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Summary

Inflammatory bowel disease is characterised by a dysregulated immune response and a 

compromised epithelial barrier. The enzyme matrix metalloproteinase-9 (MMP-9) is 

upregulated in an inflammatory setting and is believed to contribute to the pathogenesis of 

the disease. Nitric oxide is a gaseous signalling molecule with an, as o f  yet, unknown 

regulatory effect on MMP-9. Organic nitrates have been used as NO donors or mimetics to 

take advantage o f N O ’s pharmacological effects, but never as part o f a hybrid to inhibit an 

MMP. The aims o f my project were to synthesise and test the ability o f a series o f nitrate- 

barbiturate compounds to inhibit MMP-9 in both in-vitro and in-vivo models o f intestinal 

inflammation and to determine the contribution o f the nitrate moiety in this inhibition.

The compounds were first tested in TNF-a and IL-1(3 stimulated Caco-2 cells, where 

MMP-9 activity was measured by gelatin zymography and the gene expression by qPCR. 

The effect o f the nitrate-barbiturates was compared to both the alcohol-barbiturate 

analogues and nitrate side-chains to determine the contribution o f the nitrate group. The 

NO-donors SNAP and DETA-NONOate were also tested in the same model. DSS induced 

colitis in Wistar rats was used to test the in-vivo efficacy o f the compounds, which were 

administered twice daily by rectal enema. The disease activity index with histological 

measures o f colitis were used to determine the ability o f  the compounds to reduce the 

severity o f the inflammation and MMP-9 levels in the distal colon were measured using 

gelatin zymography and qPCR. TaqMan inflammatory array cards were used to screen for 

changes in expression o f other inflammatory mediators in the colon.

Nitrate-barbiturate hybrids were found to inhibit MMP-9 gene transcription to a greater 

extent than the alcohol-barbiturates or the nitrate-side chains alone in an in-vitro model o f



intestinal inflammation. The NO-donors, SNAP and DETA-NONOate, were also capable 

of inhibiting MMP-9. The inhibition of MMP-9 expression was found to be dependent on 

cGMP where the sGC inhibitor, ODQ, abolished the effect of the compounds, but the 

cGMP analogue, 8-Br-cGMP, resotred the inhibitory effects of the compounds. In a DSS 

induced model of colitis in rats, a representative nitrate-barbiturate compound, la,  was 

capable of reducing the severity of the DSS induced colitis as measured by the disease 

activity index. Histological measures of inflammation were also reduced by compound la  

and expression of MMP-9 in the distal colon significantly correlated with the level of 

inflammation. PCR-array cards identified several other genes whose transcription is 

affected by the compound including KLK7 (kalikrein related peptidase 7), Anxa3 (annexin 

A3), Pla2g2a (phospholipase A2 group IIA), IL lrll (interleukin 1 receptor-like 1) and 

ILlr2 (interleukin 1 receptor 2).

Our results demonstrate the potential for nitrate-barbiturates as MMP inhibitors where the 

barbiturate scaffold serves as a zinc-binding group and active site inhibitor where the 

nitrate group can inhibit the expression of MMP-9 in a cGMP dependent manner. The 

dinitrate-barbiturate la  can protect against DSS induced colitis in rats which highlights the 

compounds potential application in inflammatory bowel disease.
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Chapter 1: Introduction and background



1. Introduction and Background

1.1. Matrix Metalloproteinases

Matrix metalloproteinases (MMPs) are a group o f structurally similar endopeptidases with

2'+"a Zn ion in the active site. All are capable o f digesting components o f the extracellular 

matrix including collagens, laminins, fibronectin, elastin, and proteoglycans. MMPs play a 

key role in controlling homeostasis o f all extracellular matrix (ECM) proteins. They 

regulate cell function, growth and division, host defences, ECM synthesis, morphogenesis, 

wound healing, tissue repair, skeletal formation, apoptosis, as well as cleavage of 

transmembrane proteins and bioactive molecules. Dysregulation o f the MMPs has been 

implicated in tumour angiogenesis, invasion and metastasis, inflammatory bowel disease 

(IBD), arthritis, atherosclerosis, respiratory and heart disease and may also play other 

diverse pathological roles [1-6].

The first study o f  an MMP was in 1967 where a collagenase was reported in the 

metamorphosis o f  a tadpole to frog. At the time, as the paper noted, "there is little evidence 

in animal tissues for specific enzyme systems functioning in the removal o f particular 

structural components" [7]. From that point until 2014, the study o f MMPs has grown 

hugely year upon year with more and more diverse implications. The search term "matrix 

metalloproteinase" in pubmed now yields nearly 44,000 results.

At present, 24 human MMPs have been discovered, five o f which are a shorter isoform [8, 

9]. MMPs can digest almost all components o f the ECM and were historically classified
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according to the substrate preference. This grouped the enzymes as collagenases, 

gelatinases, stromelysins and matrilysins; however, this classification is now viewed as 

somewhat arbitrary due to overlapping substrate specificities [1, 10]. The MMPs are given 

a sequential numbering system and are now often grouped according to their domain 

structure [1, 5, 11] as shown in Table 1.1. Closely related to the MMPs are the families o f 

metalloendopeptidases the ADAMs (a disintegrin and metalloproteinase) and the 

ADAMTs (a disintegrin and metalloproteinase with thrombospondin motifs), whose 

members play important roles in development, cell signalling and contribute to pathologies 

such as inflammation and cancer [12].
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MMP

Designation

Structural class Common Name

MMP-1 Simple heraopexin domain Collagenase-1, interstitial 

collagenase, fibroblast collagenase, 

tissue collagenase

MMP-2 Gelatin-binding Gelatinase-A, 72-kDa gelatinase, 72- 

kDa type IV collagenase, neutrophil 

gelatinase

MMP-3 Simple hemopexin domain Stromelysin-1, transin-1, 

proteoglycanase, procollagenase- 

activating protein

MMP-7 Minimal domain Matrilysin, matrin, PUM Pl, small 

uterine metal loproteinase

MMP-8 Simple hemopexin domain Collagenase-2, neutrophil 

collagenase, PMN collagenase, 

granulocyte collagenase

MMP-9 Gelatin-binding Gelatinase B, 92-kDa gelatinase, 92- 

kDa type IV collagenase

MMP-10 Simple hemopexin domain Stromelysin-2, transin-2

MMP-11 Furin-activated and secreted Stromelysin-3

MMP-12 Simple hemopexin domain Metalloelastase, macrophage 

elastase, macrophage metalloelastase

MMP-13 Simple hemopexin domain Collagenase-3

MMP-14 T ransmembrane MTl-MMP, MT-MMPl

MMP-15 Transmembrane MT2-MMP, MT-MMP2

MMP-16 Transmembrane MT3-MMP, MT-MMP3

MMP-17 GPl-linked MT4-MMP, MT-MMP4

MMP-18 Simple hemopexin domain Collagenase-4 (Xenopus; no human 

homologue known)

MMP-19 Simple hemopexin domain RASl-1, MMP-18

MMP-20 Simple hemopexin domain Enamelysin

MMP-21 Vitronectin-like insert Homologue of Xenopus XMMP

MMP-22 Simple hemopexin domain CMMP (chicken; no human
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homologue known

MMP-23 Type II transmembrane Cysteine array MMP (CA-MMP), 

femalysin, MIFR, MMP-21/MMP22

MMP-24 Transmembrane MT5-MMP, MT-MMP5

MMP-25 GPI-linked MT6-MMP, MT-MMP6, leukolysin

MMP-26 Minimal domain Endometase, matriIysin-2

MMP-27 Simple hemopexin domain

MMP-28 Furin-activated and secreted Epilysin

No designation Simple hemopexin domain Mcol-A (Mouse)

No designation Simple hemopexin domain Mcol-B (Mouse)

No designation Gelatin-binding 75-kDa gelatinase (chicken)

l a b l e  1.1: C l as s i f ica t ion o f  M M P s  i n c l u d i n g  s e q u e n t i a l  n u m b e r i n g ,  d o m a i n  s t r u c t u r e  o r  c o m m o n  n a m e s .  A d a p t e d  
f r o m  1111.

1.1.1. Structure

While the members o f the MMP family are structurally different, they share many 

similarities. They all possess a predomain, a prodomain, a conserved catalytic domain, and 

with the exception o f MMP-7, MMP-23 and MMP-26, a hemopexin-like domain which is 

linked to the catalytic domain by a short linker or hinge region [13]. The domain sturctures 

o f the main groups o f MMPs are shown in Figure 1.2. Most o f the MMPs are secreted, but 

the membrane-type-MMPs (MT-MMPs) are associated with the cell membrane as a type I 

transmembrane protein [14] or a glycosylphosphatidylinositol (GPl)-anchored protein [15, 

16].

1.1.1.1. Pre-domain

All the MMPs contain an N-terminal pre-domain which is required for their correct 

secretion [5], This pre-domain is viewed as a signalling domain which directs the protein
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synthesis towards the endoplasmic reticulum and is subsequently cleaved prior to secretion 

o f the enzyme [11].

1.1.1.2. Pro-domain

The pro-domain o f about 80 amino acids is also conserved in all MMPs with the exception 

o f  MMP-23 and remains unchanged following post-translational processing and secretion 

[13]. This pro-domain maintains the MMP in a latent form and is secreted as an inactive 

zymogen. A thiol group from a cysteine residue in the pro-domain, part o f  a consensus 

sequence PRCGXPD, coordinates with the Zn^^ ion in the catalytic domain and confers 

latency. Disruption o f this thiol bond and replacement with a water molecule results in a 

catalytically active enzyme and is known as the "cysteine switch" [17, 18].

1.1.1.3. Catalytic domain

All members o f the MMP family possess a catalytic domain o f about 165 -  170 amino 

acids which is essential for proteolysis [13, 19]. It contains a defining zinc atom 

coordinated by three histidine residues as part o f a consensus sequence HExxHxxGxxH 

and also a strictly conserved methionine-containing tight 1,4 beta turn forming a 

hydrophobic cleft for the catalytic zinc ion which is known as the "Met turn" [20]. The 

significance o f this Met turn is unknown, however, serine or leucine mutants show 

unchanged proteolytic efficiency or structural integrity [21]. This catalytic domain is made 

up o f a five stranded (3-sheet (four parallel and one anti-parallel) and two or three a-helices 

forming an "open sandwich" [22, 23] with two or three calcium ions bound for stability 

and correct architecture [2, 19, 24].
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The structure o f  the domain varies sHghtly in groove depth as well as the depth and 

accessibility o f six side pockets along the side o f the central cleft o f the catalytic domain. 

These pockets flank the Zn^^ ion and are referred to as unprimed or left-handed pockets 

with the designations S3, S2 and SI and primed or right handed pockets with the 

designations SI', S2' and S3'. The S I' pocket has the greatest variation amongst the MMPs 

in both depth and amino acid make-up, whereas the S2' and S3' are more solvent exposed 

[25]. These differences account in part for the differing substrate specificities [13, 26].
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I ' i gu rc  1.1: I he c:)t :i lytic domi i i n .  S i mp l i f i e d  r e p r e s e n t a t i o n  o f  t h e  c a t a l y t i c  d o m a i n  wi t h  s i \ - s i d e  p oc k e t s  a n d  t he  
ca t a l y t i c  z inc  ion.  I he p r o - p e p t i d e  d o m a i n ,  v\hich c o n f e r s  l a t ency ,  b l ocks  t he  ac t ive  si te clef t  a n d  is he ld  in p l ac e  
t h r o u g h  b o n d i n g  o f  a c o n s e r v e d  cys t e i ne  r e s i d u e  a n d  t he  z i nc  ion.  I h e  e n z y m e  is a c t i v a t e d  t h r o u g h  d i s r u p t i o n  o f  
t h i s  b o n d  o r  p a r t i a l  o r  c o m p l e t e  c l e a va ge  o f  t he  p r o - d o m a i n .

1.1.1.4. The hinge region

The hinge region o f the MMPs usually links the catalytic domain to the hemopexin domain 

and so is absent in MMP-7, MMP-23 and MMP-26, which have no hemopexin domain and 

MMP-21, whose catalytic domain is connected to the hemopexin domain without a linker
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[27], It is a potentially flexible proline rich section that is variable in length. The exact 

function o f the region is not fully understood but it does appear to be more than just a 

linker. Its involvement in collagen binding and destabilisation has been hypothesised [28]. 

Replacement o f the proline to alanine residues in the hinge region in mutant variants shows 

collagenolytic activity drop to 1.5% and a reduction in stability [29]. Further mutant 

studies illustrate the hinge region's involvement in correct autocatalytic processing o f 

M Tl-M M P [30],

1.1.1.5. The hemopexin domain

The C-terminal domain is present in most MMPs with the exception o f the matrilysins 

(MMP-7, MMP-26) and MMP-23 [11]. It consists o f a 200 amino acid peptide making up 

a four blade propeller structure stabilised by a disulphide bond. The four blades o f the 

propeller are made up o f antiparallel, four-stranded (3 sheets arranged around a hollow 

which contains a number o f calcium and chloride ions [13]. The primary functions o f the 

domain are believed to be substrate recognition and binding [31]. Collagenolytic activity o f 

MMP-1 has been shown to require the hemopexin domain where the C-terminal 

contributes to the collagen cleavage specificity along with the catalytic domain [32], It has 

also been shown that tissue inhibitor o f metalloproteinase (TIMP) binding to MMP-1 is, in 

part, dependent on the hemopexin domain [33]. While binding o f TIMPs to MMPs is at the 

N-terminal, the rate o f this binding has been shown to be dependent on initial interactions 

o f the TIMPs with the C-terminal [34], Similarly, the cell surface activation o f certain 

MMPs including MMP-2 and M MP-13 is dependent on the presence o f the hemopexin 

domain [13]. It can also interact with integrins on the cell surface to anchor MMPs and has 

been shown to trigger anti-apoptotic signalling pathways in B-cell chronic lymphocytic 

leukaemia [35].
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a r e  sho>\n,  m a n y  o f  w h i c h  a r e  c o n s e r \ e d  for  all  M M P s  i n c l u d i n g  t he  p r e  a n d  p r o - p e p t i d e ,  a n d  ca t a l y t i c  
d o m a i n .  A d a p t e d  f r o m  | l |  a n d  | 36 | .

1.1.2. Regulation of MMPs

MMPs are all differentially regulated at multiple levels including transcription, secretion, 

activation, as well as cell surface and inhibitor interactions.

1.1.2.1. Transcriptional regulation

With the notable exception o f the constitutively expressed MMP-2 [37], De novo synthesis 

o f large amounts o f MMPs can be rapidly induced by various factors including epidermal- 

growth factor (EGF), platelet-derived growth factor (PDGF), hepatocyte growth factor
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(HGF), basic fibroblast grow th factor (bFGF), transform ing grow th factor (T G F-a and P), 

am phiregulin, tum or necrosis factor (TNF- a), interleukin (IL-1 a  and p, 2 , 8, 15, 17), 

interferon (IFN -a and y),  RA NTES, bacterial lipopolysaccharide (LPS) and phorbol esters 

(e.g. PM A) [38-41]. Physical interactions o f  certain cells with the ECM  or other cells can 

also induce M M P expression and have been show n to be m ediated through extracellular 

m atrix m etalloproteinase inducer (EM M PR IN )(B asigin)[42], various integrins [43], 

leukocyte function-associated an tigen -1 (LFA-1) interaction w ith intercellular adhesion 

molecule-1 (IC A M -1) [44], very late antigen 4 (V LA -4) interaction w ith vascular cell 

adhesion molecule-1 (V CA M -1) [45] and gp39-CD 40 interaction [46], M echanical stress 

and alterations in cell shape have also been im plicated in transcriptional upregulation o f 

som e M M Ps. The transcription o f  each M M P is independently controlled depending on the 

cell type, the stim ulating factors and therefore the signal transduction pathw ays that are 

activated, although m any M M Ps share com m on cis-acting elem ents in their prom oter and 

are co-expressed. One o f  the m ain group o f  signalling m olecules involved are the m itogen 

activated protein kinases (M A PK ) which are m ade up o f  c-Jun N -term inal kinases (JNK) 

1/2, extracellular signal regulated kinase (ERK) 1/2 and p38. These m ay induce or inhibit 

synthesis depending on the cell type [47]. M any o f  these signalling pathw ays converge at 

Jun and Fos oncoprotein activation w hich heterodim erize to bind to the activator p ro te in -1 

(AP-1) binding site w hich accounts for a general m echanism  o f  M M P upregulation [8, 11], 

V ariation in transcrip tion m ay be accounted for by the com bination o f  factors binding in 

M M P prom oters. ETS oncoproteins bind to PEA3 sites [48], N uclear Factor-kappa B (NF- 

kB ) ,  specificity protein (S P )-l, Janus kinase/signal transducer and activator o f  transcription 

(JA K /STA T) and Sm ad are som e o f  the contributers to M M P transcriptional regulation 

[47] which are laid out in Figure 1.3.
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F igure 1.3: Representation o f  the regu la to ry  elements in the p ro m o te r  regions o f  human M M E ’ genes d ra w n  in the 
d irec t ion  o f  5 ' -3 ‘ and adapted f rom  |8|. AC; r ich  element (A(;RF,) .  a c t i \a to r  prote ins ( A I ’ )-1 and 2. core b ind ing  
fac to r  1 ( (  B K \1 ) .  C (  A \  1 -enhancer-b ind ing  prote in  ((  /KBP),  (  AS in te rac t ing  / in c - f in g e r  p ro te in  (( I / . ) ,  cyclic 
A M P  response-clement b ind ing  p ro te in  (C'RF.B), early g ro w th  response-1 (F.CiRI). im morta l iza t ion-sens it ive  
elements ( IS E ) - I ,  and -2, ke ra t inocyte  d i f fe re n t ia t io n - fa c to r  responsive element (K R E ) .  NK- k B. po lyomav irus  
enhancer-A -h ind ing  -p ro te in -3  (PF.A3), ret ino ic -ac id  response element (RARF.).  ret inob las toma con tro l element 
(R (  F). stromelysin-1 p late let-derived g ro w th  factor-P responsive element (SPRF).  signal t ransducer  and ac t iva to r  
o f  t ransc r ip t ion  (S'FA'I ), I 'A l A -bov  (T A  FA), trans loca t ion -FTS -leukaem ia  b ind ing  site ( I BS). f -ce l l  fac tor  
( FCF) site, t ran s fo rm in g  g row th  factor-|5 in h ib i to ry  element ( F IF ) ,  b ind ing  site fo r  89k l)a  / in c -b in d in g  p ro te in  
(/ .BP-89).

1.1.2.2. Secretion of MMPs

While most MMPs are constitutively secreted upon synthesis, there are some notable

exceptions. Neutrophils synthesise and store MMP-9 and MMP-8 in tertiary granules

which then release w ith in an hour upon stimulation [49] which is in contrast to other cell

types where stimulation o f the cell results in transcriptional upregulation o f the enzyme

and a lag o f 6-12 hours before release o f MMP-9 [36]. Macrophages can also secrete

M M P-12 fo llow ing protein kinase C (PKC) stimulation by thrombin or plasmin without

altering the rate o f transcription through pre-formed M M P-12 release [50].
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1.1.2.3. Activation o f MMPs

Like many other proteases, MMPs are secreted in the "pro" form as inactive zymogens. 

Latency is conferred by the pro-domain which masks the active-site cleft and prevents 

hydration o f the catalytic zinc ion. An interaction o f a sulphydryl group on a conserved 

cysteine residue in the pro-domain and the zinc ion forms this "cysteine switch" [17, 51], 

Activation o f the enzyme therefore requires either proteolytic removal o f the propeptide 

domain, or disruption o f the zinc-cysteine bond. The zinc ion then interacts with a water 

molecule which can attack the peptide bonds o f MMP targets [18]. Activation o f MMPs 

can be carried out by multiple mechanisms, where it is common that the activated protease 

may, in turn, activate the zymogen o f its activator [52]. The most common activators o f 

MMPs are proteases such as serine proteinases, plasmin, trypsin, chymase, and other 

MMPs [8], but also by conformational perturbants such as heat denaturation, substrate 

binding, heavy metals and organomerculiars such as aminophenylmercuric acetate 

(APMA), oxidants and alkylating agents [18, 53-56]. Most MMPs are activated outside the 

cell however, M M P-11, MMP-28 and the MT-MMPs can be activated by intracellular 

furin-like serine proteases before reaching the cell surface [57, 58], An interesting example 

o f MMP activation is that o f the gelatinases. In this cascade, tissue inhibitor o f 

metalloproteinase (TIMP)-2 binds and inhibits M Tl-M M P with its N-terminal domain and 

the C-terminal domain o f the same TIMP-2 molecule binds the hemopexin-like domain o f 

pro-MMP-2 forming a ternary complex [59, 60]. A free adjacent M Tl-M M P then cleaves 

an Asn -Leu bond on a surface exposed loop o f the pro-domain known as a "bait" region 

to release a 64kDa intermediate [61]. This intermediate is then further processed through

sn 81cleavage o f the Asn -Tyr bond by an activating enzyme such as MMP-3, M MP-1, 

MMP-7 or an already activated MMP-2 [62]. There is evidence to suggest that the 

urokinase plasmingogen activator (uPA) can activate several pro-MMPs including pro-
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MMP-2, 3, 9, 13 [63-66]. Binding o f  uPA to its receptor uPAR causes plasminogen to be 

cleaved to plasmin which in turn cleaves pro-MMP-3 [62, 67], MMP-3 can then activate 

pro-MMP-9 as shown in Figure 1.4. In addition, thrombin has been shown to induce pro- 

MMP-9 activation and association with pl-integrin in a human osteosarcoma cell line 

through a phosphatidylinositide 3-kinase (PI-3K) -dependent pathway is a key step in 

thrombin-induced tumour invasion [68],

proMMP-3

TIMP-1

plasminogen

MMP-3

/! proMMP-13
MMP-13

proMMP-9 MMP-9plasmin

MP-2

proMMP-2 

TIMP-2

uPAR

I
MTl-MMP

Ki gure  1.4: D i a g r a m  r e p r e s e n t i n g  M M P - 9  a c t i va t i on  hv o t h e r  M M P s .  T I M P - 2  c an  b i n d  bo th  M T l - M M P  a n d  
p r o - M M P - 2  w h i ch  is t he n  a c t i v a t e d  b \  a n  u n i n h i b i t e d  M l l - .MMP .  Bo t h  a c t i v a t e d  M M P - 2  a n d  ,M l l - M M P  can  
bo t h  a c t i v a t e  p r o - M M P - 1 3 .  I he u r o k i n a s e  p l a s m i n o g e n  a c t i v a t o r  ( u P A )  b o u n d  to t h e  u r o k i n a s e  p l a s m i n o g e n  
a c t i v a t o r  r e c e p t o r  ( i i P A R )  c o n v e r t s  p l a s m i n o g e n  to p l a s m i n  w h i c h  c a n  in t u r n  a c t i v a t e  p r o - M M P - 3 .  M M P - 2 .  
M M P - 1 3  a n d  M M P - 3  c a n  ail  a c t i v a t e  p r o - M M P - 9 .

12



1.1.2.4. Endogenous inhibitors of MMPs

There is a large list o f physiological inhibitors o f MMPs which serve to regulate MMP 

activity and proteolysis, some o f which are summarised in Table 1.2. a2-M acroglobulin is 

an abundant plasma protein and the main inhibitor o f MMPs in tissue fluids [69],

Inhibition occurs when limited proteolysis at a 'bait' region by the enzyme results in a 

conformational change in the macroglobulin which then traps or encloses the enzyme [70], 

It is a general proteinase inhibitor but may only bind to activated MMPs which are then 

irreversibly cleared by endocytosis following binding to a scavenger receptor [71].

The TIMPs are a more specific inhibitor o f MMPS. They are a family o f at least four 2 0 - 

29-kDa secreted proteins (TIMPs 1 ^ )  that reversibly inhibit the MMPs in a 1:1 

stoichiometric fashion [72, 73], TIMPs share 12 invariant cysteine residues that form six 

intrachain disulphide bridges to yield a conserved six-loop, two-domain structure [11]. 

While both domains are involved in enzyme binding, it seems that TIM P’s inhibitory 

capacity resides almost entirely in the N-terminal domain which interacts with the catalytic 

domain o f MMPs [74, 75]. The four TIMPs can inhibit all MMPs however they show 

varying specificities. For example, TIMP-2 and TIMP-3 inhibit M T l- MMP, whereas 

TIMP-I does not. Likewise, TIM Pl is a relatively poor inhibitor o f MT3-MMP, and 

TIMP3 appears to be a more potent inhibitor o f MMP-9 than other TIMPs [11]. TIMP-1 

inhibits MMP-9 with a high affinity, whereas TIM P-2 inhibits MMP-2 [76, 77]. The 

physiological role o f the TIMPs is not fully understood but is not limited to MMP 

inhibition. Studies o f TIMP-2 knockout mice reveals that its primary function is activation 

o f pro-MMP-2 [78] by formation o f a complex as described previously in section 1.1.2.3. 

These inhibitors have also been shown to inhibit tumour cell apoptosis, promote or inhibit 

cell growth and angiogenesis [79-81] independently o f  MMP inhibition. Examples o f other 

reported roles include stimulation o f steroidogenesis in rat testis and ovary in-vitro [82],
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TIMP-3 inhibition o f the metalloproteinase responsible for the cleavage and release o f 

TNF-a, known as TNF-a -converting enzyme (TACE, A D A M -17) [83], IL-6 receptor 

shedding [84] and interestingly, stimulation o f fibroblasts to produce MMP-1 [85].

There is a large list o f proteins with MMP regulatory properties with more being 

discovered all the time. Some o f the known proteins with MMP inhibiting properties 

include the C-terminal fragment o f the procollagen C-terminal proteinase enhancer protein 

(PCPE), albeit a less potent inhibitor than the TIMPs [86]. The noncollagenous NCI 

domain o f type IV collagen also shares structural similarities with TIMPs and has been 

shown to have MMP inhibiting properties [87], a serine protease inhibitor named tissue 

factor pathway inhibitor-2 [88], and a collagen XVIII derived proteolytic fragment named 

endostatin which can block the activation o f MMP-2, MMP-9 and MMP-13 as well the 

catalytic activity o f MMP-2 and M Tl-M M P [89, 90]. Thrombospodin-1 (TSP-1) is an 

extracellular 450kDa glycoprotein that directly binds pro-MMP-2 and -9 and inhibits their 

activation [91, 92]. Thrombospondin-2 (TSP-2) is thought to bind MMP-2 and MMP-9 and 

facilitate a low density lipoprotein receptor-related protein (LRP)-mediated endocytosis 

and clearance in a manner similar to a2-macroglobulin [89, 93]. Reversion-inducing 

cysteine-rich protein with Kazal motifs (RECK protein) is a 110-kDa glycoprotein 

expressed in many normal tissues and is the only known membrane bound MMP inhibitor 

[94, 95], Finally, fatty acids have been shown to inhibit gelatinase activity but only weakly 

other MMPs. Activity was dependent on carbon chain length and presence o f  unsaturation 

and inhibition involved binding to the fibronectin type II module o f the gelatinases [96].
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Inhibitor Method of 

Inhibition

Targets Ref.

TIMP-1 Catalytic activity Most MMPs, ADAM-10, 

ADAMTS-4

[1]

TIMP-2 Catalytic activity Most MMPs, ADAMTS-4 [1]

TIMP-3 Catalytic activity Most MMPs, ADAM-10,- 

1 2 ,-17, ADAMTS-4, -5

[1]

TIMP-4 Catalytic activity Most MMPs [1]

a2-macroglobulin Catalytic activity, 

clearance

Most proteases [69]

C-terminal of PCPE Catalytic activity MMP-2, MMP-9 [86]

Tissue factor Catalytic activity, Serine proteases, other [88]

pathway inhibitor-2 activation MMPs

NCI domain of type Catalytic activity MMP-2, -3 [87]

IV collagen

Endostatin Catalytic activity, 

activation

M M P -2,-9 ,-13, MTl-MMP [89]

TSP-1 Inhibition of 

activation

MMP-2, -9 [1]

TSP-2 Facilitates clearance MMP-2, -9 [1]

RECK proteins Catalytic activity M MP-2,-9, MTl-MMP [94]

l a b l e  1.2: A s u m m a r y  o f  e n d o g e n o u s  i n h i b i t o r s  o f  M M P s  i n c l u d i n g  m e c h a n i s m  o f  i n h i b i t io n  a n d  k n o w n  t a r ge t s .

1.1.3. Synthetic inhibitors of MMPs

Since the discovery of MMPs and the growing understanding of the role their 

dysregulation plays in various pathological conditions, targeted inhibition has been an 

active goal. Over the past three decades, numerous small molecule MMP inhibitors 

(MMPIs) have been designed and synthesised without ever delivering on the hopes for
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great success. Early MMPIs mimicked the structure o f the peptide substrates o f the MMPs 

with an incorporated zinc-binding group (ZBG) to chelate the catalytic zinc ion and 

inactivate the enzyme. The first generation inhibitors such as Batimastat were potent but 

showed little selectivity for individual MMPs [97]. With the determination o f the crystal 

structure and NMR studies o f more and more MMPs since 1994, the next generation of 

inhibitors sought to exploit the subtle differences in the catalytic domain o f the enzymes 

and achieve this selectivity [98].

F i g u r e  1.5: R e p r e s e n t a t i o n  o f  B a t i m a s t a t  l>in(ling to a n  M. MP  w h e r e  t h e  t w o  h y d r o \ a m a t e  oxy g en  a t o m s  
c o o r d i n a t e  t he  acti> e si te Z n " ' .  h y d r o g e n  b o n d i n g  to c o n s e r v e d  Aht  a n d  Cilii r e s i d u e s  o f  t h e  cataly tic d o m a i n  a n d  
t he  d i s t r i b u t i o n  o f  t he  s u b s t i t u e n t s  i nto  t h e  p r i m e d  p oc ke t s  o f  t he  e n z y m e  | 99 | .

A large number o f MMPIs have been designed and synthesised and many are 

peptidomimetic. The newer inhibitors were modifications o f the original hydroxamic acid 

ZBG that better target the pockets o f the active site cleft o f the MMP in question. Other 

approaches in small molecule inhibitors include the use o f ZBGs other than the traditional 

hydroxamic acid, non-zinc binding inhibitors and mechanism-based covalent inhibitors.
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1.1.3.1. Hydroxamic Acids

Hydroxamic acids were the first ZBGs to be used and are still one o f the most popular due 

to their ability to potently bind the Zn^^ ion in MMPs and ease o f synthesis. In these 

inhibitors, the hydroxamate provides two oxygen atoms to displace the coordinated water 

molecule and binds to zinc at the catalytic site while the nitrogen atom binds to the alanine 

residue on the enzyme [97], The substitutions on the hydroxamate can fit into the different 

pockets o f the active site to improve the binding affinity and selectivity. Batimastat is 

shown bound in the catalytic domain o f an MMP in Figure 1.5.

Early hydroxamic acid based structures such as those shown in Table 1.3 had many 

inherent problems, o f which, lack o f selectivity was considered o f central importance.

These inhibitors generally reduced the activity o f all MMPs as well as off target 

proteinases such as the ADAMs which was seen as a major contributor to the observed 

side effects, although the lack o f selectivity between MMPs may not necessarily go hand in 

hand with the use o f a strong chelator as was once believed [100]. Though potent inhibitors 

o f  MMPs, these compounds caused a dose-limiting muscoloskeletal syndrome (MSS) 

which is characterised by joint stiffness, pain, inflammation and tendinitis [101-103].

These side effects are thought to be caused by the broad-spectrum of inhibition causing 

disruption to physiological processes. These compounds were further limited by poor oral 

bioavailability [97, 102, 104], and the fact that the ZBG was metabolically labile. The 

functional group can be metabolised by dehydroxylation or may be cleaved by 

exopeptidases to release hydroxylamine [104].
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Representative compound Compound name Activity (IC50 
unless otherwise 
stated)

Ref.

OH

1 Batimastat. BB-94 3nM (MMP-1) 
4nM (MMP-2) 
20nM (MMP-3) 
lOnM (M M P-S) 
10nM (M M P-9)

[99]

H H

Marimastat 5nM (MMP-1) 
6nM (MMP-2) 
230nM (MMP-3) 
16nM (M M P-7) 
3nM (MMP-9)

[105]

Ilomastat, GM6001, 
Galardin, CS-610

Ki values

0.4nM (MMP-1) 
0.39nM (MMP-2) 
26nM (MMP-3) 
0.18nM (M M P-8) 
0.57nM (MMP-9)

[106]

Table 1.3: Kar ly  l i \ ( l i o \ a m i c  ac id  b a s ed  M M P  i nh i bi to r s .  I a b l e  s h o w s  c o m p o u n d  s t r u c t u r e ,  n a m e  a n d  K ' s n o r  Ki 
\ a l u e  for  a g i \ e n  M M P .

Despite promising lab results, clinical trial results were disappointing including dose 

limiting side-effects (phase I trials) and lack o f appropriate end point measures and 

efficacy (phase II/III) [101]. This led to a closer look at MMP inhibition with the aim of 

improving selectivity.
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1.1.3.2. Newer generation o f hydroxamate inhibitors

Several selective hydroxamate inhibitors have been developed and involve modification o f 

the molecule backbone in order to target the pockets o f the catalytic domain o f specific 

MMPs. This is achieved w ith the aid o f  crystal structures and computer modelling to 

attempt to find best f it molecules for the S I' pocket in particular.

Representative compound Compound name Activity (IC 50 unless 
otherwise stated)

Ref

H

I

Prinomastat,
AG3340

K i values

8.3nM (MMP-1) 
0.05nM (MMP-2) 
0.3nM (MMP-3) 
54nM (MMP-7) 
0.26nM (MMP-9) 
0.03nM (M M P-13) 
0.33nM (MMP-14)

[107]

X o

N-i-Propoxy-N-
biphenylsulfonylami
nobutylhydroxamic
acid

0.147|iM (MMP-1) 
0.00009iaM  (MMP-2) 
0.050|iM (MMP-3) 
> ]^ M  (MMP-7) 
0.0016|aM(MMP-8) 
0.0067^M (MMP-9) 
0.0098|iM (MMP-14)

[108]

o o 1

Selective MMP-3 
sulfonamide based 
compound 27

14^M (MMP-1) 
0.529^M (MMP-2) 
0.001 nM  (MMP-3) 
2.42^M (MMP-9) 
20.1^M (MMP-14)

[109]

HCI

N ^ S —(\ /V-OMe 
1 5  //W 

H O

CGS-27023A K i values

33nM (MMP-1) 
20nM (MM P-2) 
43nM (MMP-3) 
SnM (MMP-9)

[110]

l i ib le  1.4: N e w e r  g e n e ra t io n  o f  h v d r o v a m a t e  based M M P  in h ib i to r s .  I ' ab le  show s c o m p o u n d  s t r u c t u r e ,  n a m e  a n d  

IC '5(|0 r  K i  v a lu e  fo r  a g i>en M M P .
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With the beUef that MMP-1 inhibition may be the cause o f the unwanted MSS, many o f 

the new molecules developed aimed to spare the MMP-1 enzyme. This is seen in many o f 

the structures in Table 1.4, where lengthy side chains, often comprising o f two phenyl 

rings with various linker groups make up a backbone that would be too large to fit into the 

shallow pocket o f MMP-1 and direct towards the deeper pockets o f the gelatinases. More 

recent studies dispute this theory o f MMP-1 inhibition being the sole cause o f these side- 

effects and seem to prove it inaccurate [111]. Prinomastat is a succinate based 

hydroxamate inhibitor along with marimastat, barimastat. MMI-270 and Cipemastat, and is 

one o f the most studied. It showed evidence that increased MMP-9 specificity correlated 

with MMP inhibitor efficacy [112]. The A^-/-Propoxy-A^-

biphenylsulfonylaminobutylhydroxamic acid shown in Table 1.4 is a highly specific 

MMP-2 inhibitor and is shown to decrease angiogenesis and invasion in HUVEC cells. 

Selectivity is improved with the addition o f alkyl groups to the carbon adjacent to the 

hydroxamic acid group [108]. The third molecule in the table is an example of a highly 

selective MMP-3 inhibitor. The steric bulk o f the sulphur containing moiety close to the 

hydroxamic acid group favours the larger opening o f the S I' pocket o f MMP-3 [109]. The 

methoxyphenyl group o f CGS-27023A fits into the SI ’ pocket o f the stromelysins and the 

pyridine ring points to the S2’ pocket. The isopropyl substituent is able to protect the 

hydroxamic acid from metabolic deactivation [110].

1.1.3.3. Carboxylic acid inhibitors

The carboxylic acids are synthetic precursors to the hydroxamic acids and may have been

the reason that many were tested as MMP inhibitors [113]. This group o f compounds are

functionally similar to their hydroxamate counterparts in that the oxygen atoms o f the

functional groups coordinate the Zn^^ and form hydrogen bonds with the conserved Glu or
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A la residues. H ow ever, exam ination suggests that the carboxylic acid ZBG  is coordinated  

in a m onodentate fashion to the catalytic zinc ion. In m ost cases this difference results in a 

low er potency as seen w hen the hydroxam ic acid m oiety o f  CGS 27023 seen in Table 1.4 

is changed to a carboxylic acid leading to a 50-fold  increase o f  the IC50 value for M M P-13  

[114]. W hile in many cases the carboxylic acids are less potent than their hydroxam ic acid  

equivalents, more favourable pharm acokinetics have been reported. In a series o f  

biphenylsulfonyl derivatives o f  D -am ino acids, a potent hydroxam ic acid inhibitor o f  

M M P-2 and M M P-9 show ed 40  tim es the inhibitory effect o f  the carboxylic acid but w as 

found to be unstable in-vivo  and poorly absorbed in contrast to the carboxylic acid [115]. 

Another group synthesised a series o f  b iphenylsulfonam ide derivatives (show n in Table 

1.5), including a carboxylic acid analogue, as selective inhibitors against M M P-2, M M P-3  

and M M P-13. Surprisingly, the corresponding hydroxam ic acid show ed a decreased  

biological activity as w ell as a less favourable pharmacokinetic profile w ith active site 

binding also show n to be dependent on the enantiomer used [116,  117].
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Representative com pound C om pound nam e Activity (IC 50) R ef
R

_____  0  I

___/  \ __ V__/  \ __H

0

Representative o f  

N -Sulfonylam ino 

Acid Derivatives

2.7 nM  (M M P-9) 
2.6 nM  (M M P-2)

[115]

o

V
--------o

/

(S

PD 166793 6  ^M  (M M P-1)
4 nM  (M M P-2)
7 nM  (M M P-3) 
7.2 laM (M M P-9) 
8 nM  (M M P-13)

[116]

0  R ^

T o^\ 

0̂ .

