but not in vitro by 
indomethacin. NSAID inhibition of tumor growth and host-wasting was not simply related to COX 
specificity. NOS-inhibitors reduced tumor growth in both MCG-101 and K1735-M2 tumors 
expressing high amounts of cNOS and iNOS. Synergism between COX- and NOS-inhibition was not 
observed. NOS inhibition attenuated host wasting to the same extent as indomethacin in MCG-101 
bearing mice.  
Conclusion: Results in the present study demonstrate that cyclooxygenase activity is central in tumor 
progression with well-recognized host stigmata of systemic inflammation both in experimental and 
clinical cancer. Such effects are connected to classic tumor growth factors, cytokines and nitric oxide, 
where redundancy among cytokines was pronounced in development of host deteriorations (cachexia).  
Key words: cyclooxygenase, PGE2, inflammation, cytokine, IL-6, nitric oxide, indomethacin 
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INTRODUCTION 

Stephen Paget described 1889 observations that tumors metastasis selectively to various 

organs, what has became the seed and soil hypothesis (1). He touched upon a theme with 

increasing interest on interactions between the tumor cells and host environment, which is a 

main subject of this thesis. Stephen Paget was curious that metastases from breast cancer were 

found mainly in certain organs. He concluded that tumor cells (seed) thrive when local 

environment (soil) is appropriate for a specific tumor. Thus, interaction with host tissues 

seems a prerequisite for tumors to progress. Tumor cells are dependent on growth factors and 

mitogens from host cells for stimulation of proliferation, but also induce host cells to provide 

new blood vessels by synthesis and secretion of angiogenic factors highly based on stroma 

with extracellular matrix (2, 3). Tumor cells are capable to evade or inhibit immunological 

response from the host. Subsequent malnutrition and wasting (cachexia) seen in cancer 

disease are examples how tumors distantly influence upon host tissues. Thus, solid tumors 

consist not only of neoplastic cells but also of stroma, extracellular matrix and normal cells as 

fibroblasts, endothelial cells and infiltrating leukocytes (4). 

 

Tumor growth and progression 

Cancer is neoplastic growth with properties of invasion into adjacent tissue and spread to 

distant locations. Malignant tumors can be categorized as carcinomas, (epithelial cells), 

sarcomas, (mesenchymal cells), haematopoetic neoplasms (arising from blood cell precursors) 

and neuroectodermal tumors arising from cells in the nervous system. Carcinomas are by far 

most frequent in humans. Individual normal cells are under strict control from neighboring 

and distant cell populations and cell division is allowed when appropriate mitogenic signals 

appear. Dividing cells are halted and forced to leave the cell cycle entering a resting state (G0 

phase) when mitogenic signals are lacking. All cells are equipped with tools for programmed 

cell death, apoptosis (5). Anoikis, meaning homelessness, is a specific mode of apoptosis 

when cells dye as result of failure to establish anchorage or loose connection to matrix (6). 

Normal cells respect boundaries of own tissue and will not infiltrate or disrupt structures in 

surroundings with some exceptions based on signals that are not well understood. Specialized 

cells with immunological, inflammatory and reparative functions as monocytes, macrophages, 

lymphocytes, granulocytes, osteoclasts and trophoblast of the placenta can however invade 

and degrade surrounding tissue. It is then a part of physiological processes like wound 

healing, remodeling of bone or implantation of the placenta. Cancer cells become increasingly 

independent of extrinsic control but need support from host cells to form extracellular matrix 
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and stroma for anchorage and formation of new blood vessels for delivery of oxygen and 

nutrients. It has been emphasized that cancer is a genetic disorder, since it is only by 

modifying the genome a cell can propagate achieved properties to the progeny and expand to 

manifest tumors, although acquired epigenetic alterations appear increasingly important to 

explain a malignant phenotype.   

 

Carcinogenesis refers to early phases of cancer development (initiation). It often starts by 

environmental factors or chemicals functioning as initiators and promoters (7). Tumor 

progression is a wider concept including alterations in both cancer and host cells beyond 

carcinogenesis. Cancer is recognized as a disease of multiple genetic mutations and epigenetic 

abnormalities under continuous development often extended over years and decades. 

Genomic instability of cancer cells leads to increased accumulation of DNA alterations. A 

process called clonal selection concentrates prosperous cells with improved capacity to grow 

and proliferate for invasions of surrounding tissue and formation of metastases. Pre-cancerous 

cells must therefore acquire a minimum of discrete capabilities for progression (8). Such 

essential alterations are self-sufficiency in growth signals, insensitivity to growth-inhibitory 

signals, evasion of programmed cell death (apoptosis), limitless replicative potential, 

sustained angiogenesis, tissue invasion and metastasis with acquired genomic instability. 

Most human tumors share characteristics, which may not be acquired by specific mutations 

only. More than one capability can thus be acquired by a single mutation because of 

pleiotropic functions of intracellular signal transduction pathways. On the other hand, more 

than one mutation might be needed to acquire a specific characteristic. Tissue invasion and 

metastasis are also gained by adaptation through epithelial-mesenchymal transition (EMT) 

rather than by mutation (9). Pre-cancerous cells may not acquire all possible alterations 

occasionally. Instead, the development from normal to malignant cells could be the result of 

genetic accumulation over years in multi-step tumorigenesis. Ancestor cells experience 

heritable genetic modification, which may be either a true mutation or epigenetic events, 

rendering properties to the malignant phenotype. A single cell may experience required 

alterations in a clone of progeny cells. Offsprings may form subclones from which other cells 

can be recruited for additional genetic alteration until subclones have developed with 

properties necessary to evade control. Subclones of cells, acquiring beneficial properties, will 

outnumber less successful subclones called clonal selection (8-10). Genetic mutations 

continue to occur in tumors from bad to worse. This contributes to genetic and phenotypic 

heterogeneity of tumors depending on the selection pressure in adaption to external 
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environmental factors. The expression of multidrug resistance is such a well-recognized 

mechanism (11). The metabolism of certain cells favors proliferation leading to less 

differentiated tumors appearing anaplastic cells with oncogene addiction (12, 13).  

 

Stem cells are characterized by self-renewing and pluripotency giving that stem cells divide 

asymmetrically. A daughter cell retains properties of the mother stem cell enabling it to 

undergo further cell divisions, while the other daughter cell and its progeny will differentiate 

along a trait leading to several possible differentiated populations due to pluripotency (11). 

Minor subpopulations of cells have properties resembling stem cells both in the 

haematopoetic system and other tissues. The bulk of neoplastic cells in tumors have the ability 

to undergo cell division for a limited time, which is characteristic of differentiated variants. 

They are called transit-amplifying cells and may constitute the growth fraction of cancer 

tissue. Tumor stem cells act more like a back-up system with low proliferating activity. 

Cancer stem cells comprise a small part of tumors and show high resistance to cytotoxic drugs 

(11).  

 

Growth factors  

Communication between cells, tissues and organs is essential in a multicellular organism. 

This is achieved by nerves, soluble factors in extracellular fluids and adhesions molecules 

providing cell-to-cell or cell-to-matrix adhesion. There is a close relationship among soluble 

signal factors and adhesions molecules. A description of inter-cellular acting humoral factors 

as hormones, growth factors and cytokines are made by man not by nature. This explains why 

there are overlaps and exceptions to categorization of factors. There are also other signal 

molecules as prostanoids and nitric oxide, which are interconnected in networks. In general, 

these molecules are synthesized by various cells and are subsequently released. They bind to 

matrix or appear extracellulary and in blood. A specific cell-membrane receptor may be 

ligated for transmission of signals to the interior of target cells. These are cells of production 

(autocrine), neighbour (paracrine) or distant cells (endocrine). Members from all groups of 

signal molecules may have important functions during tumor progression. Growth factors can 

be produced by tumor and host cells and are mediators of interactions between tumor, stroma 

and normal cells. Growth factors may be divided into hematopoietic growth factors/colony-

stimulating factors promoting growth and differentiation of hematopoietic stem cells or into 

“classical” growth factors acting on non-hematopoietic cells. The latter group includes 

platelet derived growth factor (PDGF), transforming growth factor-β (TGF-β), epidermal 
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growth factor (EGF), fibroblast growth factor (FGF), vascular endothelial growth factor 

(VEGF) and nerve growth factor (NGF) among others. Beside promoting cell growth they 

possess “cytokine-like” actions making the distinction against cytokines less clear. Growth 

factors are not tightly regulated and are constitutively expressed contrarily to most cytokines.  

 

Biological effects of TGF-β include differentiation, migration, apoptosis and inhibition of 

proliferation although these functions are regulated in part by different signaling pathways. 

TGF-β is both tumor suppressor and promotor. Many tumor cells have developed strategies to 

escape growth inhibitory effects and suppressor function.  Otherwise, many advanced tumors 

show increased expression of TGF-β leading to depressed immune surveillance, increased 

angiogenesis, enhanced migration and invasion promoting tumor growth (14). TGF-β exerts 

its action via a serine/theonine kinase receptor complex consisting of TGFBR1 and TGFBR2, 

which contains several microsatellite sequences vulnerable to replication errors. Frame shift 

mutation in the gene was observed in microsatellit unstable colorectal cancers (15).  

 

bFGF, known as FGF2, is among 22 signal peptides belonging to the FGF family. Most of 

them are exported out of cells and bind to tyrosine kinase receptors at cell surface or to 

molecules in extracellular matrix (ECM) as heparan sulphate proteoglycans (HSPGs). bFGF 

is synthesized by endothelial cells, smooth muscle and fibroblasts. It has been detected in all 

organs and tissues and may be over-expressed in tumors. IFN-γ, IL-1β and TNF-α stimulate 

bFGF production by endothelial cells. FGFs have important functions during embryogenesis. 

During tumor progression FGFs promote tumor growth and metastasis through effects on both 

tumor and endothelial cells. In early phase of angiogenesis, bFGF is produced by tumor cells, 

stroma and infiltrating inflammatory cells in synergy with vascular endothelial growth factor 

(VEGF) stimulating endothelial cells to proliferate and form new vessels. VEGF can be 

secreted from tumor cells or is released from depots in ECM by matrix metalloproteinase-9 

(MMP-9) (16). Endothelial cells subsequently secrete PDGF which may attract pericytes and 

smooth muscle cells to reinforce angiogenesis (2). 

 

PDGF is produced by fibroblasts, endothelial and epithelial cells and neurons. It signals 

through plasma membrane tyrosine kinase receptors (PDGFR) closely related to Kit and 

VEGF receptors expressed on monocytes, fibroblasts and endothelial cells. Uncontrolled 

PDGFR activation promotes cell migration, proliferation and cell survival. PDGF and its 
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cognate receptor are over-expressed in many tumors. Autocrine stimulation of cell growth has 

been described, but promotion of angiogenesis by PDGF is probably more important (17).  

 

VEGF is a potent mitogen and survival factor for endothelial cells. It is one of several 

initiating factors for angiogenesis. Low pO2 as well as several cytokines and growth factors 

including EGF, TGF-β, IL-1α, PGE2 and IGF-1 stimulate various cells to produce VEGF. 

Almost all tumor cells produce VEGF and inhibition of VEGF activity may result in growth 

suppression of tumors.  

 

The EGF family consists of multiple ligands (EGF, transforming growth factor –α (TGF-α), 

amphiregulin, heparin-binding–EGF, batacellulin, epiregulin and the Neuregulins), which 

bind to distinct EGF receptors: EGFR (ErbB1, HER1), C-Neu (ErbB2, HER2), ErbB3 

(HER3) and ErbB4 (HER4) forming homo- or heterodimers. These receptors are 

tyrosinkinases with downstream signaling via Ras/Raf/MAP kinase cascades, phospholipase 

C/IP3/DAG and PI3/Akt pathways among others with pro-survival and growth response (18, 

19). The EGF system has major implications in oncology for activation of pathways in 

carcinomas. Antibodies and small molecules targeting the receptors and the receptor kinases 

have been introduced for cancer treatment, i.e. trastuzumab, elotinib, cetuximab, 

panitumumab and lapatinib. PGE2 can transactivate EGFR with subsequent increased cell 

proliferation (20). This is a possible mechanism for tumor promotion by COX-activity.  

