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Abbreviations 

VAP-1 Vascular adhesion protein-1 
FAD Flavin-adenine dinucleotide 
PAO Polyamine oxidase 
MAO Monoamine oxidase 
DAO Diamine oxidase 
RAO Retinal amine oxidase 
LO Lysyl oxidase  
TPQ Topa quinone 
EC Enzyme classification 
LTQ Lysyltyrosinquinone 
Acetyl-CoA Acetyl-coenzyme A 
TNF-  Tumour necrosis factor 
RNA Ribonucleic acid 
mRNA Messinger RNA 
DNA Deoxyribonucleic acid 
cDNA Complementary DNA 
HDL High Density Lipoprotein 
Km Michaelis Menten constant
Vmax Maximum velocity
PCR Polymerase chain reaction 
GLUT Glucose transporter 
NO Nitric oxide 
SMC Smooth muscle cells 
W/V wet weight 
IGF-1 insulin-like growth factor I 
hSSAO tg+/- heterozygot of human SSAO expression 
rRNA Ribosomal RNA 
CT Threshold cycle
SQ-mean Mean of starting quantity 
SMP8 Smooth muscle promoter 8 
G3PDH Glyceraldehyde-3-phosphate dehydrogenase 
FDH Formaldehyde reductase 
GSH Glutathion 
ROS Reactive oxygen species 
HbA1c Glycosylated haemoglobin 
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Introduction 

Enzyme classification of amine oxidases 

The name of an enzyme usually gives information of what substrate is metabolised or 

what function it has, but many enzymes have also been provided with meaningless names 

or systematic names which are too long and uneasy to remember. In the late fifties, an 

enzyme classification (EC) system was introduced (Dixon & Webb, 1958) and was later 

revised and published in a second edition (Dixon & Webb 1964). Even though this 

classification system is somewhat complicated, it still lasts in these days. Briefly, 

enzymes are divided in groups and numbered after the category they belong to, what 

specific group that is involved, the reaction they catalyse and finally, they are given an 

identification number that is used to identify the individual enzyme. The EC number 

gives each enzyme up to four digits, which is unique for an enzyme or a group of 

enzymes. 

Amine oxidases are enzyme families that metabolise oxidative 

deamination of different amines; monoamines such as neurotransmitters, diamines and 

polyamines. The amine oxidases catalyse similar reactions but differ in cofactors. Flavin 

adenine dinucleotide, or FAD-dependent enzymes, are monoamine oxidase A and B (EC 

1.4.3.4), as well as polyamine oxidase (PAO, EC 1.5.3). MAO A and B are mainly 

responsible for deamination of monoaminergic neurotransmitters, and PAO is known for 

deamination of spermine and spermidine. The cofactor for semicarbazide-sensitive amine 

oxidase (SSAO), diamine oxidase (DAO) and most likely retinal amine oxidase (RAO), is 

topa quinone (TPQ) (Holt et al. 1998). This group is copper-dependent. The enzyme 

classification number for SSAO and DAO is EC 1.4.3.6. However, modifications of the 

nomenclature have been proposed in order to easier distinguish the different amine 

oxidases (presented by Boyce S. and Tipton K. at the 11th amine oxidase meeting at St 

Andrews, 2004). In publications, it is sometimes unclear which enzyme of SSAO and 

DAO that has been studied. The name semicarbazide-sensitive amine oxidase indicates 

that it concerns an amine oxidase that is sensitive to semicarbazide. Amine oxidases 

sensitive to semicarbazide are for example lysyl oxidase (LO, EC1.4.3.13), DAO, SSAO 

and presumably also RAO (Levene et al. 1992; Zhang et al. 2003). SSAO catalyses 

oxidative deamination of primary monoamines, (for review see (Callingham et al. 1995)), 
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and DAO is mainly metabolising diamines, but also some primary monoamines 

(Kapeller-Adler 1970). Not much is known about RAO, substrate and inhibitor 

specificities are still unidentified. RAO may have affinity for both mono- and diamines. 

The gene for RAO has been cloned and the putative protein contained a conserved 

domain of copper-dependent amine oxidases. RAO is specifically expressed in retinal 

ganglion cells and has a high homology to the SSAO gene, including both the sequence of 

the copper-binding sites and the active site where a tyrosine residue is post-translationally 

converted to a topa quinone (Imamura et al. 1997; Imamura et al. 1998; Zhang et al. 