Representative o f  a 

group o f  

carboxylic-acid 

based inhibitors

1370 nM  (M M P-1) 
<0.4 nM  (M M P-2) 
33.7 nM  (M M P-3) 
3660 nM  (M M P-7)
1.5 n M (M M P -8 )
6 . 6  nM  (M M P-9) 
0.4 nM  (M M P-13)

[118]

Representative o f  a 

group o f  a- 

sulfonylcarboxylic 

acids

>1000 nM (M M P-1) 
0.7 nM  (M M P-2)
28 nM  (M M P-3)
0.5 nM  (M M P-9)
1.4 nM (M M P -13)

[119]

■Am1 I  ^ " ^ 0  1
OMe 0

C om pound 17 o f  a 

group o f  3,4,5- 

trisubstituted 

benzofuran 

carboxylic acid 

derivatives

1.4 nM  (M M P-13) 
136 nM  (M M P-2)

[ 1 2 0 ]

OH

o  L

Representative o f  a 

group o f  y-keto 

carboxylic acids 

(com pound Ij)

0.55nM  (M M P-2) 
1.51|aM (M M P-9) 
0.20|iM  (M M P-12)

[ 1 2 1 ]

I ab l e  1.5: ( ai  b o \ \  lic ac id ba s ed  M M I ’ i nh i b i t o r s .  T a b l e  sho\>s  c o m p o u n d  s t r u c t u r e ,  n a m e  a n d  K ' s u o r  Ki  va l ue  

for  a given M M P
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1.1.3.4. Thiol-based inhibitors

Thiol-based MMP inhibitors contain a sulphur group which is able to bind to the Zn^^ o f 

the active site [122], Most thiol inhibitors have a carbonyl group close to the sulphur atom, 

which can improve the binding affinity between the inhibitors and protein due to the extra 

interaction o f the zinc with the carbonyl group. Interest in the use o f thiol as a ZBG 

stemmed from the apparent thiophilicity o f the Zn^" ,̂ where it is coordinated by a cysteine 

residue in several proteins including ‘zinc fingers’, liver alcohol dehydrogenase (LADH), 

metallothioneins [123], and the cysteine switch o f MMPs themselves. The thiol zinc 

binding inhibitor Rebimastat (BMS-275291) shown in Table 1.6, represents one o f  the 

earliest non-hydroxamate ZBGs. It is orally active and a potent broad-spectrum MMPl

[124]. The compound was designed to spare TACE where it was believed that this 

sheddase inhibition may contribute to the MSS observed with earlier MMP inhibitors

[125], M ercaptosulphide inhibitors have been developed to improve binding affinity and 

potency and many have inhibitory activity comparable to that o f the hydroxamates [126], 

Novel and potent MMP inhibitors o f the type YHJ-224 or YHJ-132 (Table 1.6) with a 

mercaptosulphide zinc-binding functionality have been designed, synthesized, and tested 

against human M M P-14 along with other MMPs [127].
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Representative
compound

Compound or group 
name

Activity (IC 50 unless 
otherwise stated)

Ref

0  I  0

M eHN

M e N - - ^

Rebimastat, BMS- 

275291,0-2163

9nM (MMP-1) 

39nM (MMP-2) 

57nM (MMP-3) 

23nM (MMP-7) 

27nM (MMP-9) 

40 nM (MMP-14)

[124]

0

Tanomastat, BAY 12- 

9566

K,:

10 nM (MMP-2) 

130 nM (MMP-3) 

300 nM (MMP-9) 

>5 ^M (M M P- 1) 

1.5 |iM (MMP-13)

[128]

Qy» T'Y^ii'V ”r Y
H SH

YHJ-132 K,:

1.2nM (MMP-14) 

8.8nM (M M P-l) 

0.7nM (MMP-2) 

6nM (MMP-3) 

6.5nM (MMP-7) 

1.1 nM (MMP-9)

[127]

9
CV“

S H

\  \ = = '  xir
Q

OH

YHJ-224 K,:

3.1 nM (MMP-14) 

>3000 nM (MMP-1) 

31 nM (MMP-2)

1.5 nM (MMP-3)

76 nM (MMP-7)

4.6 nM (MMP-9)

[127]

l i i b l e  1.6:  I h io l  b a s e d  M M P  i n h i b i t o r s ,  l a b l e  s h o w s  e o m p o i i n d  s t r u c t u r e ,  n a m e  a n d  I f  5n o r  Ki  ^ a l u e  f o r  a  g i \ e n  
M M P .
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1.1.3.5. Phosphorous containing inhibitors

Phosphorous-based inhibitors represent another class o f ZBG and encompass the 

phosphonamides, phosohonates, phosphinates and interestingly, the bisphosphonates. Early 

compounds targeted M M P-11 and -13 and achieved nanomolar potency with optimisation 

o f the substituents [129],

Bisphosphonates are a group o f  compounds that have been in use for decades for the 

treatment o f bone disease but their potential in cancer was not noticed until relatively 

recently [130], where their inhibitory effects on bone metastasis were found to be due to 

MMP inhibition [131], It is believed that the bisphosphonates work, at least in part by 

binding to or chelating the zinc ion in MMPs as they do calcium and other heavy metal 

cations. Zolendronic acid, shown in Table 1.7, which has been shown to be o f value as an 

anti-cancer agent, has the advantage o f  being well tolerated with a known toxicity profile 

and can block the expression o f  MMP-9 [132, 133], Several phosphonamide compounds 

have been tested as MMP inhibitors, many with low nanomolar potency and have a mode 

o f action similar to the hydroxamates (Table 1.7). Phosphinates evolved from the 

phosphonamide compounds where the unstable P-N bond was replaced with a P-CH2 

without, it seems, any loss in potency. A large number o f these compounds have been 

synthesised; many show low nanomolar potency and some with relatively good selectivity. 

582311-81-7 is one such potent compound with MMP-1 and MMP-3 sparing 

characteristics [129]. Phosphonates are another class o f phosphorous based MMPIs. A 

series o f N-phosphonoalkyl dipeptides were synthesised with different side chains and it 

was found that having the bicyclic aromatic tryptophan analogue as P2’ substituent 

conferred the greatest potency [134]. Sulphonyl aminophosphonates have also been 

synthesised based on the structure o f earlier carboxylic acids and show good inhibitory 

action [135].
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R epresentative C om pound C om pound  
or group  
nam e

A ctivity (IC50 
unless otherw ise  
stated)__________

R ef

N

W O.. OH 

N , OH

Zolendronic
acid,
zoledronate

NA [132]

x /\~ O H  
o  OH

582311-81-7
MeO

Mg HN

1200nM (MMP-1) 
7nM (MMP-2) 
1600nM (MMP-3) 
2nM (MMP-8) 
5nM (M M P-12) 
5nM (MMP-13)

[129]

CONHMe

N-
phosphonoalk 
yl dipeptide

50nM (MMP-1) [134]

MeO

P.-OH

R-sulfonyl 
aminophosph 
onate 873586- 
67-5.

Ki
5nM (MMP-2) 
40nM (MMP-3) 
0.6nM (MMP-8)

[135]

r u b l e  1.7:  I’h o s p h o r o i i s  co i i t a i n i n i >  M M P  i n h i h i t o r s .  l a b l c  s h o w s  c o m p o u n d  s t r u c t u r e ,  n a m e  a n d  I ( \ n 0 r  K i  \ a l u e  
f o r  a « i v e n  M M P
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1.1.3.6. Tetracycline inhibitors

The tetracyclines are a group o f compounds better known for their antibiotic activity but 

also possess inherent MMP inhibitory activity. Similar to the bisphosphonates, this class of 

compounds appear to have functions beyond simple binding and inhibition o f the enzyme 

which are not fully understood. Two molecules o f doxycycline bind weakly to MMP-7 

such that the zinc and calcium ions are said to be involved [136]. Despite this weak 

binding, the tetracyclines display good in-vivo and in-vitro activity and mechanisms cited 

include direct or indirect inhibition o f expression, accumulation in the matrix acting to bind 

both pro and active forms o f the enzyme, inhibition o f  oxidative activation, increase in 

degradation o f pro-M MPs, induction o f  apoptosis, inhibition o f production o f secretary 

non-pancreatic phospholipase A2, inhibition o f production o f TNF-a and IL-8, and 

reduction o f the expression o f serine proteinase and trypsinogen-2 [137, 138]. 

Subantimicrobial doses o f doxycycline licensed as periostat for periodontal disease 

remains the only generally available clinical M MPl [139]. In 1992, Yu et al. synthesised a 

series o f chemically modified tetracylines (CMTs), which abolished their antibacterial 

action while retaining the anti-collagenase activity [140]. Metastat (COL-3, CMT-3) 

shown in Table 1.8 was assessed in clinical trials with some reasonable success [137].
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Representative
Compound

Compound or group 
name

Activity (IC50 
unless otherwise 
stated)

Ref.

H H 

OH 0  0 H ° ^ 0  0

Metastat, CMT-3, COL-3 NA [137,
141]

OH 0  °  0

\ / ^ 0 H 

H3C OH N

Doxycycline 28|iM  (MMP-7)
1-1 O^M (MMP-8) 
5-30^M (M M P-13) 
>200^M  (MMP-1)

[136,
142]

N(CH3|2  ̂  ̂ N (C H 3 ) 2  

HO 0  HO 0  0

Minocycline 290|iM  (MMP-3) [143]

l a b I c  1.8:  l ' c t r a c \ c l i n e  M M P  i n h i b i t o r s .  F a b l e  s h o w s  c o m p o u n d  s t r u c t u r e ,  n a m e  a n d  K  5,1 o r  I ' i  N a l u e  f o r  a g i v e n  

M M P .

1.1.3.7. Barbiturate (pyrimidinetrione) inhibitors

The barbiturates are a group o f compounds that have been commonly used as sedative-

hypnotics but in 2001 were found to inhibit MMP-8 in a high throughput screen. Various

barbiturates were subsequently found to inhibit MMP-1, -2, -3, -8, -9, and MMP-14 with a

general selectivity for gelatinases. The class have good oral bioavailability and activity and

were specific for MMPs over other metalloproteinases. The synthesised barbiturate MMPIs

departed from the earlier sedative-hypnotic character and were believed to be less likely to

exhibit the adverse effects o f  earlier MMP inhibitors. In the last decade, several new

compounds have been synthesised and the structure-activity relationships o f  the

barbiturates have begun to be elucidated.
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The inhibitory capacity o f  this group is primarily due to the interactions o f the barbituric 

acid moiety and the catalytic site o f the MMP where they bind the zinc ion in a tridentate 

manner [144], As with all MMP inhibitors, binding to the S I' and S2' pockets is key. In the 

case o f the barbiturates, two substituents on the C-5 o f the barbiturate ring named P I' and 

P2' bind in these pockets conferring specificity and potency [145],

Compound Ro 28-2653, shown in Table 1.9 was developed in a search for selective 

inhibitors for MMP-2, MMP-9 and M M P-14 [144], three enzymes that are consistently 

upregulated during metastasis and are associated with poor prognosis. A long aromatic P I' 

substituent ensured selectivity for the deep S I' pockets o f these MMPs and improved 

potency. The compound has shown promise in inhibiting many laboratory models of 

angiogenesis. A similar compound synthesised by another group also shows great 

gelatinase selectivity [146]. Addition o f a l,3,4-oxadiazol-2-yl heteroaryl group to the C-4 

o f the common diphenyl ether side chain conferred selectivity for M M P-13 over M M P-14 

[147].
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Representative
Compound

Compound or group 
name

Activity (IC50 unless 
otherwise stated)

Ref

0
OjN

Ro 28-2653 16000 nM  (M M P-1) 
l O n M  (M M P-2) 
1 2 n M  (M M P-9) 
l O n M  (M M P -14)

[144]

V

A
UN NH

Com pound 5 (5,5-
D isubstitutedpyrim idin
e-2,4,6-trione)

2000nM  (strom elysin) 
81 (M M P-2)
52 (M M P-9)

[146]

0

420121-84-2 13M (M M P-1) 
20nM  (M M P-2) 
30nM  (M M P-8) 
30nM (M M P-12) 
ln M (M M P -1 3 ) 
220nM  (M M P-14)

[144]

l i tblc 1.‘): I3ar l ) i l ura t e  M M P  i nh i b i to r s ,  l a b l e  s h o « s  c o m p o u n d  s t r u c t u r e ,  n a m e  a n d  l (  ^oor  Ki  va l ue  for  a gi>en
M M P

1.1.3.8. Non zinc-binding inhibitors

All the m olecules review ed to this point possessed a ZBG aim ing to chelate the catalytic 

Z n ^ '^  o f  M M Ps. A lthough this strategy has proved effective, selectivity has been difficult to 

attain owing to the fact that the zinc ion and surrounding region o f  the protein is the m ost 

conserved feature o f  all M M Ps. O ther com pounds aim to circum vent this problem  and 

attain greater selectivity for certain M M Ps. M any o f  the non-zinc-binding small m olecule
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inhibitors show selectivity for MMP-13 by binding deep in the S I' pocket and inducing a 

conformational change. MMP-13 has a deep S I' pocket and is flexible which may account 

for the preference. It is thought that binding o f these inhibitors rigidify the active site to a 

conformation that is less able to accommodate the substrate [148, 149]. Critical to 

maintaining the protein-inhibitor interactions is the hydrophobic nature o f many o f the 

molecules and so to improve water solubility, carboxylic acids have been positioned to the 

solvent exposed parts o f the compound [150], The kinetics o f many o f this group have 

been shown to be non-competitive [148, 151].

The compound SB-3CT which is shown in Table 1.10 is classed as a mechanism based 

inhibitor which becomes activated following coordination with the Zn^^ and then forms a 

covalent bond with the protein which impedes dissociation [152, 153] and long lasting 

inhibition o f the M M ? [154].
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Representative C om pound C om pound or group  

nam e

A ctivity ( IC 50 

unless otherw ise  

stated)

R ef

o
Com pound 1 (6 - 

benzyl-5,7-dioxo-6,7- 

dihydro-5//-thiazolo[ 

3, 2-c]pyrimidine-2- 

carboxylic acid benzyl 

ester)

> 1 0 0 n M (M M P -l)  

>100iiM  (MMP-2) 

>100nM  (MMP-3) 

>100iiM  (MMP-7) 

>100^M  (M M P-8 ) 

>100^M  (MMP-9) 

>100^M  (MMP-12) 

0.03|iM (MMP-13) 

>100[iM  (MMP-14)

[148]

0 1 Com pound 2 (4 -[ l-  

methyl-2,4-dioxo-6-(3- 

phenyl-prop- 

1 -ynyl)-1,4-dihydro- 

2//-quinazolin-3- 

ylmethylj-benzoic acid)

>30|jM  (MMP-1) 

>30^M  (MMP-2) 

>30^M  (MM P-3) 

>30^M  (MM P-7) 

>100^M  (M M P-8 ) 

>100nM  (MM P-9) 

>100^M  (MMP-12) 

0.00067|iM  (MMP- 

13)

>30^M  (MMP-14)

[148]

SB-3CT 73^iM (M M P-1) 

0.28nM  (MM P-2) 

4^M (M M P-3) 

67^M  (M M P-7) 

0 .4^M  (M M P-9) 

0.1 |iM (MM P-14)

[153]

I n l ) l e  1 . 10:  N o n  / i n c - b i n d i n g  M M P  i n h i b i t o r s .  I n b l c  s h o w s  c o m p o u n d  s t r u c t u r e ,  n n m c  : i nd  l ( V d O r  Ki  v a l u e  f o r  n 
g i \ e n M M P .
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1.1.3.9. Other approaches to MMP inhibition

With the limited clinical success o f traditional small molecule inhibitors, researchers have 

looked at more novel ways o f controlling the upregulation o f MMP activity in specific 

conditions. Many o f these approaches look at ways that these enzymes are controlled 

endogenously in an attempt to exploit these mechanisms.

A huge number o f extracellular factors are involved in the regulation o f MMP expression 

making targeting difficult; however, certain approaches show promise. Selective activation 

o f IFN-a, IFN-P or INF-y has been shown to downregulate the transcription o f several 

MMPs [155-157]. Similarly, using monoclonal antibodies to inhibit the cytokines or 

growth factors that upregulate MMP expression such as TNF-a, IL-1P or EGF may be 

another option for inhibition [158, 159]. Inhibitors o f intracellular signalling molecules 

involved in the transcriptional upregulation o f MMPs such as the MAPKs represent 

another avenue o f  research [160-162]. A final strategy is to target the nuclear factors that 

bind to the promoter region o f various MMP genes leading to transcriptional upregulation. 

Much o f this focus is aimed at N F-kB [163] and AP-1 [164] at which many signalling 

pathways converge.

1.1.4. Inflammatory bowel disease and the Implication of MMPs

IBD, which includes both ulcerative colitis (UC) and Crohn’s disease (CD), are chronic, 

relapsing disorders with inflammation and tissue remodelling o f the gastrointestinal tract. 

The disease is characterised by abdominal pain, diarrhoea, rectal bleeding, and fever. UC is
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characterised by continuous inflammation involving the rectum and colon which extends 

proximally. Crypt abscesses from infiltration o f neutrophils and ulceration o f the mucosa is 

observed. CD may affect any region o f the gastrointestinal tract intermittently with the 

terminal ileum being the most common. The inflammatory process may extend throughout 

the intestinal wall narrowing the intestinal lumen and is histologically characterized by the 

formation o f granulomas, fibrosis, and fistulae [165]. There is a strong genetic component 

to IBD with first degree relatives having a relative risk o f up to tenfold [166-168]. N 0D 2 

is a pattern recognition receptor expressed in macrophages, dendritic cells, intestinal 

epithelial cells and Paneth cells and recognises the peptidoglycan contsituent, muramyl 

dipeptide. Several groups have identified N 0D 2 (C A R D l5/IB D l) as a susceptibility gene 

for CD where presence o f common N 0D 2 single nucleotide polymorphisms (SNPs) can 

confer as much as a 40-fold increased likelihood o f developing ileal CD [169] by affecting 

host interaction with LPS and triggering NF-kB signalling [170-172]. A collaborative pilot 

study between our group and the Adelaide and M eath hospital, Dublin of N 0D 2 mutations 

G908R. R702W and 10007fs in an Irish cohort found that these N 0D 2 mutations were 

more prevalent than previously described in the Celtic population [173]. In addition, 

stricturing and ileocolonic phenotype and surgery were strongly correlated with a N 0D 2 

mutation [174], Therefore, N 0D 2 (SNPs) are associated with complicated CD and may be 

a useful biomarker for disease severity. Several large genome wide studies have identified 

loci that are linked to IBD; 16ql2 (IB D l), 12ql3 (IBD2), 6p21 (IBD3), 14ql 1 (1BD4), 

19pl3 (IBD5), 5q31-q33 (IBD6) and Xq21.3 [175-180] and polymorphisms o f genes other 

than N 0D 2 have been identified as conferring susceptibility including IL23R, which 

triggers JAK2/STAT3 signalling and ATG16L1, which forms part o f  a complex essential 

for autophagy [181-183]. Some recent studies present some preliminary evidence for the 

implication o f MMP SNPs in intestinal inflammation, including MMP-3 SNPs in UC [184-
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186], MMP-9 SNPs in collagenous colitis [187], TIMP-1 SNPs were associated with 

increased susceptibility to CD [188] and finally, SNPs in MMP-3, -8 ,-10  and -14 were 

statistically significantly associated with UC in a New-Zealand cohort [189].

There is a body o f evidence to suggest that gut microbes are key to the initiation and 

development o f  IBD but it is likely that the interaction between the gut flora with the host 

defences and an impaired barrier function, rather than a specific species, triggers the 

disease. The fact that antibiotics or some probiotics have shown to be o f benefit in treating 

IBD [190, 191] and gnotobiotic mice do not develop colitis but it rapidly emerges when 

normal luminal flora are reintroduced [192, 193] are lines o f evidence for the important 

role that bacteria play in the disease.

Tight junctions are essential for proper barrier function and are regulated by cytokines. 

Barrier integrity is essential for the proper functioning o f the gut where increased gut 

permeability seems to be pre-requisite for development o f IBD. The junctional complexes 

E-cadherin and P-catenin are downregulated in IBD patients [194]. These factors combine 

in the host to trigger a complex interaction o f both immune and non-immune components 

o f  the intestinal tract such as epithelium, endothelium, fibroblasts, muscle, lymphoid and 

nerve cells, and the ECM through surface adhesion molecules as well as soluble factors 

such as cytokines, proteases, nitric oxide (NO) and reactive oxygen species (ROS)[195, 

196]. This interaction o f extracellular factors and microbes with the genetically susceptible 

host to trigger the inflammatory response is summarised in Figure 1.6. There is a body o f 

evidence to implicate the involvement MMPs as key regulators o f the disease.
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Kijjure 1.6: F a c t o r s  in t he  p a t h o g e n e s i s  o f  IBI) .  R e p r e s e n t a t i o n  o f  o u r  c u r r e n t  u n d e r s t a n d i n g  o f  IBI )  w h e r e  a 
d > s r e g u l a t e d  i n f l a m m a t o r >  r e s p o n s e  is t r i g g e r e d  b \  m i c r o b e s  a n d  o t h e r  m i t o ge n i c  f a c to r s  in genet ical l> 
s u s ce p t i b l e  i n d i v id u a l s  t h r o u g h  c o m p r o m i s e d  b a r r i e r  f u n c t i o n  a n d  i n n a t e  a n d  a d a p t i \ e  i m m u n i t \  | I 6 9 | .  I his 
i n f l a m m a t o r y  r e s p o n s e  is. in p a r t  m e d i a t e d  t h r o u g h  u p r e g u l a t i o n  in M M P - ‘) t h a t  c a n  c o n t r i b u t e  to g u t  b a r r i e r  
p e r m e ab i l i t v  ani l  i m m u n e  r e s p o n s e  ac t i v a t i on .

As previously discussed, MMPs can be upregulated by various factors including cytokines 

and growth factors including IL-1(3 and TNF-a which are markedly increased in IBD 

[197], and it has been shown that an imbalance between MMPs and TIMPs correlates with 

the level o f inflammation in the bowel [165, 198]. MMP-1, -2, -3 and in particular MMP-9 

have all shown to be upregulated in patients with IBD [199] and are implicated in fistulae 

formation [200]. MMP-1 and MMP-3 are upregulated relative to TIMP-1 in inflamed 

colons and in mononuclear cells within the mucosa o f  colitic patients [201, 202], M MP-13 

has recently been shown to mediate inflammation in models o f IBD through its ability to 

cleave and activate pro-TNF [203]. Several other studies conclude that MMPs including 

MMP-1, MMP-2, MMP-3, MMP-8, MMP-9, MMP-10, MMP-12, and M Tl-M M P-1 are
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upregulated in IBD and that their upregulation is associated with an increase in disease 

activity [198, 204-206],

The effect o f MMPIs in experimental models o f colitis further highlights the role o f the 

endopeptidases. The models used include the dextran sulfate sodium (DSS) and 

trinitrobenzene sulfonic acid (TNBS) models. TNBS-induced colitis is a hapten-induced 

model o f chronic inflammation characterized by segmental lesions, mucosal ulceration 

with granulation tissue at the base, and mixed transmural infiltration by neutrophils, 

lymphocytes and macrophages, and occasionally, small granulomas are observed [207],

The DSS model has similarities with human UC with features o f diarrhoea and rectal 

bleeding, infiltration o f inflammatory cells, crypt loss, and extensive mucosal erosions with 

predominance o f  distal involvement o f the large intestine. Occasionally, crypt abscesses 

and regenerated epithelium are seen [208]. When used in a rat model o f DSS-induced 

colitis, the MMP inhibitor CGS-27023A significantly reduced the extent and severity of 

epithelial injury without influencing mucosal repair and MMP-9 was found to be a crucial 

mediator o f colitis [209, 210]. Phenanthroline, a zinc chelating compound with a known 

MMP inhibitory effect, led to a significant improvement o f morphological and histological 

scores in a rat model o f chronic colitis induced by TNBS [211]. Marimastat and 

Batimastat, hydroxamate inhibitors o f MMPs, both dose dependently reduced tissue injury, 

inflammation and the extent o f the disease in a TNBS model o f induced colitis [212, 213]. 

Another hydroxamate MMPI, ONO-4817, has also been tested in DSS-induced colitis in 

mice and was found to reduce disease activity and infiltration o f inflammatory cells [214],

MMP-9 is one o f  the most abundantly expressed proteases in bowel inflammation.

Neutrophils seem to be the primary source [199, 215] where it is stored in zymogen

granules and can be released following an inflammatory stimulus [38]. Although basal

expression is low in almost all tissues, it is also expressed by macrophages, lymphocytes,
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epithelial cells, fibroblastic cells and vascular smooth muscle cells in IBD [11, 206, 216] 

and is considered pivotal in the pathogenesis o f the disease (Figure 1.7) [205], MMP-9 null 

mice display significantly reduced inflammation in a DSS model o f colitis and the same 

study showed that exogenous MMP-9 inhibits epithelial cell adhesion and wound healing 

in-vitro [216], The defective re-epithelialization and reduction in adhesion complex 

integrity [217, 218], increased endothelial permeability [219], activation o f proteins 

including fibrin(ogen), a  1-proteinase inhibitor, interleukin-1(3, IL-8, transforming growth 

factor-(3 have all been listed as some o f the roles for MMP-9 in the inflammatory response 

[39 ,218,220].

i i j i ,

ECM Des t ruc t ion  a n d  
Rem odel l ing

Eosinophils

Environmental 
ctors

MMP-8,9

Neutrophils MMP-9,7

MMP-9, 12
MMP-9

MMP-9
MMP-1,2,3

TNF-aTNF-a  
Fibroblasts T cell

M acrophages

F i g u r e  1.7: S u i i i m a r \  o f  cel ls i m o l v e d  in r e l ease  o f  M M P s  in t he  gut .  M i c r o b e s  o r  o t h e r  e n \ i r o n m e n t a i  f ac t o r s  
t r i g g e r  an  i m m u n e  r e s p o n s e  in ge n e t i ca l K s us ce p t i b l e  indi> idual s .  Re le as e  o f  c y t ok i nes ,  r e c r u i t m e n t  of  
i n f l a m m a t o r y  cel ls a n d  r e l ea s e  o f  M M I ’s r es u l t s  in t he  h r e a k d o w n  o f  t he  K ( M .  ac t i xa t i on  o f  p r o - i n f l a m m a t o r x  
m e d i a t o r s  a n d  i n c r e a s i n g  epi t he l i a l  p e r m e a b i l i t y ,  all p o t e n t i a t i n g  t r i gg e r s  for  f u r t h e r  i n f l a m m a t i o n  | I 6 5 | .
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1.1.5. Pathological implications of IVIMP-9

O f the MMPs, MMP-9 is consistently upregulated in an inflammatory setting. Large 

amounts o f the enzyme are generated in response to various inflammatory mediators 

despite its basal expression being low. As well as its contributions to IBD that are 

summarized in 1.1.4, MMP-9 is implicated in a wide range o f  conditions and represents 

over 50% o f all MMP literature that is published [36]. Cardiovascular (CV) disease, 

diabetes and cancer are responsible for the majority o f human deaths in the developed 

world and have all been associated with MMP-9 abnormalities.

1.1.5.1. MMP-9 and cardiovascular disease

Changes in the CV ECM are regulated by the gelatinases and their tissue inhibitors and, as 

key components o f CV remodeling, are associated with inflammation and reactive, rather 

than reparative, fibrosis [221, 222]. MMP-2 and MMP-9 knockout models are associated 

with reduced aortic elastin degradation [223] and protection from pressure overload 

myocardial hypertrophy, fibrosis and dysfunction [224]. Post-infarction models and 

models o f left ventricular arrythmogenesis have shown that MMP-9 gene promoters are 

temporally activated specifically in the region o f myocardial injury [225, 226]. The gene 

promoter region o f  MMP-9 includes a proximal activator protein-1 (AP-1) site which 

mediates an enhanced transcriptional response to a wide variety o f cytokine and cellular 

stimuli [227]. In the clinic, independent associations between myocardial remodelling post- 

MI, left ventricular dysfunction and heart failure, have been identified with markers o f 

inflammation, fibrosis and MMP-9 [222, 228-231].
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1.1.5.2. MMP-9 and diabetes

Microvascular and macrovascular complications o f diabetes are associated with MMP-9 

dysregulation. In an animal model o f diabetic retinopathy, increased MMP-9 activity was 

observed in retinal microvessels and MMP-9 knockout was protective [232], In patients, 

increased urinary excretion o f MMP-9 supports a role for MMP-9 dysregulation in diabetic 

renal dysfunction [233] and aortic and coronary arteries o f diabetic patients taken at 

autopsy had higher expression o f MMP-9 compared to non-diabetics and were correlated 

with glycated haemoglobin (H bA lc), a common measure o f blood glucose levels, as well 

as apoptosis [234], Elevated MMP-9 has also been associated with arterial stiffness in 

patients with diabetes [235], Furthermore, human genetic polymorphisms associated with 

MMP-9 elevation support a role for this enzyme in the pathophysiology o f vascular 

disease. The 1562C>T SNP, which affects the promoter region o f MMP-9 gene and 

increases circulating levels o f MMP-9, is significantly associated with vascular disease in 

type 2 diabetes mellitus [236]. In age and sex matched controls, patients with type 2 

diabetes, without and with microangiopathy, T allele frequencies, the portion o f CT or TT 

SNPs relative to CC, were 11.9%, 13.1% and 24.4% respectively (p<0.05).

1.1.5.3. MMP-9 and cancer

MMPs play a central role in cancer cell intravasation and extravasation and their plasma 

levels are known biomarkers o f breast, ovarian, colorectal, renal, pancreas, bladder and 

lung cancers [237]. MMP-9, in particular, regulates vascular endothelial growth factors, 

which, in turn, promote tumour growth and angiogenesis [238]. MMP-9 also modulates 

tumour-associated inflammation via cytokines and their receptors [239] and is involved in 

endothelial-mesenchymal-transition (EMT) whereby cells acquire migratory characteristics 

[240].

40



Upregulation o f  MMPs by tumours has long been established and it is now known that 

stromal cells, such as fibroblasts, endothelial cells and leucocytes can play an equally 

important role by releasing MMP-9 to the tumour microenvironment following activation 

o f growth factors in the ECM by tumour cells, release o f cytokines and growth factors, and 

through direct cell-cell contact with tumours [241, 242]. Tumours and tumour associated 

stromal cell interactions are incompletely understood, but their recruitment serves to 

enhance the metastatic efficiency. An interesting study on skin squamous cell carcinoma 

found that increased expression o f stroma-dervied MMP-9 occurred exclusively in 

enhanced malignant tumour transplants [243].

While numerous preclinical studies demonstrate the ability o f MMP inhibitors to delay 

primary tumour growth and block metastasis [244], MMP inhibition in the clinic has been 

limited by toxicity, including dose-limiting musculoskeletal pain and inflammation [245], 

while recent research on the development o f MMP inhibitors has been focused on selective 

inhibition o f MMPs [246].

1.1.5.4. MMP-9 and other diseases

MMP-9 abnormalities have been associated with disease progression in many other key 

organs. In the liver, MMP-9 has been associated with the fibrotic response to hepatitis C 

[247] and in models o f fulminant liver failure where MMP-9 expression is increased, 

inhibition o f MMP-9 was associated with outcome improvements when used early in the 

natural history o f  the disease [248], In patients with kidney disease, interstitial fibrosis 

correlated with MMP-9 expression in the atrophic tubular nuclei [249] and elevated MMP- 

9 is also associated with the vascular complications o f chronic kidney disease associated 

with diabetes [250]. In children with aggressive chronic renal dysfunction, focal segmental
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glomeruloscloerosis is associated with elevated MMP-9, which may represent an early 

diagnostic biomarker as well as a therapeutic target [235],

1.2. Nitric O xide

NO is a ubiquitous gaseous and diatomic mediator, transducer and modulator, produced 

from the conversion o f L-arginine to L-citrulline by nitric oxide synthase (NOS). Three 

NOS isoforms have been discovered and are classified as neuronal NOS (nNOS, N O Sl), 

endothelial NOS (eNOS, N 0S3), which are both constitutively expressed, calcium- 

dependent enzymes producing physiological levels o f  NO, and inducible NOS (iNOS, 

N 0S2) which produces high levels o f NO in a sustained manner. This inducible isoform is 

transcriptionally upregulated during inflammation in response to bacterial 

lipopolysaccharide or endotoxin, pro-inflammatory cytokines and other immune 

complexes through N F -kB signalling pathways. The diverse roles o f NO include smooth 

muscle relaxation, inhibition o f platelet aggregation [251], neurotransmission [252] and 

immune and inflammatory modulation [253, 254]. The NO involvement in many 

physiological processes is mostly mediated though its activation o f the heme iron in 

soluble guanylate cyclase (sGC). Following activation, sGC can then produce cyclic 

guanosine monophosphate (cGMP) from guanosine triphosphate (GTP) which activates 

downstream signalling pathways that trigger these effects. NO can also react directly with 

signalling proteins and when generated in high amounts such as during inflammation, it 

can react with superoxide anion to produce peroxynitrite, a much stronger oxidant, with 

significant pathophysiological/inflammatory contributions. Although NO has a half-life in
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the range o f  seconds, properties such as charge neutraHty, a small molecular radius and 

hydrophobicity, allow for free diffusion through cell membranes. NO reacts with oxygen 

and with oxygen-derived radicals as well as metal centres in proteins, properties which 

make it a key signal transducer [255],

The net effect o f NO in a given setting depends on its environment and concentration, with 

iNOS generating the highest local flux. Following transcriptional upregulation o f the 

enzyme, there is a delay o f 6-8 hours before NO production begins, but this production is 

then sustained for hours to days and is 1000 fold greater than those produced by the 

constitutive NOS isoforms [256]. The presence o f molecular oxygen and its derived free 

radicals in the local environment affect NO concentration because they react at diffusion 

limited rates. Interestingly, vascular relaxation and vasodilator tone caused by NO is 

inhibited by superoxide and inhibition o f  superoxide production may enhance the effects of 

NO [257]. Therefore, scavengers o f superoxide such as superoxide dismutase and 

oxyhaemoglobin influence NO bioavailability.

The observed effects o f NO, especially those that lead to cytotoxicity, have been also

attributed to the generation o f peroxynitrite from NO and superoxide [258-263]. In

addition, NO can react directly with sulfhydryls [264, 265], metal centres including

iron/sulphur and Zn^^-thiolate groups [258, 266, 267] but can also react via metal

independent mechanisms through generation o f hydroxyl or carboxyl radicals formed from

different decomposition reactions [268-270]. This explains the concentration dependent,

often biphasic nature o f NO where its effects can be separated into cGM P dependent,

which tend to occur at lower NO flux, and cGMP independent, occurring at higher

concentrations. These cGMP independent effects are often mediated by formation o f

peroxynitrite [262, 263, 271, 272], leading to direct reaction with proteins to alter their

function through S-nitrosylation, tyrosine nitration or oxidation [273]. Indeed,
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peroxynitrite often opposes the biological effects o f NO [262, 263, 274-276], The balance 

o f these reactions will often give rise to a threshold in concentration, beyond which the role 

o f NO may change; summarised in Figure 1.8. To further complicate this concentration- 

dependent role o f NO, effects will also be cell- and environment-specific depending on the 

presence o f endogenous antioxidants [277] and other genes involved in regulating a given 

response. The dichotomy o f protective and damaging effects o f NO is evident in 

inflammation, where iNOS is generally considered pro-inflammatory, whereas eNOS and 

nNOS are considered anti-inflammatory [278] and also in the dual roles o f NO in apoptosis 

[271,279].
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l i gu re  1.8: Biologicnl  r e a c t i on s  o f  N O.  M a n y  o f  N O ' s  ef fec t s  a r e  m e d i a t e d  t h r o u g h  a c t i \ a t i o n  o f  c C i MP  w h i c h  in 
t u r n  m o d u l a t e s  p r o t e i n  k in a s e  C; ( P K ( ; ) ,  p r o t e i n  k in a s e  A ( P K A )  a n d  t h e  p h o s p h o d i e s t e r a s e s  (PDF, ) .  At  h i gh e r  
c o n c e n t r a t i o n s  o f  N O  a n d  t h r o u g h  r ea c t i on  wi th  s u p e r o \ i d e  to g e n e r a t e  p e r o x y n i t r i t e ,  it c a n  m o d u l a t e  s i gna l l ing  
wi th  d i r e c t  l ipid p e r o x i d a t i o n  a n d  r e a c t i o n  wi th  p r o t e i n s  t h r o u g h  o x i da t i o n .  S - n i t r o s \ l a t i o n  a n d  t y r o s i n e  n i t r a t i o n .
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1.2.1. The role of NO in IBD

NO is recognised as playing a role in gut homeostasis, maintaining mucosal blood flow, 

coordination o f peristalsis and sphincter action and also in the pathogenesis o f IBD. In the 

gastrointestinal tract, nNOS and eNOS are both continuously expressed by neuronal cell 

bodies, endothelial cells and enterocytes producing picomolar to nanomolar quantities o f 

NO [280, 281], Exposure to inflammatory mediators will lead to transcriptional 

upregulation o f iNOS in a variety o f cell including neutrophils, monocytes, macrophages, 

T-lymphocytes, vascular smooth muscle cells and enterocytes [282], High levels o f NO are 

proposed to be toxic to the gut through potentiation o f hyperaemia in the mucosa and 

submucosa, gut relaxation and peroxynitrite mediated cytotoxic reactions; however many 

protective roles have also been highlighted including increased blood flow, decreased 

microvascular permeability, decreased aggregation o f platelets and adhesion o f leukocytes 

and inhibition o f  mast cell degranulation [282], A study examining the expression and 

distribution o f iNOS and eNOS in UC and CD found that the dominant iNOS expressing 

cell type in UC was neutrophils and this expression was concentrated in patches o f 

inflammation. In CD, macrophage was the dominant cell type, however, iNOS expression 

was not localised in inflamed patches [283]. The studies show that the expression patterns 

o f eNOS and iNOS are different in UC and CD and so NO may play different roles in the 

diesases. Animal models o f IBD where NOS inhibitors have been used show conflicting 

results with the effect o f NO being highly dependent on the biological setting. Some 

studies where treatment with NOS inhibitors commenced after colitis had been induced 

showed improvements in local inflammation [284-286] whereas increased mucosal 

inflammation and injury was observed when treatment began with or before the induction 

o f colitis [285, 287, 288]. These results highlight the influence o f  timing, the type o f NO
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donor or NOS inhibitors used and the local concentrations. Several studies o f  IBD models 

in iNOS knockout mice [289-291] have shown that these animals show a reduction in the 

severity o f inflammation giving weight to the theory that lower concentrations o f NO are 

protective and the higher levels generated by iNOS can potentiate inflammation. The 

spontaneous generation o f peroxynitrite under these settings may be the major contributor 

to this observation. Addition o f peroxynitirite to the gut elicits a severe inflammatory 

response [292], superoxide dismutase (SOD) mimetics which scavenge superoxide can 

alleviate the severity o f inflammation in a rodent model o f colitits [293] and a peroxynitrite 

scavenger markedly alleviated colonic injury in a TNBS induced colitis [294], all lines o f 

evidence pointing to many o f the pro-inflammatory effects o f NO being mediated by 

peroxynitrite.

1.2.2. NO-hybrids (nitrate-barbiturates)

The search for clinically successful MMPIs has not proven fruitful and many reviews on 

the subject sight poor selectivity for the different MMPs as being a major contributing 

factor [37, 295]. In 2001, Hoffman La-Roche reported that certain 5,5-disubstituted 

pyrimidine-2,4,6,-triones (barbiturates) were effective inhibitors o f MMPs and had good 

selectivity for the gelatinases [97, 144]. These barbiturates did not retain the sedative, 

hypnotic effects o f the classical compounds but did exhibit some o f the preferable 

pharmacokinetic properties such as in-vivo stability, which was an advantage over other 

MMPIs. Crystal structure analysis o f  the human MMP-9 catalytic domain with inhibitors 

has shown that the ionised barbiturate ring chelates the Zn^^ in a tridentate mode while the 

C5-substituents were directed to the S I ’ and S2’ pockets [296], The barbiturates display
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broadly similar structure activity relation (SAR) to other MMPIs where the carbonyl 

groups o f the barbiturate ring serve as a ZBG and the long biphenyl or phenoxyphenyl 5- 

aromatic substituent binds in the deep S I ’ pocket. The second 5-substituent is directed 

towards the S2’ pocket where C5- piperazine or piperidine have been shown to confer 

potency [145], For these reasons, the barbiturates were chosen as the MMPI scaffold for 

the project and were designed to be potent and selective MMP-9 active site inhibitors.

While the precise role o f NO in a given setting may be difficult to measure, several groups 

have demonstrated benefit in using NO-donors to reduce inflammation and potential for 

inhibition o f MMP-9. Glyceryl trinitrate (GTN) has been used clinically for over 150 years 

and has a well-established toxicity profile [297]. Its potential use as an MMPI was 

demonstrated when it reduced plasma MMP-9 levels by increasing the enzym e’s 

membrane binding and inhibited its release [298]. In conflict with these findings, the same 

compound is reported to activate pro-MMP-9 [299], increasing potential MMP-9 activity 

through NF-kB activation [300] and increased MMP-9 expression [301] and so setting may 

be important.

Nitrate groups or other NO-donor groups have been incorporated into several established 

pharmacological agents as NO-drug hybrids in an effort to enhance efficacy and decrease 

side-effects o f the resultant pharmacological agents. The rationale for these compounds is 

that they retain the pharmacological action o f the parent compound but their effects would 

also include the biological action o f  NO. O f these, hybrids o f NO with non-steroidal anti­

inflammatory drugs (NO-NSAIDS) [302-305] including nitro-aspirins [306], NO- 

glucocorticoids [307-309], and NO-salbutamol [310-312] have been extensively studied 

for their anti-inflammatory properties. Despite a significant number o f publications relating 

to the role o f NO in mediating MMP-9 [313], an NO-MM PI has not been previously 

reported.
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1.3. Project aims

The aims o f my PhD were

1) To synthesise a series o f nitrate-barbiturates and establish their effect on MMP-9 

activity and expression in an in-vitro model o f intestinal inflammation.