 

Cytokines  

Cytokines are regulatory proteins secreted by leucocytes and other cells. The pleiotropic 

actions of cytokines include numerous effects on immune cells and modulation of 

inflammation (18). Cytokines with a unique amino acid sequence and functional activity 

involve leukocytes are designated interleukins. Structurally distinct interleukins using the 

same receptor share the same number followed by a Greek letter. However, many cytokines 

are still known by old names as TNF-α, IFN-α/β, IFN-γ. Interferons, hematopoietic colony-

stimulating factors and TGF-β are also categorized as cytokines. Other growth factors, mainly 

stimulating growth of non-hematopoitic cells, EGF, PDGF, FGF, are not cytokines, although 

they may show cytokine-like actions. More than 200 cytokines are known and 29 are named 

interleukins. Cytokines are potent and active at pM to nM concentrations. They act across 

short distance in autocrin or paracrine fashions contrarily to hormones. Occasionally they 
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appear in the circulation with systemic reactions. Most cytokines are not produced 

constitutively, but are expressed in response to tissue damage or invasion of foreign antigens. 

During embryogenesis cytokines have additional functions for development of tissue and 

organs. Various cytokines may have similar actions (redundancy). Cytokine action is 

contextual, which means that effects in vivo are dependent on other factors as hormones, 

prostaglandins, microbial components, etc. This makes study of cytokines very complex. 

  

IL-1 is proinflammatory with ability to stimulate expression of proteins as COX-2, type 2 

phospholipase and iNOS associated with inflammation and autoimmune disease. This results 

in production of large quantities of PGE2, platelet activation factor and NO (18). IL-1 has pro-

angiogenetic properties by stimulation of VEGF expression. Expression of intracellular 

adhesion molecule-1 (ICAM-1) and vascular-cell adhesion molecule-1 (VCAM-1) are 

stimulated by IL-1. A primary source of IL-1β is blood monocytes, tissue macrophages and 

dendritic cells, occasionally B-lymphocytes and NK cells, but it is not produced in fibroblasts 

and endothelial cells. Microbial products as LPS induce production of IL-1 and TNF-α with 

many effects in common.  

 

IL-2, primarily expressed in CD4+ cells upon antigen stimulation of T-cell receptors, has 

pleiotropic actions for immunity. It is a T-cell growth and survival factor. B-cell and NK-cell 

function is promoted and the cytotoxic activities of monocytes against tumors are augmented 

by IL-2 (18). 

 

IL-6 is a pleiotropic cytokine with several biological activities as up-regulation of immune 

reactivity, inflammation, oncogenesis and hematopoesis. IL-6 is a major mediator to stimulate 

acute phase reactants in the liver (21, 22) It has been linked to cancer cachexia (23), with 

many functions in synergy with IL-1α, β and TNF-α  (21). IL-6 acts as a growth factor in 

plasma cell leukaemia and multiple myeloma, and anti-IL-6 has been reported to suppress 

growth of plasma cell leukaemia (21, 24). Several tumor cell lines produce IL-6 

spontaneously (21). IL-6 is produced in monocytes, macrophages, endothelial cells and 

fibroblasts upon stimulation. These are probably major sources of IL-6 during inflammation. 

Steroid hormones augment stimulation of IL-6 in monocytes, for acute phase proteins in 

hepatocytes, but counteract IL-6 production (21).  
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IL-12 augments NK cell and cytolytic T-cell activity, with IFN-γ and TNF-α production 

having potent antitumor and anti-metastatic activities in murine tumor models. Systemic 

treatment with recombinant IL-12 induced serum IFN-γ and IL-12 with antitumor effects, 

abrogated by IFN-γ neutralizing antibodies (25). Thus, it seems that IFN-γ is a downstream 

messenger of IL-12 signaling. IL-6R and IL-12R belong to the same cytokine receptor family 

(22). 

 

TNF-α is a proinflammatory cytokine and a powerful activator of immune response. 

Originally, it was identified as a factor inducing tumors necrosis. It is produced by immune 

cells as macrophages, monocytes, NK cells, B- and T-cell and non-immune cells as 

fibroblasts, smooth muscle and tumor cells. TNF production is stimulated by a variety of 

signals. PGE2, TGF-β, IFN-γ and IL-6 may be inhibitors of production (18). Several 

mechanisms have been proposed how TNF-α affects tumor progression. Direct cytotoxicity of 

TNF-α to tumor cells occurs but the reverse with TNF-α as an autocrine growth factor has 

also been observed. Necrosis and regression of tumors are caused via effects on vasculature or 

via T-cell mediated immunity (26). TNF-α also creates tumor microenvironment fostering 

tumor development by induction of tumor promoting cytokines, release of MMPs and pro-

angiogenic activity (27). TNF-α mediates systemic effects in the host as well. Exogenous 

administration of TNF-α to animal induce anorexia and wasting of both adipose and lean 

tissue.  

 

IFN-γ is a cytokine promoting innate and adaptive host defence. It is primarily synthesised by 

T-lymphocytes and NK-cells stimulated by TNF-α and IL-12 from macrophages. Disruption 

of IFN-γ signals may increase susceptibility to certain infections and impair recognition of 

transformed cells by the immune system. Thus, IFN-γ is important for immune surveillance of 

tumors (28, 29). IFN-γ may cause anorexia and contributes to wasting of adipose and lean 

body mass, but it is not regarded a major cachectic mediator during cancer progression (23).  

 

Erythropoietin (Epo) is the principal haematopoietic growth factor and exerts effects during 

angiogenesis and tissue repair. Tumor cells express both Epo and its receptor (EpoR) 

prerequisites for autocrine growth promoting loops.  Paracrine effects on endothelial cells are 

also possible. Consequently, Epo may have growth promoting properties in tumor models 
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with concerns about the use of Epo in cancer associated anemia (30), although our own 

research has not confirmed such worries (31). 

 

Prostanoids  

Eicosanoid is a common class of biological active lipids named and synthesized from C20 

fatty acids as arachidonic acid (AA) esterified to glycerol in phospholipids as constituents of 

cytoplasmic bilayer membranes. AA can be mobilised by phospholipase A2 and is converted 

to bioactive eicosanoids by the action of various enzymes in response to various stimuli, like 

cytokines, growth factors and hormones. AA can enter metabolism of lipoxygenases, 

cytochrome P-450 and cyclooxygenases (COX) depending on available enzymes. 

Lipoxygenase-5 produces mainly pro-inflammatory leucotriens. By incorporation of oxygen 

and formation of a cyclopentane ring, COX converts AA to prostaglandin H2 (PGH2) with 

PGG2 as an intermediate. PGH2 is then converted by tissue specific synthases to one of five 

major prostanoids: PGD2, PGE2, PGF2α, PGI2 (prostacycline) and tromboxane A2  (TXA2) 

(Figure 1). Prostanoids are a subgroup of eicosanoids consisting of prostaglandins, 

prostacyclin and tromboxans. Prostanoids are not stored but immediately released to the 

extracellular space upon synthesis. They function as local hormones and bind to specific 

receptors on cells including the nuclear receptor peroxisome proliferating activated receptor 

(PPARγ). Systemically released prostanoids are inactivated in the lungs. Prostanoids possess a 

great variety of functions. They regulate and modulate immune function, inflammation, pain 

sensation, kidney development and renal homeostasis, blood flow, reproductive biology, 

gastrointestinal integrity and motility, water and electrolyte absorption, mucus secretion, sleep 

wake cycle and body temperature among others (32-34). 

 

Three isoenzymes of COX with separate functions are described, (COX-1, COX-2, COX-3). 

COX-1 and COX-2 have received most attention in tumor biology as mediators of 

carcinogenesis and tumor progression. COX-3 is a splice variant of COX-1 with highest 

expression in the cerebral cortex and in heart tissue and involves temperature regulation (35). 

COX-1 is constitutively expressed in several tissues including colon mucosa (36, 37). It 

exhibits housceeping functions, while COX-2 is absent in most normal tissues, but is induced 

upon stimulation by numerous signals like cytokines (TNF-α, IL-1, IL-2), mitogenes, 

endotoxins  and phorbol ester (32, 38). Large amounts of prostanoids are produced within 

hours of inflammation. COX-2 is expressed in stroma by endothelial cells, activated 
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monocytes and macrophages and is often increased in tumor tissue (36, 37, 39). It was 

reported to be present in 80-90% of colon adenocarcinomas and in 40-75% of premalignant 

adenomas (40-44). Although upregulation of COX-2 in tumor tissue is described in most 

publications, data showing the reverse are also available (45-50). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Biosynthesis of prostaglandins with corresponding enzymes 
and receptors. (Adapted by permission from Macmillan Publishers Ltd: 
British Journal of Pharmacology (51), copyright 2006). 

 

 19 



   

Eight subtypes of membrane prostanoid receptors are described in mammals and named 

according to corresponding specific prostanoid ligand; DP, EP1, EP2, EP3, EP4, FP, IP and TP 

for the PGD-, PGE-, PGF-, PGI- and TxA-receptor (34). In addition, there are several splice 

variants of the EP3, FP and TP receptors with differences only in the C-terminal (52, 53). All 

are G protein-coupled receptors with seven transmembrane domains. Functionally, they are 

divided into three groups depending on G-protein and associated intracellular signals. Thus, 

DP, EP2, EP4 and IP increase cAMP levels in cytoplasm and have been termed “relaxant” 

receptors. EP1, FP and TP increase intracellular Ca2+ levels and are regarded “contractile” 

receptors. “Inhibitory” receptors are EP3 subtypes, which induce a decline in cAMP levels 

(53, 54). Tissue localization and regulation of expression differ among the prostanoid 

receptors explaining divers effects by prostanoids seen under patho-physiological conditions. 

PGE2 is the most versatile prostanoid with four subtype receptors. 

 

Nitric oxide  

Nitric oxide (NO) is a small gaseous molecule with significant bioactivity. It is a potent 

messenger in various tissues regulating physiological functions as vasodilation, blood 

pressure, inhibition of platelet aggregation and neurotransmission. As a very reactive free 

radical, it is also a cytotoxic effector released from macrophages and neutrophils to combat 

invading microorganisms and tumor cells (55, 56). NO has a very short half-life (seconds) and 

exerts activity close to its site of production. It is synthesized from the amino acid L-arginine 

by the enzyme NO synthase consisting of at least three isoforms (56). Endothelial (eNOS) and 

neuronal (nNOS) are constitutively expressed, cytosolic, Ca2+/calmodulin dependent and 

release NO for short periods in response to receptor or physical stimulation. They are 

collectively named constitutive NOS (cNOS) and NO release by rout functions in 

transduction mechanism of physiological responses. Inducible NOS (iNOS) is also cytosolic 

but Ca2+ independent, expressed by macrophages, endothelial and other cells upon activation 

by LPS or inflammatory cytokines. iNOS synthesizes NO in large quantities for long periods. 

Cytotoxic function of macrophage-derived NO is probably mediated by inhibition of 

mitochondrial respiration and DNA synthesis (56). Glucocorticoids inhibit induction of iNOS 

(55). NO has been linked to tumor biology as a highly reactive molecule with carcinogenic 

effects due to DNA damage. NO produced by host cells like macrophages can be cytotoxic to 

tumor cells, which may express iNOS and produce NO toxic to both tumor and host cells. It 

has been reported that tumor-derived NO can promote tumor progression and metastasis (56, 
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57). NO is angiogenic and facilitates tumor blood flow, and may therefore be both beneficial 

and detrimental during cancer progression. 

 

Classical hormones  

Hormones are synthesized by specific cells in endocrine glands and reach target cells by 

circulation. Classical hormones as insulin, growth hormone (GH), insulin-like growth factor I 

(IGF-I), catecholamines, thyroid hormones, corticosteroids, leptin, ghrelin and other 

neuroendocrine peptides are all significant for cancer progression (58-67). They can influence 

carcinogenesis, growth rate of tumors, metastasis and function as mediators behind systemic 

host effects. 