2003). LO, also sensitive to semicarbazide, is copper-dependent like the other SSAOs but 

has a different cofactor, lysyltyrosinquinone (LTQ) (Siegel et al. 1979) (Wang et al. 

1997). LO is mostly known for its ability to crosslink lysine-residues in connecting 

tissues, such as elastin and collagen (Levene et al. 1992).   

Human amine oxidases have similar catalytic properties but differ to 

some extent not only in substrate and inhibitor specificities, but also in localisation. 

Amine oxidases thus consist of a group of enzymes with overlapping functions. For 

example, MAO A and B have many substrates in common but differ in localisation and 

affinity for the substrates. The list of substrates and inhibitors with various specificities 

could be long, but some of the most common substrates and inhibitors of human amine 

oxidases are listed below as well as classification and nature of the enzymes (table. 1). It 

should also be mentioned that substrate and inhibitor specificities vary between different 

species.
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Table 1a) Copper and topa quinon containing amine oxidases in humans. 
Common 

name 
Semicarbazide-
sensitive amine 

oxidase 

Diamine
oxidase 

Lysyl oxidase Retinal amine 
oxidase 

Abbreviation SSAO DAO LO RAO 
EC number 1.4.3.6 1.4.3.6 1.4.3.13 - 
Endogenous 

substrates
Methylamine, 
Aminoaceton 

Histamine,
Putrescine 

Lysine residues in 
extra cellular 

matrix

-

Exogenous 
substrates

Benzylamine, 
Allylamine 

Cadaverine 
Putrescine 

Cadaverine 
Putrescine 

-

Inhibitors Semicarbazide, 
Hydralazine,
Carbidopa

Semicarbazide Semicarbazide, ß-
aminopropionotril 

Semicarbazide? 

Function Leukocyte 
adhesion, 

promote glucose 
uptake 

Degradation of 
histamine

Crosslinking in 
connective tissue 

-

Site of 
function 

Cell surface, 
soluble in plasma 

Intracellular Extracellular Retinal 
ganglion cells 

Table 1b) FAD containing amine oxidases in humans. 
Common 

name 
Mono amine oxidase A Mono amine oxidase B Polyamine oxidase 

Abbreviation MAO A MAO B PAO 
EC number 1.4.3.4 1.4.3.4 1.5.3 
Endogenous 

substrates
5-HT, Noradrenaline, 
Adrenaline, Dopamine 

Tryptamine 

Dopamine 
-phenylethylamine 

Tryptamine 

Spermine, 
Spermidine, 
Putrescine 

Exogenous 
substrates

Mescaline, Primaquine -phenylethylamine,
Mescaline, Primaquine, 

Benzylamine 

-

Inhibitors Clorgyline Deprenyl MDL 72527 
Function Degradation of 

neurotransmitters 
Degradation of 

neurotransmitters 
Cellgrowth

Site of 
function 

Intracellular 
(mitochondria-bound) 

 Intracellular 
(mitochondria-bound) 

Intracellular 

Chromosomal localisation and expression of the copper amine oxidases  
Three human genes coding for SSAO have been identified and cloned. They are localised 

at human chromosome 17 at position 17q21. Two of the genes code for proteins (Smith et 
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al. 1998) (Imamura et al. 1997), and one gene is a pseudogene (Cronin et al. 1998). The 

protein-coding genes are RAO (AOC2) followed by the SSAO gene (AOC3). RAO and 

SSAO are sharing an amino acid similarity of 65%. They consist of four exons divided by 

three introns. The high homology between AOC2 and AOC3, suggests a common 

ancestral gene. Such tandem localisation of genes is common in gene families where 

duplications have occurred in order to increase members of the family. The pseudogene 

has only been found in humans and is very similar to the human SSAO gene (81% 

similarity). An intron is missing in the nucleotide sequence and there is an in frame stop 

codon in the middle of the gene (Zhang et al. 2003). 