2) To establish the contribution o f the nitrate group in any observed effect.

3) To establish possible mechanisms o f action for the inhibitors.

4) To assess the efficacy o f the compounds in an in-vivo model o f colitis.
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Chapter 2: Materials and methods
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2. Materials and methods

2.1. Reagents and materials

All chemicals and biological materials were supplied by Sigma Aldrich® unless otherwise 

stated. Plastic consumables for cell culture were supplied by greiner bio-one®. Ethanol and 

Methanol were supplied by Trinity College hazardous materials facility (HMF) solvent 

stores.

2.2. Chemistry Methods

All reactions were monitored using thin layer chromatography (TLC). Uncorrected melting 

points were measured on a Stuart Apparatus. Infrared (IR) spectra were acquired on a 

Perkin-Elmer FT-IR Paragon 1000 spectrometer. 'H  and '^C nuclear magnetic resonance 

(NMR) spectra were recorded at 27 °C on a Bruker DPX 400 spectrometer (400.13 MHz, 

'H; 100.61 MHz, '^C). Coupling constants are reported in hertz. Electrospray ionization 

mass spectrometry (ESI-MS) was performed in the positive ion mode on a liquid 

chromatography (LC) time-of-flight mass spectrometer (Micromass LCT, Waters Ltd., 

Manchester, UK). The samples were introduced into the ion source by an LC system 

(Waters Alliance 2795, Waters Corporation, USA) in acetonitrile:water (60:40% v/v) at 

200|j,L/min. The capillary voltage o f the mass spectrometer was at 3 kV. The sample cone 

(declustering) voltage was set at 40 V. For exact mass determination, the instrument was 

externally calibrated for the mass range m/z 100 to m/z 1000. A lock (reference) mass (m/z
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556.2771) was used. Mass measurement accuracies o f < ±5 ppm were obtained. Reverse 

phase high-performance liquid chromatography (RPHPLC) was used to establish 

compound purity. The stationary phase was a Waters Xbridge C l8, 5[j.m column (4.6 mm x 

150 mm); the mobile phase consisted o f a mixture o f methanol and water (60:40 v/v) at a 

flow  rate o f 1 mL/m in. HPLC was performed using a system consisting o f a Waters 600 

pump and controller, Waters 717 autosampler and a Waters 996 photodiode array detector 

controlled by Waters Empower Software. Chromatograms were extracted at 230 nm. A ll 

test compounds were >95% pure.

2.2.1. Synthesis of barbiturate compounds

Synthesis o f the nitrate-barbiturate compounds was carried out by substitution o f the 

phenoxyphenyl barbiturate-5 bromide given the designation 3 in Figure 3.1. i  is 

synthesised in four steps from methyl 4-hydroxyphenylacetate as previously described by 

our group [314]. The aminoalkyl nitrate side chains, seen as series 3 in Figure 3.2, were 

obtained by reacting the corresponding, aminoalkyl alcohols w ith fuming nitric acid at 

-10°C. The aminoalkyl alcohol in DCM  was added to a mixture o f DCM and fuming nitric 

acid (-10°C ) dropwise over 20 minutes. A fte r stirring for a further 30 minutes, acetic 

anhydride was added to the reaction mixture which was left for a further 15 minutes w ith 

stirring. I f  the desired product formed as a white solid precipitate, it was isolated by 

suction filtra tion and dried in vacuo. Where some o f the products did not precipitate, the 

pH was adjusted to 14 w ith  7 M  NaOH and extracted w ith DCM. The combined organic 

layers were washed w ith water and brine and dried over anhydrous Na2S0 4 . The nitrate- 

barbiturate inhibitors were synthesised by reacting the intermediate 3 w ith the nitrate side
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chains in triethyl amine and methanol at room temperature (RT) for 24 hours as shown in 

Figure 3.3. The solvents o f  the reaction mixture were removed in vacuo and residues were 

purified by flash column chromatography. All structures were confirmed with Mass 

Spectrometry where IR. NM R and melting point data had previously been obtained.

2.3.  Cell Culture

In-vitro experiments were carried out using Caco-2 and HT1080 cells. Caco-2 cells are a 

human colorectal epithelial cell line that is commonly used to study colonic inflammation. 

The intestinal epithelium is actively involved in inflammation and in response to pro- 

inflammatory cytokines, can release other pro-inflammatory mediators such as MMP-9 

[315]. This made the cell line ideal for studying the ability o f  drug candidates to inhibit 

MMP-9 in a model o f  intestinal inflammation. HT1080 is a human epithelial fibrosarcoma 

cell line and commonly used to study invasion and metastasis. Production o f  MMPs can be 

induced by proinflammatory mediators and the cell line is used in our lab to study the 

ability o f  drug candidates to inhibit cancer cell invasion [315]. It was used in this study for 

cytotoxicity analysis o f  the compounds.

Caco-2 cells were supplied by American type culture collection (ATCC), and were 

cultured in 75cm^ flasks (T-75). Cells were cultured in Minimum Essential Media (MEM), 

1% sodium pyruvate, sodium bicarbonate 2.2g/L, gentamicin 5mg/L, streptomycin 

lOmg/L, penicillin G 6mg/L and buffered to pH~7.3. The media was then passed through a 

0.22\iM  filter into a sterile container and sterile foetal bovine serum (FBS) was added to 

give a final concentration o f  20%. Experiments were carried out in FBS free media. Cells 

were maintained in a 37°C, 5% CO2 humidified incubator. Media was changed
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approxim ately every second day until the ce lls  reached confluence when they w ere 

detached using trypsin, pelleted by centrifugation and split to new  flasks. The m edia was 

changed the fo llow in g  day. C aco-2 ce lls  w ere used up to a m axim um  passage number o f  

50.

H T 1080 cells w ere supplied by the ATCC and cultured in T-75 flasks. M edia used for 

culture and experim ents w ere as for C aco-2 m edia but w ith the exception  that the grow ing  

m edia used contained 10% FBS instead o f  20%.

For experim ents, a cell pellet was resuspended in serum free m edia and cell numbers were 

counted using the coulter counter (B eckm an) or a haem ocytom eter. C ells were then seeded  

into 25cm^ flasks (T -25), 6 -w ell plates or 96 -w ell plates. C ells w ere grown until 70-80%  

confluent. The m edia w as then changed to FBS free m edia and the cells w ere incubated  

with nitrate-barbiturate, alcohol-barbiturate or nitrate side-chain com pounds at 1 OOnM or 

10|iM  for 30 m inutes. C ytokines T N F -a  and IL- i p  lOng/mL w ere then added and the cells  

w ere incubated for 24 hours at 37°C  in a hum idified 5% CO 2 atm osphere. A  stimulated  

flask (FBS free m edia with T N Fa and IL- i p)  and a sham flask (FB S free m edia) w ere also  

prepared and incubated for 24hrs. For N O -donor experim ents, solutions o f  SN A P  or 

D E T A -N O N O ate were prepared daily when needed and incubated at a range o f  

concentrations in the place o f  the com pounds as listed above. For co-incubation  

experim ents w ith ODQ, this w as added w ith the nitrate-barbiturate com pounds to g ive a 

concentration in the m edia o f  10|aM as w ith  the com pounds. The experim ents where 8-Br- 

cGM P w as used, this w as added w ith the O D Q  and com pounds to g ive a final 

concentration o f  10 |iM  in the media.
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2.4. Dextran sulphate sodium (DSS) induced colitis

In-vivo experiments were carried with ethical approval from the TCD ethics committee 

using male Wistar rats which were supplied by the bioresources unit o f Trinity College 

Dublin. Animals were maintained in the SCRUBS or the Llyod building bioresources 

facilities at 23°C with 12 hour: 12 hour light-dark cycles and access to drinking water and 

food pellets ad libitum. Animals were monitored daily and bedding and cages were 

changed as required. Upon arrival, all animals were weighed and divided into cages of 

equal animal numbers and giving approximately equal weights per cage. Animals were 

given a minimum o f 5 days to settle to conditions before any experimental interventions 

were commenced.

DSS induced colitis is a model frequently used to induce colitis, with similar features to 

human UC, in rodents. DSS is toxic to colonic epithelial cells and causes an increase in 

epithelial barrier permeability. Reduction o f tight junction proteins and increased pro- 

inflammatory cytokine production are seen and increased exposure o f DSS and luminal 

contents to the mucosa triggers an inflammatory response [316].

Animals were split up into cages so that all animals in a given cage were part o f the same 

experimental group and so that each cage had approximately the same average animal 

weight. Solutions o f 5% DSS (molecular weight (MW) 40,000) (TdB consultancy, 

Sweeden) in tap water replaced the drinking water the rats received in all but the sham 

group starting on day 0 until the end o f the experiment on day 5. Animals were given twice 

daily, SOOfiL rectal enemas o f vehicle (1% cremophor, 5% ethanol in ddHiO) or 

compounds dissolved in the vehicle to give 1.8|iM solutions (calculated from an 

approximate 2mg/kg dose in 500|iL for compound la). The rats were weighed each
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morning for the duration o f  the experim ent and exam ined for diarrhoea and evidence o f  

blood in the stool or rectal bleeding. Diarrhoea w as defined as the presence o f  faecal matter 

adherent to the fur around the anus or tail and rectal b leeding as the v isib le  presence o f  

blood around the rectal area o f  the rat [214, 317], The d isease activity index (D A I) w as 

calculated by assigning scores to w eight change, rectal b leeding or diarrhoea and averaging 

them  as show n in Table 2.1.

DAI score Weight Loss (%) Stool Consitency Presence of Blood

0 <1% Norm al N one

1 1-5% - -

2 5-10% Soft stool B lood in stool

3 11-15% - -

4 >15% Diarrhoea Gross rectal b leeding

I ab l e  2.1:  (  r i t e r i a  f o r  s c o r i n g  DAI

At the endpoint o f  the experim ent on day 5, all anim als w ere individually euthanized in a 

CO2 chamber at a flow  rate o f  4  L/m inute. O nce expired, a m id-laparotom y w as performed  

and the distal co lon  w as rem oved, opened longitudinally, rinsed with sterile saline and 

divided into three parts by longitudinal section. One section w as snap frozen in liquid  

nitrogen for zym ographical analysis, another w as placed in neutral buffered 10% form alin
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for 48 hours for fixing and then transferred to 70% ethanol for storage and the other section 

was added to RNAlater solution (Ambion) and frozen for future isolation o f mRNA.

2.4.1. Histological assessment of colon samples

The fixed colon samples that had been stored in 70% ethanol were placed uncut into 

labelled embedding cassettes for processing using a Leica TP 1020 automated tissue 

processor. The samples underwent a pre-treatment protocol prior to embedding. Pre­

treatment consisted o f 9 consecutive steps as follows; immersion in 70% alcohol, 80% 

alcohol, 95% alcohol, 100% alcohol 1, 100% alcohol 2, alcohol-xylene mix and xylene for 

one hour each. Samples were subsequently placed in pure paraffin wax 1 at 61°C for one 

hour, followed by pure paraffin wax 2 at 61 °C for 2 hours.

Following pre-treatment, samples were embedded in molten liquid paraffin to form tissue 

blocks, on a paraffin embedding station (Leica EG-1150H). Tissue samples were removed 

from their cassettes after processing. Sections were inserted using a forceps in an upright 

position into plastic moulds filled with molten paraffin (61 °C) using a forceps. To ensure 

optimal orientation, colon samples were transferred to a cold plate briefly while orientating 

colons in liquid paraffin. Samples were orientated with the longitudinal axis perpendicular 

to the base o f the mould. Labelled cassettes were positioned on top o f wax for 

identification purposes, pressed down, and filled with more paraffin to completely cover 

the face o f the cassette. The plastic moulds were then transferred to a cold plate for 24
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hours to allow the wax to fully solidify. Paraffin wax embedded samples were stored at 

4°C.

For sectioning, cold blocks were removed from the moulds and trimmed with a blade to 

remove excess paraffin. Tissue sections (7f^m) were then cut using a rotary microtome. 

Speed and blade angle (5°) were adjusted to optimise sectioning and obtain cohesive 

ribbons o f tissue. Following sectioning, ribbons o f tissue were transferred to a water bath at 

50°C (below melting point o f wax) with a gentle sweeping action to allow sections to 

flatten out. Clean, labelled slides, which were subbed in poly-lysine solution, were used to 

collect the tissue sections from the water bath. Slides were removed vertically to facilitate 

drainage, and blotted on tissue paper. The surface o f the water bath was cleared with tissue 

between each block to avoid cross-contamination. Slides containing sections were placed 

on a slide drying hotplate warm plate for 30 minutes.

2.4 . 1.1. Haematoxylin and Eosin (H&E) Stain

Routine H&E staining was carried out on 7fim colon tissue sections for detailed 

histological evaluation. Haematoxylin is a basic dye which stains organelle including 

nuclei a blue/black colour. Eosin stain is an acidic dye and stains cytoplasmic and 

extracellular matrix structures varying shades o f pink to red.

Slides were mounted onto a linear stainer (Leica ST4020) in which tissue sections were 

initially deparaffinised in Histoclear for 5 minutes before being passed through a series o f 

rehydration steps in an ethanol gradient (100% and 70%) to ddH20 for one minute each. 

Slides were submerged in Harris haematoxylin for 1 minute and rinsed in running water. 

Slides were differentiated in 1% acid-alcohol for 1 minute prior to immersion in Eosin Y 

solution for 1 minute. Slides were rinsed in running water, dehydrated in increasing
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concentrations o f ethanol (70% and 100%), and cleared in Histoclear. Slides were mounted 

in Di-N-Butyl Phthalate in Xylene (DPX) mounting medium, cover-slipped and examined 

by light microscopy.

2.4.1.2. Histopathological Scoring

Transverse and longitudinal colon sections were analysed at three random locations in 

order to obtain an indiscriminate representation o f tissue state from which to establish 

histopathological scores.

Histological scoring was based on a modified version o f a protocol employed by Cooper et 

al. [317] to evaluate histopathology in a 5% DSS- induced murine model o f colitis. In 

accordance with this protocol, two histological parameters were employed in order to 

establish the severity o f DSS-induced colitis. Tissue inflammation was graded on a scale o f 

0-3 as shown in Table 2.2.

Score Gross Morphology

0 No visible enlargement o f  lamina propria

1 Mild enlargement o f lamina propria

2 Moderate expansion o f  lamina propria with increased infiltration o f nuclei

3 Substantial increase in lamina propria size in addition to heavy infiltration

o f nuclei into surrounding areas

I a h l e  2 . 2 :  C ' r i t c r i : i  f o r  s c o r i n g  o f  t i s s u e  i n t l i i m m a t i o i i
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The second parameter used to assess tissue damage was the crypt damage. This was graded 

on a scale o f 0-4 as set out in Table 2.3.

Score Gross Morphology

0 Intact crypts extending down to muscularis mucosae

1 Shortening and loss o f basal 1/3 of crypt

2 Loss o f basal 2/3 of crypts and focal thinning of epithelium

3 Total loss of crypts with retainment of surface epithelium

4 Total loss of crypts with surface erosions

l a b l e  2.3 : C r i t e r i a  fo r  s c o r in g  o f  c r y p t  d i im a g e

Based on the criteria outlined above, individual scores were assigned to each area o f the 

section analysed by an examiner who was blind to treatment groups. In cases where the 

tissue section exhibited varying grades of pathology, the highest score was recorded. 

Average scores were then obtained for each sample; reflecting the extent of DSS-induced 

colonic damage.

2.4.1.3. Imaging and crypt length measurements.

Colon sections were digitally scanned (40x magnification) by Slidepath and these images 

were visualised using Digital Slidebox software. In order to determine the average crypt 

depth, areas from longtidunal colon sections were measured using the annotation functions 

across five areas of each sample and averaged.

59



2.5. Biological Methods

2.5.1. MTT assay

The MTT assay is widely used to determine the cytotoxicity o f  drug candidates. It is a 

colourimetric assay where the mitochondrial enzymes in viable cells will reduce the MTT 

(3(4,5-dimethylthiazol-2-yl)-2,5-dipenyltetrazolium) bromide) to produce formazan 

crystals which can be seen as a colour change from pale yellow to purple.

The MTT assay was carried out in Caco-2 and HT1080 cell lines. Cells were seeded into 

96-well plates (Caco-2 at 8x10^ cells/well and HT1080 at 12x10'^ cells/well) and grown 

until 70-80% confluent. The cells were serum starved by changing the media to FBS free 

for 1 hour prior to adding the compounds. The nitrate-barbiturate compounds were then 

added to the FBS free media at a concentration range o f 0.1-200|iM and incubated for 24 

hours at 37°C. Vehicle was added in place o f the compound solutions for the control, and 

blank wells contained serum free media only. Following this incubation, M TT (3(4,5- 

dimethylthiazol-2-yl)-2,5-dipenyltetrazolium) bromide) was added at 0.5mg/mL and the 

plates were incubated for a further 3 hours at 37°C. Supernatants were then aspirated, 

100|iL o f DMSO was added to each well, and the plates were incubated with shaking for 

10 minutes in order to lyse the cells and dissolve the purple formazan crystals in the 

mitochondria o f the living cells. The absorbance o f each well was then read at 540nm. The 

percentage cell survival was calculated as ( A t - A b ) / ( A v - A s )  x 100, where A t is the 

absorbance o f the compound treated wells, Ab is the absorbance o f the blank wells with 

media only, and Ay is the absorbance o f the vehicle treated cells.
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2.5.2. Annexin V flow cytometry

Flow cytometry suspends cells in a stream o f fluid and passes them through a laser 

detector. With the use o f appropriate antibodies, cells can be sorted according to certain 

characteristics by fluorescence-activated cell sorting (FACS). We used annexin V and 

propridium iodide (PI) to identify cells where apoptosis or necrosis had been induced 

following incubation with the compounds in order to assess their toxicity. 

Phosphatidylserine (PS) is a phospholipid that is usually orientated to the cytosolic side o f 

the cell membrane; however, during early apoptosis, it becomes exposed on the cell 

surface [318]. Annexin V can preferentially bind to PS and so positive staining can 

indicate that a cell is in early apoptosis or loss o f cell membrane integrity as in necrosis. PI 

is used as a nucleic acid stain and will only stain the cell DNA following disruption o f the 

plasma membrane indicating necrosis o f the cells. Therefore, cells that are considered 

viable are both annexin V and PI negative, while cells that are in early apoptosis are 

annexin V positive and PI negative, and cells that are in late apoptosis or already dead are 

both annexin V and PI positive.

Flow cytometry was carried out in Caco-2 and H TI080 cell lines. Cells were grown until

70-80% confluent in T-25 flasks. The media was then changed to FBS free, the inhibitor

compounds were added as described previously and the flasks incubated for 24 hours at

37°C. Following the incubation, the cells were detached from the flasks using trypsin and

washed with lOx binding buffer (O.IM Hepes (pH 7.4), 1.4M NaCI, 25mM CaCh). The

cells were then pelleted by centrifugation and resuspended in 100|iL Ix  binding buffer.

20|iL  o f the suspension was taken and stained with 5fiL Annexin V-FITC and 5 o f

propidium iodide (PI) in 70|aL o f Ix binding buffer and incubated at room temperature for

15 minutes protected from light. Following incubation, the samples were diluted with
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400|iL o f Ix binding buffer, added to a 96-well plate and analysed within 5 minutes using 

a BD FACS Array (BD Biosciences, Oxford, UK). Flow cytometry was performed on the 

stained cell samples (Caco-2 and HT1080). The instrument was set up to measure the size 

(forward scatter), granularity (side scatter) and cell fluorescence. Antibody binding was 

measured by analysing individual cells for fluorescence. The data were analysed using BD 

FACS array software and expressed as percentage o f control fluorescence in arbitrary 

units.

2.5.3. MMP-2 and MMP-9 fluorogenic assay

IC50 values o f the compounds were determined using a fluorogenic assay. This provides an 

accurate and precise method for testing the potency o f  compounds and has been widely 

used for obtaining IC 50 values of MMP inhibitors [319, 320]. Activated recombinant 

gelatinases are incubated with inhibitors and a suitable fluorescently labelled substrate. 

Uninhibited protease is capable o f cleaving an amide bond between the fluorescent group 

and quencher group, which causes an increase in fluorescence that can be measured and 

the inhibition calculated.

Recombinant pro-MMP-2 and -9 (R&D Systems, Ireland) were activated by incubating 

with ImM  APMA at 37°C for 1 and 24 hours respectively according to manufacturer’s 

protocol. The synthetic broad-spectrum fluorogenic substrate (7-methoxycoumarin-4-yl)- 

acetyl-pro-Leu-Gly-Leu-(3-(2,4-dinitrophenyl)-L-2,3-diaminopropionyl)-Ala-Arg-NH2 

(R&D Systems, UK) was used to assay MMP-2 and M MP-9 activity. The activated 

recombinant enzyme was diluted to 0.2ng/|iL, 50|iL added to a 96 well plate and incubated 

with the compounds for 30 minutes at 37°C. The substrate was then added to the plate
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(50|aL o f 20|iM  solution) and the fluorescence was immediately read using the FLOUstar 

Optima spectrophotometer and Optima software with excitation and emission wavelengths 

set to 330 and 405 nm, respectively. Readings were repeatedly taken at 1 minute intervals 

for 10 time points. Fluorescence plotted against time gave a straight line from which the

slope was used as a measure o f inhibition; Inhibition %=( 1 -  (compounds)  ̂qo%.
Slope (control)

Slope o f the compounds is the slope following incubation with a compound and control 

represents incubation without any compound. This was repeated for six concentrations in 

the range O.lnM -lOuM  for each compound. The IC 50 values were calculated by plotting 

the logarithm o f the concentration versus the %inhibition in the sigmoidal dose-response 

formula using GraphPad Prism® 4. IC50 values and 95% confidence intervals were 

obtained from the readout from the software.

2.5.4. Bradford protein assay

Protein quantification was required for many experiments and was performed using the 

Bio-Rad protein assay. A serial dilution o f a bovine serum albumin standard was carried 

out to give the range o f 400-25mg/ml. The standards were loaded onto a 96 well plate and 

ddH20 was used as a blank. M ost conditioned media and cell lysate samples required a 1 

in 4 dilution prior to loading on to the plate. Bio-Rad protein assay dye reagent was added 

to each well. Absorbance was measured at A. 595nm using FLOUstar Optima 

spectrophotometer and Optima software. The protein concentration o f the samples was 

then determined using the standard curve.
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2.5.5. Gelatin Zymography

Gelatin zymography is an electrophoretic technique where proteins are separated on a gel 

according their size. The gel is impregnated with gelatin, a substrate for MMP-2 and -9 and 

so following renaturing and incubations steps, the gelatinases can digest the gelatin which 

becomes visible as bands following staining. This technique can be used to assess the 

activity o f the enzymes in in-vitro models.

The conditioned media from cell experiments was removed from all flasks, centrifuged at

13000 rpm for 5 min and the supernatants transferred to I.5m L tubes. Colon samples o f

approximately 50mg were added to 2ml tubes with 1ml o f lysis buffer (150mM NaCl,

50mM tris-HCl pH 8.0, 1% v/v NP-40, 50|il/10ml Phosphatase Inhibitor Cocktail I,

50|iL/10mL Phosphatase Inhibitor Cocktail II) and the sample was homogenised using a

polyton homogeniser. The samples were then centrifuged at 13000 rpm for 15 minutes at

4°C and the supernatants were frozen as 2 5 aliquots to avoid freeze-thaw cycles. The

total protein concentration o f the samples was calculated using the protein assay method

described previously and the samples were normalised for protein concentration. Each

sample was diluted as required with ddHiO to a volume o f 18|aL and 6 |aL o f loading

buffer (50%v/v stacking buffer (Trizma base 6.05%w/v, SDS 0.4%w/v in ddH20, pH 6.8),

40%v/v glycerol, 8%w/v SDS, 2%w/v bromophenol blue) was then added. The

zymography gel consisted o f a separating gel (8%w/v acrylamide, 25%v/v resolving buffer

(18.2%w/v Trizma base, 0.4%w/v SDS in ddH20, pH 8.8), 2%w/v gelatin, 0.0033% APS

and 0.067%v/v TEMED in ddH20) and a stacking gel (4%w/v acrylamide, 25%v/v

stacking buffer, 0.05%w/v APS and 0.1%v/v TEMED in ddHaO), with wells to load the

samples. The prepared samples were loaded onto the stacking gel and electrophoresis was

carried out for approximately 2 hours at 300V (Bio-Rad Power Pac HC®) in tank buffer
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(0 .3% w /v trizm a base, 1.44% w /v g lycin e (B io-R ad), 0.1%  SD S in ddH iO , pH 8.3). Gels 

w ere w ashed and placed on a rocker for 20 m inutes with 2.5%  Triton X . This w as repeated  

three tim es. The gels w ere then w ashed tw ice and finally incubated with zym ography  

buffer (0 .1 5M  N aC l, 5m M  C aC b, 0.05%  N aN 3 , and 50m M  tris-HCl buffer at pH 7 .5) at 

37°C  for approxim ately 48 hours or until the bands becam e v isib le. After incubation, the 

gels w ere stained with 0.025%  coum assie brilliant blue G 250 in 25%  m ethanol, 10% acetic  

acid, and H 2 O for 3 hours or as required and destained with acetic acid 8%, m ethanol 4%, 

and H 2 O until ready to analyse. The gelatinolytic activity o f  M M P-2 and M M P-9 w as 

detected as a clear band o f  gelatin  d igestion  against a blue background and w as quantified  

by densiom etry using the gel docum entation system  B io-R A D , Universal hood II and 

Quantity O ne 4 .6  software. Snapshots o f  the gels w ere transformed so that the bands could  

be autom atically read by the software. Band width and height w ere detected autom atically  

and adjusted as appropriate. Trace quantity readout w as calculated autom atically as 

intensity x  m m  where intensity w as calculated by integrating the average intensity for each  

row  o f  p ixe ls  across the specified  band width and height to the baseline and mm is the 

band height in mm. Results were expressed  as a percentage o f  the stim ulated group.

2.5.6. RNA iso la tion

F ollow ing rem oval o f  the m edia in cell sam ples after an incubation o f  24  hours, the R N A  

w as isolated using RNA queous-4PCR ®  kit from A m bion (A pplied B iosystem s) according  

to the manufacturer's protocol. B riefly , 4 0 0 |iL  lysis/b inding solution w as added to the T-25  

flasks or w e lls  o f  a 6 -w ell plate. Cell scrapers and forceful pipetting w ere used to rem ove  

the cells and the suspension w as transferred to an R N A ase-free 1.5ml tube. For colon
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samples, 400|iL lysis buffer was added to approximately 50mg o f tissue and a polytron 

homogenizer or a scissors followed by vortexing were used to homogenise the tissue. Any 

large lumps o f tissue were pelleted by centrifugation and the supernatant was transferred to 

a clean tube. An equal volume o f 64% ethanol was added to the lysate samples and the 

samples were mixed by gentle vortexing. The k it’s filter cartridges were assembled to sit 

on top o f the supplied 1.5ml tubes and 450|iL o f the sample was added to the filter. The 

lysate/ethanol mixture is passed through the filter by centrifuging at 10,000G for 30 

seconds. The filtrate is removed and discarded and the step is repeated so that all lysed 

sample had passed through the filter. 700f^L o f  wash solution #1 is then added to the filter 

and drawn through by centrifugation as described previously and discarded. 500|iL o f 

wash solution #2/3 was then added to the filter, drawn through and discarded. This step 

was then repeated. Following removal o f the wash solution, another centrifugation step 

was carried out to remove any residual solution from the filter. The filters were then 

transferred to fresh, unused tubes supplied with the kit and 40)iL of elution solution, which 

had been heated to 80°C, was added to ensure that the entire surface o f the filter is wet. The 

solution was drawn through the filter by centrifugation as described previously and the 

draw-through was retained in the tube while the step was repeated. The filters were 

discarded and the BOfiL o f RNA solution can be used immediately or stored at -80°C.

2.5.7. RNA quantification

The isolated RNA from each sample was quantified using a NanoDrop ND-1000 

spectrophotometer (Fisher Scientific Ireland Ltd, Dublin, Ireland) and ND-1000 software. 

The optical surfaces o f  the instrument were cleaned with RNA free wipes and it was
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initialized using nuclease-free water (Ambion). The NanoDrop was then blanked using the 

elution solution. Each sample is measured by loading 1 |xL onto the lower optical platform 

and lowering the arm. The surfaces were wiped clean between each measurement. The 

RNA concentration was automatically calculated by the software from the absorbance at 

260nm and given as ng/|uiL. Purity o f the sample was prim arily assessed by the 260/280 

ratio which was again automatically calculated by the software and for RNA should be 

approximately 2. A  further measure o f purity was the 260/230 ratio which should be 

approximately 2-2.2 and these ratios served as a rule o f thumb for purity assessment. A ll 

samples were diluted to l|jg/100|.iL w ith  nuclease free water.

2.5.8. Reverse transcription

RNA samples were converted to single-stranded cDNA using a High Capacity cDNA 

Reverse Transcription kit (Applied Biosystems) according to the manufacturer's protocol. 

The k it components were thawed on ice and for each sample, the quantities required were 

calculated based on the number o f  samples as per Table 2.4. Equal volumes o f the 2x RT 

master m ix and the diluted RNA samples ( lO jiL ) were added to nuclease-free 50|iL 

reaction tubes, inverted several times and centrifuged at 8,000G for 15 seconds.
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Kit component Volume/Reaction (^iL)

lO xR T  buffer 2

25x deoxyribonucleotide triphosphate (dNTP) m ix 0.8

(lOOmM)

1 Ox RT random primers 2

Multiscribe™  reverse transcriptase 1

Nuclease free H 2O 4.2

Total per reaction 10

I able 2.4; (  oniponenls of High (  apaeitv cDNA Reverse Transcription kit and \  olumes re(|uired per reaction.

The heat cycles required for reverse transcription were carried out using a Realplex^ 

Mastercycler (Eppendorf U K Ltd) using the fo llow ing cycles: step 1, 25°C for 10 minutes, 

step 2, 37°C for 120 minutes, step 3, 85°C for 5 minutes and step 4, 4°C until samples 

were collected. The cDNA samples were used immediately or stored at -20°C.

2.5.9. Real time quantitative polymerase chain reaction (qPCR)

Real Time qPCR was carried out using pre-designed TaqMan Gene Expression Assays 

(Applied Biosystems) according to the manufacturer's protocol. 1.5^L o f cDNA solution 

was added to each well o f a twin.tec 96 well-plate (eppendorf). Master-mix was made up 

separately w ith primers for each o f the genes o f interest as well as 18S primer which was 

used as a control and 18.5|iL was added to each well as shown in Table 2.5.
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Component Volume/well (^L)

Sample cD N A 1.5

TaqMan universal master mix II no UNG 10

Nuclease-free H2O 7.5

Primer 1

Total per reaction 20

I a b l e  2.5:  C o m p o n e n t s  o f  I a q M a n  g e n e  e x p r e s s i o n  a s sa y  ani l  v o l u m e s  p e r  wel l .

Each sample was run in duplicate for both the primer o f  the gene o f  interest and the 

internal control 18S (which was used in all cases) and the pre-designed assays that were 

used are listed in Table 2.6. Heat cycles required for PCR were run on Realplex^ 

Mastercycler (Eppendorf UK) and consisted o f  step 1, 95°C for 10 minutes, step 2, 95°C  

for 15 seconds, step 3, 60°C for 60 seconds. Steps 2 and 3 were repeated for 40 cycles and 

the measuring point for the reaction was set at the 60°C step.
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Primer Assay ID

18S H s 9999990l_sl

MMP-9 Hs 00234579_ml

MMP-2 Hs01548724_ml

MMP-3 Hs 00968305_ml

MMP-8 Hs01029057_ml

NOS2 Hs 01075521_ml

NFKBl Hs 00949904_ml

RelA Hs01042014_ml

IKBKG Hs01006763_ml

MMP-9 Rn00579162_ml

IL-IB Rn 00580432_ml

TNF Rn 99999017_ml

1 nb le  2.6:  ( i e n e  s >m bo l s  ani l  a s s a \  IDs  of  1 a q M a n  g e n e  e x p r e s s i o n  a s sa y s  used .  M l  p r i m e r s / p r o b e s  « e r e  
c o m m e r r i a l l y  a v a i l ab l e  a n d  p r e - d e s i g n e d  by  A p p l i e d  Bi osys t ems .  Assa> IDs b e g i n n i n g  « i t h  t he  c o de  Ms a r e  
h u m a n  p r i m e r s  u se d  for  cell  c u l t u r e  e x p e r i m e n t s  a n d  p r i m e r s  wi th  t he  a s sa y  II)  b e g i n n i n g  in R n  a r e  r a t  p r i m e r s  
a n d  used  for  g e n e  e x p r e s s io n  a n a l ys i s  o f  r a t  colons .

Real-Time qPCR data were analysed using realplex 1.5 software. Relative quantitation was 

carried out by the comparative C j (threshold cycle) method. The C j value o f  the gene o f 

interest is compared to that o f  the endogenous control, 18S. This difference is the ACj 

value. Relative quantitation is given by the formula where AACt is the difference

between the ACt value o f a given sample and that o f a reference sample or group such as a 

stimulated group.
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2 .5 . 10 . TaqMan low density array (TLDA) cards

Rat inflammation microfluidic cards (Applied Biosystems) were used to screen the effect 

o f a selected compound on the expression o f 90 different inflammatory related genes ( 

Table 2.8). The cards consist o f 384-well plates that use PCR to measure mRNA levels in a 

given sample. The combined results give a profile o f the expression o f inflammatory genes 

in a sample and comparing groups allows us to observe how interventions can affect the 

expression o f  these genes.

mRNA was isolated from distal colon samples that had been stored in RNAlater solution 

using RNAqueous 4-PCR kit as described previously. The samples were normalised for 

RNA concentration and reverse transcription was carried out as described previously. Each 

card contained 8 loading ports and pre-loaded primers/probes that were repeated 4 times 

per card, as shown in Figure 2.1. Two samples were loaded per card with 150ng o f cDNA 

in each o f the four fill reservoirs which allowed duplicates o f each mRNA. Samples to load 

were prepared in 1.5mL tubes as shown in Table 2.7 but calculated for 4 reservoirs with 

excess. The tube was vortexed and briefly centrifuged to mix and remove any bubbles.

Reaction Component Volume per reservoir (jiL)

cDNA sample (150ng) in nuclease free 50

H2O

TaqMan universal master mix II no UNG 50

Total 100

Tabi c  2.7: M a s t e r  mix and  sample  co mp on e n t s  pe r  reservoi r
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The cards were equilibrated to room temperature prior to opening to prevent condensation. 

lOOfjL o f prepared sample was loaded into each port with care taken not to puncture the 

foil bottom or insert air to the port which is shown in Figure 2.1 along with the card layout.
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Figure 2.1; Layout o f rat in flam m atory a rray card w ith  gene symbols.
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Once filled, the cards were placed in a card holder and placed in buckets (Sorvall) for 

centrifugation. The centrifuge (Quikset, Sorvall) was run twice for 1 minute at 12,000 rpm 

and ramp 3. Centrifugation draws the sample into the wells and resuspends the dried 

primers and probes in each well. The cards were then removed and sealed using an array 

card sealer. The loading ports were cut off and the cards were ready to run on the Viia 7 

(Applied Biosystems) using the default settings for 384-well array cards. Quantitation 

analysis was carried out as described previously using the method relative to a

chosen median animal in the DSS group.

Following relative quantitation, a cut-off point of two-fold up or downregulated was 

chosen. The Venn diagram online software, Venny [321] was used to identify genes that 

were commonly up or downregulated in all animals of the sham and la  treated groups 

relative to the DSS group. This was carried out by inputting the names of genes that met 

the cut-off criteria for each animal in a group and using the diagrams generated to identify 

commonly regulated genes in at least three of the animals within a group. The names of the 

genes identified from the previous step were then cross-referenced for the sham and la  

treated groups using this same Venn diagram method.

The heatmap and correlation matrix were generated using the dChip software [322]. Fold 

change data was organised in a Microsoft Excel sheet with the animal group and 

designation as a column heading and the gene names as row headings. This file was then 

saved at text tab-delimited file and opened using the dChip software using the “Get 

External data” function. The correlation matrix and heatmap were generated using the 

“sample correlation matrix” and “cluster genes and samples” functions respectively.
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Assay ID

Rn00560589_m1 Rn00560650_s1 Rn00709287_m1 Rn00561369_m1 Rn00566691_s1 Rn00566727_m1 Rn00754920_m1 Rn00824646_m1

Rn00562724_m1 Rn00597384_m1 Rn00563172_m1 Rn00563181_m1 Rn00563627_m1 Rn00563742_m1 Rn01442580_m1 Rn00564218_s1

Rn00580896_m1 Rn01483828_m1 Rn00580999_m1 Rn00568820_m1 Rn00820922_g1 Rn01449787_m1 Rn02132919_s1 Rn00573408_m1

Rn01453358_m1 Rn00671828_m1 Rn00587789_m1 Rn00588589_m1 Rn01752908_g1 Rn00709830_m1 Rn01423590_m1 Rn01461082_m1

Rn00561646_m1 Rn00566785_m1 Hs99999901_s1 Rn00566798_m1 Rn00690481_m1 Rn00568881_m1 Rn00690601_m1 Rn99999017_m1

Rn00564227_m1 Rn00694611_m1 Rn01640664_m1 Rn01492348_m1 Rn00565354_m1 Rn00565423_m1 Rn00565482_m1 Rn00565571_m1

Rn01645597_s1 Rn00824628_m1 Ri00577775_m1 Rn00577803_m1 Rn00578261_m1 Rn00578842_m1 Rn01399583_m1 Rn00579419_m1

Rn01754402_g1 Rn01772640_m1 Rn01764022_m1 Rn01773140_m1 Rn01520520_m1 Rn01503878_m1 Rn01410545_m1 Rn01757268_m1

Rn00820615_m1 Rn00562160_m1 Rn01774062_gH Rn00824536_s1 Rn00562282_m1 Rn00709342_m1 Rn00577426_m1 Rn01488161_m1

Rn00565865_m1 Rn00566108_m1 Rn00682353_m1 Rn00755849_m1 Rn01453968_m1 Rn00567751_m1 Rn00587782_m1 Rn01424865_g1

Rn00584362_m1 Rn00585063_m1 Rn00585276_m1 Rn01497055_g1 Rn00586282_s1 Rn00586294_s1 Rn00587127_m1 Rn00587615_m1

Rn01476389_m1 Rn01754645_m1 Rn01427948_m1 Rn01482736_m1 Rn00667869_m1 Rn00821065_g1 Rl99999916_s1 Rn00690933_m1

Gene Symbol

A2m Adrb2 Cacnalc J^3c1 l+hl Itgbl Klk7 Ngfg

Casp1 Bdkrb2 Ak)x5 Anxa3 Vcami Anxal Cacna2d1 Hrh2

Ra2g1b Plgs2 P1a2g2a Cacnald MapkS Cacnb4 Rafr Htr3b

Mapk8 Mapkl Cacnb2 11 r2 Il2rg Tnfrsfib TnfrsfS Ak)x12

Nos2 Rde4b 18S Pde4d Ptedi Plgsl ■n5xa2r Tnf

Icami Plgis I1rl1 Tnfrsfla Rle4a Rgfr inn Anxa5

Ltb4r Rgdr Hsgd Htr3a Bdkrbi Mapkl 4 Nfkbl Rger2

Dpdel Pla2g4c Pigir Klk15 Pla2g2d Lta4h Il1rapl2 Ra2g7

Ton Tbxasi Kngl Adrb1 Rger3 Itgam Rcb4 KIkbl

I2ra Rcg1 I2rb Cesi Rcb3 Plcg2 Pla2g5 Ra2g10

Cd40lg Rcb2 H-h3 Ltc4s Ltb4r2 Cysltrl Reel 113

Klk14 Kgal Itgb2 RGD1561519 Actb Arbp Gapdh F^ia

1 able 2.8; \s s a \ 10  m id gene sym bol fo r the assays pre -lo ad ed  onto the l a q M a n  R at in fla m m a tio n  a rray  cards

2.5.11. Nitrate and nitrite quantification -  modified Griess assay

The Griess assay is a chemical analysis commonly used for determination o f nitrites. The 

Griess reaction is based on the formation o f a coloured azo compound by reaction o f 

sulfanilamide w ith  bicyclic amines such as yV-l-(naphthyl)ethylenediamine (NED) under 

acid conditions [323]. The absorbance o f the azo compound can then be measured. In 

addition, the concentration o f nitrate can also be analysed using the Griess assay by 

treating samples w ith reducing metals such as cadmium and Cd/Cu complex [323-325]. A  

study reported the use o f  Vanadium (III)  for reducing nitrates was better than the metals
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due to its short reaction time and less toxicity [323]. NO is notoriously difficult to measure 

directly owing to the fact that it is a highly reactive gas and so this spectrophotometric 

method was used to measure the nitrate and nitrite in conditioned media which are 

common end point products o f  NO. Combined nitrate and nitrite concentrations would 

serve as an indirect measure o f  NO concentration in the conditioned media.