 

Inflammation and tumor progression 

Local reddening, swelling, heat generation and pain are classical local symptoms of 

inflammation, which relate to increased blood flow and vascular permeability leading to 

edema. These symptoms are relieved by NSAIDs suggesting a role of prostaglandins in 

generation. Prostacycline is a potent vasodilatator and prostaglandins synergize with 

histamine and bradychinin to increase vascular permeability and edema formation. PGE2, 

PGE1 and prostacyclin are prostanoids with strong hyperalgesic effects. They sensitize free 

ends of sensory neurons for various stimuli. In addition to peripheral actions, prostanoids also 

elicit pain-modulating effects in the spinal cord and brain. Prostanoids are probably formed 

from both COX-1 and COX-2, where COX-2 seems to play a dual role in inflammation. In 

early phase it displays pro-inflammatory activity and in late phase it is anti-inflammatory 

(68). 

 

Tissue damage of any kind starts local reactions. Platelets and coagulation cascades are 

activated, blood vessels become dilated and leaky resulting in edema and redness. Activated 

granulocytes, monocytes and macrophages accumulate and produce pro-inflammatory factors, 

which in turn activate fibroblasts and endothelial cells to boost reactions by release of 

additional factors (27). When injury is severe, a systemic reaction will follow characterized by 

fever, leukocytosis, increased secretion of ACTH and glucocorticoids, activation of clotting 

cascade and complement, negative nitrogen balance and alterations in plasma levels of 

various acute phase proteins.  All these reactions are involved in progressive tumor growth. 

Humoral factors released at the site of tumor and responsible for systemic reactions are still 

elusive. Several cytokines, like TNF-α, IL-1, IL-6, IFN-γ and leukemia inhibitory factor (LIF) 
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have been extensively evaluated. They may all contribute to anorexia and promote tissue 

wasting (LPL) but do not explain the entire complexity of cancer cachexia (23, 69). 

 

Chronic inflammation is linked to cancer in different ways. In many tumors COX-2 

expression and PGE2 production are increased, which may promote over all tumor 

progression. Chronic inflammation may also promote carcinogenesis. Thus, in clinical 

medicine several conditions with chronic inflammation are associated with increased 

incidence of solid tumors. Ulcerative colitis has 10-fold increased risk to develop colorectal 

carcinomas (70). Primary sclerosing cholangitis, Hepatitis B and C infections are other 

examples. 

 

Based on provided information it is evident that tumor growth and progression are complex 

events that are dependent on complicated networks, cascades and molecular interactions 

where cyclooxygenase activity is a central part. 

 

AIMS OF THE PRESENT STUDY 

This thesis represents pieces of work to expand knowledge on local and systemic tumor-host 

interactions with particular purpose to elucidate the role of prostanoids (paper I, IV) and their 

eventual interaction or cross-talk with nitric oxid pathways (paper II). 

 

It was also of interest to evaluate how important cytokines (IL-6, IL-12, IFN-γ, TNF-α) 

explain or contribute to well – recognized alterations for development of systemic host 

reactions observed in cancer cachexia, (paper III). 

 

Finally, it was important to corroborate that part of the experimental findings could be 

observed on human tumor samples as confirmed (paper IV, paper V). 
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METHODS 

Major parts of my thesis were conducted on experimental animals. Investigations of basic 

biological principles can be performed on cells in culture or on cell free preparations. 

However, net results of manipulations in signal transduction pathways in living organisms is 

more complex, where a multitude of effects should be accounted for as interactions of 

different substances within a given signal pathway, interactions between pathways within a 

single cell and between cells; tumor and endothelial cells, fibroblasts and immunological 

cells. Thus, we focused on animal work with endpoint to evaluate influences on tumor-host 

metabolism due to effects following tumor progression. For the purpose, many well-

characterized tumor cell lines are available on mice and we have gained a substantial 

experience with some of these models during the last 30 years. Mice are small, handy and 

cheap animals. Their life cycle is short and tumor progression fast. Genetically modified 

animals, i.e. knock out and immune-deficient mice are available enabling specific 

experiments. 

 

Most of our experiments were conducted on weight stable young adult female mice, since 

males are more aggressive and may cause problems when groups of males are housed in the 

same cage. All animals had at least one week adaptation to attain stable body weight and 

normalization of food intake before start of experiments. They were housed in standard plastic 

cages with up to 10 animals in each in a room with controlled temperature and a 12 hours 

light/dark cycle. Animals had free access to water and ordinary rodent chow. Mice were 

housed in cages with mesh-screen floor in experiments with food and water intake 

registration. Nude mice were housed under sterile conditions and received sterilized material. 

 

The genetic background of a tumor line and its host must be the same when performing 

experiments with tumor cell lines in vivo on immune-competent hosts to avoid rejection of 

implanted cells. For the same reason human tumors can only survive when implanted on 

immune compromised mice. Accordingly, inbred strain C57BL/6J mice were used in 

experiments with the MCG-101 tumor and K 1735-M2 tumor on C3H/HeN. T-cell deficient 

nude mice (BALB/cABom-nu and BLACK-nu C57BL/6JBom) were used in studies on 

human tumors. 

 

Experiments were performed to evaluate the influence of cytokines on tumor growth in our 

MCG-101 tumor model. For this purpose we used mice with C57BL/6 genetic background 
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combined with knockout (KO) of specific genes. Mice with KO of IL-6 were provided by 

Professor Manfred Kopf (Basel Institute for Immunology, Basel, Switzerland) and Professor 

Andreij Tarkowskij (Department of Immunology, University of gothenburg, Gothenburg, 

Sweden). Other gene KO mice were purchased: IL-12 KO (Roche, Nutley, NJ), IFN-γ KO 

(Jackson Laboratories, Bar Harbor, ME), and TNF R1 KO and TNF R2 KO (Jackson 

Laboratories, Bar Harbor, ME). Wild types C57BL/6J were used as controls. Knockouts were 

treated as described for immune competent wild type mice. 

 

All experimental protocols in this thesis were approved by the Committee for animal ethics at 

the University of Gothenburg. 

 

Tumor models 

MCG-101 

The MCG-101 tumor was induced for more than 30 years ago in a C57BL/6J mouse by 

methylcholantrene. Originally the tumor was considered a sarcoma. After more than 30 years 

of continuous in vivo transplantations in animals it has few if any characteristics of a sarcoma. 

New histological evaluation has classified the tumor as a low or undifferentiated rapidly 

growing epithelial-like solid tumor (71, 72). When implanted subcutaneously it has rapid and 

reproducible growth pattern with 100 per cent take. It does not produce detectable distant 

metastases before the primary tumor kills the host in our standard settings. The cyclo-

oxygenase inhibitor indomethacin prolonged survival and preserved body composition of 

MCG-101 bearing mice (73).  

 

Pieces of viable minced MCG-101 tumor tissue (2-3 mm3) were implanted subcutaneously on 

both sides in the flank of syngenic C57BL/6J mice by means of a trochar under light 

pentobarbital anesthesia, 100 μg/g ketamin (Ketalar®, Parke Davis, Spain) and 5 μg/g xylazin 

(Rompun vet®, Bayer, Sweden). Tumor growth was rapid and in most experiments animals 

were killed after 10-12 days by cervical dislocation. By then tumors had reached weights 

around 1-2 g. Tumor progression leads to pronounced cachexia that is biochemically and 

physiologically similar to findings in clinical cancer including anorexia (74). MCG-101-

bearing hosts may eventually die as a result of hypoglycemia when tumor comprise 15-20% 

of body weight (75) and death occurs 14-17 days after tumor implantation (76). All 

experiments in present work were performed and evaluated on a strict basis where control 

mice experienced complete sham procedures. 
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K1735-M2 

K1735 is a melanoma cell line syngenic to the C3H/HeN mouse strain. The clone K1735-M2 

was selected for its ability to form pulmonary metastases when implanted subcutaneously (77, 

78) K1735-M2 cells were grown in cell culture and suspended in McCoy´s 5A medium (ICN 

Pharmaceuticals Inc., CA, USA) at a concentration of 500,000 cells/ml of which 0.2 ml 

containing 100,000 cells were inoculated into both sides of the dorsal region of C3H/HeN 

mice. Tumors were bulky and pulmonary metastases were detected following subcutaneous 

growth during 4-5 weeks. Animals were sacrificed 30 days after tumor implantation. K1735-

M2 was a kind gift from Professor I.J. Fidler, the University of Texas MD Anderson Cancer 

Center. 

 

HT-29 

Cell cultures from the HT-29 cell line (ATCC HTB 38) were used in expression of 

prostaglandin receptors. HT-29 cells are moderately well differentiated grade II human colon 

adenocarcinoma cells with low prostaglandin production. Cells were maintained in McCoy´s 

5A medium supplemented with 10% fetal calf serum (FCS). 

 

Human tumors 

Pieces of unselected human tumors were taken at operation and were implanted 

subcutaneously into T-cell deficient nude mice. Tumors with subsequent stable growth were 

used for experiments on effects by indomethacin on tumor growth in relation to production of 

PGE2. Five human tumors were established; one each of bile duct carcinoma, malignant 

melanoma, liver metastasis from a colorectal carcinoma, lymph node metastasis from a 

colorectal carcinoma and one ovarian carcinoma. Human tumors implanted on nude mice 

grew slower than murine tumors on either syngenic or nude mice. Experiments with 

xenotransplanted human tumors were therefore preformed over 1.5-3 months. 

 

Tumor tissue samples were collected from 22 patients operated upon for colorectal 

adenocarcinoma at Sahlgrenska University Hospital during a two years period, 1995-1996. 

Tumor specimens and adjacent normal bowel wall were put in 4% buffered formaldehyde 

solution for three days at +4°C, washed and kept in 70% ethanol until dehydration and 

paraffin embedding (for immunohistochemistry), or were immediately put in ice-cold 0.1 M 

Tris-HCl buffer, pH 7.4 (for analysis of PGE2 concentration). Remaining resected specimens 

 25 



   

were sent for routine histological examination. Blood was drawn during operation from a 

peripheral vein, a splanchnic vein draining the tumor and splanchnic vein not draining the 

tumor. Urine was also collected. PGE2 was analyzed in all samples. Patient medical files were 

reviewed. Tumors were classified according to stage and differentiation by a certified 

pathologist accounting for clinical observations preoperatively (ultrasound, CT scan, MR 

scan) as well as at surgery. Tumors were grouped histologically as high, moderate and low 

differentiated and the Astler Coller modification of Dukes´ classification was provided for 

tumor stage. Briefly, Dukes A denotes a colorectal adenocarcinoma confined to the mucosa; 

Dukes B grows through the muscle layers of the bowel; Dukes C has spread to the regional 

lymph nodes and Dukes D has distant metastases (79). Dukes A-D correspond to stage I-IV. 

 

Cell cultures  

Tumor cells in cultures were used to determine effects of added growth factors to “starved” 

cells; to study direct effects of indomethacin on tumor cells including growth factors and 

cytokines. Cultured cells were also used to determine patterns of eicosanoids production and 

expression of prostaglandin receptors. MCG-101, K1735-M2 and HT-29 cells were grown in 

McCoy´s 5A medium supplemented with 10% fetal calf serum (FCS). Split ratios were 1/5 for 

the MCG-101 cell line and 1/8 for the K1735-M2 and HT-29 cell lines, once weekly with a 

medium change in between (McCoy 5A + 2% FCS). Standard concentrations of penicillin, 

streptomycin and L-arginin were used. Culture flasks (25 cm2) and 6-, 12-, 24- and 48-well 

plates (Costar and Nalge Ninc) were used (80).  

 

Cyclo-oxygenase inhibitors  

Indomethacin was used as a reference drug in treatment with cyclo-oxygenase inhibitors. 

Indomethacin (Confortid® 5 mg/ml, Dumex, Sweden) was administered either 

subcutaneously (sc) (1 μg/g bw) once daily or supplied in the drinking water at a 

concentration of 6 μg/ml. The daily water intake was 3-4 ml for a mouse of 20 g and effects 

on tumor growth were identical for both the sc and oral routes. 

 

Cyclo-oxygenase inhibitors can be divided into subgroups according to the relative capacity 

to block COX-1 and COX-2 enzymes (81, 82). Non-selective COX-inhibitors were: 

indomethacin, diclofenac (Voltaren®, Novartis, Sweden), ketorolac (Toradol®, Hoffman-La 

Roche Switzerland), tenoxicam (Tilcotil®, Roche Pharma, Switzerland), naproxen 

(Pronaxen® Orion Corp, Finland) and nabumetone (Relifex®, Smith-Kline Becham, 
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Germany). Preferential selective COX-2 inhibitor was meloxicam (Mobic®, Boeringer 

Ingelheim, Germany). Selective COX-2 inhibitors were L-745.337 (a kind gift from Merck 

Frost Canada), NS 398 (Cayman Chemical Co., MI USA), parecoxib (Dynastat™, Pharmacia 

Europe, UK) and rofecoxib (Vioxx®, Merck Sharp & Dome, The Netherlands). 