SSAO is abundantly expressed as a membrane bound enzyme in smooth 

muscle-, endothelial- and adipose cells. A soluble form has also been found in plasma 

(Buffoni et al. 1993) (Lewinsohn et al. 1984). Different features of SSAO will be 

discussed later. Although SSAO shares a high aminoacid sequence with RAO, there is a 

distinct variation in mRNA expression pattern. Expression of RAO is specifically 

restricted to retina and is very abundant in retinal ganglion cells. Expression levels have 

been analysed in other tissues as well, where the highest expression (exept from retina) 

was in testis, where the expression levels were 1.27% of the retinal expression. RAO has 

been characterised in mouse and human, but in rat, a stop codon was present in exon 1. 

The putative length of the peptide would be only 17% of that in mouse or human RAO 

(Zhang et al. 2003).

Human DAO has been cloned from kidney (AOC1). DAO also has some 

sequence similarity to SSAO and RAO, 41% and 38% respectively (Zhang et al. 2003). 

DAO is located on the human chromosome 7 (Barbry et al. 1990). LO, which is a 

considerably smaller protein, 32 kDa, has the genetic localisation on human chromosome 

5 (Hamalainen et al. 1991), and is a member of a larger gene family.  

Molecular structure of SSAO 

SSAO can be divided into domains, D1-D4 (Salminen et al. 1998). The D1 domain is 

only found in E. Coli. D4 is in the C-terminal of the protein and it is also the largest 

domain. A unique ß-sandwich fold needed for dimerisation, as well as the active site is 

located there. The amino acid sequence in the active site is highly conserved in copper 
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amine oxidases, and it is buried deep inside the protein with amino acid residues from the 

D3 and D4 domains forming a tunnel where the substrate fits. The D3 domain is less 

conserved and may explain the differences in substrate and inhibitor specificities between 

different amine oxidases and species. Human SSAO has recently been crystallised and 

studied (Nymalm et al. 2003). 

Catalytic properties of semicarbazide-sensitive amine oxidase 

SSAO exists in all kinds of living organisms, from prokaryotes to eukaryotes. The 

catalytic properties vary between species and tissues and the physiological functions of 

SSAO are not completely elucidated. SSAO catalyses oxidation of primary monoamines 

in a double-displacement reaction, producing a corresponding aldehyde, hydrogen 

peroxide and ammonia: 

E-CHO+R-CH2-NH2  E-CH2-NH2+R-CHO (reduction) 

E-CH2-NH2+O2+H2O  E-CHO+NH3 +H2O2 (oxidation) 

SSAO is a copper dependent amine oxidase and crucial for catalysing this reaction is the 

cofactor topa quinone (TPQ). TPQ is a redox-active cofactor that originates from a 

posttranslationally modified tyrosine residue in a self-processing reaction, which is 

copper-dependent (Klinman et al. 2003).  

Figure 1. A summarised view of the formation of TPQ. 
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Each monomer consists of one copper-ion and the co-factor TPQ in close 

proximity in the D4 domain (see previous section, molecular structures of SSAO). The 

copper-ion is attached to three histidin residues (Salminen et al. 1998) and is tightly 

associated with the protein. Copper has a high electron affinity and is needed in two steps, 

first in the formation of TPQ by oxidation of the tyrosine residue, and second, in the 

oxidation step of the catalytic reaction, for review see (Klinman et al. 2003). The copper 

ion is bound to TPQ when the enzyme is in the inactive state, and when the enzyme is 

activated, TPQ is rotating towards the putative catalytic base, un unprotonated aspartic 

acid residue (Salminen et al. 1998). In the first (reducing) part of the reaction, the 

substrate binds to TPQ. The substrate is then released from TPQ by hydrolysis, resulting 

in an aldehyde product. In this stage, the amino group is attached to TPQ (Mure et al. 

2002). TPQ is also reduced by two electrons, which are stored for the second (oxidative) 

part of the reaction. This part of the reaction is dependent on molecular oxygen, which is 

thought to be dissolved in the highly hydrated dimeric interface and then transported near 

the active site. TPQ reduces the oxygen, which then binds the copper ion. Next, TPQ 

donates two protons that yield hydrogen peroxide. The amino group is subsequently 

hydrolysed by a water molecule (Klinman et al. 2003). 

The main known endogenous substrates are methylamine (Precious et al. 

1988) and aminoacetone (Lyles and Chalmers 1992), producing the aldehydes 

formaldehyde and methylglyoxal, respectively (Lyles et al. 1995). Other substrates of less 

importance for SSAO are ß-phenylethylamine, tyramine (Young et al. 1982), and 

dopamine (Lizcano et al. 1991). These substrates can readily be metabolised by MAO. 