Nitrate and nitrite standards were serially diluted to a range 200|iM  -1 .6 |iM  in ddHiO and 

200|aL o f  each concentration was added to 12-well plates in duplicate. Nitrate was reduced 

to nitrite with the addition o f  200fiL saturated vanadium (III) solution (400m g VCI3 in 

50mL IM HCl) and then staining o f  the nitrite was carried out with rapid addition o f  

lOOfiL sulfanilamide (2% w/v in 5% v/v HCl) and 100|uiL NED(0.1%  w /v in ddHaO). The 

plate was incubated with rocking for 45 minutes and absorbance was read at X 540nm  

using FLOUstar Optima spectrophotometer and Optima software. Measurement o f  nitrite 

standards were carried out as above with ddHiO added instead o f  VCI3 solution and ddH2 0  

was used as a blank for both sets o f  standards. Conditioned media samples were 

normalised for protein concentration and 200|iL  loaded onto 12-well plates in duplicate for 

both methods described above used to measure the nitrite and nitrate standards. Addition o f  

VCI3 to the conditioned media samples will give a measure o f  total NO 2’ and NOj' given as 

NOx’. Absorbance values at 540nm were measured following addition o f  sulphanilamide 

and NEDD as described previously. Concentrations were calculated by linear regression 

from the standard curves and NO 3' in the samples was calculated by subtracting the N O 2' 

concentration from the NOx’ concentration.
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2.5.12. NF-kB (p65) binding activity

The NF-kB complex exists as an inactive dimer in the cytoplasm when, upon activation it 

can migrate to the nucleus. The binding activity o f the p65 subunit was measured using an 

N F-kB (p65) Enzyme Linked Immunosorbent Assay (ELISA) kit (Cayman Chemicals) 

which first required extraction o f  the nuclear fraction o f the cells. The ELISA plate had a 

specific NF-kB response element coated to the bottom to which any p65 present in the 

nuclear faction would bind to. Following binding, a primary antibody for p65 was added so 

that the p65 was sandwiched between the plate and the antibody. A secondary antibody 

conjugated to HRP was then added to bind to the primary antibody and enable detection. 

The absorbance reading is a measure o f  the amount o f p65 nuclear translocation which is 

the primary level o f N F-kB regulation and thus an indirect measure o f N F-kB pathway 

activation.

2.5.12.1. Nuclear extraction

Extraction o f the nuclear fraction was carried out using the nuclear extraction kit (Cayman 

Chemicals) according to the manufacturer's protocol. Cells were seeded and treated with 

the nitrate-barbiturate compounds in T-25 flasks, pelleted and each resuspended in 5mL of 

ice cold phosphate buffered saline (PBS)/phosphatase inhibitor solution (10% nuclear 

extraction PBS, 88% ddH 20, 2% nuclear extraction phosphatase inhibitors) in pre-chilled 

15mL tubes. The cell suspensions were centrifuged at 300G for 5 minutes at 4°C and this 

step was repeated once. The supernatant was discarded and the cells were gently 

resuspended in 250|aL hypotonic buffer (10% nuclear extraction hypotonic buffer, 2%
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nuclear extraction phosphatase inhibitors, 1% nuclear extraction protease inhibitors, 87% 

ddH20). The suspensions were transferred to pre-chilled 1,5mL tubes and were incubated 

on ice for 15 minutes. 100|iL o f nonidet P-40 assay reagent was added and gently mixed 

with pipetting. The suspension was centrifuged at a pulse spin for 30 seconds at 4°C. The 

supernatant contained the cytosolic fraction and was transferred to a new tube and stored at 

-80°C. The pellet was resuspended in 50|iL ice-cold complete nuclear extraction buffer 

(nuclear extraction buffer, 1% nuclear extraction protease inhibitors, 2% nuclear extraction 

phosphatase inhibitors, 10% lOnM dithiothretinol (DTT), 37% ddHaO). The samples were 

vortexed for 15 seconds and then rocked on ice for 15 minutes. The samples were then 

vortexed again for 30 seconds and rocked on ice for a further 15 minutes. The samples 

were then centrifuged at 14,000G for 10 minutes at 4°C. The supernatant contained the 

nuclear fraction and was aliquoted into clean, pre-chilled tubes and flash frozen at -80°C.

2.5.12.2. NF-kB (p65) transcription factor assay

The protein concentration o f the nuclear extracts was measured as described previously 

and they were diluted to contain the same protein concentration. The 96-well ELISA plate 

which contained a specific dsDNA containing the NF kB  response element (kB site) 

immobilised on the bottom was equilibrated to room temperature with all buffers. Blank 

and non-specific binding wells were loaded with 100|aL o f complete transcription factor 

binding assay buffer (CTFB)(73% ddH20, 25% 4x transcription assay binding assay 

buffer, 1% reagent A, 1% 300mM DTT). Sample and stimulated control wells were loaded 

with 90|.iL o f CFTB followed by lOfiL o f the nuclear extract samples for the sample wells 

and 10|iL o f the transcription factor NF-kB (human p65) positive control provided with the 

kit for the positive control wells. All samples and controls were loaded in duplicate, the 

plate sealed and incubated overnight at 4°C. The following day, the wells were emptied
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and washed five times with 200|iL wash buffer solution (99.7% ddHiO, 0.25% 400x wash 

buffer concentrate, 0.05% tween 20). The NFkB (p65) primary antibody was diluted 1:100 

in antibody binding buffer and 100|uL was added to all except the blank wells and 

incubated for one hour at room temperature without agitation. The wells were then emptied 

and washed five times with 200|^L wash buffer solution. Transcription Factor Goat anti- 

Rabbit horseradish peroxidase (HRP) conjugate was diluted 1:100 with antibody binding 

buffer to make the secondary antibody. lOOfiL of the secondary antibody was then added 

to all except the blank wells and the plate was sealed and incubated for an hour at room 

temperature without agitation. The wells were again emptied and washed five times with 

200|iL wash buffer solution and any residual wash buffer was removed by tapping the 

plate on a paper towel. lOOf^L of transcription factor developing solution was added to 

each well and the plate was protected from light and incubated on a rocker for 15 to 45 

minutes or until a medium blue colour developed. Addition of the transcription factor stop 

solution turned the wells from blue to a yellow colour and the absorbance was measured at 

X 450nm using FLOUstar Optima spectrophotometer.

2.6. Statistical analysis

Analysis of results was carried out using Graph Pad Prism® 5 for Windows (Graph Pad 

software, San Diego, California, USA). All results shown represent n= >3 and analysed 

using a one way ANOVA and Dunnett's post-test where all groups were compared to the 

stimulated control unless otherwise stated. Graphs are presented as the mean ± the standard 

error of the mean (SEM) and statistical significance was judged as a P value of <0.05. A P 

value <0.05, >0.01 is represented as *, P value of <0.01, >0.001 is denoted ** and a P
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value o f <0.001 is denoted as *** where a group is compared to the stimulated group and a 

P value <0.05, >0.01 is represented as #, P value o f <0.01, >0.001 is denoted ## and a P 

value o f <0.001 is denoted as ### where the stimulated group is compared to the sham 

group.
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Chapter 3: Synthesis and in-vitro a s se ssm en t  of barbiturate

based inhibitors.
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3. Synthesis and in-vitro assessment of barbiturate based 

inhibitors.

3.1. Introduction and background

3.1.1. Selective Inhibition of MMP-9

MMPIs have failed in clinical trials due to disappointing clinical efficacy results compared 

to animal trials and dose-limiting side-effects o f MSS; but we can now reflect on how little 

was known o f the complex protease network or the net effect o f inhibition o f certain 

enzymes in a given setting. The trials added MMPIs as co-therapies for patients with 

invasive or metastatic-cancer which may not have been appropriate considering that 

metastasis was already established and also, the genetic diversity o f the disease [37], It is 

now known that the MMPs may play a protective role in tumour progression [326]. Setting 

will be crucial to the success o f MMPIs, and so as we understand more about the 

interactions o f the MMP network and the roles o f individual MMPs in a given disease 

setting, we may be better able to appropriately target them for inhibition. While broad 

spectrum inhibition may be appropriate in certain acute inflammatory settings, selectivity 

may be important in reducing side-effects in chronic inflammatory conditions. 

Understanding that MMP-9 remains an attractive target for inhibition in a variety o f 

inflammatory conditions, our group have synthesised a series o f barbiturate based MMP 

inhibitors with gelatinase selectivity [314],
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The synthesis of compounds for this study were all from the key intermediate barbiturate 

5-bromide, given the designation 3 . This is prepared from 4-hydroxyphenylacetate in four 

steps and had been previously carried out by our group and included in the thesis of Dr Jun 

Wang (Figure 3.1).

Kijjure 3.1:  S \  n t hes i s  o f  b r o m i d e  i n t e r m e d i a t e ,  (i) (  , ,M,,B(C)II)2 , c o p p e r  ( I I )  a c e t a t e .  p \ r i d i n e ,  l ) ( ' M .  r o o m  
t e m p e r a t u r e  ( R l ), 24 h: (ii) ( ( ' 1 1 3 0 )2 (  0 . N a l l ,  d r y  I IIK,  I 05" ( ' .  5  h; (iii) Na .  u r ea .  K t OI I .  100 "( , 7 h;  ( i \ ) B r 2 . 

H B r .  I I 2 O .  0 ' (  . 5 h  | 314 | .

From this intermediate, a series of aminoalkyl nitrate-barbiturates were synthesised along 

with the corresponding group o f aminoalkyl alcohol-barbiturates for comparative purposes. 

The initial synthesis and characterisation of the compounds was carried out by Dr Jun 

Wang but was also completed by myself during the course o f the work.

NO is a crucial second messenger owing to its ability to freely cross biological membranes, 

and its direct or indirect interactions with proteins and lipids to modify their function. The 

exact role of NO in a biological setting is extremely complex but taking advantage of the 

anti-inflammatory role NO may be of therapeutic benefit in certain conditions. NO-hybrids 

have been shown to be of benefit in a range of conditions including inflammation, cancer

83



and cardiovascular conditions [327, 328] but their potential as MMPIs has yet to be 

examined. It is evident that NO has a part to play in the modulation o f MMP-9 but with 

iNOS and MMP-9 genes both activated during inflammation and some overlapping 

pathways, the net effect is difficult to measure in isolation.

3.1.2. Effects of NO on activation of pro-MMP-9

Inflammation leads to concurrent upregulation o f iNOS and MMP-9 [329-331], however, 

the biological outcome o f the crosstalk between these two enzymes is not clear. For a 

detailed review o f pro-MMP-9 activation, see Fridman et al [59], It is also worth noting the 

difficulties in measuring MMP-9 activity. While relative abundance or concentration o f the 

enzyme can be measured using techniques such as Western blot or ELISA, this data does 

not reveal the activity of the enzyme. Gelatin zymography is a commonly used technique 

which can separate the pro and active forms o f the enzyme but a recent review has 

highlighted its limitations in providing true activity information [332]. Incomplete 

refolding o f the enzyme following electrophoresis and dissociation o f endogenous 

inhibitors mean that activity data can only be obtained from gelatin zymography when it is 

combined with a complimentary substrate degradation assay. Let’s first review evidence 

for NO-mediated activation o f MMP-9.

3.1.2.1. NO activates pro-MMP-9

NO could disrupt the Zn-thiolate bond in pro-MMP-9 leading to its activation. There is 

indirect evidence for this in that NO activates TACE, another metalloproteinase [333].
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Furthermore, peroxynitrite has been shown to activate other MMPs [259, 334-336]; the 

free radical can modulate the protein activity through S-nitrosylation o f cysteine thiols 

[337-340], and it may also release Zn̂ "̂  from other Zn-thiolate centres [341, 342],

The effect o f NO on MMP-9 activation in rat retinal neurons was investigated by 

comparing wild-type with nNOS’'"' animals. Increased MMP-9 activation was observed in 

the wild-type rats which was attributed to S-nitrosylation o f the pro-enzyme [343], Co­

localization o f MMP-9 activity and nNOS was also observed in the cortex. The study went 

on to demonstrate that transfected recombinant MMP-9 undergoes S-nitrosylation, and 

thus activation, following incubation with the NO donor S-nitrosocysteine [55], Another 

group working with rat brain astrocytes demonstrated an increase in tyrosine nitration o f 

the MMP-9 enzyme by co-immunoprecipitation, corresponding to an increase in enzyme 

activity following iNOS induction. Inhibition o f  iNOS using siRNA or L-NAME 

significantly reduced nitrate accumulation and potential MMP-9 activity as measured by 

gelatin zymography [344], A biphasic regulation o f MMP-9 activity has been demonstrated 

in ANA-1 cells and the trend replicated in purified pro-MMP-9 enzyme where lower 

concentrations o f spermine NONOate (SPERNO) resuh in activation o f the enzyme and 

higher concentrations o f NO cause inhibition [345].

3.1.2.2. NO indirectly activates MIVIP-9

It is argued that these experiments do not provide direct evidence for NO S-nitrosylation o f 

the prodomain or direct activation o f the cysteine switch in-vivo. During periods of 

prolonged inflammation, where large amounts o f NO are produced by iNOS, there is a 

corresponding increase in oxidative species. The reaction o f NO with superoxide anion to 

yield peroxynitrite is key in mediating many o f the pro-oxidant and toxic effects o f NO
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[346], Peroxynitrite generation could be the mechanism through which NO may indirectly 

activate pro-MMP-9 as has been shown for other MMPs [259, 347, 348]. Inhibition o f 

iNOS and superoxide generation resulted in an inhibition o f potential MMP-9 activity as 

measured by zymography, however; no experiments were carried out to ascertain whether 

the observed activity was as a result o f decreased protein synthesis or inhibition o f protein 

activation [349]. A study on term placentas o f type II diabetic patients showed that an 

increase in potential gelatinase B activity measured by zymography was associated with 

nitration o f the enzyme by peroxynitrite [350]. Purified pro-MMP-9 was shown to be 

activated by peroxynitrite and to a much greater extent by GSNO2, a product o f the 

reaction o f glutathione and peroxynitrite. As well as increased substrate digestion, 

evidence o f S-glutatiolation o f the pro-domain was shown using radiolabelling and 

MALDI-TOF MS [351]. A rat model o f reperfusion injury showed that a peroxynitrite 

decomposition catalyst reduced MMP-9 activation as shown by gelatin and in situ 

zymography [352]. Although cell surface activation of MMP-9 is likely to be less frequent, 

another proposed mechanism o f the indirect action o f NO on MMP-9 enzyme activation is 

the upregulation o f urokinase plasminogen activator (uPA), which has been shown to 

activate pro-MMP-9 [64]. While S-nitrosocysteine caused mild activation o f  recombinant 

pro-MMP-9, incubation o f DETA NONOate with HBEl or NHBE cell resulted in 

increased uPA mRNA and therefore increased pro-MMP-9 activation [353].

3.1.2.3. NO-mediated inhibition o f IVIMP-9

The above studies provide evidence for NO activation o f MMP-9 either directly or

indirectly; however, there is substantial evidence for an inhibitory role o f NO on MMP-9

activity. For example, endothelial and carcinoma co-cultures showed a marked increase in

potential MMP-9 activity measured by gelatin zymography when incubated with the iNOS
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inhibitor aminoguanidine. To explain the result, purified M MP-9 enzyme was incubated 

with NO donor spermine-NONOate and the NO/superoxide donor SIN-1 which was 

expected to produce peroxynitrite. Both incubations resulted in a significant decrease in 

enzyme activity [354], A very interesting study in this context, suggests that NO does not 

directly modulate pro MMP-9 activation. A range o f NO donors; S-nitroso-glutathione 

(GSNO), SPERNO, DETA NONOate (DETA-NO), DEA NONOate (DEA-NO) and S- 

nitrosocysteine (CSNO) were tested on purified pro-MMP-9 enzyme. O f these NO donors, 

only SNOC caused any increase in activity. At high concentrations, DETA-NO inhibited 

gelatinase activity measured using a fluorescent substrate. While the compounds produced 

different modifications to a synthetic pro domain, these alterations were deemed to be 

unrelated to enzyme activation. The NO donors were incubated with the active form of 

MMP-9 and again, DETA-NO was found to markedly inhibit enzyme activity which was 

unrelated to cysteine switch activation or other oxidative modifications to the enzyme

[355] and presumably due to interactions at the active site.

While activation o f pro-MMP-9 by NO seems plausible, it has not been conclusively 

proven in an in-vitro or in-vivo setting. Variation in observations may be accounted for by 

the use o f different NO donors with differing release properties and NO flux and duration. 

The use o f S-nitrosocysteine as a surrogate o f endogenous NO has also been questioned

[356]. The above studies show that direct activation o f pro-MMP-9 by NO is possible. The 

effect on MMP-9 is concentration dependent with a trend o f increased activity at low 

concentration and inhibition at higher concentrations. The biological relevance o f this 

observation remains to be determined as the presence o f other oxidants and known MMP-9 

activators are likely to be more salient in-vivo. The actions o f NO in regulation o f  MMP-9 

distribution and expression are expected to provide a greater net contribution to MMP-9 

activity.
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3.1.3. Effect of NO on MMP-9 release and distribution

Following synthesis o f pro-MMP-9 enzyme, activation is dependent on its release from the 

cell and availability o f activating agents. Once activated, the effect that the enzyme will 

exert is dependent on its distribution at the cell surface, in the extracellular milieu or even 

within the cell. Its gelatinolytic activity is therefore affected by cell surface associations, 

internalisation or other protein interactions. As generalised proteolysis is seen as 

counterproductive for cell migration, interaction with rcceptors, adhesion sites and invasive 

protrusions may have developed to allow local effective concentrations o f active MMP-9 

and directed ECM degradation [354, 357].

Following its release, surface associated MMP-9 has been identified in a variety o f 

biological systems under both physiological and pathological conditions including 

neutrophils [358], endothelial cells [359-361], myocardium [330, 362-364], keratinocytes 

[365], breast epithelial [359, 366], breast cancer [367], pancreatic cancer [368], ovarian 

cancer [369], prostate cancer [370], fibrosarcoma [371, 372], and mouse mammary 

carcinoma cells [373]. It has been proposed that the affinity o f the gelatinases for collagen 

IV, specifically through the a2 (IV) chain may cause the ECM to act as a reservoir for the 

enzymes which become activated by inflammatory cells. Other interactions with CD44, 

RECK and LRP proteins have been shown to cause surface localisation, inhibition and 

internalisation respectively. These interactions have demonstrated an additional, complex 

layer o f MMP-9 regulation which can direct the activity o f the enzyme and are the subject 

o f other reviews [59, 374]. Here we will focus on interactions that NO is reported to 

influence.
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Treatment o f neonatal rats subjected to hyperoxia with L-NAME, an inhibitor o f NOS, led 

to increased activity o f MMP-2 and MMP-9 in lungs [329], The latter effect could reflect 

the inhibitory effects o f NO on the release o f these gelatinases from leukocyte gelatinase 

granules [329, 375], as well as from human platelets [376],

In a study investigating the effect o f doxycycline on neutrophil degranulation and MMP-9 

release, nitro-glycerine (GTN) caused a reduction in the MMP-9 activity in the cell 

supernatant, even though microscopy revealed that degranulation had occurred. Most o f 

the MMP-9 activity was found to be associated with the cell pellet and so it was 

hypothesised that nitrate caused increased cell surface association o f the enzyme [298].

Migrating trophoblasts have been shown to express MMP-9 in a manner regulated by NO 

[377]. The motile cells actively redistribute iNOS to the leading migrating edge o f the cell. 

Interestingly, MMP-9 was found to be co-localised with iNOS at the lamellopodia and to 

be crucial for cell invasion. This group postulate that the co-localisation is either NO- 

mediated S-nitrosylation and activation o f the pro-M MP-9 enzyme, or else a possible 

effect on the release or distribution o f the enzyme [378]. In either case, the directed 

generation o f NO and thus MMP-9 activity establishes a further role o f NO in the 

distribution o f active MMP-9.

The activity o f  MMP-9 in colon cancer cell lines is inhibited by cGMP analogues as shown 

by immunoblotting and gelatin zymography. It was discovered that this inhibition is not 

caused by a decrease in mRNA levels but by a compartmental redistribution o f the enzyme 

leading to a tenfold increase in intracellular MMP-9 shown by flow cytometry [379].

Caveolin-1 (Cav-1) is a scaffold protein believed to play a role in survival and invasion o f 

certain cancer types. While its exact role is poorly understood, it seems to act as an 

oncogene in some cancers [380-382] while playing the role o f a tumour suppressor in
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others [383-386], In a model of hepatocellular carcinoma, overexpression of cav-1 resulted 

in an increased expression of MMP-9 [387], Conversely, a breast cancer model shows that 

MMP-9 activity is reduced in cells expressing cav-1 while cell lysates showed no alteration 

in endogenous expression of the enzyme. It has been suggested that cav-1 mediates an 

alteration in the secretion of the gelatinase [388], Interestingly, caveolin also plays an 

important role in regulation of NOS [389], In this context. Philips and Bimby studied the 

interactions of NO with MMP-9 and cav-1 using an endothelial and lung carcinoma cell 

co-culture model. Treatment with an iNOS inhibitor resulted in strong co-localisation. This 

localisation is believed necessary for optimum activation of MMP-9 but is abolished in the 

presence of an NO donor [354].

Activation of pro-MMP-9 by other MMPs such as MMP-2, MMP-7 and MMP-13 is likely 

to be a cell surface event as these enzymes associate with the cell surface. One activation 

cascade described for MMP-9 involves the activation of plasmin from plasminogen 

following binding of the urokinase plasminogen activator (uPA) to the urokinase 

plasminogen activator receptor (uPAR) which is on the plasma membrane. Activated 

plasmin can activate pro-MMP-3 which can in turn activate pro-MMP-9 [390]. This 

cascade offers the cell an opportunity to control the distribution of activated MMP-9 and 

directed proteolysis. There is evidence that NO can increase expression of uPAR but 

inhibit the expression of uPA [353, 391, 392] and so the net effect on the distribution of 

active MMP-9 is not clear.

Localisation of MMP-9 has been demonstrated to represent another layer o f regulation on 

its activity and NO is implicated in this regulation. Increasing concentration of NO will 

increase the internalisation or cell surface association of MMP-9 which may occur through 

interaction with CD44 or collagen IV. NO can also regulate the expression and activation
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of MMP-9 activating factors including other MMPs, cav-1 and uPA which will affect the 

distribution o f the active enzyme.

3.1.4. Effect of NO on expression of MMP-9

MMP-9 is an inducible enzyme and is transcriptionally upregulated in response to various 

pro-inflammatory cytokines, physical interactions with other cells or the ECM through 

integrins and adhesion molecules and mechanical or physical stresses as discussed 

previously in section 1.1.2.1. This will trigger signalling cascades such as the MAPK or 

NF-kB leading to an increase in MMP-9 gene transcription.

Although the effects o f NO on MMP-9 expression have been studied by a number o f 

investigators there is no agreement if  NO promotes or reduces the expression o f MMP-9. 

The following section reviews this conundrum by presenting the studies where NO has 

been reported to inhibit MMP-9 expression and those where it has been shown to promote 

it.

3.1.4.1. NO inhibits MIVIP-9 Expression

Several studies report an inhibitory effect o f NO donors on MMP-9 mRNA compared with 

stimulated controls [393-399]. Consistent with these observations are reports that in similar 

cell culture models, NOS inhibitors, which reduce NO availability, increase MMP-9 

expression [393, 394, 400, 401]. The change in mRNA concentration appears to be 

dependent on the concentration o f the NOS inhibitor or NO donor used, however, a 

biphasic regulation has been demonstrated where the increase in MMP-9 expression
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following incubation with the NOS inhibitor L-NMMA peaked at 0.5 mM (approximately 

1250ng NOx/ mg protein). Further increase in concentration o f the inhibitor resulted in a 

decrease in mRNA until it reached control levels at 5 mM (approximately 500ng NOx/mg 

protein) [402], An indirect role o f NO in MMP-9 expression is through its ability to inhibit 

platelet aggregation [403]. This inhibition will prevent platelet aggregate mediated increase 

in MMP-9 expression [404-406]

3.1.4.2. NO promotes MMP-9 Expression

In several studies, incubation o f cells v/ith NOS inhibitors caused an inhibition o f MMP-9 

expression suggesting a promoter roll for NO [353, 407-409]. In a rat model o f 

atherosclerosis it was reported that MMP-9 was induced to a greater extent in iNOS '̂^  ̂

rather than iNOS animals indicating that NO increases MMP-9 expression [410]. As 

discussed previously, the effects o f NO donors on MMP-9 expression may also be 

concentration dependent, as seen with a biphasic response to DETA-NONOate [353]. In 

this study, low levels o f the NO donor (lOfiM) resulted in increased gene expression; 

however, higher concentrations (100-500|iM ) had the opposite effect. The biphasic 

response may be attributed to peroxynitrite following reaction with superoxide. In an 

ischemic-reperfusion injury model, peroxynitrite was found to increase the expression o f 

MMP-9, an effect that was inhibited by NOS inhibitor L-NAME [411, 412]. A study on 

amyloid beta degradation in Alzheimer’s disease found that NO increased MMP-9 

expression both in-vitro and in-vivo [413], Further evidence o f the complex indirect role o f 

NO on MMP-9 expression was shown in a similar model where Cav-1 inhibited MMP-9 

activity. L-NAME and iNOS null mice showed that NO decreased Cav-1 expression and so 

increased MMP-9 activity [414, 415].
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3.1.5. Understanding the interactions of NO and MMP-9

The role o f NO in the regulation o f MMP-9 has been the subject o f intense study over the 

previous two decades and the models used have spanned several cell types and disease 

states. The conflicting results o f the studies presented represent the dual nature o f NO at 

almost every level o f MMP-9 regulation. In making sense o f the apparent contradiction in 

the results, it is crucial to first understand the role o f concentration in this biphasic nature 

o f NO. As stated previously, NO effects are often separated into cGMP dependent, which 

tend to occur at lower NO flux, and cGMP independent, occurring at higher 

concentrations. These cGMP independent effects are often mediated by formation o f 

peroxynitrite [262, 263, 271, 272], leading to direct reaction with proteins to alter their 

function through S-nitrosylation, tyrosine nitration or oxidisation [273]. The potent 

oxidant, peroxynitrite will often exert an opposite effect to that o f NO [262, 263, 274-276]. 

The balance o f  these reactions will, in certain cases, give rise to a threshold in 

concentration, beyond which the role o f NO may change. To further complicate this 

concentration-dependent role o f NO, effects will also be cell- and environment-specific 

depending on the presence o f  endogenous antioxidants [277] and other genes involved in 

regulating a given response.

Through studies with recombinant pro-MMP-9, activation o f the zymogen by NO donors

has been demonstrated. Other studies have shown that this effect is dependent on the donor

used and that higher concentrations o f  NO may in fact inhibit enzyme activity through

interaction with the active site. The overall relevance o f these findings in an in-vivo setting

remains to be determined. NO also directs proteolysis by MMP-9 by affecting local

activity through increased cell surface association, directed distribution, internalisation or

modulation o f pro-MMP-9 activating factors. Regulation o f MMP-9 expression by NO is a
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concentration dependent event with a trend o f increased expression at low NO 

concentration and downregulation at higher concentrations o f NO. This trend may not hold 

for all cell types and will depend on the stimulating factors and so, the transcription factors 

involved in the expression. Activity o f NF-kB and cGMP are both increased at low NO and 

inhibited at high NO concentration and so follow this observed trend. Increasing levels o f 

NO will also reduce MMP-9 expression through a decrease in mRNA stability. A summary 

o f these studies is set out in Table 3.1.

94



Cell l ine/ S train  S t im u la t in g  Incubation
Factor t ime

N O  conc. N O  d o n o r /  iN O S  
inh ibitor

O b ser ved
effect

Ref.

nN O S and 
wild type rats

Purified M M P-9

nNOS-'- and 
w ild type rats

Rat Brain 
A strocyte cells 
RBA-1.

Focal cereberal 
ischem ia and 
reperfiision

intravitreal 
injections o f  
N M D A  and 
glycine 
Endothelin-1

0-25 hours

0-12 hours

16 hrs

N A

NA

N A

=50%  
reduction in 
NO. relative 
to ET-1 
induced levels 
with L- 
N A M E 
lOOnM

nNOS-'-or3-
brom o-7-
nitroindazole
S-
nitrosocysteine

nN O S‘̂ ‘ vs wild 
type rats

L -N A M E (1 ,
10, 100nM )and  
iNOS siRNA

iM M P -9  
com pared to 
controls 
tac tivation  
com pared to 
controls 
jM M P -9  
com pared to 
controls

[55]

[55]

[343]

Dose dependent [344] 
reduction (up to 
10 fold) in 
M M P 9 activity

[345]ANA-1 INF-y, LPS, 4 hrs 50nM N O /sper I at <50nM  and
m acrophage L-arginine 1 at higher

concs
Lewis and A llogenic 24 hrs I400W  (N-(3- i  M M P-9
B row n-N orw ay (Brown Norw ay (A m inom ethyl) activity
rats to Lewis) benzyl)

heterotopic acetam idine
cardiac (selective iNOS
transplantation inhibitor)

HU V EC, NCI- AM PA 16hrs am inoguanidine t  activity
H I5 7 , squam ous lOOuM follow ing
carcinom a (SQ); incubation with
N C I-H 125, am inoguanidine
adenosquam ous
(AS); and N CI-
H522,
adenocarcinom a
(AD).
Purified AM  PA 6hrs 5 o r 10 sperm ine- Dose dependent
recom binant nm ol/m in (for NO N O ate (0.5 inhibition
M M P-9 0.5 and 1 |iM and l |iM ) or follow ing

sperm in- SlN-1 (20nM . incubation with
NONOate). 200nM . and the N O  donors.
3 0 n M N O 2m M )
from lOOuM
SIN -I

Purified 0-2 hrs GSNO, SPER - DETA
recom binant N O , DETA N O N O ate or
M M P-9 NO N O ate, Sper-NO -

DEA- J,activity at high
N O N O ate,SN O concentration.
C S N O C - t

activity

Rat glom erular IL -ip 36hrs SN AP (up to C onc dependent
m esangial cells Im M ol/L) ]. inhibition (up

to 90% )
M D A -M B-231. TPA 24hrs 9 DETA-NO. C onc dependent
M CF-7 SNAP or inhibition, (max

Sperm ine-NO at 500 |iM )
(500nM )

Rat prim ary LPS 48hrs D onors o f SN AP or SNP I  M M P 9
astrocytes lOOuM (max expression

inhibition)
NH BE, H B E l. 1L-1(3. INF-y, 24hrs sperm ine Dose dependent
C F T 1,A 549 T N F-a NO N O ate. 1 with SNAP

DETA and GSNO.

[349]

[354]

[354]

[355]

[393]

[395]

[394]

[396]
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NONOate. SIN- 
1. SNAP GSNO

RA-SMCs of 
Sprague Dawley 
rats

NIH/3T3 cells

lL -ip(2ng/m l)

Thapsigargin- 
induced store- 
operated Ca^^ 
entr>'

24hrs 2 to six fold 
increase in 
NO.

DETA
NONOate (0.1- 
500 nM)

SNAP (200 ^M)

Dose dependent 
|in  MMP-9 
activity and 
expression 
iin  MMP-9 
activity

[397]

[398]

VSM from male 
Wistar rats

IL -ip(5ng/m l) 24hrs DETA
NONOate (500
m

iin  MMP-9 
activity and 
expression

[399]

Rat glomerular 
mesangial cells

IL -ip(2nm ol) 48hrs L-NM M A(0.3-
5mM)

Cone dependent 
t  in expression 
and activity.

[393]

Rat primar\' 
astrocytes

LPS 48hrs 7|iM o f nitrite L-NAME
(lOOuM)

t  M M P9 
expression

[394]

Rat Aortic SMC IL -ip 48hrs approximately 
50ng NOj/mg 
protein

L-NMMA
(50nM)

5 fold t  in pro 
MMP-9 mRNA

[400]

Rat aortic 
smooth muscle 
cells from 
Sprague Dawley 
rats

IL-ip (2ng/ml) 48hrs i  to 8.2 NO, 
(ng/mg of 
protein)

aminoguanidine
(0-5mM)

Cone
dependent. Up 
to 155%t in 
mRNA

[401]

Rat infrarenal 
aorta tissue

IL -ip 72hrs approximately 
I250ng/mg 
protein (at 
max increase)

L-NMMA I at <0.5mM 
and j, at higher 
concs

[402]

NHBE, HBEl Linear scratch 
in the cells

24hrs approximately 
14.1 -3 89 .1  
HM NO^

DETA
NONOate (10- 
500nM)

t  expression at 
<10nM and j. at 
higher concs

[353]

C 57BL/6i>iO S' 
■. Murine 
neutrophils and 
macrophage

Hepatic 1/R 
injur>’. IL-6, or 
INF-’y

24hrs iNOS ‘ ONO-  
1714

iNOS inhibition 
i MMP-9 
activity.

1407]

Rat Aortic 
Vascular SMC 
(A7r5)
WiDR

INF-Y, LPS, 
PMA

12hrs

8hrs

L-NAME
(300nM)

SNAP

Inhibition to 
near control

1 expression

[408]

[409]
l i i b l c  3.1:  S tu d ie s  o f  t h e  ef fec t s  o f  N O  on  i i c t i \ : i t iun o r  e x p r e s s i o n  o f  M M P - 9
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3.2. Results

3.2.1. Synthesis of nitrate-barbiturates

Synthesis o f the nitrate-barbiturate compounds required the commercially available 

aminoalkylalcohols side-chains to be converted to the corresponding nitrates and is laid out 

in Figure 3.2.

H

HO' OH
4a

OH

4b

OH
HN

4c

HN

4d

,OH
HN

4e

HN
OH

4f

H 2 * N 0 3 -  

. N .  / V
O2NO ^  ^  ONO2

3a

H 2*N 03"
.N,

ONO,
3b

-ONO,
HN̂  ̂ ^N-

3c

HN

3d

HN

3e

ONO,

ONO,

ONO,
3f

F i g u r e  3.2:  P re p i i r i i t i on  o f  t he  n i t r a t e  s i d e - c h a i n s  u s i ng  t he  c o m m e r c i a l l y  a v a i l ab l e  c o r r e s p o n d i n g  a l cohol s ,  i) 
D ( M .  f u m i n g  n i t r i c  a c i d ,  - l() ' ’C , 0.5 h. ii) ace t i c  a n h \ d r i d e ,  15 min .
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Synthesis o f the barbiturate-aminoalkylalcohols involved substitution o f the bromine on 

the intermediate ( i)  with the commercially available aminoalkylalcohol side chains (Figure 

3.3). The nitrate-barbiturates were synthesised under the same conditions with the nitrate 

side chains.

3

P h - 0 P h - 0

1 , 2

OR

/   ̂ 1a R=NOj
V  2a R=H

OR

X=

OR

CH,

1b, R=NOj 
2b. R=H

N N-
-O R

1c, R=N0 2  

2c, R=H

-OR

■N '—  i d  R^NOi
2d R=H

— N

OR

1e R=N02 
2 e  R=H

If R=NO
2f R=H

F i g u r e  3.3:  P r e p a r i i t i o n  o f  5 - p h e n o \ y p h e n y l  b a r h i t u r a t e - S - i i m i n o a l k y l  n i t r a t e s  ( l a- f )  a n d  a m in o a l k >  la l cohol s  (2a-  
f): I) K t 3 \ .  M e O I I .  R T ,  24 h | 3 I 5 | .

3.2.2. Effect of the nitrate-barbiturate compounds on cell viability 

3.2.2.1. MTT assay

In order to determine the toxicity o f the compounds and a dose at which they could be 

effectively used, MTT assays were carried out in conjunction with Dr Jun Wang and Dr
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Shona Harmon. This was performed at a range o f concentrations in Caco-2 and HT1080 

cell lines.

mitochondrial 
enzymes 

 ►
N HN

purple

Br
+ N -N

yellow

F i g u r e  3.4:  C lea v a g e  o f  M i l  hy m i t o c h o n d r i a l  enzy me s  to  c a u s e  t h e  c o n v e r s i o n  f r o m  a \  el low to p u r p l e  co l ou r .

This widely used cytotoxicity assay uses the ability o f mitochondrial enzymes in viable 

cells to reduce MTT (3(4,5-dimethylthiazol-2-yl)-2,5-dipenyltetrazolium) bromide) to 

produce formazan crystals which can be seen as a colour change from pale yellow to 

purple (Figure 3.4).
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F i g u r e  3.5:  M i l  a s sa y  o f  n i t r a t c - b a r b i t u r a t c  c o m p o u n d s  ( l a - f ) '  I be log c o n c e n t r a t i o n  o f  t he  c o m p o u n d  (^iM)  is 
p l o t t e d  a ga i n s t  t he  %  o f  cell su r >i va l .  C o m p o u n d s  w e r e  t es ted  a t  a r a n g e  o f  c o n c e n t r a t i o n s  a t  I h o u r  a n d  24 h o u r s  
a n d  in C aco-2  a n d  H 1 1080 celt  l ines.

It was observed that the Caco-2 cells were less sensitive to the cytotoxic effects of the 

compounds than the HT1080. As seen in Figure 3.5, Caco-2 cells showed almost complete 

survival at 24 hours when incubated with the nitrate barbiturate compounds at lOjaM and 

this was chosen as the maximum dose at which to carry out experiments with the 

compounds. Compounds Ic, Id  and I f  were more toxic than the other nitrate-barbiturates 

in both cell lines and Caco-2 cell viability reduces rapidly with increasing concentration 

above 10|iM for these compounds.
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Ki gurc  3.6:  M I T  assa> o f  a l c o h o l - b a r b i t u r a t e  c o m p o u n d s  (2a-f) .  L o g  c o n c e n t r a t i o n  o f  t h e  c o m p o u n d s  ( f i M)  is 
p l o t t e d  a g a i n s t  %  cell  su r v i va l .  1 he  c o m p o u n d s  w e r e  t e s t e d  a t  a r a n g e  o f  c o n c e n t r a t i o n s  a t  24 h o u r s  in C a c o - 2  a n d  
H I 1(180 cell  l ines.