 

Most drugs were administered as sc injections once daily except for indomethacin (sc and 

orally), naproxen (orally), nabumetone (enteral by tube feeding) and rofecoxib (orally). COX-

inhibitors were instituted the day after tumor implantation. Control mice were treated with 

vehicle alone by the same rout of administration.  

 

NOS-inhibitors  

L-NoArg (Nω-Nitro-L-Arginin, Sigma) and L-Name (Nω-Nitro-L-Arginin methyl ester, 

Sigma) were used as non-specific inhibitors of nitric oxide synthase (NOS). D-Name (Nω-

Nitro-D-Arginin methyl ester, Sigma) an inactive stereoismomer of L-Name was used to 

demonstrate NOS specificity by L-NoArg and L-Name. Amg (Aminoguanidin, Sigma) and 

Smt (S-Methylisothiourea sulfate, Fluka Chemica) were used as specific inhibitors of iNOS. 

Drugs were provided in the drinking water (83, 84).  

 

Cytokines  

IL-6 (kindly obtained by Professor LL Moldawer , Dept of Surgery, Univerity of Florida, 

Gainesville, FL, USA) was provided as i.p. injections every third day. Anti-IL-6 antibodies 

(kindly obtained by professor LL Moldawer) were hybridoma grown monoclonal antibodies 

directed against murine IL-6 completely blocking serum amyloid P (SAP) and orosomucoid 

protein response in abscess models (85). Preimmune sera (IgG; Sigma Chemical Co., St. 

Louise, MO, USA) served as control.  Murine IL-12 (Labkemi, Västra Frölunda, Sweden) 

was given daily i.p. Suramin (Calbiochem), a functional IL-6 receptor antagonist, was 

provided i.p. every third day (86). 

 

Immunohistochemistry 

Immunohistochemistry is a powerful method to detect and localize proteins in tissue and 

compartments within cells. Different pattern of expression, in membranes, cytoplasm or 

karyoplasms can be visualized. It is also possible to semiquantify expressed proteins. 

Information of used antibodies and sources, incubation time and temperature are provided in 
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individual papers (I, II, IV, V). Paraformaldehyde fixated 3-4 μm thick sections of biopsies 

were placed on glass slides. Specific antibodies directed against proteins of interest were 

commercially available. These antibodies are usually of rabbit or goat origin produced in a 

cloning process of bacteria. A second antibody from a different species with specificity to 

bind to a primary antibody is allowed to bind to its antigen after the primary antibody has 

bound to the protein of interest in tissue section. The second antibody has been covalently 

attached to biotin as part of a detection system. Biotin, a small water soluble vitamin, has a 

high binding affinity to bacterial protein streptavidin. Streptavidin on the other hand can be 

bound to fluorescent dye or bound to enzymes as alkaline phosphatase. The complex of 

protein and antibody is visualized as fluorescence in histological sections when streptavidin is 

bound to fluorescent dye. When bound to alkaline phosphatase high amounts of inorganic 

phosphate is catalytically produced and visualized as red coloration when Fast Red is added 

as substrate. Both detection systems were used in our experiments. Negative controls were 

used where normal IgG antibodies from the same species as the primary antibody were used 

to account for unspecific binding. Alternatively, antigenspecific primary antibodies were 

inactivated by preincubation with excess of appropriate antigenic polypeptides as a test of 

specificity. 

 

Anti-von Willebrandt factor VIII primary antibody was used to stain endothelial cells in 

MCG-101 tumor. Primary antibodies directed against eNOS, iNOS, COX-1 and COX-2 were 

used in MCG-101 and K1735-M2 tumors, and against COX-1 and COX-2 in human tumors 

on nude mice. Immunohistochemical expression of COX-1 and COX-2 was analyzed in 

MCG-101 and. Primary antibodies directed against 12 proteins involved in various aspects of 

tumor progression (Bax, Bcl-2, bFGF, COX-1, COX-2, E-cadherin, p15, p53, PCNA, TGFβ3, 

TUNEL and vWF) were incubated with consecutive sections of 22 colorectal tumors. Areas in 

the tumors with high and low expression of COX-2 were identified and expression of other 

proteins was estimated within these areas. Patterns of co-variate expression among proteins 

were evaluated by this approach. 

 

Western blot  

Tumor tissue was rinsed from debris in normal saline, placed in plastic test tubes, snap frozen 

in liquid nitrogen and stored at – 84°C. When analyzed, tissues were homogenized by a glass 

pestle and a combination of protease inhibitors were added to prevent disruption of proteins. 

The homogenates were centrifuged and protein concentration in supernatant was determined 
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(87). Total protein-equivalents (50 mg/each sample) were diluted in SDS sample buffer and 

were separated on 7.5% SDS polyacrylamid gel (Bio-Rad Laboratories, Solna Sweden) in the 

Laemmli buffer system (88). Thereafter proteins were transferred to a polyvinylidene 

difluoride membrane (Amersham Laboratories, Buckinghamshire, United Kingdom) and 

incubated with antibodies directed against iNOS and eNOS (Transduction Laboratories, 

Lexington KY). Bands were detected by chemiluminescence using alkaline phosphatase-

conjugated second antibody and CSPD (Western–Light; Tropix Inc. Bedford, MA, USA) 

(89). Membranes were exposed to ECL film (Amersham Laboratoies). 

 

RNA analysis 

Gene expression is evaluated by mRNA analysis. Different methods were used in present 

work depending on mRNA levels in samples and introductions of kits to the market. Northern 

blot was suitable when mRNA of interest was abundant whereas reversed transcription to 

cDNA and subsequent PCR amplification was used for samples with low RNA content. 

Results obtained in mRNA analysis cannot be directly extrapolated to expression of 

corresponding proteins or enzyme activities since post-transcriptional regulations are 

manifold. 

 

Total cell RNA was extracted by standard procedures. Poly(A)+ RNA was selected, separated 

in gels and transferred to Hybond N+ membranes for Northern blotting. RNA was hybridized 

with [α-32P] labeled DNA probes made by PCR-technique with primer sequences chosen 

from Mac Vectors database Entrez. Filters were exposed to Hyperfilm MP for 1-11 days after 

hybridization followed by densitometric analysis of autoradiograms at 550 nm using 

Schimadzu CS-930 densitometer. Results were expressed by ratio to values of β-actin mRNA. 

In polymerase chain reaction (PCR) poly(A)+ RNA from tumor tissue was reversed 

transcribed to cDNA with oligo d(T) as primer. PCR was carried out according to standard 

procedures. Primer sequences, cycle time and temperature were as described separately. PCR 

products were quantified after separation in agarose gels and stained with ethidiumbromide or 

in Agilent Technologies 2100 Bioanalyzer with results expressed as ratio to values of 

GAPDH mRNA. 
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Biochemical analyses 

Prostaglandin E2 was analyzed in plasma, tumor tissues and in conditioned media from cell 

cultures. Blood and tissues were collected from indomethacin-treated tumor-bearing mice and 

controls at the end of experiments around 10 days, 1 month and 3 months after implantation 

of MCG-101, K1735-M2 and human tumors. Specimens from mice and humans were handled 

in the same way. Sodiumcitrate was used as anticoagulant and indomethacin (10 mg/ml) was 

used as inhibitor of further synthesis of eicosanoids from arachidonic acid. Samples were 

centrifuged to obtain plasma. PGE2 was purified by acidification, ethanol addition, repeated 

centrifugation and extraction on Amprep C 18 minicolumns (Amersham RPN 1900) 

according to the recommendations (Amersham RPA 530). Tissue was homogenized in a 

buffer containing indomethacin as inhibitor and centrifuged. Supernatants were treated as 

plasma. PGE2 was extracted by the same procedure in conditioned media from cell cultures. 

Extracted PGE2 was methyl oximated according to kit instructions and quantified by 

radioimmunoassay (RIA). A defined quantity of radioactive 125I PGE2 (methyl oximated) was 

added to samples (tracer) together with antiserum specific for methyl oximated PGE2. This kit 

is highly selective for PGE2 compared to non-PGE2 eicosanoids. Assay sensitivity was around 

0.8 pg PGE2 per sample. 

 

Fractionation of eicosanoids synthesized in MCG-101, K1735-M2 tumors and cell cultures 

were performed. The effect of indomethacin on eicosanoid synthesis was analyzed. Tumor 

tissue and cultured tumor cells were grinded in cell culture medium. The homogenates were 

incubated with [3H]arachidonic acid, a precursor of eicosanoids, precipitated with methanol 

and centrifuged. The supernatants were diluted to a final concentration of 30% methanol. The 

tissue and cell extracts were finally separated by high-performance liquid chromatography 

(HPLC). Eicosanoids were eluted during a series of isocratic elutions with mixtures of 

methanol and water. 

 

Serum amyloid P (SAP) is an acute phase protein in mice used to estimate systemic 

inflammation (90). A relationship between SAP and pro-inflammatory cytokines have been 

indicated (91, 92). Serum levels of SAP were analyzed by immunoelectrophoresis (93). 

Samples (4 μl) were run in agarose gel containing rabbit anti-mouse-SAP antiserum 

(Calbiochem, La Jolla, CA, USA) forming antigen-antibody complexes precipitated in a 

rocket shape with the area under the curve or height proportional to the amount of antigen 
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applied. Serial dilutions of mouse-SAP (Calbiochem) were used as standard. Coomassie 

brilliant blue was used for protein staining. 

 

Plasma IL-6 was measured by ELISA from Amersham (Buckhamshire, United Kingdom) 

(III). 

Polyamnies (putrescine, spermidine and spermine) were analysed in vivo by HPLC and 

separated on a Nova-Pak C18 column (Waters chromatography Division, Millipore 

Corporation) (94). 

 

DNA-synthesis 

Mice were intraperitoneally injected with Bromodeoxyuridine (BrdU) (no. B-5002 Sigma, St. 

Louise, MO, USA) 3.5 hours prior to sacrifice allowing BrdU incorporation into newly 

synthesized tumor DNA. Single cell suspensions were prepared from tumor tissue and anti-

BrdU monoclonal antibody (Becton Dickinson, laboratory Impex Ltd., Twickenham, 

Middlesex, UK) was added. Second goat antimouse antibody conjugated with Fluorescein 

isothiocyanate (FITC) (Sigma Chemicals) was added to stain BrdU-containing DNA. 

Propidium iodide was used to stain total DNA. Labeled cells were sorted and counted by a 

FACScan flow cytometer (Becton Dickinson, San Jose, USA). Simultaneous excitation of 

fluorescein (BrdU) and propidium iodide (DNA) was performed with Argon-ion laser. 

Emissions were registered at 525 nm (green fluorescein) and 610 nm (red fluorescein) for the 

respective fluorochromes. Labeling Index (LI), DNA synthesis time (Ts) and potential 

doubling time (Tpot) were calculated (95). 

 

Mitotic counting  

Cells were stained with orcein acetate after partial lysis and fixation. Mitotic cells with spread 

chromosomes where counted in 10 different representative fields per dish at magnification of 

x100. 

 

MCG-101 tumor cells where starved by culture in a medium containing 0.1% FCS. 

Conventional growth factors (insulin, mEGF, hPDGF, mFGF, mGM-CSF and mTransferrin) 

were added alone or in combinations to evaluate effects on cell proliferation measured as 

DNA-synthesis and by mitotic counting. Cell proliferation after stimulation with 10% FCS 

were used as reference. 
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Body composition  

Bodyweight was assessed for animals including tumors and separately for tumor and carcass 

after excision of the tumor. Tumor and carcass were dried in an oven for 3 days at 80°C to 

constant weight to allow recording of dry weight. Lipids were extracted from whole dry 

carcass by means of chloroform:methanol (1:1), ethanol:aceton (1:1), and finally pure ether. 