Methylamine and aminoacetone, however, can not be metabolised by MAO and SSAO 

thus makes a significant contribution in the break-down of these metabolites. 

Methylamine is mainly produced in other metabolic pathways, which includes the breake-

down of adrenaline, sarcosine and creatine (Schayer et al. 1952; Davis and De Ropp 

1961; Yu et al. 1997; Yu and Deng 2000). It can also be ingested by food and beverages 

as well as by nicotine intake (Yu et al. 1998). Aminoacetone can be ingested by food as 

well, but is primarily produced as a result of threonine catabolism, either directly by 

conversion to aminoacetone (Gibson et al. 1958) or by metabolism to glycine where the 

latter pathway takes place in presence of acetyl-CoA in order to produce aminoacetone 
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(Neuberger and Tait 1962). SSAO can also metabolise serotonin in the dental pulp of both 

human and pig (Norquist et al. 1981; O'Sullivan et al. 2002). For IN VITRO studies of 

SSAO, the most commonly used substrate is benzylamine. SSAO is sometimes referred to 

as benzylamine oxidase. Another xenobiotic substance that can readily be metabolised by 

SSAO, is allylamine, which produces the toxic compound acrolein (Ramos et al. 1988).  

Physiological functions

Localisation

SSAO is a transmembrane protein of 84.6 kDa in the monomer form, with a single 

transmembrane domain located at the NH2-terminal end of the molecule (Abella et al. 

2004). The membrane protein exists mainly as a homodimer of 170-180 kDa. SSAO is 

highly glycosylated and the extracellular domain consists of six postulated N-linked and 

O-linked glycosylation sites respectively, but only N-linked glycosylations have yet been 

confirmed, both in mouse and human SSAO (Bono et al. 1999). The membrane bound 

form of SSAO is located on the surface of smooth muscle cells, endothelial cells and 

adipocytes. Adipose tissue has an exceptionally high catalytic activity and the SSAO 

molecules constitute as much as 2.3% of the total protein content on the cell surface of 

adipose cells (Morris et al. 1997) for review see (Jalkanen et al. 2001). It has been shown 

that SSAO together with CD36 (scavenger lipoprotein receptor) is one of the major 

protein constituents in caveolaes of adipocytes. Caveolaes are invaginations of the plasma 

membrane and have been suggested to participate in a large number of important cellular 

functions, such as formation of transcytotic and endocytotic vesicles in endothelial cells 

as well as lipid flux in adipocytes (Souto et al. 2003). SSAO is also localised 

intracellularly in vesicles of adipose cells (Enrique-Tarancon et al. 1998; Enrique-

Tarancon et al. 2000) and it has been hypothesized that there may be an intracellular 

storage of SSAO in endothelial cells as well. Apart from the membrane bound form of 

SSAO, there is a soluble form in plasma. The origin of the soluble form of SSAO has 

been unknown until recently. Transgenic mice overexpressing human SSAO in smooth 

muscle cells or endothelial cells exhibit higher SSAO activity in serum as well, 

suggesting that SSAO, to at least some extent, is released from the membrane of 



14

endothelial and smooth muscle cells (Göktürk et al. 2003; Stolen et al. 2004). The most 

convincing data of an existing shedding mechanism of the membrane bound form of 

SSAO as a source of the circulating form has been obtained by studying adipocytes from 

various sources. TNF- , known to induce release of other soluble adhesion molecules 

(Morandini et al. 1996; Leung et al. 1999), stimulates the release of the membrane bound 

SSAO from adipocytes. This action is dependent on metalloproteases and thereby 

inhibited by the metalloprotease inhibitor batimastat. Furthermore, the soluble SSAO 

displayed a different electrophoretic mobility compared to the membrane bound form, 

suggesting a loss of the membrane binding anchor region of the soluble SSAO (Abella et 

al. 2004).