The alcohol-barbiturate series of compounds were tested at 24 hours in Caco-2 and 

HT1080 cell lines (Figure 3.6). As a group, the non-nitrates were less toxic to the cells than 

the corresponding nitrate-barbiturates; however, 2a caused the greatest reduction in the % 

cell survival in both Caco-2 and HT1080 cell lines. Cell survival was approximately 25% 

and 20% for Caco-2 and HT1080 at lO^iM.
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3.2.2.2. Annexin V flow cytometry

Flow cytomertry was carried out in Caco-2 and HT1080 cells in conjunction with Dr 

Shona Harmon to ascertain whether the nitrate compounds induced apoptosis or caused 

necrosis. Annexin V can bind to phosphatidylserine (PS), a phospholipid that that becomes 

exposed on the cell surface in early apoptosis [318] to determine induction o f apoptosis. PI 

is a nuclear stain and so positive staining indicates late apoptosis or necrosis

APC Annexin V Red-A APC Annexin V Red-A APC Annexin V Red-A

APC Annexin V Red-A APC Annexin V Red-A APC Annexin V Red-A

APC Annexin V Red-A

I ' ig i i rc  3.7:  R e p r c s c n l a t i v c  t r a c e s  f r o m  a n n e x i n  \  f low c \ t o n i c t r \  a n a l ys i s  wi th  n i t r a t e - b a r h i t i i r a t e  c o m p o u n d s  at  
lOfiM in (  aco-2  ccl ls a f t e r  24 h o u r s .  I’ r o p r i d i u m  i od i de  is s h o w n  on  t he  N axi s  a n d  a n n e x i n  \  on  the  \  axi s .  Kr om 
top  left pa n e l ,  u n t r e a t e d  cel ls ( con t ro l ) ,  l a .  Ih .  Ic.  I d .  le.  If.  W i t h i n  e a c h  pane l ,  b o t t o m  left ( Q 3 )  s h o w s  h e a l t h y  
cells,  b o t t o m  r i gh t  ( Q 4)  s h o w s  e a r l \  a p o p t o t i c  ccl ls,  t op  r i gh t  ( Q 2 )  s h o w s  n e c r o t i c  cclls.
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The nitrate-barbiturate compounds at 10|iM showed no effect on Caco-2 cells as measured 

by annexin V flow cytometry. Most of the cells stained negative for PI and annexin V and 

were found in the Q3 quadrant indicating healthy cells (Figure 3.7).
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F i g u r e  3.8:  H i s t o g r a m  o f  a n n e x i n  \  How c y t o m e t r y  in C' aco-2 cells,  ( e l l s  w e r e  t r e a t e d  w i t h  t he  n i t r a t e - b a r h i t i i r a t e  
c o m p o u n d s  for  24  h o u r s .  D a t a  a r e  e x p r e s s e d  as  t h e  p e r c e n t a g e  o f  t o t a l  cel ls in a g iven  q u a d r a n t  f o l lowing  
t r e a t m e n t  wi th  n i t r a t c - b a b i t u r a t e s  (I  a- f )  lOf iM.  c o n t r o l  ( u n t r e a t e d ) ,  o r  D M S O  ( 1 % )  w h e r e  q u a d r a n t  2 ( r e d )  
r e p r e s e n t s  cells in l a te  a p op t os i s / n e c r o s i s ,  q u a d r a n t  3 ( g re e n )  r e p r e s e n t s  h e a l t h y  cel ls a n d  q u a d r a n t  4 ( bl ue )  
r e p r e s e n t s  cells in e a r l y  ap op t os i s .

Compound la  had the highest number o f healthy cells with 81% compared with 83% of 

untreated control cells. Compound lb  had the lowest number of healthy cell at 73%.

103



10  ̂ 10  ̂ 10* 10® 

APC Annexin V Red-A APC Annexin V R e d -A

CN wfT' *
*  '■uBBBBHIBe^^^^^H

10̂  10  ̂ 10* 10® 

APC Annexin V  R ed-A

° ~ R

1 0 ^  1 0 ^  1 0 ^  ID ®  

APC  Annexin V R e d -A

il^  io’  10* 10®
APC Annexin V R ed -A

o * Bffp

li^  10* 10®
APC Annexin V R e d -A

10̂  10  ̂ 10* 10® 
APC Annexin V  Red-A

I ' igu re  3.‘): Representative traces f rom  annexin \  f low  cy tom etry  analysis «  ith n i t ra tc -b a rb i t i i r a te  compounds at 
lO ^ M  in i n  1080 cells a f te r  24 hours. P ro p r id iu m  iodide is sho\>n on the N axis and annexin V on the \  axis. I.eft 
to r igh t ,  f rom  top left panel, untreated cells (con tro l) ,  la. lb ,  le. Id . le. I f .  i th in  each panel, bottom left (Q3) 
shows healthy cells, bottom r ig h t  (Q4) shows early apopto t ic  cells, top r ig h t  (Q 2)  shows necrotic  cells.

Similar results were observed fo llow ing treatment o f HT1080 cells w ith the nitrate- 

barbiturates at 10|^M (Figure 3.9). 93-96% o f control cells or cells treated w ith any o f the 

compounds were detected in the healthy quadrant (Figure 3.10).
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l- igure 3.10: Histogram o f iinncxin \  flow cytom etry in I I 11080 cells. Cells were treated w ith  the n itra tc - 
barh itu ra te  compounds fo r 24 hours. Data are expressed as the percentage o f tota l cells in a given quadrant 
fo llow ing treatm ent w ith  n itra te-bahiturates (I a -0  lO jiM , contro l (untreated), or DMSO (1% ) where quadrant 2 
(red) represents cclls in late apoptosis/necrosis. quadrant 3 (green) represents healthy cells and quadrant 4 (blue) 
represents cclls in early apoptosis.

From the results o f the M TT assay and the annexin V  flow  cytometry, we were satisfied 

that the compounds had Uttle or no effect on the v iab ility  o f H T 1080 and Caco-2 cells after 

24 hours when used at 10|iM .

3.2.3. Effect of nitrate-barbiturate compounds and corresponding non­

nitrates and nitrate side-chains on the expression and activity of MMP- 

9

Preliminary work on the ability o f the compounds to inhib it the gelatinases was carried out 

by D r Jun Wang and has been previously published [315]. IC 50 values were calculated
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following incubation o f  the compounds with recombinant MMP-2 and -9. Activity o f  the 

enzyme was measured by their ability to digest a fluorescently labelled substrate.

IC50 (nM) IC50 (nM)

MMP-2 MMP-9 MMP-2 MMP-9

la 328

(273-395)

91

(63-131)

2a 3.8

(2.6-5.7)

26

(21-32)

lb 53

(43-65)

48

(38-60)

2b 24

(15-36)

145

(110-191)

Ic 149

(129-171)

92

(71-118)

2c 7.3

(5.3-9.9)

8.1

(7-10)

Id 158

(125-199)

152

(120-193)

2d 10

(7.5-14)

12

(7 .7 -1 9 )

le 219

(174-274)

212

(170-266)

2e 66

(51-86)

97

(81-115)

If 179

(155-208)

104

(77-140)

2f 15

(9-26)

6.2

(4-9)

l a b l c  3 . 2 :  I (  51, v a l u e s  ( t i M )  w i t h  ‘) 5 %  c o n f l d c n c c  i n t e r v a l  f o r  n i t r a t e - b a r b i t u r a t e  h \ b r i d s  ( l a - f )  a n d  a l e o h o l -  
b a r b i t u r a t e s  ( 2a - f ) -  A c t i v a t e d  r e c o m b i n a n t  M M P - 2  a n d  - 9  w e r e  I n c u b a t e d  w i t h  t h e  c o m p o u n d s  f o r  3 0  m i n u t e s  a t  
3 7 ° C .  F o l l o w  inj ;  a d d i t i o n  o f  t h e  s u b s t r a t e ,  l l u o r e s c e n c e  w a s  m e a s u r e d  ov e r  t i m e  a n d  t h i s  c h a n g e  w a s  c o m p a r e d  to  
t h e  u n i n h i b i t e d  e n z y m e  t o  c a l c u l a t e  t h e  %  I n h i b i t i o n .  T h i s  w a s  r e p e a t e d  f o r  a r a n g e  o f  c o n c e n t r a t i o n s  a n d  t h e  IC'?,, 
is g i v e n  f r o m  t h e  s i g m o i d a l  d o s e  r e s p o n s e  c u r v e  a f t e r  p l o t t i n g  ”/o i n h i b i t i o n  \ s  l og  c o n c e n t r a t i o n .
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From the IC5 0  values in Table 3.2, the nitrate-barbiturates have a general selectivity for 

MMP-9 over MMP-2 as seen by the lower values. This trend is not held for the alcohol- 

barbiturates where the IC5 0  values are similar for both the gelatinases or else a preference 

for MMP-2 as in the case for 2a and 2b. When directly comparing the two groups, it is 

interesting to note that the alcohol-barbiturates have lower IC5 0  values for MMP-9 with the 

exception of 2b. This shows that addition of the nitrate group can reduce the ability of the 

compounds to bind the active site of MMP-9.

In order to test the ability of the compounds to inhibit MMP-9 in a model of intestinal 

inflammation, the human epithelial colon cell line, Caco-2 cells, were stimulated for 24 

hours by pro-inflammatory cytokines TNF-a and IL-ip at lOng/ml. Any compounds tested 

were added to the cell media 30 minutes prior to adding the cytokines. This model was 

chosen as these cytokines are known to be upregulated in IBD and trigger the 

inflammatory response represent a realistic stimulus. The time and concentration used are 

based on previously published results where MMP-9 was shown to be increased in 

response to these cytokines but not to LPS [416, 417], This model of MMP-9 stimulation 

was used in all subsequent experiments.

3.2.3.1. Effect of the compounds on MMP-9 activity

Gelatin zymography was used to assess the potential activity of MMP-9 in the conditioned 

media following treatment of the cells with the compounds. Proteins in the media are 

separated on gelatin impregnated gels according to size during electrophoresis so that 

MMP-2 and MMP-9 are distinct bands. Washing with Triton-X 2.5% allows refolding of 

the proteins to their catalytic conformation. The gels are incubated in a water bath so that 

the gelatinase enzymes can digest the gelatin in the gels. These regions of digestion are
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visible as clear bands against a dark blue background when the gels are stained with 

coumassie blue. Care is taken when making assumptions following densitometry results as 

incomplete folding of the enzyme results in the pro-form of the enzyme being visualised as 

a lytic band, albeit as a higher molecular weight band. Secondly, the assay takes no 

account of endogenous inhibitors present in the milieu as they would dissociate from the 

active-site [332], Gelatin zymography remains a key technique in the study of the 

regulation of MMP-9 [38], From our experiments, addition of cytokines to the cell model 

increased the observed activity of MMP-9; however MMP-2 remained unaltered.

nitrate- barbiturates lOOnM nitrate-barbiturates lÔ IVI
150

Kigi i re 3.11:  ( i e l a t i n - z y m o g r a p h y  o f  c o n d i t i o n e d  m e d i a  f r o m  C a c o - 2  cel ls t r e a t e d  wi t h  t he  n i t r a t e - b a r b i t i i r a t e  
c o m p o u n d s  ( I a- f )  ( lOOnM a n d  lOj iM)  a n d  c y t o k i n es  ( I N F - a  a n d  I L - i p ,  l Ong/ml )  f o r  24 h o u r s .  C y t o k i n e  
s t i m u l a t e d  cells a l o n e  a r e  r e p r e s e n t e d  as  s t i m u l a t e d  a n d  s h a m  g r o u p  r e p r e s e n t s  u n t r e a t e d  cells.  I he d e n s i t o m e t r y  
r esu l t s  o f  t r a c e  m m  \  i n t ens i ty  a r e  n o r m a l i s e d  to t he  s t i m u l a t e d  g r o u p  for  e a c h  r ep l i ca t e .

The nitrate-barbiturate compounds had little effect at 1 OOnM for most of the compounds 

(Figure 3.11). Id  caused a 15% reduction in MMP-9 potential activity at lOOnM compared 

to stimulated cells which was statistically significant when a paired t-test was carried out 

(P = 0.0279). A greater inhibition was observed overall when the compounds were used at

108



lOfiM (Figure 3.11). I f  gave a statistically significant result when analysed using ANOVA. 

If a paired, two-tailed t-test is used, many of the observed inhibitions reach statistical 

significance: l a  (P = 0.0324), lb  (P = 0.0046), Ic (P = 0.0173), ld {V = 0.016), l e  (P = 

0.0005), / / ( P  = 0.0413).

alcohol-barbiturates lOOnM alcohol-barbiturates 10|aM
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F i g u r e  3 .12:  ( fClat in-zx m o g r a p h y  o f  c o n d i t i o n e d  m e d i a  f r o m  C a co - 2  cells t r e a t e d  wi th  t he  a l c o h o l - h a r h i t u r a t e  
c o m p o u n d s  (2 a-f)  ( l OOnM a n d  l O ^ M )  a n d  o t o k i n e s  ( I \ F - «  a n d  IL- I ( i ,  M)ng/ml)  f o r  24 h o u r s .  C y t ok i n e  
s t i m u l a t e d  cel ls a l o n e  a r e  r e p r e s e n t e d  as  s t i m u l a t e d  a n d  s h a m  g r o u p  r e p r e s e n t s  u n t r e a t e d  cells.  T h e  d e n s i t o m e t r \  
r e s u l t s  o f  t r a c e  m m  \  i n t ens i ty  a r e  n o r m a l i s e d  to  t h e  s t i m u l a t e d  g r o u p  fo r  e a c h  r ep l i ca t e .

The alcohol-barbiturates showed a similar inhibitory effect to the nitrate-barbiturates with 

a range of average potential activity compared to the stimulated group of ~ 65.9 -  91.8% 

(Figure 3.12). 2e showed the greatest inhibition at 10|iM and was statistically significant.
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Ki gure  3 .13:  ( i c l a t i n - z y m o g r a p l n  o f  c o n d i t i o n e d  m e d i a  f r o m  (  aco-2  cel ls t r e a t e d  wi th  t he  n i t r a t e  s i de -c h a i ns  (3 a- 
f) ( l O u M )  a n d  c y t o k i n e s  (T N F - u  a n d  l l . - l | ! .  lOng/ml )  f o r  24  h o u r s .  C y t o k i ne  s t i m u l a t e d  cel ls a l o n e  a r e  r e p r e s e n t e d  
as  s t i m u l a t e d  a n d  s h a m  g r o u p  r e p r e s e n t s  u n t r e a t e d  cells.  I he d e n s i t o m e t r y  r es u l t s  o f  t r a c e  m m  v in t ens i ty  a r e  
n o r m a l i s e d  to  t he  s t i m u l a t e d  g r o u p  f o r  e a c h  repl i ca t e .

The nitrate side-chains were tested at 10|iM to assess if the nitrate group alone had 

inherent inhibitory action on MMP-9 activity when not coupled with the barbiturate 

scaffold (Figure 3.13). The side-chains showed limited activity when assessed by gelatin 

zymography with Je  having the greatest inhibition o f about 5% compared to stimulated 

cells. None o f the side-chains were statistically significantly different from the stimulated 

group.

3.2.3.2. Effect of the compounds on MMP-9 expression

NO has been shown to influence MMP-9 gene expression in several models and so we

decided to study the possible effects o f our compounds on MMP-9 mRNA and the

influence o f the nitrate group. To examine and compare the effect that the nitrate and

alcohol-barbiturates compounds were having on MMP-9 in our cell model, we used qPCR.

The expression o f MMP-9 is induced in an inflammatory setting by pro-inflammatory
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cytokines such as TNF-a and IL -ip  that are used in our model. While the barbiturate 

scaffold was found to inhibit the gelatinases by chelation o f the zinc ion in the active site, 

other compounds such as the tetracyclines have been found to inhibit MMPs by blocking 

their transcriptional upregulation [418] and so this alternative mechanism o f action was 

explored.

PCR was used to measure the cDNA amounts in samples where mRNA had been isolated 

from cells and converted to cDNA by reverse transcription. The master mix, primers and 

sample template are run at heat cycles to allow denaturing o f the DNA (95 “C), annealing 

o f the primers to the specific chosen region o f the denatured strand and extension o f the 

polymerase from the primers to generate a new sequence strand (60 “C). These cycles o f 

denaturing, annealing and extension are cycled 40 times. When the probe anneals to the 

gene o f interest, it has a reporter dye (FAM) attached to the 5 ’ end and a quencher 

molecule attach to the 3 ’ end which absorbs the excitation energy when the probe is intact. 

The forward primer anneals downstream o f the probe and as the polymerase enzyme 

extends, it disrupts the reporter dye from the probe and a fluorescent signal is transmitted 

and picked up by the detector. During the exponential phase o f the PCR, when the 

sequence is doubled during each cycle, the fluorescent signal released is precise and 

specific and can be used for relative quantitation.
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K i g u r e 3 . l 4 :  Re la t i ve  q u a n t i t a t i o n  o f  n i R N A  fo l lowing  t r e a t m e n t  w i t h  n i t r a t e - b a r b i t u r a t e  c o m p o u n d s .
The c o m p o u n d s  ( l a- f )  w e r e  i n c u b a t e d  in C' aco-2 cel ls f o r  30  m i n u t e s  p r i o r  to a d d i t i o n  o f  c> t o k i n es  ( T N F - u  a n d  II,- 
l(i, lOng/ml ) .  Ce l l s  w e r e  t he n  i n c u b a t e d  fo r  24 h o u r s  b e f o re  R N A  i so l a t i on .  R l  -qPC R w a s  p e r f o r m e d  on c D N A  
f r o m  r e \ e r s e  t r a n s c r i p t i o n  o f  t he  i sola ted RN A.  S t i m u l a t e d  g r o u p  r e p r e s e n t s  o  t o k i ne  s t i m u l a t e d  cel ls a n d  s h a m  
g r o u p  is u n t r e a t e d  cells.  R e l a t i \ e  e x p r e s s io n  is c a l c u l a t e d  b \  t he  2 ' " ‘ "  m e t h o d  wi t h  I 8S  as  t he  e n d o g e n o u s  
c o n t r o l  a n d  t he  s h a m  g r o u p  us e d  as  t h e  c a l i b r a t o r .

The nitrate-barbiturates caused a large and statistically significant reduction in MMP-9 

mRNA relative to stimulated cells when used at 10|iM (Figure 3.14). Compounds Ic and 

la  caused the greatest inhibition relative to stimulated cells with 95% confidence intervals 

(Cl) of 10.18-56.37 and 10.28-56.46 respectively, although none of the compound treated 

groups were statistically significantly different from each other when analysed using 

ANOVA and Tukey post-test. These compounds had no effect on MMP-9 expression when 

tested at lOOnM and so any further testing was carried out at 10|iM.

112



co
(5
(/)
0)
a
X
0)
0)
>

15
o

O)I
Q.
s

alcohol-barbiturates 10|j,M

Kigi i re 3.15;  Re l a t i \  c q u a n t i t a t i o n  o f  M M P - 9  n i R N A  follo>\ i ng  t r e a t m e n t  >\ i th a l c o h o l - b a r  bi t  u r a t e  c o m p o u n d s .  
T h e  c o m p o u n d s  (2a- f )  w e r e  i n c u b a t e d  in (  aco-2  cel ls f o r  30  m i n u t e s  p r i o r  to  a d d i t i o n  o f  c y t o k i n es  ( I NK- a  a n d  II.  
I|5. lOng/ml ) .  Ce l l s  w e r e  t h e n  i n c u b a t e d  for  24 h o u r s  b e f o r e  R N A  i sola t ion.  R T - q P (  R « a s  p e r f o r m e d  on c l ) \ A  
f r o m  r c \  e r se  t r a n s c r i p t i o n  o f  t h e  i so l a t ed  RN A.  S t i m u l a t e d  g r o u p  r e p r e s e n t s  o t o k i n e  s t i m u l a t e d  cel ls a n d  s h a m  
g r o u p  is u n t r e a t e d  cells.  Re l a t i ve  e x p r e s s i o n  is c a l c u l a t e d  b \  t he  2 ' " *  '* m e t h o d  wi t h  18S as  t he  e n d o g e n o u s  
c o n t r o l  a n d  t he  s h a m  g r o u p  use d  as  t h e  c a l i b r a t o r .

To ascertain the contribution of the nitrate group, the observed reduction in MMP-9 

expression from the nitrate-barbiturates was compared to that of the alcohol-barbiturates. 

The alcohol-barbiturates also inhibited the expression of MMP-9 at 10|aM but to a lesser 

extent (Figure 3.15). Compound 2a showed the greatest inhibition relative to the stimulated 

group (95% Cl: 1.066-8.163). Compounds 2b, 2d and 2 / also statistically significantly 

reduce MMP-9 relative to the stimulated control group.
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c
^  nitrate side-chains 10|j.M

I ' i gu re  3 .16;  Re la t i ve  q u a n t i t a t i o n  o f  M M P - 9  n i R N A  fo l lowing  t r e a t m e n t  wi th  n i t r a t e  s ide  ch a i ns .  I he c o m p o u n d s  
(3a-f )  w e r e  i n c u h a t e d  in { aco-2  ccl ls for  30  m in u t e s  p r i o r  to a d d i t i o n  o f  c y t ok i ne s  ( T N K - a  a n d  l l . - l | 5 .  lOng/ml ) .
(  ells w e r e  t h en  i n c u h a t e d  fo r  24 h o u r s  b e f o re  R N A  i sola t ion.  R  l -qPC R w a s  p e r f o r m e d  on  c D N A  f r o m  r e v e r s e  
t r a n s c r i p t i o n  o f  t h e  i so l a t ed  R . \ A .  S t i m u l a t e d  g r o u p  r e p r e s e n t s  c y t o k i n e  s t i m u l a t e d  cel ls a n d  s h a m  g r o u p  is 
u n t r e a t e d  cells.  Re la t i ve  e x p r e s s io n  is c a l c u l a t e d  h> t he  2 ' " '  '* m e t h o d  wi th  I8S  as t he  e n d o g e n o u s  c o n t r o l  a n d  the  
s h a m  g r o u p  used  as  t h e  c a l i b r a t o r .

The nitrate side-chains also inhibited MMP-9 expression when tested at 10|iM (Figure 

3.16). i/show ed  the greatest inhibition relative to the stimulated group (95% Cl: 0.86- 

11.48) which was statistically significant. Compounds 3b and 3d also inhibited MMP-9 

gene expression to statistically significant levels relative to the stimulated group and the 

level of inhibition exerted by the nitrate side-chains was comparable to that of the alcohol- 

barbiturates.
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3.3. Discussion

Our group have synthesised a series o f nitrate-barbiturate hybrid compounds in an effort to 

inhibit MMP-9 at the level o f gene expression as well as binding the zinc ion in the active 

site and inhibiting enzyme activity. Obtaining selectivity between MMP-9 and other 

MMPs such as MMP-2, -3 and -8 with traditional active site inhibitors has proven difficult 

owing to similarities in the pockets o f the catalytic domain [419] and so we attached a 

nitrate moiety on the P2' position as a nitric oxide-mimetic. With this group, we hoped to 

take advantage o f the properties o f NO that can inhibit the upregulated M MP-9 in a disease 

setting. The MMPs are suitable for application o f hybrid design approaches since, in these 

enzymes, the catalytic Zn^^ lies on the protein surface with shallow solvent accessible 

binding sites. A single deep pocket (S T ) provides affinity and some selectivity towards 

multiple M MP-inhibitory chemo-types. In barbiturate-based (pyrimidine-3-trione) 

inhibitors, the SI ’ pocket is optimally filled with a C5-phenyloxyphenyl group. The second 

C-5 substituent group, which is directed towards the S2’ pocket on binding, is relatively 

tolerant o f substitution. These features present an opportunity to incorporate a nitrate group 

that may affect MMP upregulation through its NO-mimetic character. Nitric oxide donor 

groups or mimetics have been attached to numerous drug types leading, in some instances, 

to clinical candidates with improved risk-benefit profiles. Considering the barbiturate 

binding mode, there seemed a strong possibility that appropriately substituted compounds 

would possess intrinsic MMP-inhibitory activity, as well as NO-mimetic capability which 

could inhibit MMP-9 expression.

It is now apparent that in addition to inflammatory cells, the intestinal epithelium may play
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an important role in IBD. It has been shown that intestinal epithelial cells produce several 

immunomodulatory substances such as cytokines, complement factors, immune receptors 

and MMP-9 [420](Figure 3.17). The release o f MMP-9 may contribute to the loss o f 

intestinal epithelium integrity facilitating interactions between the luminal antigenic 

stimuli and the mucosal immune system, resulting in chronic intestinal inflammation.

Ki g i i r e  3 . 1 7 :  I n t e s t i n a l  e p i t h e l i a l  c e l l s  p l a \  a n  i m p o r t a n t  r o l e  in c h r o n i c  i n f l a m m a t i o n .  I h e  r e l e a s e  o f  M M P - ‘) 
c o u l d  l e a d  to  t h e  l os s  o f  m u c o s a l  i n t e g r i t y  a n d  i n t e r a c t i o n s  b e t w e e n  l u m i n a l  a n t i g e n s  a n d  d i f f e r e n t  i n t e s t i n a l  
i n i n u i n e  cel l s .

We have therefore used an in-vitro model o f intestinal inflammation using cytokine- 

stimulated epithelial cells which induced the expression and release o f MMP-9. In the 

experiments carried out, Caco-2 cells released low levels o f MMP-9 under basal 

conditions. Following incubation with cytokines, there was a significant upregulation of 

MMP-9 activity and expression; however MMP-2 remained unchanged. This is not 

surprising as the promoter region o f the MMP-9 gene contains cis-acting regulatory 

elements with binding sites for NF-kB, AP-1, and PEA-3, and is therefore responsive to 

different cytokines, such as TNF-a and IL -ip. MMP-2, however, is considered to be a 

constitutive enzyme and is ubiquitously expressed in non-stimulated epithelial cells. These 

results are in agreement with previous work performed by Santana et al. [416]

htr^luminal
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In order to evaluate the concentration at which the compounds should be used at in the 

following in-vitro experiments, we tested the cytotoxic effects o f  the compounds in two 

different cell lines, HT1080 and Caco-2 cells. MTT assays were first carried out at a range 

o f  concentrations. With the exception o f  2a, the compounds did not affect cell viability at 

lOfiM. The HT1080 cells were more sensitive to the cytotoxic effects o f  the compounds 

and Ic, Id , I f  m d  2a  all affected cell viability to a greater or lesser extent at 10|iM  when 

incubated for 24 hours. The cells were then tested in both Caco-2 and H I080 cell lines to 

see whether they induced apoptotic pathways or necrosis o f  the cells after 24 hours. 

Annexin V flow  cytometry showed that there was no difference between the untreated cells 

and the compounds after 24 hours so we were confident that we could proceed to testing 

the efficacy o f  the compounds at lOfiM or less.

To assess the efficacy o f  the compounds in inhibiting MMP-9, gelatin zymography was 

first performed on the conditioned media. Both the nitrate-barbiturates and alcohol- 

barbiturate compounds showed a greater inhibition at 10|iM  compared with 1 OOnM and so 

this concentration was chosen to run all further experiments. Similar inhibitions o f  between 

10% and 35% were observed for the nitrate and alcohol-barbiturates but the nitrate side- 

chains on their own had no demonstrable effect. As previously discussed, during 

electrophoresis, any non-covalently bound elements will be separated from the enzyme, 

and so the observed bands on the gel represent the secreted enzyme in the absence o f  any 

inhibitors. It was interesting to observe that although it had been previously demonstrated 

by our group that the alcohol-barbiturates generally had much lower IC50 values than their 

nitrate counterparts (Table 3.2) [315], the two groups showed similar levels o f  inhibition o f  

MMP-9 activity as measured by zymography despite the nitrate side-chains having no 

effect.
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We next investigated whether reduction in the transcription o f MMP-9 mRNA might 

explain a mechanism for the observed reduction in secretion o f  MMP-9 with the nitrate- 

barbiturates. We observed a statistically significant reduction in the alcohol-barbiturate 

treated cells relative to the stimulated group and the reduction observed with the nitrate- 

barbiturates was in the region o f twice that o f the alcohol analogues. These results were 

interesting and proved firstly, that the compounds have a dual inhibitory effect on MMP-9 

as being active-site inhibitors and also inhibiting its expression. Secondly, the results show 

that the nitrate group contributes to the inhibition o f MMP-9 gene expression. The nitrate 

side-chains tested alone also inhibited MMP-9 in a similar order o f magnitude to the 

alcohol-barbiturates and the effect o f the nitrate-barbiturates may be seen as being a 

synergistic combination o f these two effects.

From the results in this chapter we have established a toxicity profile for the compounds 

and decided that lOjaM is the most effective and maximum dose with which the 

compounds should be tested at. Both the alcohol-barbiturates and the nitrate-barbiturates 

were able to inhibit the potential activity or secretion o f MMP-9 as measured by gelatin 

zymography, whereas the nitrate side-chains had no demonstrable effect. qPCR results 

show that the compounds can all inhibit MMP-9 at the level o f gene transcription with the 

nitrate-barbiturate compounds being in the region o f twice as effective as the alcohol- 

barbiturates or the nitrate side-chain leading us to hypothesise that this observed inhibition 

from the nitrate-barbiturate involves a contribution from the component parts o f  the 

molecule in the barbiturate scaffold and the nitrate group, with the differences between the 

compounds within the groups being slight and not statistically significant. Direct

118



comparison between these groups or even between the compounds within a group is 

difficult as each group or compound may have varying pharmacokinetic or binding profile, 

or indeed varying mechanisms o f action. The nitrate-barbiturate hybrid compounds may 

behave very differently from the alcohol-barbiturates and nitrate side-chains separately and 

the nitrate group may not serve the same function as part o f the nitrate-barbiturate as it 

does as a side-chain.
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Chapter 4: NO donors and mechanism of action of nitrate-

barbiturate compounds
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4. NO donors and mechanism of action of nitrate-barbiturate 

compounds

4.1. Introduction and background

MMP-9 expression is controlled by extracellular factors which trigger a network o f signal 

transduction pathways resulting in transcriptional upregulation and a simplified summary 

is shown in Figure 4.3. The human MMP-9 gene lies on chromosome 20 and covers 13 

exons spanning 7.7kb [421]. Expression o f the gene yields a 2.5kb mRNA which is 

regulated by a 670bp sequence within the promoter that contains binding sites for NF-kB, 

AP-1, PEA3, and SP-1 [421, 422]. The complex transcriptional regulation o f  MMP-9 has 

been the subject o f  intense study [160, 162, 423-428]. NO may preferentially alter 

transcription factors that are sensitive to the cellular redox state including N F-kB, AP-1 

and SP-1 [256].

4.1.1. NO, MMP-9 and NF-kB

NF-kB is a transcription factor that exists in the cytoplasm as an inactive dimer, bound to 

inhibitory proteins o f  the inhibitor kB (IkB) family [429], This dimer is comprised o f 

subunits o f the NF-kB/RcI family which are c-Rel, N F-kB 1 (p50, p l05), NF-kB2 (p52, 

p i 00), RelA (p65) and RelB. Stimulation o f  the cell results in a phosphorylation cascade 

beginning with the liberation o f IKK (IkB kinase). The liberated IKK causes 

phosphorylation o f IkB and ubiquitylation-dependent degradation by a proteasome. NF-kB
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is then free to migrate to the nucleus to interact with kB binding sites as shown in Figure 

4.1 [430]. The human MMP-9 gene contains at least two o f  these binding sites in its 

promoter region [424] and NF-kB has been shown to be essential for MMP-9 upregulation 

[431-433],

Activated cytokine 
receptor

Cell membrance

Proteasomal
degradatior

nuclear membrance

l- ' igurc 4.1:  A c t n a t i o n  o f  t he  M ' - k B p a t h w a y .  C y t o k i n e  r e c e p t o r s  s uc h  as  t hos e  fo r  T N F - u  a n d  l l , l - p  a c t i va t e  t h e  
I K K  c o m p l e x  u h i c h  c a n  t h en  p h o s p h o r y l a t e  I k B l e a d in g  to its p r o t e a s o m a l  d e g r a d a t i o n .  This l eaves  t h e  NK - k B 
c o m p l e x  f ree  to m i g r a t e  t h r o u g h  n u c l e a r  p o r e s  to b i nd  to its r e s p o n s e  e l e m e n t s  on speci f i c  genes .

The interaction between NO and N F-kB has been widely studied and previously reviewed 

[434, 435]; however, the picture remains unclear. A significant complicating factor in the 

context o f MMP-9 regulation is the NF-kB involvement in iNOS upregulation. Low 

concentrations o f NO or presence o f peroxynitrite will augment N F-kB activity, whereas at
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high concentration, NO is likely to function in a negative feedback loop to reduce iNOS 

expression. Reductions in NF-kB activity following exposure to NO have been attributed 

to S-nitrosylation o f a cysteine residue in the p50 subunit [436, 437], inhibition o f NF-kB 

DNA binding [438] or stabilization o f Ik B  [439], Increased activity has been observed at 

low concentration o f NO [440] through stimulation o f IKK-a which likely occurs 

following S-nitrosylation and activation o f ras, a family o f GTPases [441],

Regulation o f the NF-kB pathway by NO is likely to be the same for MMP-9 as iNOS and 

will depend on NO concentration and presence o f  superoxide. The iNOS inhibitor 

aminoguanidine caused an upregulation o f MMP-9 through increased IkB degradation and 

NF-kB binding [401]. S-nitrosothiols inhibited p50 nuclear translocation and NF-kB DNA 

binding, thus reducing TNF-a mediated MMP-9 expression [396]. Superoxide and 

peroxynitrite have an opposite role to NO and increase p65 nuclear translocation and NF- 

kB  binding [431, 442], ROS generated from nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase also activated NF-kB resulting in an upregulation o f MMP-9 [443]. The 

effects on MMP-9 expression are, however, cell specific and NF-kB has been reported to 

play no role in some cases [395, 444].

4.1.2. NO, MMP-9 and AP-1

AP-1 consists o f a mixture o f dimeric basic region-leucine zipper proteins (bZIP) proteins 

that belong to the Jun (c-Jun, JunB, JunD), Fos (c-Fos, FosB, Fra-1 and Fra2), M af (c-Maf, 

MafB, MafA, MafG/F/K and Nrl), and ATF (ATF2, LRF1/ATF3, B-ATF, JD P l, JDP2)
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sub families. c-Jun is the most potent transcriptional activator whereas Fos proteins cannot 

homodimerise but form heterodimers with Jun proteins [445]. The AP-1 m otif in the 

MMP-9 gene is considered by some to be the most important for its expression [424, 432]. 

Indeed, a single mutation in the AP-1 binding site abolishes TNF-a or IL -ip  induced 

MMP-9 expression [431, 446]. NO can modulate AP-1 activity through modifications o f a 

redox sensitive cysteine residue in c-Jun or c-Fos [447] and oxidation or nitrosylation 

reduces DNA binding [448].

DETA-NO is reported to inhibit the MMP-9 transcriptional upregulation in response to 12- 

0-Tetradecanoylphorbol-13-acetate (TPA) in breast cancer cells. This effect was attributed 

to inhibition o f c-Jun using electrophoretic mobility shift assay (EMSA), an electrophoresis 

based technique used to measure binding o f a transcription factor to DNA and an A P-1 

ELISA (TransAM) assay [395]. NOS inhibitors increase AP-1 binding by approximately 

200% compared with IL-ip stimulated cells [401]. Where NO caused the upregulation o f 

MMP-9, AP-1 was shown to be critical by using AP-1 deletion mutants o f MMP-9 

luciferase promoter constructs [409]. Superoxide has been shown to increase AP-1 binding 

in MMP-9 upregulation [431].

4.1.3. NO, MMP-9 and cGMP/PKG

Many o f N O ’s diverse physiological actions are attributed to its ability to activate sGC 

through binding o f its heme group. Activation o f sGC triggers formation o f  cyclic GMP, an 

important signalling molecule [256]. cGMP exerts its effects through cyclic nucleotide- 

gated channels, phosphodiesterases, PKA and PKG [449], where change is effected 

through transcription factor phosphorylation and/or transcription. Interestingly,
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transcription factors, including AP-1, that are activated by cGMP are also regulated by NO 

through protein modification [450], Several conflicting studies have used inhibitors or 

analogues o f sGC, cGMP or PKG to determine whether observed effects o f NO on MMP-9 

expression are mediated through this pathway as shown in Figure 4.2.

cGMP

F i g u r e  4.2:  N O  i ind t he  ac t i va t i on  o f  t he  c C M P  p a t h w a y .  N O  a c t i v a t e s  s G C  w h i c h  c o n v e r t s  ( ;  I P  to c C iM P  w h i c h  
can  in t u r n  a c t i v a t e  P K G  a m o n g  o t h e r  s i gn a l l i ng  molecu l es .  P h a r m a c o l o g i c a l  r e s e a r c h  tool s  a r e  s h o w n  in t he  
h l a c k  d i a m o n d s  w h e r e  O D Q  c an  i nh i b i t  s ( ; C  a n d  so b lock  a n y  d o w n s t r e a m  ef fects .  8 - B r - c C ; M P  is a c CIMP 
a n a l o g u e  w h i c h  c a n  ac t i va t e  PKC; .

cGMP analogues can mimic the NO donor mediated downregulation o f MMP-9 in MCF-7 

cells. This downregulation was blocked following co-incubation with a PKG inhibitor, 

implicating the cGMP/PKG pathway [395]. Similar results were reported in smooth muscle

125



cells where inhibition o f MMP-9 activity by eNOS gene transfer was mimicked by DETA- 

NONOate or the cGMP analogue 8-bromo-cGMP [451],

Where MMP-9 expression was potentiated by NO, the addition o f a sGC inhibitor returned 

MMP-9 mRNA to basal levels [409], Similar results were reported when NO-donor 

mediated upregulation o f MMP-9 was inhibited following co-incubation with sGC or PKG 

inhibitors. The role o f the pathway was confirmed when the addition o f a cGMP analogue 

reversed the effect [408],

Where a biphasic regulation o f MMP-9 was observed, the stimulation observed at low NO 

level were attributed to cGMP, whereas the inhibition observed at higher concentrations 

was independent o f sGC/cGMP [345], In another study where MMP-9 was upregulated by 

NO, activation o f a sGC/PKA pathway resulted in phosphorylation o f Wilms tumor 1 

(W Tl). Phosphorylation caused a shuttling o f W T l, a transcriptional repressor, from the 

nucleus to the cytosol causing upregulation o f MMP-9 [452], The NO sensitive 

cGMP/PKG pathway also negatively regulates store-operated calcium entry (SOC) in 

fibroblasts. This inhibition has been reported to indirectly inhibit MMP-9 synthesis and 

release, where increased SOC increases MMP-9 release [398],

The influence o f cGMP is likely cell specific, as NO-donor mediated inhibition o f MMP-9 

was found to be independent o f cGMP in endothelial cells [444] and cGMP analogues 

were unable to replicate the effects o f NO in IL -ip  stimulated rat mesangial cells [393]. It 

is reported elsewhere that where sGC was found to be essential, inhibition o f  PKG had no 

effect on basal or NO modulated MMP-9 expression [353]. This suggests cGMP mediated 

pathway independent o f PKG.
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4.1.4. NO, MMP-9 and MAP Kinases/ PKC

The MAPKs and PKC are two families o f kinase signalling cascades involved in the 

activation o f MMP-9 transcription factors. MAPK are differentially activated by growth 

factors, mitogens and hormones. Activation is triggered by phosphorylation o f tyrosine and 

threonine residues by MAPK kinases (MKK) which are first activated by MKK kinases 

(MKKK) [453]. Three pathways characterised are the extracellular signal regulated kinase 

(ERK1/ERK2), cJun-N-terminal kinase (JNK)/stress activated protein kinase (SAPK), and 

p38 [424]. AP-1 and N F-kB are both regulated by MAP kinases which can in turn be 

activated by PKC-^, so interactions between the molecules in MMP-9 regulation seem 

likely [423].

Protein Kinase C is a family o f isoenzymes with differential distribution, substrate 

specificities and activation responsiveness. They are split into conventional (a, (31, fill, y), 

novel (6, s, r)/L, 0) and atypical (^, A7L) [423]. Few studies have examined the specific 

isoenzyme involved in MMP-9 expression but PKC-a, P, and in particular ^ have been 

implicated [423, 424]. NO donors have been shown to inhibit JNK through S-nitrosylation 

in several cell models [454-457]. Inhibitors o f p38 and ERK MAP kinases showed an 

additive reduction though not complete inhibition o f IL -ip  or superoxide stimulated MMP- 

9 mRNA. Superoxide worked with IL -ip  to increase phosphorylation o f  ERK, p38 and 

JNK to increase MMP-9 expression [431].

In one study where AP-1 was inhibited by an NO donor, the upstream MAPK, JNK was 

unaffected. The donor caused an inhibition o f PKC- 6 resulting in reduced MMP-9 

expression [395]. ERK 1/2 stimulated by LPS was also shown to be inhibited by an NO 

donor. Interestingly, the inhibition was reversed with a cGMP analogue [394]. DETA-
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NONOate was found to attenuate superoxide mediated ERK activation and MMP-9 

upregulation in vascular smooth muscle cells [399],

In a colon cancer cell line, NO caused the upregulation o f MMP-9. The upregulation was 

abolished in the presence o f inhibitors o f sGC, PKG or ERK. The study showed that NO 

caused the upregulation in a cGMP/PKG/ERK dependent manner and can increase ERK 

1/2 phosphorylation by 12 fold [409].