Extracts from this procedure were pooled for each animal and evaporated to dryness and 

quantified by weighting. Remaining carcass was recorded as carcass fat-free by weight (76, 

96).  

 

Statistics 

Results are presented as mean ±SE. ANOVA was used for the statistical evaluation among 

two or several groups with post hoc testing when appropriate. Repeated measurements within 

groups were tested by ANOVA for repeated measures. Non-parametric statistics (Mann-

Whitney U test and Kruskal-Wallis test) were used in statistical calculations on categorical 

and continous data with non-normal or unclear distribution. Survival curves were calculated 

according to Kaplan-Meier and tested by log rank analysis (Life table analysis).  Univariate 

and multivariate analyses were performed by standard regression analysis according to 

various models (Statview®, Abacus Concepts, Inc., Berkely, CA, 1996). Two tailed test or 

95% confidence intervals were used. P<0.05 was considered statistically significant. P<0.10 

was regarded a trend to statistical significance. 
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RESULTS 

Cytokines and tumor growth 

Growth of MCG-101 tumors was reduced by 48±14% in IL-6 knockout mice (IL-6 -/-) 

whereas tumor growth was not changed in IL-12 (-/-), IFN-γ(-/-), TNF R1(-/-) and TNF R2(-/-

) knockout mice compared to wild type tumor-bearing controls. Neutralizing antibodies 

toward IL-6 in wild-type MCG-101 bearing mice reduced tumor growth by 40±10% to the 

same extent as observed in IL-6 knockouts. However, blocking the IL-6 receptor with 

suramin, an assumed functional IL-6 receptor antagonist, did not reduce tumor growth in 

wild-type mice. 

 

Growth factors and tumor growth 

Tumor epithelial and stroma expression of twelve tissue protein related to human colorectal 

cancer progression were determined by immunohistochemistry. Bax, Bcl-2, COX-2, p15, p53, 

PCNA and TGFβ3 stained stronger in tumor cells compared to tumor stroma, while bFGF, 

COX-1 and TUNEL did not differ between the two. By contrast, vWF and E-cadherin stained 

less in tumor cells compared to tumor stroma. There was a positive correlation between 

expression in tumor cells and tumor stroma for all factors except for p53, E-cadherin and 

vWF. Significant univariate correlations, with a sperman rank correlation coefficint >0.60, 

were observed for Bcl-2 and Bax, Bcl-2 and COX-2, p53 and vWF in tumor colorectal cancer 

cells, and for E-cadherin and vWF in tumor stoma.  

 

Clinical tumor stage was determined according to Dukes A-D classification. E-cadherin and 

PCNA showed increased staining in tumor stroma when tumor progressed from Dukes stage 

A to D, while Bax, and bFGF showed a decreased staining in both tumor cells and tumor 

stroma during clinical progression. Stepwise forward regression analysis of survival time 

versus12 independent proteins in tumor cells and tumor stroma showed that Bcl-2, p53 and 

vWF in tumor cells, and only vWF in stroma predicted patient survival. 

 

Increasing concentration of fetal calf serum (FCS) in cell culture medium from 0.1 to 10% 

increased DNA synthesis tenfold in MCG-101 cells. The addition of recombinant growth 

factors (mFGF, mEGF, hPDGF, mGM-CSF) alone or in combination did not stimulate tumor 

cell proliferation when MCG-101 cells were precultured in 0.1% FCS containing medium. 

DNA synthesis were increased fivefold by murine transferrin.  
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Treatment of MCG-101 bearing wild-type mice with recombinant IL-12 reduced tumor 

weight by 75±13%. However, treatment with IL-12 had no effect on MCG growth in IFN-γ (-

/-) mice.  

 

COX-expression and tumor growth 

Immunohistochemistry revealed that COX-1 protein was expressed at low levels in both 

MCG-101 and K1735-M2 tumors. COX-2 protein was also expressed at low levels in K1735-

M2 tumors, while MCG-101 tumors expressed high amounts of COX-2. This agreed with 

results obtained by quantitative PCR showing a 500-fold higher COX-2 mRNA expression in 

MCG-101 compared with K1735-M2 tumors. Increased COX-2 staining predicted tumor 

tissue content of PGE2 with the opposite relation for COX-1 staining. 

 

Human tumors grew much slower compared with murine experimental tumors. Surgical 

specimens from five human tumors xenotransplanted into nude mice had all the same staining 

pattern of COX-1 and COX-2 irrespective of tumors being sensitive to COX-inhibition. COX-

1 was undetectable or expressed at low levels, while COX-2 was highly expressed in all 

human tumors. Two of the human tumors (bile duct carcinoma, malignant melanoma) were 

re-examined 7-8 years after continuous passages s.c. on nude mice with unchanged staining 

for COX-1 and COX-2 proteins.  

 

PGE2 levels and tumor growth 

MCG-101 tumors produced high levels of PGE2 when grown in cell culture or subcutaneously 

in vivo. Contrary, the malignant melanoma K1735-M2 produced only small amounts of PGE2 

in cell culture or in vivo and plasma levels were not increased compared to non-tumor 

controls. Main eicosanoids produced by MCG-101 cells in culture and in tumor tissue was 

PGE2 confirmed by HPLC. Only small amounts of tromboxane B2 and leukotriene B4 could 

be detected in tumor related samples.  

 

Tumor-bearing IFN-γ (-/-) mice had decreased plasma PGE2 concentrations compared with 

MCG-101 bearing wild type animals (767±78 vs 1574±309 pg/ml). All other knockout strains 

had plasma PGE2 levels not different from corresponding wild-type MCG-bearing mice. IL-

12 provision to MCG-101 bearing wild type mice increased plasma PGE2 8-fold and plasma 

IL-6 3-fold. Neither of these effects were seen in MCG-101 bearing IFN-γ (-/-) mice.  
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Tumor specimens from twenty-two patients with colon carcinoma were evaluated. At colon 

resection PGE2 level was 10 times higher in tumor tissue compared to corresponding normal 

colon mucosa, and plasma PGE2 was about 6 times higher in venous blood from the intestinal 

area compared to blood from a peripheral vein. However, PGE2 levels in urine from these 

patients were not higher than normal. 

 

Prostanoid receptor expression in tumor tissue 

RNA expression of human and murine prostanoid receptors (EP1-4), including subtyping of 

murine EP3 (EP3αβγ), were evaluated indicating that EP receptors are related to tumor growth. 

Interactions with COX-inhibition (indomethacin) suggested that EP3 may promote inhibition 

and EP2 may have an opposite effect on tumor growth. 

 

COX-inhibition and tumor growth  

Indomethacin (1 μg/g) and naproxen (15-50 μg/g) reduced MCG-101 growth in the range of 

30-40%. Other non-selective NSAIDs as diclofenac, ketorolac, tenoxicam and nabumeton, 

had however no inhibitory effect on MCG-101 growth. The preferential selective COX-2 

inhibitor meloxicam and the selective COX-2 inhibitors L-745.337 reduced MCG-101 growth 

with 30 and 24%, respectively. Other selective COX-2 inhibitors, NS 398, rofecoxib and 

parecoxib, had no growth inhibitory effects on MCG-101 tumors. Inhibition of tumor growth 

was concomitant with reductions of tumor and plasma PGE2 levels. Daily treatment with 

indomethacin (1 μg/g BW) of MCG-101 bearing mice decreased plasma and tumor 

concentration of PGE2 from 1015±173 to 90±15 pg/ml and 1000±150 to <20 ng/g, 

respectively 10 days after tumor implantation. Indomethacin reduced tumor growth to the 

same extent (36±9%) in IL-12 (-/-) mice. However, reduction in tumor growth by 

indomethacin could not be demonstrated in remaining knockout strains [IL-6 (-/-), IFN-γ (-/-), 

TNF R1 (-/-), TNF R2 (-/-)]. Indomethacin (1.5 μg/ml) also reduced production of PGE2 by 

75-80% in MCG-101 cell cultures but did not decrease concomitant cell proliferation or DNA 

synthesis. 

 

COX-inhibition (indomethacin) increased mRNA expression of IL-6, TNF-α, GM-CSF, TGF-

β3 and cNOS in MCG-101 tumors. Expression of VEGF, EGF, PDGF-A, PDGF-B, IL-1 and 
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transferrin receptor were unaffected and expression of bFGF and angiogenin were decreased 

by indomethacin.  

 

Daily treatment with indomethacin (1 μg/g) also reduced growth of three human tumors by 

65% (bile duct carcinoma) and 81% (ovarian carcinoma). In a third tumor wet weight was 

reduced by 92% (lymph node metastasis of colorectal carcinoma) (p<0.10). Xenografted 

human tumors displayed PGE2 concentrations in tumor tissue below 5% of levels seen in 

murine MCG-101 tumors, while plasma PGE2 concentrations were more comparable in mice 

bearing human or murine tumors (240-970 vs 1500 pg/ml). Seen together, indomethacin 

reduced tumor growth, tumor PGE2 and plasma PGE2 concentrations, when analyses were 

performed on pooled material from all human tumors.  

 

Indomethacin decreased labeling index and prolonged potential doubling time of MCG-101 

cells in vivo. Indomethacin had no effect on invasiveness of MCG-101 tumor cells, evaluated 

in vitro, but decreased the number of tumor vessels evaluated by immunohistochemistry on 

von Willebrandt factor VIII in vivo. 

 

NOS inhibition and tumor growth 

The MCG-101 and K1735-M2 tumors expressed substantial amounts of cNOS and iNOS 

proteins with an even distribution throughout tumor tissue. NOS-inhibitors (L-NoArg and L-

Name) reduced growth of both MCG-101 and K1735-M2 tumors to the same extent (50%). 

Selective iNOS-inhibition by aminoguanidine and S-methylisothiourea had no effects on 

tumor growth. Synergism was not seen between NOS- and COX-inhibition in any of the 

experimental tumor models.  

 

L-NoArg did not influence PGE2 levels in MCG-101 tumor tissue but reduced plasma 

concentration from 3000±600 to 1521±425 pg/ml. L-Name (1 mM) reduced proliferation of 

cultured MCG-101 and K1735-M2 cells by 6±2% and 7±3%, respectively.  

 

cNOS mRNA-expression was increased 2-fold by L-NoArg treatment of MCG-101 bearing 

mice. The combination of L-NoArg and indomethacin had no synergistic effect on cNOS 

expression in tumor tissue. Northern blot analysis showed a trend to increased expression of 

transferrin receptor as well as VEGF mRNA by L-NoArg treatment. Indomethacin had no 
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such effect. Angiogenin and bFGF mRNA levels were unaffected by either drug without any 

synergism between L-NoArg and indomethacin. 

 

Polyamines  

Indomethacin treatment of MCG-101 bearing mice had only minor effects on tumor tissue 

content of polyamines. Putresceine and spermine content were not altered, while spermidine 

showed a trend to decreased concentration. 

 

Survival, body composition, food intake and tumor growth 

Survival was significantly prolonged in MCG-101 bearing mice by indomethacin but not so in 

K1735-M2-bearing mice. Wild-type mice had lost about 10% of carcass weight ten days after 

tumor implantation. During the same time tumor-bearing IL-6 (-/-) and wild-type anti-IL-6-

antibody treated MCG-101 bearing mice only lost 1% of carcass weight. Carcass weight was 

not changed in IL-12 (-/-) and INF-γ (-/-) mice compared with wild-type. By contrast, in TNF 

R1 (-/-) and TNF R2 (-/-) mice the weight loss was significant increased compared with wild-

type mice. 

 

Indomethacin increased carcass weight in tumor-bearing IL-6 (-/-) and IL-12 (-/-) mice and 

decreased weight loss significantly in other knockout strains [IFN-γ (-/-), TNF R1 (-/-), TNF 

R2 (-/-)]. Treatment of wild-type tumor-bearing mice with recombinant IL-12 was associated 

with increased carcass weight, an effect that was entirely absent in the IFN-γ (-/-) tumor-

bearing mice. 

 

Progressive tumor growth was associated with increasing anorexia in all groups of MCG-101 

bearing animals, wild-type as well as knockouts. Significant reduction of anorexia could not 

be demonstrated when knockout strains were analyzed separately, probably due to limited 

number of animals. When all knockout groups were pooled, indomethacin improved food 

intake by the same magnitude as observed in MCG-bearing wild type mice. 