4.1.5. NO and its effects on MMP-9 mRNA stability

Post-transcriptional regulation is increasingly recognised as being critical for gene 

expression. Microarray studies have shown that over half o f stress-response genes are 

regulated by changes in mRNA stability [458, 459]. Regulation o f the fate o f mRNA is 

through its 3 ’ UTR (untranslated region) which contain cis-regulatory elements. The 

adenylate and uridylate-rich elements (AREs) constitute one class o f these elements that 

regulate cytoplasmic mRNA [460] and target labile mRNA for degradation [461]. Several 

families o f ARE-binding proteins (ARE-BP) regulate the fate o f the mRNA. HuR is a 

ubiquitously expressed ARE-BP belonging to the ELAV family which stabilizes ARE 

containing mRNAs [462, 463]. NO has been shown to regulate the expression o f  several 

genes including heme oxygenase 1 [464], transforming growth factor-(33 [465], endothelin- 

converting-enzyme-1 [466], IL-8, TNF-a and p2I/W afl [467] by influencing the mRNA 

stability. Interestingly, binding o f HuR is found to be essential for the stability o f iNOS 

mRNA [468]. There is known cross-talk between the cGMP and cAMP pathways [469]. In
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one study it was demonstrated that inhibition of sGC induced by cAMP resuhs from 

inhibition of HuR expression [470], It has also been shown elsewhere that cGMP-elevating 

agents decrease the expression and RNA binding of HuR [471],

MMP-9 mRNA contains numerous AUUA motifs in its 3’UTR and the stabilizing effects 

of HuR have been reported [472, 473], The stability of existing mRNA can be measured 

using actinomycin to block de novo synthesis of mRNA. Nitric oxide donors were shown 

to inhibit the expression of HuR and thus reduce its binding to the 3’UTR through a sGC- 

cGMP pathway [474], The half-life o f MMP-9 mRNA from rat mesangial cells was 

reduced from 8 hours to 4 hours following co-incubation with NO-donors [475]. This 

finding was consistent with the discovery that the stability o f the MMP-9 mRNA is 

dependent on HuR binding to the ARE.

Where DETA-NONOate reduced the stability of MMP-9 mRNA in cultured astrocytes, 

AUF-1, and not HuR, was found to play a mediating role. Protein levels of the mRNA 

destabilising factor and its binding to the MMP-9 3’ UTR were found to be increased 

following addition o f the NO donor [476]. Addition of AUF-1 small interfering RNA 

(siRNA) was found to partially reverse the NO mediated inhibition of MMP-9 and thus 

confirming a further mechanism of NO mediated MMP-9 mRNA destabilisaiton.

Based on these studies, we conclude that increased concentrations of NO reduce the 

stability of MMP-9 mRNA, most likely, through downregulation of HuR and increased 

expression o f AUF-1.
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Kigi i rc 4.3:  R e p r e s e n t a t i o n  o f  s o m e  o f  t he  p a t h w a y s  i n \ o l \ e d  in t he  t r a n s c r i p t i o n a l  u p r e g u l a t i o n  o f  M M P - 9  ani l  
t he  poss ib l e  i m p a c t s  o f  N O  a n d  p e r o \ \ n i t r i t e  ( O N O O ' I .  * i nd i ca t es  h igh  c o n c e n t r a t i o n  a n d  . i nd i c a t e s  low 
c o n c e n t r a t i o n .  + i nd i ca t es  a p r o m o t e r  role  a n d  -  i nd i ca t es  a n  i nh ib i to ry  role.  I he  ef fect  e x e r t e d  by X )  will  d e p e n d  
on c o n c e n t r a t i o n  a n d  p r e s e n c e  o f  p e r o x y n i t r i t e .  Poss ib l e  p a t h w a y s  t h a t  \ ( )  ma y  inf l i i cnce  i n c l u de  c ( j M P .  t he  
M A P K s  a n d  A P  I. a n d  M  - k B | 3 I 3 | .

It is difficult to tease out the relative importance o f the reported effects that NO has on the 

various aspects o f  MMP-9 regulation but the evidence points towards its effects on gene 

transcription being more relevant in an in-vivo setting. Various regulatory elements control 

the expression o f MMP-9 (Figure 1.3) however, N F-kB [431-433]and AP-1 [424, 432] 

have been described as essential for the upregulation o f MMP-9. NO is known to interact 

with elements o f both these signal transduction pathways as described previously and it is 

likely that many o f these interactions will have downstream effects on N F-kB or AP-1 to 

alter the transcription o f MMP-9. The most relevant or important signalling molecules
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involved or the importance o f N O ’s regulation o f mRNA stability will likely be cell and 

setting dependent.

4.1.6. NO-donors

Using NO in an experimental setting is extremely difficult owing to its reactivity and 

extremely short half-life. These issues severely limit the ability to maintain a constant 

concentration o f NO for in-vivo or in-vitro experiments and for this reason, NO-donors 

have become extremely useful tools for studying the effects o f NO.

NO-donor 
Mechanism of NO release

Non-enzymatic

Spontaneous Co-factor med ia ted Enzymatic

Nitrosothiols 
Diazetine dioxides 
Sydnonimines 
N-Nitrosamines 
Oximes

r

Nitrosimines 
C-nitroso compounds 
Fluroxans 
Benzofuroxans 
Oxatriazole-5-imines

r

Organic nitrates 
Organic nitrites 
Metal-NO complexes 
N-Nitrosamines 
N-Hydroxynitrosamines 
Hydroxylamines 
N-Hydroxyguanidines 
Hydroxyureas

Ki gurc  4.4:  (  r u d e  c l as s i f i ca t i on  o f  N O - d o n o r s  a c c o r d i n g  to p a t h w a y  o f N O  ge n e r a t i o n .  M a n y  o f  t he  N O - d o n o r s  
w h e r e  N O  Is f o r m e d  enzynia t i ca l l>  will  a l so be f o r m e d  by o t h e r  m e a n s  | 328 | .
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The N O -donors used can differ in the half-Hfe o f  the com pound, the release profile o f  N O , 

the generation o f  by-products and the m echanism  by which N O  is generated. For a large 

number o f  the com pounds, N O  release can be induced by thiols as a co-factor through  

reduction or transnitrosation. Other heat, light or pH sensitive com pounds w ill 

spontaneously generate N O  under certain conditions, whereas enzym atic release by 

cytochrom e P4 5 0  enzym es, peroxidases, a glutathione S-transferase (G ST) [477] or 

mitochondrial aldehyde dehydrogenase (A L D H -2) m ay be required for the m ore stable 

com pounds. The m echanism s for release for various classes o f  N O  donor com pounds are 

set out in Figure 4.4.

The organic nitrates represent the m ost clin ically  used N O  donors. G TN is used  

sublingually for acute re lie f from pain associated w ith angina and as a transdermal patch  

for heart failure or chronic angina. Isosorbide mononitrate (ISM N ), a slow er releasing N O - 

donor is taken orally for chronic angina. W hile the m echanism  o f  N O  release from organic 

nitrates is generally agreed to be enzym atic, it is interesting to note that it is not yet fu lly  

understood how  GTN activates sGC. The current understanding is that A L D H -2 enzym e, 

w hich  is m ostly located in the cytoplasm  and not the mitochondira o f  vascular sm ooth  

m uscle ce lls, can release N O  from G TN [478]. This theory is disputed by som e groups 

w ho have show n that the potent vasodilatory effect o f  GTN is not related to its w eak N O  

donating ability but may be able to activate sGC through another interm ediate [479, 480]. 

Several enzym es including the G STs, cytochrom e P4 5 0  enzym es and A L D H -2 can release  

N O 2 ’ from organic nitrates which is believed to be an intermediate but it is also o f  interest 

to note that nitrite is now  believed  to be a key endogenous storage pool for N O  and m im ic  

its effects under certain conditions [481].

A  com m only used group o f  N O -donors for b iological research are the S -n itrosothiols with

m em bers that include S-nitrosonglutathione (G SN O ) and S'-Nitroso-TV-acetylpenicillamine
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(SNAP). This group encompasses a vast array o f compounds, all with a single bond 

bethween the thiol (R-SH) and NO groups. The mechanisms o f NO release are extremely 

complex and dependent on the structure o f the individual compound but can include light, 

heat, metals, thiols, superoxides [482], xanthine oxidase [483], superoxide dismutase 

[484], protein disulphide isomerases [485], and dehydrogenases [486], Owing to all these 

factors and the variation o f  the R group in the compounds, the half-life can vary from 

milliseconds to several hours. The half-life o f SNAP in aqueous media is about 4 hours and 

NO formation is high, where 100|iM yields about 1.4|j,M NO/minute at 37°C and is linear 

over a wide concentration range [487].

The diazeniumdiolates or NONOates are another group commonly used to study the effects 

o f NO in biological systems. They consist o f a diolate group attached to a nucleophile 

adduct (usually and amine) via a nitrogen atom. These compounds are attractive for 

research purposes as they decompose spontaneously in solution and the rate is strongly 

dependent on the nucleophile adduct, the pH and the temperature but the breakdown is not 

catalysed by biological components [327]. This is seen where DEA-NONOate 

(diethylamine NONOate) has a half-life o f 2 minutes at a pH o f 7.4 and 37°C where the 

half-life o f DETA-NONOate (diethylene triamine NONOate) is 20 hours under the same 

conditions [482]. This decomposition follows simple, first order kinetics to generate two 

molar equivalents o f NO and so the biological yields can be predicted.
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Structure C om pound nam e and 

group

H alf-

life

Ref.

0
II

0  0

0 -v  ^ 0
N*
II II 
0  0

GTN (organic nitrates) 1-4

seconds

[328]

OH

H ^ ^

0

5-Nitroso-jV-

acetylpenicillamine

(S-nitrosothiols)

~4 hours [487]

o

O. N 
N

DETA-NONOate

(diazeniumdiolates)

-2 0

hours

[482]

1 able  4.1: Represt*iitations of c o m m o n h  used N O -d o n o r  cumpoiiiuls and  tlicir  expected  half-l i \es.

It is clear from the variation in half-lives amongst the NO-donor compounds (Table 4.1) 

and expected production o f NO that the local NO flux and duration will be very different 

for the same concentration o f donor used. This must be taken into account when 

interpreting the results o f NO-donor experiments in biological systems where the local 

concentration o f NO may determine the effect observed.
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4.2. Results

4.2.1. The effect of NO-donors on MMP-9 in Caco-2 cells

In order to establish whether the effects that the nitrate-barbiturates had on MMP-9 

synthesis in cytokine stimulated Caco-2 cells were NO mediated, we tested the effects o f 

the NO-donors SNAP and DETA-NONOate at a range o f concentrations for 24 hours. The 

time-point chosen is the same as that used for assessment o f the effect o f the compounds 

and concentrations o f NO-donors used were based on previously published literature [393- 

396, 465],

NO-donor SNAP
150n

>»

' >

ure
.2
c
0)
o
Q.

concentration

Kisjiirc 4.5; I he effects o f SNAP on M M P-9 potenti.)! acti\ it> from  Caco-2 cells. SNAP ( lO-SOdfiM) «as added to 
the cu ltu re  media 30 minutes p rio r to adding cytokines ( TNK-u and I I . -1(3, lOng/ml). I he cultured media was then 
collected after 24 hours. Stimulated group represents cvtokine stim ulated cells and sham group represents 
untreated cells. I he densitometry results o f trace mm \  intensity are normalised to the stim ulated group fo r each 
replicate and expressed as a percentage.

135



SNAP caused a reduction o f MMP-9 secretion or potential activity o f 16-21% compared to 

stimulated cells but this trend did not reach statistical significance (Figure 4.5). The 

greatest inhibition o f -21%  was seen when SNAP was used at 500|iM  but there was 

limited difference between the groups and no obvious concentration dependent trend.

20

1 5 -

c  .9
‘35
Uio
k .

Q.
><0)
0>>

JS 0)
^  10H

a:
E
o>

I

Q.

##

NO-donor SNAP
* * * * * *

concentration (|aM)

l i g u r c  4 .6:  Rc la t i \  c q u a n t i t a t i o n  o f  MM I *- ‘) n i R N A  f o l lowing  t r e a t m e n t  w i t h  S N A P .  \  a r y i n g  c o n c e n t r a t i o n s  o f  
S N A P  ( l()-50()| iiM) w e r e  i n c u b a t e d  in C' aco-2 cel ls for  30  m i n u t e s  p r i o r  to a d d i t i o n  o f  c y t o k i n es  ( ' rN K-u  a n d  I L - i p ,  
l ( tng/ml ) .  f e l l s  w e r e  t h en  i n c u b a t e d  fo r  24 h o u r s  b e f o re  R N A  i solat ion.  R I - q PC 'R  w a s  p e r f o r m e d  on  c D N A  f r o m  
r e v e r s e  t r a n s c r i p t i o n  o f  t he  i so l a t ed  R N A .  S t i m u l a t e d  g r o u p  r e p r e s e n t s  cy t ok i ne  s t i m u i a t e d  cel is a n d  s h a m  g r o u p  
is u n t r e a t e d  cells.  Re l a t i ve  e x p r e s s io n  is c a l c u l a t c d  by t he  2 ' " *  '* m e t h o d  wi t h  I 8S  a s  t he  e n d o g e n o u s  c o n t r o l  a n d  
t he  s h a m  g r o u p  used  as  t he  c a l i b r a t o r .

When the effect o f SNAP on MMP-9 mRNA was measured, a large reduction was 

observed (Figure 4.6). All concentrations o f SNAP that were tested resulted in a 

statistically significant reduction in MMP-9 gene expression compared with the stimulated 

group. The greatest inhibition relative to the stimulated group was observed with the 1 O^M 

SNAP treatment, although there were no statistically significant differences between any of 

the SNAP treatment groups.
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F i g u r e  4.7:  M e a s u r e m e n t s  o f  n i t r a t e  a n d  n i t r i t e  c o n c e n t r a t i o n s  as b r e a k d o w n  p r o d u c t s  o f  \ ( )  b \  t he  Ciriess as sav  
on  t h e  coni l i t i onei l  m e d i a  of  (  aco-2  cells a f t e r  24  h o u r s  w i t h  SN \ P  a n d  p r o i n l l a m m a t o r y  c > t ok in es  ( I NK-o a n d  
I L - i p .  lOng/ml ) .  I ' op left p a n e  s h o w s  t h e  n i t r i t e  c o n c e n t r a t i o n ,  t o p  r i gh t  p a n e  s h o w s  t h e  n i t r a t e  c o n c e n t r a t i o n ,  
b o t t o m  left  p a n e  s h o w s  t he  c o m b i n e d  r e d u c e d  N O  g r o u p s  a n d  b o t t o m  r i gh t  s how s t he  l i n e a r  c o r r e l a t i o n s  o f  SN A P  
c o n c e n t r a t i o n s  \ e r s u s  t he  c o n c e n t r a t i o n  o f  m e a s u r e d  N O / s p e c i e s .

Incubations with SNAP showed a linear correlation between the concentration used and the 

resultant nitrate and nitrite concentrations that were present in the conditioned media after 

24 hours (Figure 4.7). The results o f correlation analysis ofN Ox (P < 0.0001, 0.9964),

N O2 (P < 0.0001, R^= 0.9696) and NO3 (P = 0.0002, R^= 0.9525) are to be expected 

considering that SNAP is expected to spontaneously yield NO which will be broken down 

to nitrite and nitrate. At 500|iM  of SNAP, the difference in nitrite concentrations reached 

statistical significance for all groups when analysed by ANOVA and Tukey post-test. 

Similar results were observed for nitrate and NOx" concentrations where 500|iM  SNAP 

resulted in statistically significant differences with all other groups and 200|iM  was also
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statistically different from the controls and 10|aM SNAP. There is no obvious correlation 

between these results and the effect on MMP-9 activity or expression.

We next investigated if another NO-donor, with a different release mechanism and profile 

which will likely yield a different NO flux over the 24 hours, would have a different effect 

on MMP-9.

NO-donor DETA-NONOate

><
’>
O
(Z

co
oa

150

100

/ concentration ( t̂M)_______

F i g u r e  4.8:  T h e  e f fec t s  o f  1)K I A - \ ( ) N { ) a t e  on  M M P - 9  p o t en t i a l  ac t iv i ty  f r o m  (  aco-2  cells.  I)K l A - N O N O a t e  (10-  
5 ( )0nM)  w a s  a d d e d  to t he  c u l t u r e  m e d i a  30  m i n u t e s  p r i o r  to a d d i n g  c y t ok i ne s  ( I NK-o  a n d  I I . -1(5, lOng/ml ) .  I he  
c u l t u r e d  m e d i a  w a s  t h en  col l ec t ed  a f t e r  24 h o u r s .  S t i m u l a t e d  g r o u p  r e | ) r e s e n t s  c \  t o k i ne  s t i m u l a t e d  cel ls a n d  s h a m  
g r o u p  r e p r e s e n t s  u n t r e a t e d  cells.  The d e n s i t o m e t r >  r e su l t s  o f  t r a c e  m m  \  i n t en s i ty  a r e  n o r m a l i s e d  to  t he  
s t i m u l a t e d  g r o u p  fo r  c a ch  r e p l i ca t e  a n d  e x p r e s s e d  as  a p e r c e n t a g e .

We observed a reduction in mean MMP-9 potential activity following incubation with 

DETA-NONOate (Figure 4.8). The reduction was concentration dependent and ranged 

from -10-28%  with the greatest inhibition observed at 500)iM which reached statistical 

significance. While there appeared to be a trend towards a biphasic regulation o f M MP-9 

with the greatest reductions being observed at 500|iM  and 10|iM, there was no statistically
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significant difference between the groups when analysed with a Tuicey’s muUiple 

comparison post-test.

co
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at
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Q.

NO-donor DETA-NONOate
10-, ##

concentration ()iM)

Ki gurc  4. ‘): R e l : i t i \ e  qu D n t i t a t i on  o f  M M P - ‘) i i iRNA fo l lowing  t r e a t m e n t  v\ itii l )K I A - N O N O a t e .  \  a r \  ing 
c o n c e n t r a t i o n s  o f  D K T A - N O N O a t e  ( lO-SOdfiM) w e r e  i n c u b a t e d  in (  aco-2  cel ls for  3 0  m i n u t e s  p r i o r  to a d d i t i o n  o f  
c y t o k i n e s  ( I NK-«  a n d  l l . - l ( J ,  lOng/ml ) .  Ce l l s  w e r e  t he n  i n c u b a t e d  for  24 h o u r s  b e f o r e  R N A  i sola t ion.  R l -qPC R 
w a s  p e r f o r m e d  on  c l ) \ A  f r o m  r e v e r s e  t r a n s c r i p t i o n  o f  t he  i so l a t ed  R \ A .  S t i m u l a t e d  g r o u p  r e p r e s e n t s  c> to k i ne  
s t i m u l a t e d  cel ls a n d  s h a m  g r o u p  is u n t r e a t e d  cells.  Re l a t i ve  e x p r e ss i o n  is c a l c u l a t e d  b \  t h e  2 ' " ‘ "  m e t h o d  wi th  
I 8S  as t he  e n d o g e n o u s  c o n t r o l  a n d  t he  s h a m  g r o u p  used  as  t he  c a l i b r a t o r .

PCR was carried out on the cells following treatment with DETA-NONOate at various 

concentrations (Figure 4.9). The trend observed was similar to that seen following gelatin 

zymography with the greatest inhibition being at the highest concentration o f 500^M  and 

1 O^M showing the second greatest inhibition. Neither o f these reductions reached 

statistical significance following ANOVA with a Dunnet’s post hoc-test compared to the 

stimulated group and no significant differences were seen between the groups.
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Kigi i re 4 .10;  M e a s u r e m e n t s  o f  n i t r a t e  a n d  n i t r i t e  c o n c e n t r a t i o n s  as  h r e a k d o w  n | ) rodi i c t s  o f  N O  by t he  ( J r i e s s  a s sa y  
on  t h e  c o n d i t i o n e d  m e d i a  o f  C' aco-2 cel ls a f t e r  24 h o u r s  wi t h  l )K I A - N ( ) \ O a t e  a n d  p r o - i n f l a m m a t o r y  c y t o k i n e s  
(1 NK-(i  a n d  M,-l (! ,  lOng/ni l ) .  I 'op left p a n e  s h o w s  t he  n i t r i t e  c o n c e n t r a t i o n ,  t op  r i gh t  p a n e  s h o w s  t he  n i t r a t e  
c o n c e n t r a t i o n ,  b o t t o m  left  p a n e  s h o w s  the  c o m b i n e d  r e d u c e d  N O  g r o u p s  a n d  b o t t o m  r i g h t  s h o w s  t he  l i n ea r  
c o r r e l a t i o n s  o f  D K T  \ - N O N O a t e  c o n c e n t r a t i o n s  > e r s u s  t h e  c o n c e n t r a t i o n  o f  m e a s u r e d  \ 0 ;  species .

As expected from a NONOate NO-donor, there was a linear relationship between the 

concentration used and the NO released with correlation analysis results for NOx' (P < 

0.0001, = 0.9975), N02' (P < 0.0001, = 0.9996) and NO3 (P < 0.0001, R  ̂= 0.9828)

being statistically significant (Figure 4.10). There is little to no difference in NO yielded 

from the lower concentrations of DETA-NONOate used which may reflect the limited 

sensitivity of the Griess assay. At a concentration of 500|iM, the NO-donor yielded 

statistically significantly more of all NO’ species than the stimulated control following 

ANOVA with Tukey’s post-test. 100|j M also reached statistical significance when nitrite
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was measured. For nitrite measurement, statistically significantly differences were 

observed when comparing 10[iM with 100|iM and 500nM, 50|^M with 500|iM , and 

100|iM with 500|^M. For nitrate measurement, statistically significant differences were 

observed between the stimulated group and 500|j,M, lOfiM and 500|^M, 50|iM  and 500|iM , 

and lOO^M and 500nM. Statistical significance was reached between the pairs stimulated 

and 500|aM, 10|iM and 500|iM , 50|iM  and 500|iM , and 100|iM and 500)^M for NOx‘. The 

highest concentrations o f nitrate and nitrite were produced from the highest concentration 

o f DETA-NONOate which also produced the highest inhibition o f MMP-9 potential 

activity and gene expression.

It is interesting to note that there is no difference between the stimulated and sham groups 

in Figure 4.7 and Figure 4.10. It was expected that the addition o f the cytokines would 

induce iNOS, leading to an increase to NOx" production but from these figures and Figure 

4.11 we can see that the cytokine mix that we used did not induce iNOS in Caco-2 cells. It 

is likely that the concentration and/or combination used was not sufficient to induce the 

enzyme in this cell line which was demonstrated previously [488],
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iNOS

F i g u r e  4 . 1 1: Kxpr es s ion  o f  i N O S  a n d  N()>’ p r o d u c t i o n  fo l lowing  t r e a t m e n t  o f  ( ’a co - 2  cel ls w ith t he  n i t r a t e -  
b a r b i t u r a t e s  ( l a- f )  at  lO^iM fo r  3 0  m i n u t e s  p r i o r  to  24 h o u r  i n c u b a t i o n  wi th  c y t ok i ne s  ( T N F - u  a n d  IL-I(5,  
l ( (ng/ml ) .  Lef t  p a n e  s h o w s  q u a n t i t a t i o n  o f  i \ C ) S  re l a t ixe  t o t he  s t i m u l a t e d  cel ls w i t h  18S used  as t he  e n d o g e n o u s  
c o n t r o l  w ith t he  s h a m  g r o u p  as t he  c a l i b r a t o r .  I he  r ig h t  p a n e  s h o w s  t he  r es u l t s  o f  t h e  G r i e s s  a s s a y  for  t he  
c o n d i t i o n e d  m e d i a  t a k e n  a f t e r  24  h ou r s .

Despite the cytokines or compounds having no effect on iNOS expression, we can see 

from the Griess assay resuhs in Figure 4.11 that the compounds increased NOx’ levels in 

the conditioned media. This result represents the NO donor capacity of the compounds and 

was statistically significant for compounds la  and lb. It is interesting to note that the two 

amino-alkyl side-chains resulted in the biggest increase in NOx' and probably less 

surprising is that the greatest increase was from compound la  which has two nitrate groups 

in its side-chain.
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4.2.2. The role of the NF-kB pathway in the downregulation of MMP-9 by the 

nitrate-barbiturate compounds

The NF-kB pathway is activated by pro-inflammatory cytokines such as those used in our 

in-vitro model and this pathway is known to be involved in the transcriptional upregulation 

o f MMP-9. As laid out in 4.1.1, NO may also negatively regulate this pathway and so we 

decided to examine whether the MMP-9 inhibition caused by our nitrate-barbiturate 

compounds was mediated through this pathway.

To assess the impact o f the compounds, we used an ELISA kit to assess the relative 

amount o f  p65/RelA in the nucleus o f Caco-2 cells. After 24 hour incubation o f the nitrate- 

barbiturates with cytokines, the nuclear fraction o f the cells was isolated and was added to 

the ELISA 96-well plate. Any p65 in that had migrated to the nucleus o f  the sample would 

bind to a specific NF-kB response element coated to the bottom o f the plate. This was 

measurable and gave a reading o f the degree o f activation o f NF-kB.
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l i g u rc  4.12:  p 6 5  n u c l e a r  b in d i ng .  T h e  n u c l e a r  f r a c t i on  o f  C' aco-2 cel ls w a s  i so l a t ed  fo l lowing  24 h o u r  i n c u b a t i o n  
wi t h  t he  n i t r a t e - b a r b i t u r a t e s  ( l a - f )  ( lO j iM)  a n d  c y t o k i n es  ( T \ F - «  a n d  IL-I |5.  l Ong/ml ) .  A p65  t r a n s c r i p t i o n  f ac t o r  
a s s n \  ( K l . l S A )  w a s  used  to de t e c t  t he  p r e s e n c e  o f  p 65  in t he  n uc l eu s .  D a t a  w e r e  n o r m a l i s e d  to t he  s t i m u l a t e d  
g r o u p  for  e a c h  r e p l i ca t e  a n d  a r e  p r e s e n t e d  as  a p e r c e n t a g e

A trend towards inhibition was observed for the nitrate-barbiturates that did not reach 

statistical significance (Figure 4.12). The greatest inhibition was observed for / /a n d  Id  

with 32% and 30% inhibition of p65 nuclear translocation respectively. A 25% mean 

reduction was observed for l a  and the other compounds lb,  Ic and l e  had approximately 

10% mean reduction. When paired t-tests were carried out, la  and //w e re  statistically 

significant with P values of 0.0267 and 0.043 respectively. Id  had a P value of 0.0623. It 

was decided to examine the effect of the compounds on the transcription of some of the 

elements of the NF-kB pathway.
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Kigi i re 4 .13:  Ke ia t i xc  qui in l i t i i l i on  o f  m R N A  o f  Re lA.  I k B K G  ani l  N K - k B I  fo l lowing  t r e a t m e n t  mi th  n i t r a te -  
h a r b i t u r a t e  c o m p o u n d s .  I he c o m p o u n d s  ( l a- f ) (  K l j i M ) w e r e  i n c u b a t e d  in (  aco-2  cells f o r  JO m i n u t e s  p r i o r  to  
a d d i t i o n  o f  c y to k in e s  ( T N K - a  a n d  l l , - l ( i ,  lOng/ml ) .  Ce l l s  w e r e  t h e n  i n c u b a t e d  fo r  24 h o u r s  b e f o re  RN’A i sola t ion.  
R l -qPC R  w a s  p e r f o r m e d  on  c DN A f r o m  re% e r s e  t r a n s c r i p t i o n  o f  t he  i so l a t ed  RN A. S t i m u l a t e d  g r o u p  r e p r e s e n t s  
c y t o k i n e  s t i m u l a t e d  cel ls a n d  s h a m  g r o u p  is u n t r e a t e d  cells.  Relat iv e e x p re s s i o n  is c a l c u l a t e d  by t he  2 ' " *  "  
m e t h o d  w i t h  I 8S  as  t he  e n d o g e n o u s  c o n t r o l  a n d  t he  s h a m  g r o u p  used  as  t he  c a l i b r a t o r .

The expression o f RelA/p65, NF-K Bl/pl05 and IkBKG/NEMO which forms part o f the 

IKK complex, were assessed by qPCR and the results are shown in Figure 4.13.

RelA and NF-kB 1 are common components o f the N F-kB complex, a protein dim er that 

will bind to its response element on certain genes. Although the primary mechanism o f 

regulation is its liberation from IkB, it is still under transcriptional control and these two 

components are both upregulated by pro-inflammatory cytokines in Caco-2 cells. For 

RelA, ANOVA with a Dunnet’s post-test showed no statistically significant differences
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between the stimulated cells and any other group comparisons between the stimulated cell 

group and the sham group, /a , lb  and Ic respectively. Similarly, there were no statistically 

significant differences between the groups for NF-kB1 where the greatest inhibition was 

seen for la  and l e  (95% Cl: -0.66-4.5 and -1-4.1 respectively).

IkBKG is part of the IKK complex, shown in Figure 4.1, which can phosphorylate IkB 

leaving the NF-kB complex free to migrate to the nucleus. The difference between the 

stimulated and sham controls is small, which reflects the fact that transcriptional control is 

not the primary mechanism of regulation. None of compounds reached statistically 

significant inhibition compared with the stimulated group when analysed by ANOVA but 

paired t-test with the stimulated group found statistical significance between it and the 

sham group and la  with P values of 0.04 and 0.026 respectively.

4.2.3. The role of the cGMP pathway in the downregulation of MMP-9 by the 

nitrate-barbiturate compounds

The cGMP pathway is one of the most well defined ways that NO exerts many of its 

effects such as vasodilation and inhibition of platelet aggregation. NO can react with the 

heme centre of sGC leading to its activation and once active, it can convert GTP to cGMP. 

Following the limited effect o f the compounds in altering NF-kB nuclear binding or 

expression of components of the pathway, it was decided to test the role of the cGMP 

pathway in mediating the inhibition of MMP-9 by the nitrate-barbiturates. This was first 

achieved using the pharmacological inhibitor lH-[l,2,4]oxadiazolo[4,3-a]quinoxalin-l-one
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(ODQ) at 10|iM based on published literature [345, 353], which is a highly selective and 

irreversible heme site inh ib itior o f sGC and is competitive w ith NO [489, 490](Figure 4.2).

nitrate-barbiturates and ODQnitrate-barbiturates and ODQ

Kij ju re  4.14: M M P - ‘) gela tin  zy tnography  ( le ft)  and q l ’ C R  ( r ig h t )  follov>ing co-incuhat ion o f  s t imulated C aco-2 
cells \> i th n it ra tc -ha r  h it  urates and O D Q . The compounds ( la - f) (  lO f iM ) and 0 1 )(^  ( lO j iM ) were incubated « ith 
(a c o -2  cells fo r  30 minutes p r io r  to add it ion  o f  cytokines ( T \ K - u  and I I . - I ( ! .  lOng/ml) . ( e l l s  were then incuhated 
fo r  24 hours before RN A isolation o r  remo% al o f  cond it ioned media. K I -()!’ ( K was pe rfo rm ed  on cDN A f rom  
reverse t ran sc r ip t io n  o f  the isolated R \ A .  Stimula ted g roup  represents cy tok ine  s t imulated cells and sham group 
is un treated cells. Kela t ixe expression is calculated by the 2 ' " '  "  method w ith  ISS as the endogenous con tro l  and 
the sham g roup  used as the ca l ib ra to r .  Kor gelatin zym ography , densitometry results o f  trace mm \  intensity are 
normalised to the s t im ula ted  g roup  fo r  each replicate and presented as a percentage.

Co-incubation o f  the nitrate-barbiturates w ith ODQ abolished any reduction in MMP-9 

expression or secretion (Figure 4.14) that had been seen previously when the compounds 

alone were able to reduce the expression o f M MP-9 in cytokine stimulated cells (Figure 

3.14). There was no difference between any o f the compound treated groups and the 

stimulated group.
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l - igu r e  4 .15:  M M P - 9  ge l a t i n  z \  m o g r a p l i y  ( left )  a n d  q P (  R ( r i g h t )  f o l lowing  c o - i n c u b a t i o n  o f  s t i m u l a t e d  ( a c o - 2  
cel l s  « i th n i t r a t e - b a r b i t u r a t e s .  O D Q  a n d  8 - l 5 r - c ( ; M P .  I he c o m p o u n d s  ( l a - 0 (  lOj iM) ,  O D Q  ( l O u M )  a n d  S - B r -  
c ( i M P  ( lOf iM)  w e r e  i n c u b a t e d  \ \ i th  C' aco-2 cells f o r  30  m i n u t e s  p r i o r  to  a d d i t i o n  o f  c > t ok in e s  ( T \ F - «  a n d  I I , - 1 [5. 
l Ong/ml ) .  ( e l l s  w e r e  t he n  i n c u b a t e d  f o r  24 h o u r s  b e f o re  RN A i so l a t i on  o r  r e m o v a l  o f  c o n d i t i o n e d  m e d i a .  R ' l -  
( | P (  R w a s  p e r f o r m e d  on c D N A  f r o m  r e \ e r s e  t r a n s c r i p t i o n  o f  t he  i so l a t ed  RN A.  S t i m u l a t e d  g r o u p  r e p r e s e n t s  
c y t o k i n e  s t i m u l a t e d  cells,  s h a m  g r o u p  is u n t r e a t e d  cells a n d  O D Q  g r o u p  is u n s t i m u l t e d  cel ls w i th  O D Q .  Re la t i ve  
e x p r e s s i o n  is c a l c u l a t e d  by t he  2 "  m e t h o d  wi th  I8S as t he  e n d o g e n o u s  c o n t r o l  a n d  t h e  s h a m  g r o u p  u s e d  as  t he
c a l i b r a t o r .  Kor  ge l a t in  z y m o g r a p h y .  d e n s i t o m e t r y  r esu l t s  o f  t r a c e  m m  \  intensi ty  a r e  n o r m a l i s e d  to  t he  s t i m u l a t e d  
g r o u p  fo r  e a c h  r ep l i c a t e  a n d  p r e s e n t e d  as  a p e r c en t ag e .

Having seen the abolition of the compounds efficacy following co-incubation with ODQ, 

we added 8-Br-cGMP, the cGMP analogue (Figure 4.2) to the cells at lO^iM based on 

previously published literature [345, 353], along with ODQ and the nitrate-barbiturate 

compounds. The results were interesting and show a restoration of MMP-9 inhibition 

following addition of the 8-Br-cGMP (Figure 4.15) to levels comparable to the effect of 

the compounds alone with cytokine stimulated cells (Figure 3.14). The gelatin zymography 

results show that Ic is statistically significantly lower than the stimulated group with a 

51 % inhibition. All the other compounds had mean inhibitions ranging from 7% for I f  to 

31% for la.  Paired t-tests of the compounds and the stimulated control gave P values of 

0.053, 0.0018, 0.0728, 0.1497, 0.119 and 0.2 respectively for la-f.

148



qPC R  results show ed statistically significantly  reductions relative to the stim ulated group 

for all the com pound treated groups w ith the exception o f  l b .  Incubation with O D Q  alone 

show ed no difference betw een it and the sham  group when m easured by zym ography or 

qPC R  w hich show s that it has no effect on the unstim ulated cells alone. A ddition o f  the 8- 

B r-cG M P to the cells w ith the ODQ and com pounds gives results that are sim ilar to the 

com pounds alone.
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4.3. Discussion

Having discovered that the series o f nitrate-barbiturate compounds were potent inhibitors 

o f MMP-9 transcription and were more effective than either the alcohol-barbiturates or the 

nitrate side-chains alone, we decide to further investigate this mechanism o f action and the 

role o f the nitrate group. NO effects are often separated into cGMP dependent, which tend 

to occur at lower NO flux, and cGMP independent, occurring at higher concentrations. 

These cGMP independent effects are often mediated by formation o f peroxynitrite [262, 

263, 271, 272], leading to direct reaction with proteins to alter their function through S- 

nitrosylation, tyrosine nitration or oxidisation [273]. Peroxynitrite formation tends to 

occur in a pro-inflammatory environment where it is generated from high levels o f NO and 

superoxide and often opposes the biological effects o f NO [262, 263, 274-276]. The 

presence o f superoxide alters the balance o f protein alterations made by NO and will often 

give rise to a threshold in concentration, beyond which the role o f NO may change. To 

further complicate this concentration-dependent role o f NO, effects will also be cell- and 

environment-specific depending on the presence o f endogenous antioxidants [277] and 

other genes involved in regulating a given response.

With the effects o f NO seeming to be concentration dependent and in an attempt to ascribe 

some o f the MMP-9 inhibitory action o f the compounds to the nitrate moiety, we tested the 

effects o f NO-donors on MMP-9 in our model o f intestinal epithelial inflammation. It was 

previously found that endogenous or exogenously provided NO decreased MMP-9 gene 

expression in rat mesangial cells [393], NO can reduce the half-life o f MMP-9 mRNA 

[475], as well as 5-nitrosylate nuclear factor-KB [436], two mechanisms by which NO may 

modulate MMP-9 expression. In our experiments, SNAP and DETA-NONOate were
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chosen as NO-donors to represent varying NO release profiles. There was a linear 

relationship between the concentration o f the compound used and the concentration of 

nitrate and nitrite, which represent the breakdown products o f NO, that were in the media 

after 24 hours (Figure 4.7 and Figure 4.10). The variations in these breakdown products 

over the 24 hours for the two compounds were not measured. Cytokine stimulated cells 

that were incubated with SNAP showed a slight reduction at the level o f enzyme activity 

(Figure 4.5) and a large inhibition o f MMP-9 gene expression which was statistically 

significant at all concentrations (Figure 4.6). There was no difference in the effects 

observed at the different concentrations o f SNAP. DETA-NONOate was used in the same 

range o f concentrations (10-500nM ) as SNAP but did not result in the same effect on 

MMP-9. A statistically significant reduction in potential activity was observed with 

500|iM  treatment and a reduction also observed at 10|j M (Figure 4.8). A similar trend was 

found following qPCR but these results were not statistically significant (Figure 4.9). It is 

interesting to note that while there was a direct correlation between the concentration of 

donor used and the NOx' species measured, this did not correlate with the effect on MMP-9 

despite both NO-donors having some effect. The mean maximum NOx’ measured was 

approximately 600|iM  for DETA-NONOate and approximately 120|j M for SNAP. The 

range o f concentrations o f NOx" from SNAP that yielded the several fold reduction in 

MMP-9 transcription was approximately 23-120|iM . DETA-NONOate used in the range o f 

10-100|iM yielded similar quantities o f NOx’but did not produce the same level o f 

inhibition. This perhaps highlights the importance o f the release profile o f the NO-donor. 

The half-life o f  NO in a biological setting is in the range o f seconds and so the 

measurement o f its breakdown products after 24 hours may not necessarily be relevant. 

SNAP is expected to breakdown spontaneously and has a shorter half-life than DETA- 

NONOate (Table 4.1) and will likely produce a higher concentration o f NO that may be
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sustained for a shorter period of time and it may be this property that resuhed in the 

inhibition o f MMP-9 expression. The nitrate-barbiturate compounds had no effect on iNOS 

expression and there was a statistically significant increase in NOx’with la and lb, both of 

which have amino-alkyl side-chains (Figure 4.11). The dinitrate compound {la) had the 

highest NOx’concentrations but it was difficult to relate these differences with any of the 

inhibitory effects of the nitrate-barbiturates that were observed in the chapter 3. In 

summary, both NO donors were able to exert some inhibitory effect on MMP-9 but this 

effect was independent o f the NOx’ concentration after 24 hours. The concentration and 

mix of cytokines used did not induce iNOS in Caco-2 cells and the nitrate-barbiturates had 

no effect on its basal expression. Compounds la  and lb  were able to increase the NOx’ 

concentration after 24 hours which is a feature of the side-chain structure and not 

obviously linked with its ability to inhibit MMP-9.

With the difficulties in finding selective and clinically useful active-site inhibitors, 

searching for alternative targets such as blocking upstream pathways of activation [491, 

492] or indeed targeting the transcriptional upregulation o f the enzyme is of utmost 

importance. Xanthine-derivatives, NSAIDs and 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase inhibitors have all been studied as inhibitors of MMP-9 expression 

[39]. The tetracyclines are another group of compounds that are widely studied as for their 

ability to inhibit gelatinase synthesis [1, 493, 494], Blocking of extracellular factors that 

can upregulate MMP-9 expression is another avenue of research that has been pursued 

where monoclonal antibodies against TNF [158], or blocking o f IL-1, EOF [159] orTGF-[3 

receptors [495] has been shown to reduce MMP synthesis. Similarly, inhibition o f signal 

transduction pathways that are involved in the upregulation of MMP-9 such as the MAPKs 

may be a strategy for inhibition of transcription [160, 161]. Finally, blocking of nuclear
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factors such as AP-1 and NF-kB may provide a means of selectively blocking certain 

MMPs which they upregulate.

Knowing that the nitrate-barbiturates can inhibit MMP-9 transcription, that NF-kB is 

involved in the upregulation of MMP-9 and that NF-kB is sensitive to NO, we decided to 

assess the effect of the compounds on the NF-kB pathway. An ELISA of the p65 subunit 

was used to measure the nuclear binding o f the NF-kB complex. There was a trend of 

inhibition for all the compounds with a maximum mean reduction of 32% but the observed 

reductions were not statistically significant following ANOVA (Figure 4.12). To further 

investigate the approximate 20% inhibition o f p65 nuclear binding, we measured the effect 

of the compounds on the expression of some of the components of the NF-kB pathway.

The compounds showed a limited effect on RelA/p65, NF-KBl/pl05 and IkBKG/NEMO 

with la, lb  and Ic causing the greatest reduction in transcription of these elements (Figure 

4.13).

It was decided that following the limited effect of the compounds on the NF-kB pathway, it

would be worth examining an alternative mechanism by which the compounds were

inhibiting MMP-9 gene expression. We decided to investigate cGMP which is the most

noted mediator of NO effects. sGC can mediate the transcriptional upregulation of COX-2,

TNF, plasminogen activator inhibitor-1 (PAI-1), vascular endothelial growth factor

receptor-1 (VEGFRl), mitogen activated protein kinase phosphatase-1 (MKP-1) and

MMP-9. The exact mechanism by which cGMP exerts its transcription regulatory

functions has not been fully elucidated but can alter the function of cGMP-regulated ion

channels, cGMP-regulated phosphodiesterases and cGMP-dependent protein kinases

(PKG). Several lines of evidence appear to involve PKG as the mediator of soluble

guanylate cyclase action on MMP-9 gene transcription [496-498]. In our current studies,

co-incubation of the compounds with the sGC inhibitor conclusively abolished their MMP-
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9 inhibitory effects and no differences were observed between the compound treated cells 

and the stimulated control at the level o f gene transcription or enzyme activity (Figure 

4.14). We could therefore deduce that the nitrate-barbiturates inhibited MMP-9 

transcription in a sGC dependent manner. To confirm this result and further elucidate the 

pathway, the cGMP analogue, 8-Br-cGMP was added with the compounds and ODQ and it 

was found that the inhibitory properties o f the compounds were restored to what they were 

with the compounds alone (Figure 4.15). We can therefore conclude from this chapter that 

nitrate-barbiturates can exert their inhibitory action on MMP-9 transcription through a 

sGC-cGM P pathway; however, more experiments are required to elucidate the role o f PKG 

as the mediator o f cGMP action on the MMP-9 expression.
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Chapter 5: In-vivo assessment of dinitrate-barbiturate and 

corresponding alcohol-barbiturate and side chain
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5. in-vivo assessment of dinitrate-barbiturate and corresponding 

alcohol-barbiturate and side chain

5.1. Introduction and background

5.1.1. Impact of IBD

It is widely estimated that the number o f patients suffering from IBD, in Europe alone, is 

approximately 2.2 million. The estimated mean prevalence o f IBD in western countries is 1 

in 1,000 [499, 500] and ahhough data are less available for the developing world, 

incidence o f the disease are rising globally [501, 502]. Moreover, rates o f UC and CD in 

northern European countries (including Ireland) are 40% and 80% higher respectively than 

those in the rest o f Europe [503], Therefore, IBD is becoming a serious health-related 

problem in Ireland, with significant quality o f life impact and financial burden, particularly 

because the incidence o f this disease is increasing.

IBD is a chronic relapsing condition whose aetiology is still unknown. In addition, there is 

currently no ultimate cure for IBD patients. Existing therapies may alleviate inflammatory 

symptoms, however, IBD patients are likely to suffer many relapses over the course o f the 

disease. Indeed, surgery has to be performed in many cases to control the disease, 

particularly in CD patients with stenosing behaviour. In addition, IBD is frequently 

aggravated by digestive and extradigestive complications. Therefore, the well-being and 

health-related quality o f  life o f patients suffering from IBD can be seriously affected. 

Moreover, these disorders typically affect people during their economically productive 

lives and as stated before, they may require extensive medical and surgical treatments over
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decades. The potential economic impact in our society o f managing IBD is therefore 

considerable. According to the Economic and Social Research Institute (ESRI), 

approximately 3000 IBD patients are admitted to different Irish Hospitals every year for 

the treatment o f this condition or its complications. Current mainline therapies, such as the 

salicylates like sulphsalazine or mesalazine and corticosteroids are largely generic. As a 

consequence, the global market, estimated at more than €3 billion, is probably 

undervalued. Exceptions are the anti-TNFa therapies, monoclonal antibodies directed 

against TNF-alpha such as infliximab. There are, however, a number o f limitations with 

these therapies: they are not orally active, and while the response rate is about 80% in CD, 

it may be less than 50% for UC. It may give rise to opportunistic infections such as 

tuberculosis and patients may become refractory as a consequence o f formation of 

antibodies against infliximab. Hence, the research to discover new molecules involved in 

IBD and new therapeutic approaches including efficient drug delivery systems is of utmost 

importance. With the involvement o f MMP-9 in IBD confirmed, it remains a viable target 

for potential MMP-9 inhibitors.

5.1.2. In-vivo models of IBD

Animal models o f disease are used to investigate the effect o f treatments or to study certain 

aspects o f a disease, o f  which, all the complexities cannot be mimicked in cell culture. UC 

and CD are complex diseases whose aetiology is still not fully understood involving the 

gut epithelium, innate and adaptive immune systems and rat or murine models are 

invaluable in assessing the progression o f the disease and the potential success of 

interventions. The first animal model o f IBD was described 57 years ago [504] and since
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then with a greater understanding o f the disease, the advent o f genetic manipulation and 

human genome-wide IBD association studies have left us with a wide-array o f models with 

specific pathologies and features. These models seek to mimic the clinical and 

morphological features o f UC or CD. For CD, phenotypic similarity is through the 

presence o f discontinuous transmural inflammation o f the intestinal wall, small bowel 

involvement, stricture development, granuloma formation and perianal disease with 

fistulae. For UC, this is inflammation with rectal involvement, crypt abscess formation and 

superficial involvement o f the bowel wall [505].

Animal models o f IBD are broadly grouped into 1) chemically induced, 2) congenic, 3) 

cell transfer models and 4) genetically engineered which include various knock out (KO) 

and transgenic (Tg) models.

5. 1.2.1. Chemically induced colitis

Colitis that is chemically induced by an administered agent were the first established and 

are still the most common animal models for studying IBD. These models are easy to use, 

flexible, reliable and relatively inexpensive [505]. On the other hand, they fall short in the 

likeness to human IBD in that many models produce an acute, self-limiting colitis that 

develops quickly (days) and lasts weeks, as opposed to a chronic colitis which develops 

and persists over weeks to months. The pathogenesis is artificially induced by chemicals 

which damage the epithelium which is not a feature o f the human disease. Some 

commonly used models o f chemically induced colitis are summarised in Table 5.1.
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Model Pathogenesis Phenotype Immunological
features

Ref.

DSS Chelation o f UC-Uke acute Innate immunity, [208,
divalent cations or chronic self- M l macrophage. 506]
required for lEC limiting colitis initially T h l, but
tight junctions later T h l/2

TNBS Haptenization o f CD-like acute DTH-like [507]
colonic proteins self-limiting

colitis
response;Thl (and
possibly
Th2)

Oxazolone Haptenization o f 
colonic proteins

UC-like acute 
self-limited 
leftsided 
colitis

Th2 and NK T cells [508]

l i t b l e  5 . 1 :  M o d e l s  o f  c h e m l c n i l y  i n d u c e d  c o l i t i s  w i t h  f e a t u r e s .  l E C '  ( i n t e s t i n a l  e p i t h e l i a l  cel l ) ,  1)111 ( d e l a \ e d - t y p e  
h y p e r s e n s i t i \  i ty.  A d a p t e d  f r o m  | 5 0 ‘) | .

DSS is commonly used to induce colitis in rats and mice where it is dissolved in water at 3- 

5% and administered for 5-7 days to induce an acute or chronic colitis with epithelial 

injury and crypt loss [510]. Clinical features include weight loss, loose stools/diarrhoea, 

and rectal bleeding and histopathological analysis typically reveals crypt loss, epithelial 

cell damage, significant infiltration o f granulocytes and mononuclear immune cells, and 

tissue oedema, often accompanied with severe ulceration [510]. Initial, acute colitis is 

mediated by pro-inflammatory cytokines released by macrophages [208], however chronic 

colitis induced by DSS has been shown to be mediated by CD4^ T cells [511]. These CD4^ 

T cells can increase local concentrations o f  IFN-y and IL-4 which suggests that the chronic 

inflammation caused by DSS can be mediated by Thl and Th2 cells [506]. As in human 

IBD, bacteria will play a role in the pathogenesis o f DSS induced colitis and it has been 

shown that antibiotics can prevent against or even treat this colitis in mice and rats [512].

A study using temporal genomewide expression profiling compared distal colon samples 

from DSS induced colitic mice to corresponding human UC results. The group found 1,609 

genes that were significantly altered in DSS induced colitis and o f these, 152 genes were
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similarly upregulated when compared with the human UC results and 52 were similarly 

downregulated [513], A rat model of DSS induced colitis is what we used to assess the 

effects of compound la  and the corresponding alcohol-barbiturate and nitrate side-chain. 

Over the course of 5 days, the rats develop an acute colitis that begins in the distal colon. 

This model was chosen for its ease of use and the fact that epithelial integrity becomes 

compromised and MMP-9 is known to be upregulated.

TNBS is a hapten that is delivered intrarectally in ethanol solution to rats or mice to 

produce a model of colitis with many of the features of human CD. Ethanol is required to 

disrupt the epithelium and expose the lamina propria to the lumen [514]. This produces a 

transmural inflammation with granulomas and infiltration of inflammatory cells through all 

layers of the intestine which results in diarrhoea, rectal prolapse and weight loss. Isolated 

macrophages produce large amounts of IL-12 and lymphocytes produced IFN-y and IL-2 

which is characteristic of a Thl response that is seen in CD [507].

Oxazolone is another hapten that is used to induce colitis in animals with a Th2 polarized 

response. Like TNBS, oxazolone is administered rectally in an ethanol enema solution and 

induces colitis that is limited to the distal colon with superficial ulceration which resembles 

UC. The TGF-(3 mediated Th2 response is characterised by high levels of lL-4 [508].

Other chemicals that have been or continue to be used to induce colitis in animal models 

include acetic acid [515], indomethacin [516] and iodoacetamide [517], each with 

differing methods of administration and resulting in varying forms of colitis.
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5. 1.2.2. Congenic or transgenic models of colitis

Congenic animals are produced from crossbreeding two inbred strains o f known genome 

that differ at a certain chromosome. Any difference in phenotype o f the congenic animal 

from the inbred parents can be attributed to the area o f difference in the genomes. An 

example o f a congenic mouse model is a specific substrain o f C3H/Hej obtained through 

selective breeding known as C3H/HeJBir. This substrain lacks TLR-4 and is unresponsive 

to LPS and spontaneously develops colitis in the third to fourth week o f life. The colitis is 

characterised by ulcer and crypt abscess and increased levels o f IL-2 and IFN-y from 

lamina lymphocytes has been observed which is indicative o f a Thl type response (Table 

5.2) [518].

SA M Pl/Y it mice are another example o f a congenic model o f colitis where spontaneous 

terminal ileitis develops after approximately 10 weeks [519]. Interestingly, another group 

discovered that numerous phenotypic features o f the colitis changed from those originally 

described after more than 20 generations o f brother-sister mating [520]. These changes 

included accelerated onset o f disease features including high IFN-y production after 4 

weeks which preceded the onset o f ileitis, chronic ileitis with prominent muscular 

hypertrophy and focal collagen deposition in inflamed segments and mesenteric lymph 

node lymphocyte activation. Perhaps most interestingly, approximately 5% developed 

perianal disease with ulceration and fistulae which had not been seen in an animal model 

before and the strain was redefined as SAM Pl/YitFc.

A transgenic animal is produced from injecting genetic material into a single stem cell o f

the embryo which will then randomly integrate into the animal genome. IL-7 is a key

cytokine in the proliferation and regulation o f epithelial cells and lymphocytes in UC

patients [521]. Transgenic mice that overexpress IL-7 develop colitis within 1 to 3 weeks

with infiltration o f neutrophils and CD4^ T cells. In the acute phase, high levels o f  IL-7 are
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found in inflamed regions and after 8 to 12 weeks, proctoposis with rectal bleeding, 

infiltration o f monocytes, decrease in goblet cells and crypt abscesses were observed in the 

lamina. Although this model produces UC like phenotype, a T hl type response is dominant 

with increases in IL-2 and IFN-y. STAT4 transgenic animals overexpress STAT4 leading 

to an increase in IL-12 synthesis in the animal. A Thl type response is elicited and a 

transmural inflammation o f the intestine with similarities to human CD results [522].

Model Pathogenesis Phenotype Immunological
features

Ref.

C3H/HeJBir A substrain o f 
TLR-4 lacking, 
C3H/HeJ 
mice
unresponsive to 
LPS

CD-like chronic 
colitis o f  the 
caecum and 
proximal colon, 
antibodies 
against 
microflora

Thl [518,
523]

S A M P W it Sublines of 
SAM mice from 
the AKR/J 
background

CD like, 
chronic
segmental ileitis 
and typhlitis 
with
granulomas

Early Thl later mixed 
Thl/Th2;
Increased epithelial 
permeability

[519,
520,
524]

IL-7 tg Enhanced IL-7 
production by 
mucosal T 
cells

UC-like chronic 
pancolitis

Sustained survival o f 
colitogenic IL-7Ra- 
expressing memory 
CD4^ T cells, Thl

[525]

STAT4 tg STAT4
overexpression 
in CD4^ T cells

CD-like chronic
transmural
ileitis/colitis

Loss o f STAT4 
transcriptional 
regulation o f 
IL-12/IL-23 receptor 
signalling results in 
enhanced Thl

[522]

I a b l e  5.2;  M o d e l s  o f  c o n g e n i c  o r  t r a n s g e n i c  col i t is  wi th  f ea t u r e s .  I g ( t r a n s g e n i c ) .  A d a p t e d  f r o m  | 5 09 | .
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5. 1.2.3. Gene KO models of colitis

A KO model is created by modifying embryonic stem cells with a DNA construct 

containing DNA of a target gene and then injecting them into the blastocyte. With this 

method, a single gene can be modified or knocked out. The ability to KO one single gene 

is a hugely valuable research tool in assessing the effects o f that gene and can also provide 

a wide range o f models o f disease to study the progression and possible interventions. 

Despite this, care must be taken when evaluating the results o f interventions from KO 

animal models as signalling pathways that may affect the performance o f the therapeutic 

may not be present. Indeed, while the specific KO might provide a phenotype seen in CD 

or UC, the human disease is polygenic and may not have loss o f the gene that is knocked 

out such as IL-10 or STATS. Some commonly used KO models o f UC and CD are 

summarised in Table 5.3.
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Model Pathogenesis Phenotype Immunological
features

Ref.

IL-2--/IL-2 Disruption of Multiorgan deficient Tregs; [526]
receptor a ’̂ ' the IL-2 or IL- inflammation, Deficient

2 receptor a transmural chronic activation-induced
gene colitis, T cell apoptosis;

lymphoproliferation Enhanced antigen-
presentation by
epithelial
cells, Thl

IL-10 TIL-10 Disruption of Chronic transmural IL-12/23- [527]
receptor the IL-10 or colitis accelerated dependent

IL-10 receptor by helicobacter Thl/Thl7;
gene hepaticus Th2 in late phase

Macrophage- Disruption of Chronic transmural Absence o f the IL- [528]
PMN STAT3 the signal colitis with 10

transducer and malignant counterregulatory
activator of transformation effect
transcription 3 on neutrophils and
(STAT3) gene colonic
in neutrophils macrophages;
and TLR-dependent
macrophages enhanced IL-

12p40, Thl

Deletion of a CD-like chronic Thl driven CD8^ [529]
segment in the transmural ileitis/ effector T cell
3’ UTR region proximal colitis inflammation
increases TNF- with
a mRNA granulomata.
stability and arthritis, alopecia
protein
production

I a b l e  5.3 : M o d e ls  o f  g e n e  KC) coli t is  w i th  f e a tu re s .  A d a p t e d  f ro m  |5 0 9 |

IL-2 is considered to be a key regulatory cytokine in the immune system with functions 

including the activation of T cells, macrophages, natural killer cells and differentiation of 

B cells. In models of IL-2 or IL-2 receptor KO, colitis develops between 6 and 15 weeks 

[530]. While the small intestine is unaffected, the entire colon becomes ulcerated with wall 

thickening. Infiltration of activated T and B cells has been observed with an increase in 

antibody production and major histocompatibility complex (MHC) class II expression.
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Increased levels o f IL-12 and IFN-y indicate that this is a Thl type response [514], lL-2 

also mediates activation-induced cell death and it is believed that incomplete depletion o f 

activated T-cells may mediate the colitis observed in this model [531],

IL-10 is considered to be an anti-inflammatory cytokine and crucial to maintaining 

homeostasis o f the gut immune system. It is secreted by T cells, B cells, macrophages, 

thymic cells, and keratinocytes. It inhibits the function o f Thl cells, NK cells, and 

macrophages. IL-10'^'animals are by far the most widely used gene-target model o f colitis 

and first develop inflammation in the proximal colon at 3 weeks old with increased 

severity and distribution over time and pancolitis and caecal inflammation at 2 to 4 months 

old [532]. Goblet cell depletion, degeneration o f the epithelium, infiltration o f IgA- 

producing plasma cells, and an increase in MHC class II expression have been detected in 

the colon [533]. Activation o f CD4^ Thl cells and depletion o f Tregs is believed to 

mediate the colitis in this model but there may be two distinct phases where IL-12 

mediates early colitis but IL-4 and IL-13, but not IL-12, mediate chronic colitis [527].

STAT3 is the downstream molecule for IL-10 and so it was discovered that knocking out 

this gene in macrophages and neutrophils resulted in the development o f spontaneous 

colitis similar to that seen in the IL-10'^' model [528].

Another commonly used rodent model o f colitis involves T N F a^ ^ ^ ’̂ ' where deletion of 

ARE in the 3 ’ UTR results in more stable TN F-a mRNA. Increasing the synthesis o f this 

well-known pro-inflammatory cytokine unsurprisingly results in colitis. The KO models 

discussed here all involved altering cytokine signalling to alter immune functions in the gut 

but it should be noted that several other KO models, not listed in Table 5.3, exist, whose 

genetic modification alters the physiological working o f the epithelial barrier such as
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mucin (MUC) MT'' results in a loss o f mucin production or M drla'^'w here colitis results 

from a loss o f the intestinal transporter P-glycoprotein.

5.1.2.4. Cell transfer models

These models involve disruption o f T cell homeostasis to induce colitis in an animal. The 

most common o f these models involves adaptive transfer o f CD4^, CD45RB’’‘®̂ T cells 

from healthy wild type animals into syngeneic recipients that lack T and B cells where 

pancolitis and small bowel inflammation results after 5 to 8 weeks [534, 535]. The colitis 

is characterised by a predominant involvement o f the distal colon with transmural 

inflammation, epithelial cell hyperplasia, leukocyte infiltration, crypt abscesses and 

epithelial cell erosions.

5.1.3. Experimental design

Our in-vivo experiments sought to examine the ability o f compound la  to inhibit MMP-9 

in the distal colon and thus reduce DSS induced colitis and compare its effects to that of 

compounds 2a and 3a. We also wished to discover if  the ability to inhibit MMP-9 in the 

colon would result in reduced inflammation and severity o f the disease, la  was chosen as a 

representative compound as it has two nitrate moieties on its side chain and produced the 

greatest increase in NOx’ after 24 hours and so would be best suited for discerning any 

contribution from the nitrate in an in-vivo model. 2a  and 3a  are the corresponding alcohol- 

barbiturate and nitrate-side chain respectively and so could be used compare the effects o f 

the component parts o f the molecule. Owing to an undetermined pharmacokinetic profile.

166



it was decided that local administration o f the compounds, intrarectally by enema, would 

best allow us to determine efficacy. Male W istar rats are commonly used in DSS induced 

colitis experiments and were chosen over mice for ease o f  enema administration and to 

enable greater accuracy o f dosing. Five weight controlled groups were assessed in total 

with between 10 and 20 animals in each group, where the sham group received tap water 

but all the other groups received 5% DSS in lieu o f this. Rectal enemas were administered 

twice daily which contained vehicle only for the DSS and sham groups and one o f three 

compounds for the other groups as showed in Figure 5.1. Drug administration began on 

Day 0 at the same time as the commencement o f  the DSS.

sham

Vehicle

Kigi i re 5 .1:  K \ p e r i me n t ! i l  des ign .  Kive g r o u p s  in t o t a l  w e r e  u se d ,  f o u r  o f  w h i c h  r ec e i ve d  [ )SS 5 %  in t he i r  d r i n k i n g  
w a t e r ,  w h e r e a s  t he  s h a m  g r o u p  r ec e i ve d  d r i n k i n g  w a t e r  a l one .  Re c t a l  e n e m a s  w e r e  a d m i n i s t e r e d  t wi ce  dai lv to 
e a c h  a n i m a l .  S h a m  a n d  DSS g r o u p s  r ec e i ve d  vehic l e  ( l “/o c r e m o p h o r ,  S' /o e t h a n o l  in d d l K O )  w h e r e  t he  o t h e r  t h r e e  
g r o u p s  r ec e i ve d  c o m p o u n d s  d i s s o lved  in t he  s a m e  vehic le .
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This layout allowed us to assess induction o f colitis by comparing the two control groups 

and any improvement following administration o f the compounds, by comparing those 

treatment groups to the DSS group, while using as few animals as possible.
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5.2. Results

5.2.1. Clinical and histological assessment

To follow on from the establishment of efficacy and mechanism of action of the nitrate- 

barbiturate compounds in our cell culture model, we tested compound la  in our rat model 

of colitis induced by DSS. The progression of the disease was monitored each day with a 

clinical score given by the DAI.

DAI sco re  (day 4) DAI score (day 5)
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sh am
l a
2 a
3a

Day

Kigurc  5 .2:  P r o g r e s s i o n  o f  i l i seasc ac t i v i t y  o v e r  t h e  c o u r s e  o f  t h e  e x p e r i m e n t  as  m e a s u r e d  hy t he  DAI .  l o p  p a n e  
s h o w s  h i s t o g r a m s  o f  t h e  D AI  s co re s  fo r  t h e  r a t s  on d a y  4 ( left)  a n d  d a y  5 ( r ig h t )  w h e n  s t a t i s t i ca l l y  s i gn i f i can t  
d i f f e r e n c e s  w e r e  o b s e r v e d  f o l lowing  t r e a t m e n t  w i t h  l a ,  2a  o r  3a.  B o t t o m  p a n e  s h o w s  t he  DAI  s c o r e s  f or  e a c h  d ay  
for  all  g r o u p s .  R e su l t s  a r e  poo l ed  f r o m  t h r e e  e x p e r i m e n t s  ( n= 8 7 )  w i t h  a m i n i m u m  o f  10 a n i m a l s  in ea c h  g r o u p .
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The mean DAI score for sham group animals never changed from zero as can be seen in 

Figure 5.2. Statistically significant differences were observed between the DSS and sham 

groups and la  and the DSS group by day 4. It was at this point that several of the DSS 

group animals started to develop diarrhoea and rectal bleeding. By day 5, most of the DSS 

group had diarrhoea and bloody stools or rectal bleeding. An obvious trend emerged 

among the compound treated groups where the animals that were administered la  

developed fewer and less severe colitic features which was highly statistically significant. 

2a also protected the animals from the severity of disease activity but to a lesser extent 

than the nitrate equivalent and the nitrate side-chain had a slight protective effect that was 

not statistically significant.

From these results, we can conclude that la  can protect against DSS induced colitis and is 

more effective than the non-nitrate equivalent and so the reduction in the severity of the 

colitis is partly mediated through the nitrate group. It is tempting to speculate that the 

observed effect of the nitrate-barbiturate results from the additive or synergistic 

combination o f the component parts but this theory was not tested experimentally and la  

may have a mechanism of action and pharmacokinetic profile that is distinct from either 2a 

or 3a.

To follow on from the success of the nitrate-barbiturate in treating the clinical 

manifestations of the colitis, four representative distal colon samples from each of the DSS 

and sham groups and la  treated group were processed for histological assessment with the 

help of Dr Noreen Boyle and Dr Neil Docherty. The results were very clear upon 

visualisation as seen in Figure 5.3.
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Kigure  5.3:  R e | ) r e s c n t : i t i \ e  imi iges  o f  Hc' tK s t a i n e d  di s t a l  co lon s a m p l e s  f r o m  f o u r  d i f f e r e n t  a n i m a l s  f r o m  ea c h  
g r o u p .  T h e  t o p  r o w  s h o « s  r e p r e s e n t a t i v e  i m a ge s  f r o m  the  DSS  g r o u p  wi t h  epi t he l i a l  s t r i p p i n g  a n d  n e a r  c o m p l e t e  
c r \ p t  loss w i t h  i n c r e a s e d  i n f i l t r a t i o n  o f  i n t l a n i m a t o r v  cells.  I he s e c on d  rov» s ho ws  r e p r e s e n t a t i \ e  i m a g e s  f r o m  the  
s h a m  g r o u p  wi t h  an  i n t a c t  e | ) i th e l iu m a n d  c r \ p t s  t h a t  e x t e n d  a l m os t  as  f a r  as  t he  m u s c u l a r i s .  The t h i r d  row s h o ws  
r e p r e s e n t a t i v e  i m a g e s  f r o m  t h e  h i  g r o u p  w i t h  f e a t u r e s  s i m i l a r  to t he  s h a m  g r o u p .
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The images in Figure 5.3 show conclusively that la  protects the epithelium from the 

damaging effects of DSS induced colitis and samples from this group look histologically 

comparable to those from the sham group. Notable features from the DSS group include a 

stripping of the surface epithelium, shortening of crypt depth, increased distance between 

crypts and in some cases complete crypt loss. None of these features were present in the 

sham group or the la  group.

Crypt Length Crypt damage

Tissue inflammation

Kigurc  5.4:  Hi s to log ica l  m e a s u r e s  o f  i n f l a m m a t i o n .  All  m e a s u r e s  w e r e  h a s e d  on  a v e r a g e  sc o r e s  fo r  5 a r e a s  o f  d i s t a l  
co lon s a m p l e  fo r  10 a n i m a l s  for  ea c h  g r o u p .  ( r \ p t  l eng t h  ( t op  lef t)  w a s  m e a s u r e d  u s i n g  t he  a n n o t a t i o n  f un c t i on  on 
Digi ta l  S l i de box  s o f t w a r e  f ol lowing  d ig i t a l  scan .  C r \ p t  d a m a g e  ( t op  r i gh t )  w a s  a s s i g ne d  a s u b j e c t i v e  sc ore ,  
fo l lowing  b l i nd i ng ,  b a s e d  on c r y p t  s h o r t e n i n g  a n d  s u r f a c e  e ros i ons .  I ' i ssue i n f l a m m a t i o n  ( b o t t o m  left)  w a s  
a s s i g ne d  a s ub j e c t i v e  s core ,  fol low ing b l i nd i ng ,  b as e d  on e n l a r g e m e n t  o f  t he  l a m i n a  a n d  i nf i l t r a t i on  o f  nuclei .  
Re su l t s  a r e  p r e s e n t e d  as  a v e r a g e d  a b s o l u t e  \ a l u e s  o r  scores .
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Each colon sample was analysed and assigned a score for tissue inflammation and crypt 

damage across 5 areas o f each sample which were averaged. Crypt length was also 

measured across 5 areas of each sample using the Digital Slidebox software as described in 

materials and methods. While there was a notable difference between the crypt lengths for 

the DSS and the la  groups, this did not reach statistical significance. The other histological 

scores o f crypt damage and tissue inflammation did reach statistically significant 

differences between the DSS group and la, which is in agreement with the DAI scores 

(Figure 5.2) and the images of the colon samples in Figure 5.3 which is shown in the 

correlations in Figure 5.5. The results of this regression analysis show that the DAI and 

crypt damage score (P < 0.0001, R = 0.602) and the DAI and tissue inflammation score (P 

< 0.0001, R = 0.5906) both represent the same trend of results. All the results confirm that 

la  can reduce the level of intestinal inflammation in the distal colon of rats with DSS 

induced colitis.

Crypts damage vs DAI Inflammation vs DAI

<
Q

•  •

•  •

0 1 2 3 4 5
crypt damage

•  •  • •  •  •

Inflammation Score- 1-1

F i g u r e  5.5:  C o r r e l a t i o n s  o f  hi s to logica l  m e a s u r e s  o f  i n f l a m m a t i o n  a n d  t he  DAI  scores .  I h e  s c o r c s  f o r  c r v p t  
d a m a g e  w e r e  c o r r e l a t e d  wi th  t he  c o r r e s p o n d i n g  s c o r e s  f o r  DAI  fo r  t h e  s a m e  a n i m a l  (left) .  I he  s c o re  f or  t i s s ue  
i n f l a m m a t i o n  v \ e rc  c o r r e l a t e d  wi th  t h e  c o r r e s p o n d i n g  s c o r e s  f o r  D AI  fo r  t h e  s a m e  a n i m a l  ( r i gh t )

173



5.2.2. The effect of compound 1a on MMP-9 and a gene expression analysis 

in the distal colon

Having seen the ability o f la  to protect against DSS induce colitis, we wished to ascertain 

the effect it was having on MMP transcription and activity in the distal colon. The lysed 

distal colon tissue was not analysed for cell types but likely contained a variety of 

including epithelial cells, smooth muscle cells, dendritic cells and macrophage etc. It is 

worth noting that following an acute course of DSS, the cellular make up of tissue may 

change with fewer epithelial cells present and a greater number of infiltrating inflammatory 

cells which may produce and release different inflammatory mediators [316],
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Kigiire 5.6:  ( Jc ne  e x p r e s s io n  a n d  ac t iv i ty  o f  M M P - 9  in t he  d i s t a l  co lon.  D a t a  r e p r e s e n t  t h r e e  p oo l ed  e x p e r i m e n t s  
wi th  a tota l  of ' n  = 77.  Kol lowing s acr i f i ce ,  R N A  w a s  i sola ted f r o m  t h e  di s t a l  co l on  o f  t he  r a t s  o r  d i s t a l  colon 
s a mp l e s  w e r e  lysed for  ge l a t in  zy m o g r a p h y .  R T - q P C ' R  w a s  p e r f o r m e d  on c D N  A f r o m  rex e r s e  t r a n s c r i p t i o n  o f  t he  
i sola ted R N A .  D SS  g r o u p  r e p r e s e n t s  a n i m a l s  t h a t  w e r e  g i \ e n  DSS  a n d  t r e a t e d  wi t h  veh ic l e  a n d  s h a m  g r o u p  
r e p r e s e n t s  r a t s  t h a t  r e ce i ved  d r i n k i n g  w a t e r  a n d  t r e a t e d  wi t h  \ e h i c l e .  I he l a ,  2a  a n d  3a  g r o u p s  r ece ived  D SS  a n d  
w e r e  t r e a t e d  wi t h  t he  r e s p e c t i \ e  c o m p o u n d s .  Re la t i ve  e x p r e s s io n  is c a l c u l a t e d  by t he  2 "  m e t h o d  wi th  I 8S  as
the  e n d o g e n o u s  c o n t r o l  a n d  a  m e d i a n  a n i m a l  o f  t he  s h a m  g r o u p  used  as  t he  c a l i b r a t o r .  F o r  g e l a t in  z y m o g r a p h y ,  
t he  d a t a  a r e  e x p r e s s e d  as  t h e  a v e r a g e  o f  t he  d e n s i t o m e t r y  re su l t s ;  t r a c e  m m  \  in t ens i ty .
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In Figure 5.6, we can see that la  statistically significantly reduces both MMP-9 expression 

and activity in this model o f colitis. 2a and 3a appeared to have some effect in reducing 

MMP-9 mRNA but the result was not statistically different from the DSS group. These 

results show a similar trend to the D A I scores.
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Having observed a similar trend between MMP-9 inhibition and a reduction in 

inflammation, Figure 5.7 shows the correlations between the measures o f MMP-9 activity 

and expression and the measures o f inflammation used. The first three graphs from left to 

right and top to bottom show the densitometry results following zymography and the other 

measures o f inflammation. These correlations were poor; zymography and crypt damage (P 

= 0.78, R^= 0.03), zymography and tissue inflammation score (P = 0.27, R^= 0.0537), 

zymography and DAI score (P = 0.59, R^= 0.012) and can only be explained by poor 

sensitivity o f the zymography analysis. To correlate the qPCR results with the 

inflammation scores, ACj was used which is unique to each sample and not relative to any 

other group and where a high A C jis indicative o f low MMP-9 mRNA levels. The 

expression MMP-9 correlated well with the other measures o f inflammation and were 

statistically significant; PCR ACj and crypt damage (P < 0.0001, R^= 0.5), PCR ACj and 

tissue inflammation score (P < 0.0001, R^= 0.058) and PCR ACr and DAI score (P < 

0.0001, R^= 0.682).

The expression o f pro-inflammatory cytokines in the distal colon and any influence o f the 

compounds on this expression was then analysed.
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TNF-a (PCR)

F i g u r e  5.8:  ( Je ne  e x p r e s s io n  ; ind i ict ivi ty o f  I 'NK-u a n d  I I , - I p  in t he  di s t a l  co lon .  D a t a  r e p r e s e n t  t h r e e  pooled 
e x p e r i m e n t s  « i th a t o t a l  o f  n =  77.  Fol low i ng  sacr i f i ce .  R \ A  w a s  i so l a t ed  f r o m  t he  d i s t a l  co lon o f  t he  r a t s .  K I - 
q P C R  w a s  p e r f o r m e d  on c DN A f r o m  r e v e r s e  t r a n s c r i p t i o n  o f  t he  i so l a t ed  R \ A .  DSS  g r o u p  r e p r e s e n t s  a n i m a l s  
t h a t  w e r e  g ixen DSS  a n d  t r e a t e d  wi t h  \ eh i c l e  a n d  s h a m  g r o u p  r e p r e s e n t s  r a t s  t h a t  r c c e i \ e d  d r i n k i n g  w a t e r  a n d  
t r e a t e d  w i t h  vehicle .  I he  l a ,  2a  a n d  3 a  g r o u p s  r ec e i ve d  D SS  a n d  w e r e  t r e a t e d  wi t h  t he  r e s pe c t iv e  c o m p o u n d s .  
Re la t i ve  e x p r e ss i o n  is c a l c u l a t e d  by  t he  2 "  m e t h o d  wi t h  I 8S  as  t he  e n d o g e n o u s  c o n t r o l  a n d  a m e d i a n  a n i m a l
f r o m  t h e  s h a m  g r o u p  used  as  t h e  c a l i b r a t o r

The expression of the cytokines follows a similar trend to that of MMP-9 but no 

statistically significant differences between the treatment groups and the DSS group were 

observed (Figure 5.8). The 95% confidence interval for the DSS group versus la  was -0.4 

-  2.25 for TNF-a and -0.9 -  4.3 for IL-ip and so very close to statistical significance. A 

notable difference to a trend with all the in-vivo results so far is the absence of any effect 

exerted by 2a on TNF-a expression.

To further explore the effect that MMP-9 inhibition had on the expression of inflammatory

regulating proteins, representative animals from each of the DSS, sham and la  groups

were chosen and RNA samples from the distal colon were analysed using TaqMan

inflammatory array cards. Relative quantitation was carried out as described previously

and a correlation matrix (Figure 5.9) was generated using the dChip software to assess the

correlation of gene expression profiles of animals within and between experimental group.

This clusters samples together based on the gene expression profile. The degree of

correlation is given a colour to allow visualization with positive correlations relating to the
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brightness of the red colour and negative correlations given by the brightness of the green 

colour. Following clustering, the samples are presented in a square where the colour of the 

box at the intersection of two samples indicates the degree of correlation. From the 

correlation matrix, we can see that all but one of the DSS group animals clustered together 

and had strong correlation. Similarly, the sham group and la  treated group clustered 

together.
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F i g u r e  5.9:  C o r r e l a t i o n  m a t r i x  o f  s a m p l e s  used  in g e n e  p ro f i l i n g  e x p e r i m e n t .  S a m p l e s  a r e  c l u s t e r e d  a n d  c o r r e l a t e d  
a c c o r d i n g  to g e n e  e x p r e s s i o n  pro f i l e  c a l c u l a t e d  f r o m  r e l a t i ve  e x p r e ss i o n  r e s u l t s  f r o m  I a q M a n  r a t  i n f l a m m a t o r y  
a r r a y  c a r d s  a n d  a r e  s h o w n  g r o u p e d  on  t he  \  a n d  y axis .  T h e  c o l o u r  a t  t he  p o i n t  o f  i n t e r s ec t i o n  o f  t wo  s a m p l e s  on 
the  m a t r i x  i nd i ca t es  t he  l e \ e l  o f  c o r r e l a t i o n  as  shov>n in t he  l egend  w h e r e  b r i g h t  g r e e n  i nd i c a t e s  -I  a n d  b r i g h t  r ed  
i nd i ca t e s  I.

The heatmap in Figure 5.10 shows the same information where all but one of the DSS 

samples clustered to one side of the map and the sham and la  treated samples clustered to 

the other side with the one outlying DSS group sample. From the branching at the top of
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the map, we could see that the expression profile of the inflammatory genes for the la 

treated animals was comparable to the sham group and separate from the DSS group.
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Figure 5.10: llea tiiia |) o f evpression profiles o f distal colon samples w ith  clustering o f samples and genes. I he top 
o f the heatmap shows the samples used in the in flam m atory array and the ir clustering based on the gene 
expression profile. I'he side o f the heatmap shows the clustering o f the genes themselves and the intersection o f a 
gene and sample on the map is given a colour to represent le \e l o f expression where the relative quantitation 
results are standardised for each row by subtracting the mean and div id ing by the standard deviation.
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Following relative quantitation, genes from the sham group and la  treated groups that were 

up or downregulated more than two-fold relative to the representative DSS animal were 

assessed for common elements. This was carried out using the web-based Venn diagram 

software, Venny. The lists of the genes that met these criteria for each sample were added 

to the software which generates an oval or circle for each list. From the four animal 

samples analysed from the sham group, we can see that a total of 40 genes are commonly 

downregulated by two-fold or more in three or more of the samples. This is seen from 

areas o f overlap of the ovals in Figure 5.11. This process was repeated for the la  treated 

group and 46 genes were identified. These two lists were then cross-checked and 30 genes 

were identified as being commonly downregulated in both the sham group and la  treated 

groups (Figure 5.11).
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sham2 sham3

shami sham4

sham common 1a common

Ki gure  5 . 1 1: \  c n n  d i i i g r am s  o f  c o m m o n l y  dow n r cgu l i i t ed  genes .  I he n u m b e r  o f  g e n e s  t h a t  a r e  g r e a t e r  t h a n  t wo 
fold d o w n r e g u l a t e d  r e l a t ive  to t he  O SS  g i o u p  a r c  s h o w n .  T o p  left s h o w s  t he  n u m b e r  g e n e s  t h a t  m ee t  t hi s  c r i t e r i o n  
for  t he  f o u r  s h a m  g r o u p  a n i m a l s ,  t o p  r ig h t ,  t he  genes  t h a t  m ee t  t he  c r i t e r i o n  for  t h e  f o u r  l a  t r e a t e d  a n i m a l s  a n d  
b o t t o m  s h o w s  the  e l e m e n t s  c o m m o n  to b o t h  g r o u p s .  S h a m ( l - 4 )  a n d  l a ( l - 4 )  r e p r e s e n t  a n i m a l  s a m p l e s  t h a t  w e r e  
t es ted  in t he  i n f l a m m a t o r y  a r r a y .  A r e a s  o f  o v e r l a p  i n d i ca t e  n u m b e r  o f  g en e s  t h a t  a r e  c o m m o n  to t hose  
a n i m a l s / g r o u p s .