 

In MCG-101 bearing mice, indomethacin prolonged survival by about 50%. When MCG-101 

was implanted on T-cell deficient nude mice indomethacin prolonged survival to the same 

extent. Indomethacin had no effect on survival of K1735-M2 bearing mice. However, 

treatment of MCG-101 bearing mice with diclofenac, ketorolac, naproxen and tenoxicam did 
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not influence survival. L-NoArg treatment of MCG-101 bearing mice preserved carcass fat-

free dry weight to the same extent as treatment with indomethacin although improved food 

intake was not observed. 

 

Serum SAP levels were determined 10 days after tumor implantation following daily 

treatment with various NSAIDs. Only indomethacin (1 μg/g) and naproxen (15-150 μg/g) 

decreased systemic inflammation evaluated by SAP levels.  Multivariate regression analysis 

on human tumor samples revealed that increased staining of p15, TGFβ3 and Bcl-2 in tumor 

cells were related to systemic inflammation as determined by CRP and ESR levels.  
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DISCUSSION 

This thesis is based on results obtained from experimental tumors in cell cultures and 

implanted on mice, human tumors implanted on immune-incompetent nude mice and 

observations on tissue samples from human colon carcinomas. Our focus has been on 

interactions between tumor cells, tumor supporting stroma and the influence by the tumor on 

the host by a variety of signals targeting local and distant cell populations (16). In this respect 

invasive tumors are assumed to mimic chronic wounds, where many signals exchanged seem 

to be similar (3, 27, 97). Thus, wound healing and growing tumors cause local inflammation 

and systemic effects will ensue when pronounced (27). Eicosanoids, nitric-oxide, growth 

factors and cytokines are ascribed to such signaling, which was evaluated in present work 

with particular emphasis on the prostanoid system as COX-1, COX-2, PGE2 and its receptors. 

 

Tumor progression can be represented by three phases. An initial phase confines 

carcinogenesis, which is a process within cells primarily related to genetics. The genome is 

altered in a multistep process ending up with transformed cells capable to form invasive 

tumors (8, 98). A second phase is more of local progression, which describes how tumor cells 

interact with host cells and extracellular matrix in microenvironments to facilitate the mission 

of tumor cell multiplication. The final phase provides advanced progression characterized by 

systemic interactions. These aspects of tumor progression are not temporarily discreet. They 

are functional in parallel during progression although carcinogenesis is a prerequisite in early 

phase and systemic effects are most prominent in late phases of tumor development. 

 

Carcinogenesis 

Hereditary genetic defects increase the risk for development of tumors as retinoblastoma (99) 

Li-Fraumeni syndrome (100, 101), familial adenomatous polyposis (FAP) and hereditary 

nonpolyposis colorectal cancer (HNPCC) (102) associated with germline mutations in the 

RB1, p53, APC genes and DNA mismatch repair genes like hMSH2, hMLH1 and hPMS2. 

Chemical carcinogens, either from environment or from products of metabolism may cause 

mutations in DNA encoding certain genes. Ionizing and UV-radiation are additional factors 

contributing to DNA mutations. Carcinogenic metabolites may be produced during 

inflammation where arachidonic acid is metabolised to malondialdehyd (MDA), a known 

carcinogen by the COX pathway. In addition, peroxidase activity of COX enzymes may 

activate various carcinogens including aromatic amines and aflatoxin (103). Cytokine 
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activated macrophages secrete large amounts of NO in inflamed tissue reacting with 

superoxide to form powerful oxidant peroxynitrite (ONOO-). This highly reactive free radical 

interacts with DNA and may result in mutations and strand breaks. Free radicals can also react 

directly with proteins. In this way DNA repair enzymes and DNA polymerases may be 

inactivated with increased risk for deleterious mutations (104). 

 

Cells are more vulnerable to mutations during DNA synthesis and mitosis compared to resting 

state. Therefore, more cells will be at risk to be mutated in conditions with increased 

proliferation. Cells with damaged DNA are ineffectively deleted when apoptosis is attenuated. 

Cells with defect DNA have chance to survive and accumulate mutations ultimately leading to 

cells with a cancerous phenotype. Growth promoting and anti-apoptotic signals are present in 

chronic inflammation creating microenvironment promoting tissue healing and repair but 

favor tumor progression also. Thus, chronic inflammation may promote carcinogenesis by 

increased levels of carcinogens, increased cell proliferation, and release of antiapoptotic 

factors. The link between chronic inflammation and cancer is strong in both animal models 

and clinical conditions (70, 97, 105). 

 

Local inflammation 

Formation of tumors is promoted in genetically mutated tumor cells, but interactions with host 

cells and extracellular matrix (ECM) are essential components (16). Paracrine signals in 

tumor microenvironment promote proliferation and progression of tumor cells as well as 

proliferation of supporting stroma. Local inflammation is induced by host cells in response to 

local injury caused by a growing tumor (Figure 2). Tumor cells release proinflammatory 

cytokines, chemokines and growth factors, which amplify reactions advantaged for tumor 

growth. Angiogenesis, local invasion and capacity to metastasize are in part the net results of 

local interactions (16). Myofibroblast, normally present in wounds with increased expression 

of certain growth factors, are important components in tumor stroma (106). TGF-β, PDGF 

and VEGF are expressed by tumor cells to target stroma cells. In concert they promote stroma 

and blood vessel formation. Insulin-like growth factors (IGF-I, IGF-II), epidermal growth 

factor (EGF) and hepatocyte growth factor (HGF) are other growth-promoting factors. During 

progression tumor cells may up-regulate growth factor signals making them less dependent on 

the surrounding stoma. 
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Figure 2. A growing tumor and healing wound; two side of a coin. 
a) Activated platelets recruit inflammatory cells in healing wounds where intruders are combated and 
damaged tissue degraded. A repertoire of signal molecules conducts coordinated processes recognized 
as various phases of inflammation. Fibroblasts, endothelial cells and vascular smooth muscle cells 
form temporarily granulation tissue, which is subsequently replaced by mature stroma. This process 
subsides after reepithelialization.  
b) Intruding tumors will normally not be defeated by host defense and reparative mechanisms, which 
in large consist of cells and signal molecules appearing in wounds. Thus, chronic inflammation ensues 
which promotes tumor progression. (Adapted by permission from Macmillan Publishers Ltd: Nature 
(27), copyright 2006). 
 

 

 

COX expression 

All our tumors, syngenic murine sarcoma (MCG-101) and malignant melanoma (K1735-M2), 

human tumors xenotransplanted into nude mice and specimens from surgical resected human 

colon adenocarcinomas had low or undetectable COX-1 expression evaluated by IHC. In 

contrast, COX-2 was expressed in all tumors except K1735-M2 confirmed by quantitative 

PCR. Staining for COX-2 was more intense in neoplastic epithelial cells than in stroma. 

Cultures of MCG-101 cells displayed high levels and K1735-M2 cells displayed low levels of 

COX-2 protein. This implies that MCG-101 tumors have constitutive expression of COX-2 

without a need of paracrine stimulation. Treatment with indomethacin did not influence tumor 

tissue content of COX-1 and COX-2 in MCG-101 tumors, although PCR analyses of COX-2 

have suggested that transcription may be down-regulated in negative feedback to some extent 
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by indomethacin (107). Positive feedback by PGE2 has been described in ligation of EP2 

receptor with subsequent increased cAMP boosting of COX-2 expression (108).  

 

There is consonance between literature and our present results on COX-1 and COX-2 with a 

gradual increase in COX-2 expression in the adenoma-to-carcinoma sequences. COX-1 is 

usually expressed constitutively at similar levels in normal mucosa and tumors (36, 37, 39). 

Expression of COX-2 (mRNA and protein) is usually not found in normal colon mucosa, 

while COX-2 increased from about 50-80% of adenomas and to 70-100% in carcinomas (36, 

37, 39, 45, 50). In human colon adenomas, COX-2 expression increased with size, grades of 

dysplasia and extent of villous component (42, 109). Size and depth of invasion correlated to 

COX-2 levels in human colon (110), gastric (111) and gallbladder carcinoma (112). Increased 

COX-2 expression occurs also in rodent tumors (43, 44).  

 

Cellular localization of COX-2 has been debated. Immunostaining for COX-2 is seen in 

macrophages and endothelial cells in lamina propria of normal mucosa (47). Increased COX-2 

expression was localized to subepithelial myofibroblasts, whereas no expression was seen in 

dysplastic epithelial cells in human premalignant adenomas (47). In other studies on human 

adenomas, increased COX-2 expression was localized mainly to stroma macrophages and 

sometimes to dysplastic epithelial cells (48, 109). Corresponding localization was seen in 

rodent adenomas (38, 113). In ApcΔ 716 mice1 COX-2 was only observed in polyps larger than 

2 mm (38). Importantly, virtually normal mucosa in Min-mice1 contained COX-2 positive 

macrophages in lamina propria. This was in contrast to wild-type littermates, suggesting early 

upregulation of COX-2 in progression of tumors (113). Human colon adenocarcinoma 

expressed COX-2 intensely in cancer cells but inflammatory cells, vascular endothelium and 

fibroblasts within tumors stained positive also (37, 114). Normal epithelial cells adjacent to 

COX-2 positive tumors have been observed to express COX-2 weakly (114). We have 

repeatedly observed inhomogenous staining for COX-2 within tumors, which is of importance 

for interpretation of results when obtained as average values in tumor specimens in contrast to 

more selective evaluation of expression (37, 42, 109). This inhomogeneity may reflect 

development of subclones within tumors due to genomic instability. For example, prognosis 

may relate more closely to focal areas within tumor than to overall appearance of COX-2. 

                                                 
1  ApcΔ 716 and Min mice are two strains with altered APC-gene resulting in formation of large amounts of 
intestinal polyps. Both strains are commonly in use as models for human familial adenomatous polyposis (FAP). 
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Therefore, we have particularly evaluated specimens from human adednocarcinoma in 

relation to within-tumor variability of COX-2 expression (paper V). 

 

PGE2 in blood and tumor tissue 

It has repeatedly been reported that cell lines as well as solid human and experimental tumors 

contain increased amount of prostaglandins with PGE2 as most abundant (115-119). A gradual 

increase of PGE2 synthesis in adenoma carcinoma sequences has been reported in humans. 

Colon adenocarcinomas synthesized more PGE2 than adenomatous polyps, which synthesized 

more than normal mucosa (120). Prostaglandin levels increased with polyp size in patients 

with familial adenomatous polyposis (121). Gallbladder carcinomas showed similar results; 

PGE2 levels increased with invasiveness and there was concomitant increase in COX-2 

expression in cancerous epithelia and stroma (112). PGE2 levels were increased in chemically 

induced colon carcinoma in rats with increased mucosa PGE2 preceding development of 

tumors (122). This suggests early upregulation of PGE2 production even before tumor 

appearence and progression. 

 

We observed reasonable agreement between COX-2 and PGE2 levels in tumor tissue, with 

PGE2 levels ranging from 10 ng/g (K1735-M2), 10-20 ng/g (human tumors, xenotransplanted 

or surgical specimens) to 1000 ng/g (MCG-101). PGE2 levels in presumptive normal human 

colon mucosa distant from invasive adenocarcinoma was 1.7 ng/g. MCG-101 tumors and 

human ovarian carcinoma xenotransplanted to nude mice caused plasma PGE2 levels 

considerably higher in host circulation (1.3 and 1.0 ng/ml) compared to controls (0.1 ng/ml). 

There were increased PGE2 levels in intestinal venous blood compared to peripheral blood in 

our patients with colon cancer. However, blood collected selectively from tumor-draining 

veins did not contain increased PGE2 levels compared to splanchnic veins. In contrast, 

Narisawa et al reported elevated PGE2 levels in venous blood from colorectal carcinoma 

(123). There was also a significant correlation between PGE2 in tumor tissue and local blood 

and their patients with distant metastases showing increased PGE2 levels in peripheral blood. 