The process was repeated for commonly upregulated genes in the sham group and la 

treated groups relative to the DSS group (Figure 5.12).
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Kigurc  5.12:  N'enn d i a g r a m s  o f  c o m m o n l y  i i p r c g u l a t c d  genes .  1 he  n u m b e r  o f  g e n es  t h a t  a r e  g r e a t e r  t h a n  t wo  fold 
u p r e g u l a t e d  r e l a t i \ e  to t h e  D SS  g r o u p  a r e  s h o w n .  I op  left s h o w s  t h e  n u m b e r  g en e s  t h a t  m ee t  t h i s  c r i t e r i o n  fo r  t he  
f o u r  s h a m  g r o u p  a n i m a l s ,  t o p  r ig h t ,  t he  g e n e s  t h a t  me e t  t he  c r i t e r i o n  for  t h e  f o u r  l a  t r e a t e d  a n i m a l s  a n d  b o t t o m  
s ho w s  the  e l e m e n t s  c o m m o n  to b o t h  g r o u p s .  S h a m (  1-4) a n d  la(  1-4) r e p r e s e n t  a n i m a l  s a m p l e s  t h a t  w e r e  t es ted  in 
t h e  i n f l a mm at o rN  a r r a \ .  A r e a s  o f  o x c r l a p  i n d i c a t e  n u m b e r  o f  g e n e s  t h a t  a r e  c o m m o n  to t ho se  a n i m a l s / g r o u p s .

12 genes were found to be commonly upregulated in three or more o f the sham group 

relative to the DSS group and 8 were found in the la  treated group. O f these, four genes 

were commonly upregulated in both groups as seen in the bottom Venn diagram of Figure 

5 . 12 .
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Fi gur e  5.13: Relat ive quan t i ta t ion  of  mKN A of  genes conimonlv upr egula ted  in the sham and la t r ea ted  g r o up  
c o m p a r e d  to the DSS group .  RNA was isolated f rom distal  colon samples  of  ra ts  fol lowing sacrifice on day  5 of  the 
exper i ment .  R l -qPC R w as p e r fo rme d on cDN A f rom reverse  t r ans cr ip t i on  of  the isolated RN A. Relat ive 
express ion is calcula ted bv the 2 *' '* ”  method with I8S as the endogenous  control  a nd  a r epresentat ive  a n i ma l  of  
the DSS g r ou p used as the ca l ibra tor .

Of the four genes that were commonly upregulated, KLK (kalikrein related peptidase) 7, 

CD40 ligand (CD40Lg) and PDE4a had statistically significant differences between the la 

group and the DSS group whereas the la  group of carboxylesterase 1 (C esl) was not 

statistically different from the DSS group.
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Kigiirc 5.14: Correl i i t ion of  \ (  | values of  M M P - 9  and K L K 7  a nd  K1.K7 , values « i t h  D A I  score,  ( i r a p h s  slio\>
l inear  regress ion of  A C ' , \ a lues o f  KI . K7  a nd  M M P - 9  (left) and  the D A I  scores and  KI . K7  \{ , \ alues.
C or re l a t i ons  a re  based on 14 d i f ferent  a n ima ls  w he r e  scores  or  \ C' |  values a re  mat ched  for the  s ame  animal .

Of the three genes that were significantly upregulated following la  treatment relative to 

the DSS group, KLK7 was the only one that statistically significantly correlated with 

MMP-9 expression across all groups (P = 0.025, R = 0.35). This was a negative 

correlation where the lower the levels of MMP-9 mRNA. the higher the levels of KLK7 

mRNA (Figure 5.14). KLK7 ACr also correlated with the DAI score where increasing ACr  

values (lower levels of KLK7) correlated with higher DAI score (P = 0.01, R^ = 0.387).
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l igi i rc 5 .15:  Kel i i t ive qui int i t i i t i on  o f  i i iKN A o f  g e n e s  c o m m o n i x  (low n r eg i i l a t e d  in (he s l inni  n n d  hi t r e a t e d  g r o u p  
c o m p a r e d  to t h e  D SS  g r o u p .  R \ A  w a s  i so l a t ed  f r o m  di s t a l  co l on  s a m p l e s  o f  r a t s  f o l l o w i ng  s acr i f i ce  on da> 5 o f  t he  
e x p e r i m e n t .  U l -qPC k  xxas p e r f o r m e d  on c DN A f r o m  rex e r se  t r a n s c r i p t i o n  o f  t he  i so l a t ed  R N  A. Kelat ix e 
e \ | ) r e s s i o n  is c a l c u l a t e d  b \  t he  2 ' " ‘ "  m e t h o d  xvith I8S as t he  e n d o g e n o u s  c o n t r o l  a n d  a r e p r e s e n t a t i x e  a n i m a l  of  
t he  DSS  g r o u p  used  a s  t h e  c a l i b r a t o r .
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O f the 30 genes that were found to be commonly downregulated (Figure 5.11), the 22 with 

the greatest difference between the DSS group and the other groups are shown in Figure 

5.15.
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F i g u r e  5 .16:  (.’r a p h s  o f  g en e s  w h e r e  t h e  l a  g r o u p  is s t a t i s t i ca l l y  s i gn i f i can t ly  d o w n r e g u l a t e d  c o m p a r e d  wi t h  the  
DSS  g r o u p  a n d  c o r r e l a t i o n  wi t h  M M P - ‘) , \ a l u e .  H i s t o g r a m s  a n d  l i n e a r  r eg re s s i o n  is s h o w n  for  f ou r  genes ;  
A n \ a 3  ( t op  left).  F*la2g2a ( top  r igh t ) .  l l . I r l l  ( b o t t o m  left)  a n d  I l , l r 2  ( b o t t o m  r ight ) .  H i s t o g r a m s  show r e l a t i ve  
e x p r e s s i o n  c a l c u l a t e d  by t he  2 ‘ ' m e t h o d  f o l lowing  R N A i so l a t i on  f r o m  t he  d i s t a l  co lon o f  r a t s  s acr i f i ced  a f t e r  5
d a y s  o f  t h e  e x p e r i m e n t .  I n f l a m m a t o r y  a r r a y  c a r d s  w e r e  p e r f o r m e d  on D N A  c o n v e r t e d  f r o m  R N A  by r e ve r se  
t r a n s c r i p t i o n .  L i n e a r  r e g r e s s i o n  o f  , v a l ue s  for  t he  f o u r  g en es  a n d  M M P - 9 .  C o r r e l a t i o n s  a r e  b a s ed  on 14 
d i f f e r en t  a n i m a l s  w h e r e  \C | v a l u e s  a r e  m a t c h e d  fo r  t he  s a m e  a n i m a l

Of the 22 genes shown in Figure 5.15, 4 had statistically significant differences between 

the DSS and the la  treated groups. All of these four genes positively correlated with 

MMP-9 expression; annexin A3 (P = 0.0067, = 0.47), phospholipase A2 group IIA (P =

0.032, = 0.33), interleukin 1 receptor-like 1 (P = 0.0025, R  ̂= 0.55) and interleukin 1

receptor 2 (P = 0.0285, R^ = 0.34). We have demonstrated that la  can inhibit the 

expression of these inflammatory regulators and that the expression profiles correlate with 

that of MMP-9 but it has yet to be determined whether this is due to specific inhibition of
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the transcription by the compounds, elements o f  signal transduction pathways that are 

responsible for the upregulation o f these mediators are blocked, or whether blocking 

MMP-9 synthesis reduces overall inflammation in the gut and thus reducing the 

transcription o f the other elements.
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5.3. Discussion

IBD is a disease with significant quality o f life and morbidity implications for patients. 

While aetiology has yet to be fully elucidated, significant progress has been made through 

the development o f tens o f different animal models where colitis is induced to mimic the 

features of UC and CD. This can be achieved quickly and easily in chemically induced 

models where a physical injury to the colon epithelium elicits an inflammatory response 

and with gene KO models where targeted deletion of certain genes can trigger an IBD 

phenotype. The type and range of KO models used is testament to the progress that has 

been made in the field where defects in innate and adaptive immune response or disruption 

o f epithelial barrier integrity can all result in a colitic phenotype is in and of itself a 

significant discovery. Animal models have also shown us that genetic susceptibility on its 

own is not enough to trigger IBD and that environmental factors and gut bacteria play a 

crucial role in this complex disease. This has been demonstrated where antibiotics have 

been shown to be of some value in treating symptoms [191], that susceptible animals that 

are maintained germ free only develop colitis if  commensal bacteria are reintroduced [192, 

193] and that most models of IBD are likely to be driven by bacterial flora [536], Animal 

models of colitis are commonly used in drug discovery and the DSS model of induced 

colitis in rats was chosen to study the effects of compound la. It has previously been 

demonstrated that the zinc-chelator, phenanthroline, which inhibits MMPs, can reduce 

epithelial injury in this model [211] and the deficiency in MMP-9 can attenuate DSS 

induced colitis in mice [416]. This evidence for the crucial role of MMP-9 in the 

development of colitis in the DSS model made it ideal for studying the effects of our 

MMP-9 inhibitor compound.
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It was clear from the DAI scoring that la  reduced the severity of the clinical features o f the 

DSS induced colitis including diarrhoea and rectal bleed which developed in the DSS 

gorup. The alcohol-barbiturate equivalent 2a also had a protective role and statistically 

significantly reduced the DAI score by day 5. The nitrate-side chain 3a showed no 

statistically significant difference from the DSS group although the group had a lower 

mean DAI score. It is interesting that replacement of the alcohol with the nitrate group 

improves the efficacy of the compound and a similar trend was observed in the reduction 

of MMP-9 activity and expression in our in-vitro model. Clear visual evidence for the 

protective effect of la  is shown in Figure 5.3 which is converted to scores and graphed in 

Figure 5.4. This shows the ability of the compound to reduce crypt shortening and surface 

epithelial stripping as well as enlargement of the lamina and infiltration of inflammatory 

cells.

Inhibition of MMP-9 expression and activity in the distal colon follow similar trends to 

that of the DAI score (Figure 5.6). la  statistically significantly reduced both MMP-9 

expression and activity in the distal colon where the other treatments did not. While both 

2a and 3a showed trends towards reduction, they could not inhibit to the same extent and 

the nitrate-barbiturates effect on MMP-9 transcription does appear to be mediated by 

contributions from both component parts. MMP-9 expression levels also correlated well 

with both the DAI score and the histological measures of inflammation which is further 

evidence for the pi votal role of the protease in mediating DSS induced colitis and the 

benefits of its inhibition.

Initial analysis of the TaqMan inflammatory array results in Figure 5.9 and Figure 5.10

show that the expression profiles of all but one of the DSS group cluster together whereas

the sham and la  treated group are clustered together which is evidence in and of itself of

the ability of the inhibitor to attenuate the induced colitis. Relative quantitation and
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analysis of the commonly up or downregulated genes in the sham and la  groups yielded 

some interesting results. Some of these results are difficult to interpret as the genes 

upregulated in the sham and la  treated group are considered pro-inflammatory. KLK 7 is a 

serine protease whose main function is understood to be in skin homeostasis. Although 

limited study has been carried out on its role in the gut. it has been shown to be associated 

with poor prognosis in colon cancer [537, 538]. CD40Lg is associated with IBD where it is 

transcriptionally upregulated in activated platelets and T-cells and can trigger a 

proinflammatory response through binding to CD40 [539]. PDE4a inhibition is believed to 

be anti-inflammatory and is being investigated as a possible treatment for respiratory 

disorders and other inflammatory conditions [540, 541]. This phosphodiesterase is specific 

for cAMP which it regulates through hydrolysis and thus preventing its activation of 

downstream mediators such as PKA. It is interesting to note that although targeted 

inhibition of PDE4 would seem to be anti-inflammatory, PKA has been implicated in the 

upregulation of MMP-9 [452]. This array of genes is extremely interesting and their 

upregulation seems, on the surface, paradoxical and certainly warrants further exploration. 

It is also interesting to note that neither PDE4a nor CD40Lg expression levels correlate 

with MMP-9 expression, but MMP-9 expression does correlate negatively with KLK7 

expression. Decreasing synthesis o f MMP-9 is associated with reduced severity of colitis 

(Figure 5.7) and this reduced severity is also associated with increasing expression of 

KLK7 (Figure 5.14).

The selection of genes commonly downregulated in the sham and la  groups are shown in 

Figure 5.15. Annexin A1 has been shown to be upregulated in IBD and is known for its 

anti-inflammatory effects and promotes mucosal homeostasis [542], Its downregulation in 

the la  group is a result of decreased overall inflammation and thus prevention of its 

upregulation. The figure features a range of other pro-inflammatory mediators, including
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adhesion molecules, cytokine receptors, mediators of the arachidonic acid pathway and 

prostaglandin receptors. O f those, annexin A3, phospholipase A2 (PLA2) group IIA, 

interleukin 1 receptor-like 1 and interleukin 1 receptor 2 had a statistically significant 

inhibition by la.  Phospholipase A2 is involved in the production of prostaglandins, 

leukotriens and thromboxanes by hydrolysing phospholipids to release arachidonic acid. 

This family of enzymes, including group IIA are known to be upregulated in IBD and 

correlate with the severity of the disease [543-545]. A group has shown that a specific 

inhibitor of PLA2 group IIA can protect rats from DSS induced colitis [546] and similar 

results are seen in the TNBS model [547, 548], confirming the pro-inflammatory role of 

the gene. Annexin A3 is a known inhibitor of phospholipase A2 [549] and is upregulated in 

an inflammatory setting without itself mediating the inflammation. Prostaglandin 

endoperoxide synthase 2 (PTGS2)/cyclooxygenase (COX) 2, PLA2G7, arachindonate 12 

lipoxygenase (AL0X12), and thromboxane A synthase 1 (TBXASl) are all involved in the 

production of proinflammator>' mediators from the arachidonic acid pathway and these as 

well as the prostaglandin receptors prostaglandin 12 receptor (Ptgir) and prostaglandin E 

receptor 2 (Ptger2), which mediate the response, were all commonly regulated in the la 

and sham groups but the difference between la  and the DSS control did not reach 

statistical significance with the samples used.

The other two genes that were statistically significantly different in the la  group were both 

cytokine receptors. ILIRLI, which is also known as ST-2, is expressed on macrophages, 

mast cells, Th2 cells and colonic epithelial cells and when stimulated, can activate MAPKs 

but inhibit NF-kB signalling, resulting in a dominant Th2 and not Thl type response 

through inhibition of ILIRI response [550]. The ligand for ST-2 is IL-33 and several lines 

of evidence point to this pathway being a desirable drug target in IBD [551]. Both IL-33 

and ST-2 are upregulated in IBD patients [552, 553] as was seen in our animal model. A
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recent study on the blocking of this pathway in animal models using gene knock outs or an 

anti-ST-2 antibody found that blocking of IL-33/ST-2 signalling attenuates colitis in 

animals including the DSS model [554], Inhibition of the transcriptional upregulation of 

this receptor could represent a novel mechanism of action of la. IL1R2 (interlukin-1 

receptor type II) is a receptor for IL -la  and P and acts as a dummy receptor to prevent 

these ligands binding to ILIRI and triggering an inflammatory response. Polymorphisms 

in the IL1R2 gene is associated with UC [555] and the expression profile of the receptor is 

independently and accurately associated with mucosal healing in UC with potential as a 

biomarker [556], The transcriptional upregulation of this receptor is believed to be the 

mechanism o f action of the anti-inflammatory cytokine IL4 but despite its association with 

UC, a functional analysis in animal models of IBD could not be found.

The gene expression profiling identified a number of interesting genes that the dinitrate- 

barbiturate compound la  inhibits in DSS induced colitis. Perhaps of particular interest are 

PLA2G2 and ILlRLl which are known to contribute to inflammation in IBD but without 

an exact mechanism. It is also interesting that the serine protease KLK7 expression 

negatively correlates with DAI score and may play a protective role during colitis. Despite 

the 4 genes that are downregulated by l a  correlating with MMP-9 expression, it is 

unknown whether this is a cause of the targeted inhibition of all targets separately, 

together, or whether an inhibition of MMP-9 reduces the signals leading to upregulation of 

the other genes. Further studies to elucidate the time points of upregulation of these 

mediators and the exact role la  plays needs to be carried out.

We can conclude from the in-vivo experiments carried out, that the dinitrate-barbiturate 

compound la  is effective in preventing DSS-induced colitis in rats as it can inhibit both 

MMP-9 activity and gene expression. This effect correlates well with a reduction o f the



DAI score and histological m easures o f  inflam m ation. In addition, M M P-9 inhibition was 

also correlated with the inhibition o f  o ther inflam m atory m ediators in the distal colon.
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Chapter 6: Future directions
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6. Future directions

There are several areas o f the project where I envisage work being done in the future.

The effect o f the compounds in inhibiting MMP-9 has been demonstrated but I feel that it 

would be worthwhile to explore the selectivity o f  the compounds for this enzyme over the 

other MMPs. Our group has previously demonstrated that some o f the nitrate compounds 

are selective for MMP-9 over MMP-2 which was measured using recombinant enzymes 

[315]. We have already begun preliminary investigations into the effect o f our compounds 

on the protein levels o f MMP-1, -2, -3, -9 and -10 using Multiplex ELISA kits from MSD. 

These results will provide accurate information on the levels o f these MMPs released from 

Caco-2 cells in response to the pro-inflammatory cytokines and the effect o f the 

compounds. Protein levels from the ELISA can be combined with qPCR to discover if  the 

effect that the compounds demonstrate at gene level is specific to MMP-9. or more general 

pro-inflammatory signalling inhibition.

We have demonstrated the involvement o f the sGC/cGMP pathway in the inhibition o f 

MMP-9 gene transcription but it would be interesting to further develop the mechanism 

through which the compounds exert their effect. PKG is the primary downstream 

signalling molecule o f cGMP and a co-incubation experiment with the compounds and an 

inhibitor o f PKG such as DT-2 would reveal its involvement. The involvement o f other 

signalling molecules such as the MAPKs would also be interesting to ascertain, or indeed, 

the effects o f the compounds on MMP-9 mRNA stability and HuR or AUF-1 levels would 

prove a novel mechanism o f action. The specific role o f the nitrate in the nitrate-barbiturate 

mediated inhibition can be further clarified through comparing the results o f the 

experiments described to the alcohol-barbiturates. Having speculated that the effect o f  the
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nitrate-barbiturates is a sum of the alcohol-barbiturate and the nitrate side-chain effects, it 

would be interesting to test if the combination of the two component parts of the molecule 

would be as effective as the hybrid molecule, and if not. it may reveal properties that are 

specific to the hybrid.

The in-vivo studies demonstrated the efficacy of the dinitrate-barbiturate in the DSS- 

induced colitis model when administered by rectal enema. Earlier pilot studies showed that 

compound Ic  at lOmg/kg was toxic to mice when administer by oral gavage in the DSS 

model and resulted in the fatal hepatotoxicity in some cases. In the same model, compound 

le  given twice daily at 1 mg/kg had no effect. In the interest of drug development, it would 

be important to determine a safe and effective oral dose for la  and to develop a full 

pharmacokinetic profile for the drug. While DSS induced colitis was an effective model for 

studying MMP-9 inhibition, studying the effects of the compounds in other in-vivo models 

would be essential in assessing their potential efficacy in treating human IBD.

The results of the TLDA experiment showed us other inflammatory mediators that were 

affected by the addition of the compound. It will be extremely interesting to evaluate 

whether the changes in these mediators are as a consequence of MMP-9 inhibition or if the 

compounds directly affect them causing a reduction in inflammation and thus a reduction 

in MMP-9. These questions can first be addressed in a cell culture model with extraction of 

mRNA and conditioned media at various time points over the experiment to discover 

proteins whose gene expression are first altered.
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8.1. Compound characterisation

8.1.1. 5-(4-phenoxyphenyl)-5-(bis-(2-nitrooxy-ethyl)-amino)pyrimidine- 

2,4,6(1H,3H,5H)-trione (la )

Crude product was purified by flash colum n chrom atography to yield products as off-w hite 

solids (194m g, 39.6% ). mp 184-186 °C. HRM S: C 20H 19N 5O 10 [M + Na^] requires 

512.1182; found 512.1168. 'H  N M R  5 (M eO H -d4) ppm: 2 .84 -2 .87  (t, J -  5.02, 4H), 4 .6 4 -  

4.67 (t, J = 5.02, 4H), 6.91-7.01 (m, 4H), 7 .12-7 .15  (t, J -  7.53, IH ,), 7 .34-7 .38  (t, J =

7.53, 2H), 7.46-7.51 (m, 2H). '^C N M R  6  (M eO D -d4) ppm: 46.7; 72.0; 100.8; 119.3; 

120.6; 122.2; 125.2; 128.7; 131.1; 150.6; 157.6; 160.2; 170.5. IR (KBr) v (cm -1): 3068; 

1728; 1706; 1648; 1281; 849.
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8.1.2. 5-(4-phenoxyphenyl)-5-(bis-(2-hydroxyethyl)-amino)pyrimidine- 

2,4,6(1H,3H,5H)-trione (2a)

Crude products was purified by flash colum n chrom atography to yield products as 

colourless oil (203 mg, 50.8% ). HRM S: C 20H 21N 3O 6 [M + Na^] requires 422.1323; found 

422.1338. 'H  N M R  5 (CDCI3) ppm: 3 .00-3 .05  (m, 4H), 3 .85 -3 .90  (m, 4H), 6 .95-6 .98  (d, J 

= 8.53, 2H), 7.03-7.07 (d, J =  8.53, 2H, Ar-H), 7 .16-7 .20  (t, J =  7.53, IH ), 7 .35-7 .39  (t. J =

7.53, 2H), 7 .46-7.51 (m, 2H, Ar-H). '^C N M R  5 (CDCI3) ppm : 50.8; 60.5; 82.2; 118.2;
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119.8; 120.4; 121.3; 123.9; 128.7; 131.1; 150.8; 157.6; 160.2; 170.5. IR (CHCla) v (cm ''): 

3496;3266;3068; 1770; 1717; 1685; 1355.
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8.1.3. Bis-(2-nitrooxy-ethyl)-amine (3a)

Product was precipitated out as white crystalline solids after reaction. (375 mg, 48.1%). 

MP: 110-112°C. HRMS; C4 H,oN3 0 6  [M + H^] requires 196.0570; found 196.0573. 'H 

NMR 6  (D 2 O) ppm: 3.52-3.54 (t. J =  5.02, 4H, CH 2), 4.81-4.83 (m, J =  5.02, 4H, CH2 ).

'^C NMR 5 (D 2 O) ppm: 44.6; 67.5. IR (KBr): v (cm'*): 1648, 1283, 925.

8.1.4. 5-(4-phenoxyphenyl)-5-(methyl-(2-nitrooxy-ethyl)-amino)pyrimidine- 

2,4,6(1H,3H,5H)-trione (1b)

Crude product was purified by flash column chromatography to yield products as off-white 

solids (134 mg, 32.3%). MP: 143-145 “C. HRMS: C ,9 H|gN 4 0 7  [M + Na^] requires 

437.1073; found 437.1078. 'H  NM R 6  (CDCI3 ) ppm: 2.41 (s, 3H), 2.91-2.96 (m, 2H), 

4 .3 7 ^ .4 2  (m, 2H), 6.90-6.92 (d, J = 8.03, 2H), 7.00-7.02 (d, J = 8.03, 2H), 7.15-7.18 (t, J 

= 7.53, IH), 7.34-7.38 (t, J = 7.53, 2H), 7.40-7.46 (m, 2H). '^C NMR 5 (CDCI3 ) ppm:
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38.2; 49.8; 70.8; 100.8; 118.3; 119.8; 121.4; 124.6; 129.5; 130.0; 150.8; 155.6; 159.1; 

171.2. IR (K B r )v (c m '‘ ): 3066; 1720; 1698; 1644; 1280; 842.
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8,1,5, 5-(4-phenoxyphenyl)-5-(N-(2-hydroxyethyl-N-methylamino)pyrimidine- 

2,4,6(1H,3H,5H)-trione (2b)

Crude product was purified by flash column chromatography to yield products as off-white 

soHds (145 mg, 39.3%). mp 164-166 ^C. HRMS; CiqHiqNsO? [M  + Na"] requires 

392.1217; found 392.1214. 'H  NM R 5 (MeOH-d4 ) ppm: 2.43 (s, 3H), 2.87-2.93 (m, 2H), 

3.66-3.69 (m, 2H), 6.96-6.98 (d, J = 8.03, 2H), 7.00-7.02 (d, J = 8.03, 2H), 7.15-7.18 (t, J 

= 7.53, IH ), 7.34-7.38 (t, J = 7.53, 2H), 7.44-7.46 (d, J = 8.03, 2H). '^C NM R 8 (MeOH- 

d4 ) ppm: 32.9; 55.7; 58.4; 76.1; 118.3; 119.8; 121.4; 124.3; 129.7; 130.0; 149.7; 155.5; 

159.0; 171.0. IR (K B r)v (c m '') :  3493; 3264; 3073; 1762; 1709; 1676; 1375.
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8.1.6. Methyl-(2-nitrooxy-ethyl)-amine (3b)

Product precipitated out as white crystalline solids after reaction. (413 mg, 57.3% ). mp: 

58-60°C . HRM S: C 3 H 9N 2 O 3 [M + H^] requires 121.0613; found = 121.0611. ' H N M R 8  

(D 2 O) ppm : 2.79 (s, 3H, C H 3 ), 3 .49-3.51 (t, J =  5.02, 2H, C H 2 ), 4 .8 5 ^ .8 7  (m, J =  5.02, 

2H , C H 2 ). ‘^C N M R  6  (D 2 O) ppm: 35.1; 48.2; 70.1. IR (KBr): v (cm ''): 1646, 1280,912.

8.1.7. 5-(4-phenoxyphenyl)-5-(4-(2-nitrooxy-ethyl)piperazin-1 -yl)pyrimidine- 

2,4,6(1H,3H,5H)-trione (1c)

The resulting crude products were purified by flash colum n chrom atography to yield 

products as off-w hite solids (197 m g, 42.0% ). m p 206-208  °C. HRM S: C 2 2H 24N 5O 7 [M + 

H^] requires 470.1676; found 470.1679. 'H  N M R  8  (D M SO ) ppm: 2.47-2.51 (m, 6 H); 

2 .62 -2 .68  (m, 4H); 4 .05-4 .08  (m, 2H); 7 .02-7 .07  (m, 4H ); 7.17-7.21 (t, J = 7.53, IH ); 

7 .40-7 .43  (m, 4H). ‘^C N M R  6  (D M SO ) ppm: 47.8; 52.8; 57.3; 71.0; 74.0; 118.2; 118.4; 

119.2; 121.4; 124.2; 129.6; 130.2; 150.2; 155.9; 159.3. 170.1. IR (KBr) v (cm ''): 3066; 

1710; 1684; 1640; 1281; 849.
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8.1.8. 5-(4-phenoxyphenyl)-5-(4-(2-hydroxyethyl)piperazin-1-yl)pyrimidine- 

2,4,6(1H,3H,5H)-trione(2c)

Crude product was purified by flash colum n chrom atography to yield products as off-w hite 

solids (183 mg, 43.2% ). mp 175-178 ^C. HRM S: C 2 2H 25N 4 O 5 [M + H^] requires 425.1819; 

found 425.1823. 'H  N M R  6  (DM SO ) ppm; 2 .37-2 .40  (m, 6 H); 2 .56 -2 .59  (m, 4H); 3 .4 4 -  

3.46 (m. 2H); 7 .01-7 .06  (m, 4H); 7.17-7.21 (t, J = 7.53, IH); 7 .40-7 .43 (m, 4H). '^C N M R 

8  (D M SO ) ppm: 47.3; 53.8; 58.4; 62.2; 73.9; 118.1; 118.4; 119.3; 121.3; 124.1; 129.7; 

130.2; 149.5; 155.8; 157.4. 170.0. IR (KBr) v (cm ''); 3490; 3266; 1768; 1708; 1684; 1380.
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8.1.9. (2-nitrooxy-ethyl)-piperazine (3c)
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Solvents were removed in vacuo to yield product as light yellow oil (324 mg, 46.2%). MS: 

Calculated for C6H 14N 3O3 [M + H^] required 176.1035; found 176.1030. 'H NMR 5 

(CDCI3 ) ppm: 2.37-2.41 (m, 4H, CH 2 ); 2.50-2.53 (m, 2H, CH2 ); 2.62-2.68 (m, 4H, CH2 ); 

4 .0 4 ^ .0 7  (m, 2H, CH 2 ). ‘^C NMR 5 (CDCI3 ) ppm: 46.3; 53.0; 57.3; 70.7. IR (film) v (cm' 

'): 1641; 1280; 936.

8.1.10. 5-(4-phenoxyphenyl)-5-(4-(2-nitrooxy-ethyl)p iper idin-1- 

yl)pyrimidine-2,4,6(1H,3H,5H)-trione (Id)

Crude products were purified by flash column chromatography to yield products as off- 

white solids (145 mg, 30.9%). mp: 201-203°C. HRMS: C23H25N 4 O 7 [M + H^] requires 

469.1723; found 469.1723. 'H  NMR 6  (CDCI3 ) ppm: 1.33-1.39 (m, 2H, CH2 ) 1.42-1.46 

(m, 2H, CH 2 ), 1.48-1.51 (m, IH, CH),1.73-1.78 (m, 2H, CH 2 ), 2.57-2.64 (m, 2H, CH2 ), 

2.76-2.79 (m, 2H, CH 2 ), 4.78-4.82 (m. 2H, CH 2 ), 6.92-6.94 (d, J =  8.53, IH, Ar-H), 6 .96- 

6.98 (d, J  = 8.53, 2H, Ar-H), 7.03-7.05 (d, J  = 8.53, 1H, Ar-H), 7.16-7.19 (t, J  = 7.53, 1H, 

Ar-H), 7.36-7.40 (t, J =  7.53, 2H, Ar-H), 7.45-7.49 (m, 2H, Ar-H), 8.99 (s, 2H, NH). '^C 

N M R 6 (CDCl3 ) ppm: 21.4; 32.2; 32.6; 48.1; 70.5; 76.0; 118.2; 119.7; 1 2 1 .2 ; 124.2; 129.5; 

129.9; 148.7; 155.8; 158.1; 169.8 IR (KBr) v (cm'*): 3068; 1732; 1704; 1633; 1285; 849.
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8.1.11. 5-(4-phenoxyphenyl)-5-(4-(2-hydroxyethyl)piperidin-1 - 

yl)pyrimidine-2,4,6(1H,3H,5H)-trione (2d)

Crude products were purified by flash column chromatography to yield products as off- 

white solids (171 mg, 40.3%). mp 186-188 "C. HRMS: C 2 3 H 2 5 N 3 O 5  [M + Na^] requires 

446.1686; 446.1705. 'H NMR 6 (MeOH-d4 ) ppm: 1.27-1.32 (m, 2H), 1.50-1.53 (m, 3H),

1.65-1.68 (m, 2H), 2.54-2.60 (m, 2H), 2.76-2.79 (m, 2H), 3.86-3.89 (d, J = 6.53, 2H), 

6.92-6.94 (d, J = 8.53, IH), 6.96-6.98 (d, J = 8.53, 2H), 7.03-7.05 (d, J = 8.53, IH), 7 .15- 

7.18 (t. J = 7.53, IH), 7.35-7.39 (t, J = 7.53, 2H), 7.45-7.47 (m, 2H), 9.02 (s, 2H). ‘̂ C 

NMR 5 (MeOH-d4 ) ppm: 14.9; 31.9; 35.7; 48.1; 60.0; 75.6; 117.9; 119.3; 120.9; 123.8; 

129.2; 129.6; 148.3; 155.6; 158.3; 169.6 IR (KBr) v (cm’’): 3496; 3301; 3084; 1776; 1711; 

1685; 1386.
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8.1.12. 4-(2-nitrooxy-ethyl)-piperidine (3d)

The solvents were removed in vacuo to yield product as yellow o il (328 mg, 47.1%). 

HRMS; C 7H 15N 2 O3 [M  + H^] required 175.1083; found 175.1077. 'H  N M R  6  (CDCI3 ) 

ppm: 1.08 -1.18 (m, 2H, CH 2 ), 1.71-1.78 (m, 5H, CH + CH 2 ), 2.48-2.55 (m, 2H, CH 2 ), 

2.99-3.06 (m, 2H, CH 2 ), 3.48-3.52 (m, 2H, CH 2 ), 4.57-4.61 (m, 2H, CH 2 ). '^C NM R 5 

(CDCI3 ) ppm: 21.4; 32.3; 33.9; 46.3; 70.7. IR (film ) v (cm‘ ‘ ): 1652, 1281, 915

8.1.13. 5-(4-phenoxyphenyl)-5-(4-(1-nitrooxy-methyl)piperidin-1- 

yl)pyrimidine-2,4,6(1H,3H,5H)-trione (1e)

Crude products were purified by flash column chromatography to yield products as off- 

white solids (158 mg, 34.8%). mp: 190-192°C. HRMS: C22H23N4O7 [M  + H^] requires 

455.1561; found 455.1567. 'H  NMR 6 (CDCI3) ppm: 1.16-1.27 (m, 2H, CH2) 1.47-1.58 

(m, 3H, CH2+CH), 2.32-2.37 (m, 2H, CH2), 2.77-2.83 (m, 2H, CH2), 4 .84^ .90  (m, 2H, 

CH2), 6.92-6.95 (d, J =  8.53, IH, Ar-H), 6.97-6.99 (d, 8.53, 2H, A r-H ), 7.01-7.03 (d, J

= 8.53, IH , Ar-H), 7.15-7.18 (t, J =  7.53, IH, Ar-H ), 7.37-7.40 (t, J =  7.53, 2H, Ar-H), 

7.43-7.48 (m, 2H, Ar-H). ‘^C NM R 5 (CDCI3) ppm: 27.4; 34.2; 49.1; 75.7; 76.1; 118.4;
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119.8; 121.3; 124.3; 129.6; 130.2; 150.7; 155.9; 159.4; 170.6. IR (KBr) v (cm ''): 3068; 

1732; 1694; 1642 ;1 2 8 6 ;8 4 9 .
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8.1.14. 5-(4-phenoxyphenyl)-5-(4-(hydroxymethyl)piperidin-1- 

yl)pyrimidine-2,4,6(1H,3H,5H)-trione (2e)

Crude products were purified by flash colum n chrom atography to yield products as off- 

white solids (167 mg. 40.8% ). mp 171-174 "C. HRM S; C 2 2 H 2 4N 3 O 5 [M + H^] requires 

410.1710; found 410.1743. 'H  N M R  6  (acetone-de) ppm: 1.52-1.56 (m, 2H) 1 .62-1.66 (m. 

IH ), 1 .69-1 .74 (m, 2H), 2 .33-2 .38  (m. 2H), 2 .52 -2 .57  (m, 2H), 3.39-3.46 (m , 2H), 7 .0 1 -  

7.08 (m, 4H ), 7.17-7.21 (t, J = 7.53, IH ), 7 .41-7 .45  (t, J = 7.53, 2H), 7 .57-7 .62  (m, 2H). 

'^C N M R  8  (acetone-dfi) ppm: 26.5; 35.3; 50.1; 65.9; 76.7; 119.2; 120.6; 122.4; 125.1; 

131.1; 131.3; 149.9; 157.1; 158.7; 171.1. IR (KBr) v (cm ‘‘): 3551; 3264; 3042; 1762; 1708; 

1675;1341.
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8.1.15. 4-(1-nitrooxy-methyl)-piperidine (3e)

Solvents were removed in vacuo to yield product as yellow o il (285 mg, 44.5%). HRMS: 

C6 H ,3N 2 0 3  [M  + H^] requires 161.0926; found 161.0921. ‘H N M R  5 (CDCI3 ) ppm: 1.10- 

1.21 (m, 2H, CH 2 ), 1.63-1.71 (m, 3H, CH+CH 2 ), 2.40-2.47 (m, 2H, CH 2 ), 2.92-2.97 (m, 

2H, CH 2 ), 4 .49^ .52  (m, 2H, CH 2 ). '^C N M R  5 (CDCI3 ) ppm: 29.4; 34.6; 46.2; 76.2. IR 

(film ) V (cm ''): 1640, 1282, 910

8.1.16. 5-(4-phenoxyphenyl)-5-(3-(1-nitrooxy-methyl)piperidin-1- 

yl)pyrimidine-2,4,6(1H,3H,5H)-trione (1f)

Crude products were purified by flash column chromatography to yield products as off- 

white solids (181 mg, 39.8%). mp 190-192 °C. HRMS: C2 2H 23N 4 O7 [M  + H^] requires 

455.1568; found 455.1567. ’H N M R  5 (CDCI3 ) ppm: 1.28-1.30 (m, IH ), 1.3-1.40 (m, 

IH ), 1.56-1.59 (m, IH ), 1.64-1.68 (m, IH ), 1.71-1.76 (m, IH , CH), 2.08-2.13 (m, IH ), 

2.51-2.57 (m, IH ), 2.61-2.68 (m, IH ), 2.71-2.75 (m, IH ), 4 .37^.41 (m, IH ), 4.52-4.57
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(m, IH), 6.92-6.94 (d, J = 8.53, 2H), 6.96-6.99 (d, J = 8.53, IH), 7.04-7.06 (d, J = 8.53, 

IH), 7.16-7.20 (t, J = 7.53, IH), 7.36-7.40 (t, J = 7.53, 2H), 7.45-7.49 (m, 2H), 9.15 (s, 

IH), 9.16 (s, IH). '^C NMR 5 (CDCI3 ) ppm: 26.6; 34.2; 48.8; 50.7; 53.7; 73.7; 74.6. 118.5; 

119.7; 121.3; 124.2; 129.4; 129.9; 148.9; 155.7; 158.9; 170.0. IR (KBr) v (cm"'): 3066; 

1723; 1688; 1640;1281; 853.
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8.1.17. 5-(4-phenoxyphenyl)-5-(3-(hydroxymethyl)piperidin-1- 

yl)pyrimidine-2,4,6(1H,3H,5H)-trione (2f)

Crude products were purified by flash column chromatography to yield off-white solids 

(149 mg, 36.4%). mp: 166-168 °C. HRMS: C2 2H24N 3O 5 [M + H"] requires 410.1710; 

found 410.1747. 'H  NMR 8 (MeOH-d4 ) ppm; 1.28-1.30 (m, IH), 1.27-1.33 (m, IH),

1.48-1.54 (m, 1H), 1.67-1.70 (m, 1H), 1.79-1,85 (m, 1H), 1.99-2.06 (m, 1H), 2.51-2.57 

(m, IH), 2.58-2.64 (m, IH), 2.78-2.81 (m, IH), 3.40-3.42 (m, IH), 3.91-3.93 (m, IH), 

6.96-6.98 (d, J = 8.53, 2H), 7.02-7.04 (d, J = 8.53, 2H), 7.14-7.17 (t, J = 7.53, IH), 7 .36- 

7.40 (t, J -  7.53, 2H), 7.48-7.52 (m, 2H). '^C NMR 8 (MeOH-d4 ) ppm: 24.7; 28.6; 39.8; 

48.5; 53.0; 67.8; 76.5. 118.9; 119.4; 120.5; 122.1; 125.0; 130.6; 130.9; 150.7; 157.4; 159.7; 

172.0. IR (K B r)v (cm '') : 3498; 3281 ;3062; 1766; 1710; 1688; 1351.
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8.1.18. 3-(1-nitrooxy-methyl)-piperidine (3f)

Solvents were removed in vacuo to yield product as yellow oil (342 mg, 53.4%). HRMS: 

CfeHnNzOj [M  + H^] requires 161.0926; found 161.0924. 'H  N M R  6 (CDCis) ppm: 1.07- 

1.17 (m, IH , CH2), 1.37-1.47 (m, IH , CH2), 1.58-1.62 (m, IH , CH j), 1.71-1.74 (m, IH , 

CH2), 1.86-1.92 (m, IH , CH), 2.32-2.37 (m, IH , CH 2), 2.45-2.52 (m, IH , CH2), 2.90- 

2.94 (m, 1H ,C H 2), 3.02-3.04 (m, IH , CH 2), 4 .18^.25  (m, 2H, CH j). '^C NM R 8 (CDCI3) 

ppm: 24.5; 26.8; 34.2; 33.9; 45.7; 48.4; 75.2. IR (film ) v (cm ''): 1641, 1277, 910.
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