 

Eicosanoids in tumor tissue and cultured tumor cells were fractionated by HPLC in present 

work, which confirmed that a main difference between MCG-101 and K1735-M2 cells were 

PGE2. Thus, PGE2 seems a main prostanoid found in most tumors. Tissue specimens from in 

vivo growing tumors contained additional eicosanoids compared to cells grown in vitro. This 

difference indicates that eicosanoids produced by host cells are also involved. Maxwell et al 
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reported that tumor macrophages secreted increased amount of PGE2 upon stimulation in 

colon cancer tissue but not so in polyps (124). This activity of macrophages in tumor tissue 

seemed to be a local phenomenon in tumor micro-environment since peripheral blood 

mononuclear cells did not show elevated PGE2 synthesis. 

 

Prostanoid receptors 

Expression of non-PGE2 receptors as DP1, DP2, FP, IP and TP for the prostanoids PGD2, 

PGF2α, PGI2 and TXA2 were examined in human colon carcinomas in one of our recent 

studies (125). Expression of TP receptor subtype was higher in tumor tissue than in normal 

colon mucosa. DP1 and IP were expressed at decreased amounts, whereas DP2 and FP were 

unaffected without relationships to prognostic variables as tumor differentiation and stage. 

Thus, these receptors seem to be of less importance for tumor progression compared to EP 

receptors.  

 

Transcription of subtype EP1-4 receptors were analyzed in tumor tissue from five human 

tumors grown in vivo on nude mice, human colorectal cell line (HT-29) and murine tumors 

(MCG-101, K1735-M2) grown on syngenic mice. Murine and human tumors expressed 

subtype EP1-4 receptors with the same order of magnitude in vivo and in vitro. However, 

K1735-M2 tumor, which was completely insensitive to indomethacin treatment, had low 

COX-2 expression and close to normal plasma PGE2 levels, but expressed 5- to 10-fold more 

EP receptors. Overall, EP1 and EP4 were the most prevalent receptors with EP3 least 

expressed and EP2 in between. Receptor expression was also related to growth inhibitory 

effects by indomethacin, although clear-cut relationships were not established between 

expression of COX enzymes, EP receptors and sensitivity to indomethacin treatment in 

present work. Indications that EP receptors may be related to tumor growth and affected by 

indomethacin where obtained by multiple regression analysis on pooled material from human 

and murine tumors. Our results suggest that EP3 may promote indomethacin inhibition and 

that EP2 may attenuate such effects. This kind of results must of course be interpreted with 

caution. However, in a recent study from our group EP subtype mRNA expression was 

studied in an extended cohort of patients with colorectal carcinomas (126). These results 

confirmed that EP1 and EP4 were the most prevalent EP receptors in human colon carcinoma 

tissue with EP2 predicting disease-specific survival. These results and conclusion had support 

in another of our studies indicating that EP subtype receptors are also involved in promotion 

of angiogenesis (127). In a mouse tumor model with host deficient EP3 receptors Amano et al 
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also reported that tumor growth was decreased due to inhibition of tumor associated 

angiogenesis, where VEGV production in fibroblast was reduced (128). Application of EP3 

receptor antagonist had the same effect in wilt type mice but no additional effect in EP3-KO 

mice. Similar results were obtained in EP2 deficient ApcΔ716 mice (108). In another study from 

our group MCG-101 tumors with intact EP receptor expression were transplanted to knockout 

mice with absence of EP1 or EP3 receptors (129). Tumor growth was decreased in EP1-KO 

and increased in EP3-KO mice compared to wild types. Thus, EP1 signaling in host tissue 

seemed to promote tumor growth, while EP3 signaling had reverse effects in the MCG-101 

tumor model. Other EP receptors have also been related to cancer progression. In EP1 and EP4 

deficient mice aberrant crypt foci, a premalignant state, was reduced upon treatment with 

chemical carcinogen (130, 131). PGE2 mediated inhibition of dendritic cell differentiation and 

function and diminished antitumor immune response were related to EP2 receptors (132). EP4 

receptor mediated signaling stimulated migration of both human and murine breast cancer 

cells (133). Thus, it is obvious that modulation of COX activity in tumor tissue results in a 

mix of reactions downstream various EP receptors. Net effects may however be different in 

various tumors and perhaps among various clones due to different balance among EP-receptor 

expression. Therefore, results obtained in animal models should not be directly transferred to 

clinical conditions, since there may also be differences in activities among species 

downstream prostaglandin receptors. However, our experimental and clinical studies confirm 

that COX-activity and EP receptor expression control progression of malignant tumors via 

local expression of growth factors as suggested from results in paper V.  

 

NSAIDs and tumor progression  

Prevention and reduced progression of experimental tumors by NSAIDs have been frequently 

reported (134-136). Epidemiological studies and randomized clinical trials have shown that 

aspirin, NSAIDs and selective COX-2 inhibitors reduce risks to develop colorectal tumors 

(137-140) and other malignancies (141). In humans with familial adenomatous polyposis, 

treatment with sulindac and rofecoxib resulted in regression of number and size of polyps 

(142), although with rebound increase after termination of treatment (143). However, 

retardation of tumor growth and attenuated progression during treatment with NSAID are not 

global effects in tumors (144, 145). Our K1735-M2 murine tumor was completely insensitive 

to treatment with indomethacin. Therefore, we used this tumor to be compared to the well-

characterized indomethacin sensitive MCG-101 tumor, which showed low levels of COX-1 

and large amounts of COX-2 with pronounced effects by indomethacin on tumor growth, 
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preservation of body composition and prolongation of survival. Five human tumors, 

xenotransplansplanted into nude mice, expressed no or little COX-1 and large amounts of 

COX-2 and showed occasionally significantly reduced tumor growth by indomethacin. Thus, 

a clear-cut relationship between COX expression in tumor tissue and effects by indomethacin 

was not established, also reported by Hong et al (146). No effect was observed on 

proliferation or DNA synthesis in MCG-101 cells grown in culture despite 75-80% decrease 

in PGE2 production. However, indomethacin inhibited tumor growth in vivo with recent 

observations to indicate decreased proliferation by COX-2 inhibition (147). Experiments with 

Lewis lung carcinoma cells gave similar results (148). This implies that effects by 

indomethacin involve both host and tumor cells. In our present studies indomethacin 

decreased numbers of microvessels in tumor tissue. This was probably due to reduced COX-2 

activity with secondary depressed VEGF in stroma fibroblast as reported by Williams et al 

(149). VEGF production in fibroblast may be stimulated via EP2 or EP3 receptors (108, 128) 

with net attenuated effects on angiogenesis by indomethacin treatment confirmed by ourselves 

(127). Effects of indomethacin on survival were not dependent on T-cell competence shown 

when MCG-101 was grown in nude mice. Such results were extended by Maca who found 

that indomethacin had comparable inhibitory effects of Lewis lung carcinoma when 

transplantated into conventional T-cell deficient nude or NK cell deficient beige mice (148). 

However, more recent results in our laboratory confirm that cyclooxygenase activity is 

significant to modulate immune activity within and around growing tumors, at least in 

patients with colorectal carcinoma (150). 

 

We intended to elucidate selectivity of various NSAIDs in treatment of MCG-101 bearing 

mice with the question whether inhibitory effects by indomethacin on tumor progression are 

exclusive or common to both selective and non-selective COX inhibitors. Indeed, several of 

our tested non-selective and selective COX inhibitors reduced tumor growth (indomethacin, 

naproxen, meloxicam and L-745.337), while some inhibitors had no such effects. Thus, there 

was no clear-cut relationship to selectivity. Only indomethacin prolonged survival of MCG-

101 bearing mice, with concomitant reduction in PGE2 production and reduced tumor growth. 

Ineffective inhibitors did usually not reduce PGE2 levels, although some selective COX-2 

inhibitors did so to some extent. Only indomethacin and naproxen reduced SAP levels in 

serum. All tested drugs had well documented anti-inflammatory activities and their relative 

capacity to inhibit COX-1 and COX-2 had been established (151). Our failure to inhibit tumor 

growth by some of the NSAIDs may have manifold explanations. Doses tested might have 
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been ineffectively low, although either chosen from the literature or provided by the 

manufacturer. Therefore, most drugs were tested at a wide range of doses sometimes causing 

toxic effects. There may also be differences in pharmacodynamics and kinetics among species 

and strains (103). Provision of drugs once a day may not be sufficient to reach effective in 

vivo levels. Also, results obtained from in vitro testing may not be directly transferable to in 

vivo conditions, since listing COX inhibitors according to selectivity may depend on the test-

system (151-153). Despite such uncertainties we conclude that various COX-inhibitors does 

not exert equal effects on tumor progression in a defined tumor model. 

 

Nitric oxide 

Research on nitric oxide and its role in carcinogenesis and tumor progression demonstrate 

contradictions. In part, this may be due to effects related to high or low concentrations of NO 

produced by iNOS or cNOS (154-156). There is some agreement that iNOS activity, with 

high production of NO, is detrimental to tumors through increased apoptosis or necrosis, 

which might be modulated by p53 status of tumor cells where wild type p53 cells were 

sensitive to NO induced apoptosis and cells with mutant or absent p53 were resistant (156). 

eNOS is mainly expressed by endothelial cells under normal conditions, but it is also 

expressed by cancer cells. It is a key regulator in angiogenesis downstream to both VEGF and 

PGE2. In addition, eNOS is antiapoptotic and promotes proliferation of tumor cells, invasion 

and metastasis (155). This makes inhibition of eNOS attractive against cancer. NOS and 

iNOS inhibitors can be both chemopreventive and reduce tumor growth by inhibition of 

neovascularization (57, 157, 158).  

 

Non-selective NOS inhibitors as L-NoArg and L-Name reduced tumor growth to the same 

extent in our tumors with high and insignificant PGE2 production. Selective iNOS inhibitors, 

aminoguanidine and S-methylisothiourea, had no such effects in any of our tumors, although 

substantial amounts of cNOS as well as iNOS were expressed. Thus, net effects exerted by 

non-specific inhibition seemed to be mediated by cNOS mainly. Reduced NO production 

following cNOS inhibition may result in diminished angiogenesis, decreased proliferation as 

well as increased apoptosis in tumor cells. We did not specifically study each of these 

mechanisms. The fact that NOS inhibition by L-Name only caused modestly reduced 

proliferation of tumor cells in culture implied that paracrine interaction with stromal cells 

might contribute to effects seen in vivo. Thus, we suggest that inhibition of angiogenesis and 
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reduced blood flow were main reasons behind treatment with non-selective NOS inhibitors to 

reduce tumor growth in our models. 

 

A failure of selective iNOS inhibitors to influence upon tumor growth was a surprise in light 

of high expression of the enzyme in tumors, but doses and pharmacokinetic reasons should be 

considered. Also, we studied protein expression by IHC, which may not reflect enzyme 

activity. It has been reported low correlations between iNOS mRNA expression and enzyme 

activity implying post-transcriptional alterations (159). Similar circumstances have been 

observed for arachidonic acid metabolizing enzymes and corresponding metabolites (146). 

The combination of indomethacin and non-specific NOS inhibition with L-NoArg was tested 

on MCG-101 tumors. No additive effect was observed suggesting a common pathway of 

action in this model. 

 

Interactions or cross-talk between NOS- and COX-systems have been described at several 

levels resulting in synergistic effects to amplify physiological and pathological response. 

Expression of inducible isoforms in both systems can be elicited by the same inducers, 

including bradykinin, LPS and IL-1β with cAMP and cGMP partially overlapping second 

messengers (160). NO can associate to superoxide forming peroxynitrite, which may directly 

interact with COX proteins and cause increased enzymatic activity (160-162). Negative feed 

back mechanisms between PGE2 and iNOS expression have also been described (163). This 

agrees with our findings. MCG-101 bearing mice treated with NOS inhibitors showed 50% 

reduction of PGE2 levels in plasma compared to controls, which seems to be an effect on host 

tissues rather than on tumor cells, since tumor content of PGE2 was unaffected by treatment 

by NOS inhibitors. We also observed that COX inhibition increased cNOS expression in 

tumor tissue, probably caused by decreased feedback inhibition. We found that NOS 

inhibition increased cNOS in tumor tissue. This can be explained by decreased COX activity 

secondary to reduced NO production. There was no additive effect on cNOS expression by 

combining COX and NOS inhibitors, which makes sense, since both modalities exert effects 

by reducing COX activity. 

 

Systemic inflammation 

Growing tumors induce local tissue reactions with inflammatory response similar to wounds 

(3, 27, 97). Invasive tumors will also cause systemic effects in hosts with decreased survival 

when effective treatment is not available. Mechanisms behind interactions between invasive  
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Figure 3. Systemic tumor-host
interactions. Growing invasive tumors
may cause local injuries with metabolic
alterations similar to healing wounds
leading to local and systemic
inflammation (schematically illustrated
by arrows). Inflammatory mediators
may influence directly or indirectly on
hypothalamus, leading to anorexia.
Loss of appetite leads to hormonal and
metabolic adaptations to save energy
and substrates with subsequent
alterations in tissues and body
composition. All these changes
contribute to development of cancer
cachexia with significance for patient
survival and health related quality of
life. 

 

 

tumors and distant host organs are still poorly defined (164). From the sites of tumor growth 

one or several mediator(s) must be released to circulation. Migrating cells activated in tumors 

are also a possibility, but mediators are most likely humoral factors. There are 

similaritiesbetween host response during tumor progression and other clinical disorders as 

trauma, sepsis, infections (tuberculosis and AIDS) and inflammation (rheumatoid arthritis). It 

seems that such systemic reactions follow some kind of “standard program” (Figure 3). Thus, 

tumor cells are not the sole source of mediators, since tumor cells are lacking in non-

neoplastic conditions. Host cells have the capacity to release signal molecules. Pro-

inflammatory cytokines as TNF-α, IL-1, IL-6, IFN-γ, leukemia inhibitory factor (LIF) and 

ciliary neutrophic factor (CNTF) have all been suggested as candidates although pronounced 

redundancy seems to occur, particularly among cytokines. Actions of cytokines are also 

counter-balanced by other factors as IL-4, IL-10, IL-13 and soluble receptors for TNF 

(sTNFR) and IL-6 (sIL-6R) (165). All such factors and others may influence the host response 

in concert. In contrast to various inflammatory disorders and infections, increased plasma 

levels of TNF-α and IL-1 are seldomly found in experimental and clinical cancer (23, 80, 166, 

167). Only occasionally is correlations found between circulating cytokines and weight loss or 

anorexia (168), although IL-6 is frequently increased in cancer disease and correlates with 
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increased tumor burden and weight loss in murine models (92, 169). Elevated IL-6 levels in 

circulation were also reported in clinical cancer (170). However, cytokine protein levels in 

plasma do not always correspond to bioactivity as cytokines can be chaperoned by other 

binding proteins like soluble receptors with extinguished bioactivity (85). 

 

Cancer cacexia 

Cancer cachexia is mainly characterized by anorexia and wasting of tissues with alterations in 

protein, lipid and carbohydrate metabolism including acute phase proteins, neuro-endocrine 

stress response and alterations in immunological activity (23, 164, 171, 172). It follows that 

main targets behind such systemic effects are hypothalamus in CNS where appetite is 

influenced, liver tissue, skeletal muscles and adipose tissue, endocrine organs and lymphatics 

and immune cells. Cancer cachexia is not specific with common mechanism behind other 

clinical conditions characterized by host wasting as the result of poor nutrition due to anorexia 

and increased energy expenditure (171). Body weight is mainly lost by depletion of 

myofibrillar proteins in skeletal muscles and fat stores in adipose tissue. Weight loss is 

frequent in cancer, but varies with tumor type. High incidence (85%) is seen in patients with 

pancreas and gastric carcinoma, low (40%) in breast cancer and sarcoma, whereas colon 

carcinoma (55%) belongs to an intermediate group (173). Low performance status, reduced 

quality of life and reduced chemotherapy response as well as decreased survival are 

associated with weight loss and cancer cachexia (173, 174). 

 

Anorexia may not by itself explain the entire wastage in cancer. The cancer cachexia is 

usually not reversed by exaggerated feeding contrarily to conditions of pure malnutrition 

(175). Thus, anorexia seems both an effect and a cause of weight loss in cancer (69). Cancer 

patients may lose more lean body mass than seen in other conditions with pure starvation (23, 

175). In addition to reduced energy intake, cancer patients with cachexia have usually 

increased resting energy expenditure (66, 176), whereas patients with chronic and pure 

starvation adapt more efficiently to decreased basal metabolism associated with more 

effective utilization of energy substrates. IL-1 is most potent to elicit anorexia among 

cytokines, but TNF-α and IL-6 also evoke loss of appetite (69, 177, 178). Ibuprofen 

completely abrogated anorectic effects by IL-1 indicating a role for COX in IL-1 mediated 

anorexia (179). Expression of cytokines and corresponding receptors (IL-1, IL-1R1, IL-6, IL-

6R, TNF-α), as well as COX-2 were evaluated in brain tissue in a study from our group (180). 
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It was observed that alterations in tissue content were rather secondary to declined food intake 

than the explanation of anorexia. Thus, it is still not resolved if anorexia in tumor progression 

is related to released mediators acting directly on hypothalamus or is it rather an adaptation to 

systemic alterations in stress hormone activities, which are common in weight-losing cancer 

patients collectively called neuro-endocrine stress response (180). In addition to nutrients and 

exercise, insulin, growth hormone (GH), insulin-like growth factor-I (IGF-I) and testosterone 

are anabolic, whereas cortisol and myostatin are catabolic mediators. IL-6 may trigger release 

of ACTH and thereby increase the synthesis of glucocorticoids. Hypercortisolism has been 

confirmed in cachectic patients (181), although wasting developed to some extent even in the 

absence of adrenals in tumor-bearing mice (67), which shows that endogenous corticosteroids 

are not exclusive to explain wasting. 

 

Elevated resting energy expenditure in cancer patients is in part counter-acted by decreased 

thyroid hormones (66), where supplementation with thyroxine increased food intake without 

affecting wasting or stimulation of tumor growth in MCG-101 bearing mice (63), 

demonstrated in other tumors mainly derived from liver tissue (182, 183). Adrenergic activity 

is elevated in cancer patients with increased heart rate and energy demand (62, 66). Based on 

our earlier experimental findings it was concluded that neither alterations in insulin (184), 

thyroid hormones (63), growth hormone (58) or glucocorticoids (67) explain entirely 

progressive wasting during tumour progression. 

 

Cancer cachexia is also characterized by alterations in carbohydrate, lipid and protein 

metabolism. Muscle wasting indicates a profound dysregulation of skeletal muscle turnover. 

Muscle wasting in cancer cachexia is caused by both depressed synthesis and increased 

degradation (69), associated with availability of amino acids, where decreased levels of 

branched chain amino acids may be especially important (69). Proteolysis seems mainly 

accomplished through nonlysosomal ubiquitin-dependent proteases (171), although lysosomal 

proteases as cathepsin B and D contribute (69, 185), perhaps related to TNF-α and IL-6 (69, 

169, 186). Cancer related systemic inflammation is regularly associated with acute phase 

response in liver tissue with characteristic alterations in plasma proteins. Appearance of such 

proteins varies among species. C-reactive protein, serum amyloid A, alpha 1-antitrypsin, 

complement C3, fibrinogen and haptoglobin are increased, whereas albumin and transferrin 

are decreased. IL-6 is regarded a main mediator of liver acute phase response, but IL-1 and 

TNF-α are also important (21, 92). Increased synthesis of hepatic proteins makes the acute 
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phase response energy demanding requiring significant quantities of amino acids adding to 

the loss of skeletal muscles (172). Profound alterations in fat metabolism occur in cancer 

cachexia with extensive loss of white adipose tissue. Lipoproteinlipase (LPL) activity is 

decreased and hormone sensitive lipase (HSL) is increased in adipose tissue with depletion of 

fat in adipocytes. Insulin resistance leads to decreased availability of glucose for de novo 

lipogenesis. Lipid metabolism is changed in the liver contributing to elevated triglycerides 

and cholesterol in plasma. Results in present work with cytokine knock-out mice indicate 

uncertainty to the precise mediators although TNF-α, IL-1, and IFN-γ may elicit some of 

these alterations, but hormones are also important (171, 187). In models with large tumors and 

cachexia, neither nitrogen, lipids nor glucose are limiting for survival (96). However, glucose 

demand can exceed glucogenesis in the liver due to glucose utilization by the tumors. 

Hypoglycemia may follow and may be the immediate cause of death in some animal models 

(75). Human cancers usually differ in this respect with relatively smaller tumors. Cancer 

patients have frequently a tendency to hyperglycemia and insulin resistance (188). Seen 

together, eicosanoids and nitric oxide modulate tumor-host reactions at several levels and 

thereby contribute to the appearance of cancer cachexia. These mediators, with direct effects 

on target organs, modulate control of appetite in brain, protein synthesis and degradation in 

liver and skeletal muscles and storage of lipids in adipose tissue secondary to altered activities 

in the classical hormone and immune system. Also, these networks include and modulate 

effects elicited by cytokines and growth factors. Studies on effects by prostanoids are 

therefore complex. Effects of indomethacin to prolong survival, decrease tumor growth and 

preserve body composition in MCG-101 tumor-bearing mice in present experiments have in 

part been confirmed in a variety of studies on cancer patients conducted by ourselves (189, 

190).  

 

Eicosapentaenoic acid (EPA) is a ω-3 polyunsaturated fatty acid present in high amounts in 

fish oil. It represents alternative substrates to arachidonic acid (ω-6 fatty acid) for COX and 5-

lipoxygenase enzymes. Eicosanoids produced from EPA are less active. Therefore, a 

diminished proinflammatory state may ensue by increasing dietary intake of EPA at expense 

of arachidonic acid (191). Indeed, fish oil and EPA inhibits both lipolysis and muscle 

degradation (192). Treated cancer patients gained weight by increased lean body mass, dietary 

intake and reduced resting energy expenditure with subsequent improved performance status 

(193). Reduced acute phase response was demonstrated (194). One randomized trial with 
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EPA showed increased survival (195), whereas another study failed to document beneficial 

effects (196). Thus, drug interventions on COX-systems are probably more effective, 

although future indications for nutrition based formulations may be developed to attenuate 

wasting in progressive cancer. Particularly, the combination of nutrition and agonist 

antagonist interventions to COX pathways seems promising.  

 

Concluding remarks and clinical considerations  

Cancer cachexia, secondary to local and systemic tumor-host interactions, is accompanied by 

fatigue, decreased muscle strength, decreased performance status, anemia, mental depression, 

decreased quality of life and reduced survival. Such symptoms are related to poor nutrition, 

loss of skeletal muscles and endocrine alterations. A direct effect by systemic inflammation is 

evident, where serum albumin, whole body fat and caloric intake become significant 

predictors of survival (197-199). Numerous results on treatment with NSAIDs and tumor 

disease relate to carcinogenesis, but epidemiological studies have shown reduced cancer 

incidence among regular users of NSAID (137, 138, 141). With the discovery of COX-2 and 

subsequent introduction of COX-2 inhibitors, the coxibs, randomized placebo-controlled trails 

followed. Indeed, both rofecoxib and celecoxib prevented formation of spontaneous and FAP 

associated colorectal adenomas (139, 140, 143, 200, 201), unfortunately at the expense of 

increased cardiovascular side effects (202). We have also reported that anti-inflammatory 

treatment with indomethacin or prednisolone may prolong survival compared to placebo in 

patients with progressive cancer (189). In subsequent studies on similar groups of patients, 

systemic inflammation and resting energy expenditure were reduced, total body fat preserved, 

while lean body mass was uninfluenced by indomethacin (190). Decreased resting energy 

expenditure and attenuated inflammation were reported in treatment of cancer patients with 

ibuprofen, accompanied by reduced circulating levels of IL-6 and cortisol (203). Decreased 

IL-6 and lowered prostanoid levels were offered as explanations (204). In combination with 

megestrol acetate, to stimulate appetite, ibuprofen reversed weight loss and improved quality 

of life in patients with advanced gastrointestinal cancer (205). Therefore, modern palliative 

treatment of patients with solid tumors should include anti-inflammatory treatment with 

NSAID, particularly indomethacin (189, 190), but fish oil may also contribute positively 

(193). Nutritional support and prevention of anemia with erythropoietin should be provided 

on individual basis when needed (31, 206) . Low dose insulin to counteract resistance and β-

adrenoceptorblockers to decrease adrenergic activity may also be beneficial (61, 62).
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