There are high levels of SSAO in adipose tissue. Much attention has 

therefore been focused upon the physiological role of SSAO in adipose tissue. Another 

field of interest regarding SSAO are the increased levels of SSAO in plasma of patients 

with diabetes and cardiovascular diseases, which will be discussed later. The increased 

catalytic activity seen in these pathological conditions, results in higher levels of the 

cytotoxic compounds produced by SSAO. In addition, there are speculations concerning 

the consequences of high catalytic activity in smooth muscle cells of blood vessels and 

the effect it might have in connective tissue, such as cross-linking abilities and/or 

stimulation of elastin synthesis. 

Physiological role 

Much work has been spent in the search for a physiological role of SSAO. It has been 

speculated that one function is “the first line of defence”, with the aim of metabolising 

ingested biogenic amines. However, there is doubt concerning the relevance of such a 

defence since the products in the reaction are more cytotoxic than the substrates that are 

metabolised. The substrates methylamine and aminoacetone are much less reactive and 

can readily pass out with the urine unmetabolised (Yu and Zuo 1997; Yu et al. 2002).  

One important physiological function of SSAO is the recruitment of 

lymphocytes in inflammation. In 1998, an adhesion protein, vascular adhesion protein-1 

(VAP-1), was cloned and found to be identical to SSAO with both the adhesive function 

and catalytic activity. SSAO is upregulated on the cell surface of endothelial cells at sites 
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of inflammation. It is not known whether this upregulation is on a transcriptional level or 

whether the protein is localised intracellularly in vesicles and translocated to the cell 

surface under inflammatory conditions (Jalkanen and Salmi 1993; Salmi et al. 1993; Bono 

et al. 1998). The adhesion process of SSAO to the leukocyte is assumed to involve 

deamination of a primary amine localised on the surface of a leukocyte, which results in a 

transient covalent bond between the two cells (Salmi et al. 2001). 

Mature adipocytes express very high levels of SSAO protein and activity. 

Morbidly obese non-diabetic subjects exhibit an elevated SSAO activity compared to 

control subjects (Visentin et al. 2004), and it has been suggested that SSAO may be 

involved in the control of adipose tissue development. Reduced weight has also been 

observed in obese KKAy mice fed with an artherogenic diet after treatment with an 

SSAO inhibitor (Yu et al. 2004). The mRNA levels of SSAO are increasing 2-300 fold 

during differentiation from preadipocytes to mature adipocytes and therefore it has been 

suggested that SSAO may be involved in the differentiation of adipocytes (Moldes et al. 

1999). Addition of the physiological substrate methylamine to cultured adipocytes further 

promotes the differentiation of adipocytes in a dose- and time-dependent manner. This 

effect can be abolished by addition of catalase, a hydrogen peroxide scavenger, 

suggesting that the hydrogen peroxide generated by SSAO is involved (Mercier et al. 

2001). It has also been shown that SSAO substrates inhibit lipolysis (Morin et al. 2001; 

Visentin et al. 2003).  

It has been proposed that SSAO is involved in glucose transport by 

recruiting the glucose transporters GLUT4 to the cell membrane in adipose tissue 

(Enrique-Tarancon et al. 1998) and GLUT1 in smooth muscle cells (El Hadri et al. 2002). 

This effect is probably a result of the production of hydrogen peroxide as well, since the 

effects created by SSAO substrates could be diminished by addition of catalase (Enrique-

Tarancon et al. 2000).   

SSAO activity in human plasma 

-physiological and pathological aspects 
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The physiological functions of SSAO listed above, concerns mainly the membrane bound 

form of SSAO. There is still no data regarding the function of the soluble form, except for 

metabolising circulating monoamines. The catalytic activity of SSAO in plasma is rather 

stable throughout life in humans (Murphy et al. 1977). The activity is slightly higher in 

children and adolescents, as well as in the third trimester of pregnancy. During first 

trimester, though, there is a lower catalytic activity (Lewinsohn and Sandler 1982). There 

are several clinical findings reporting changed SSAO activity in pathological conditions. 

In comparison to healthy controls, patients with severe burns display a lower catalytic 

activity (Lewinsohn et al. 1977). High SSAO activity in diseases such as diabetes 

mellitus, congestive heart failure and liver diseases has been known for long (McEwen 

and Harrison 1965; McEwen and Castell 1967; Nilsson et al. 1967; Tryding et al. 1969). 

In the mid-nineties the SSAO field expanded and the research focused more on the 

vascular dysfunction in connection to diseases exhibiting a higher catalytic activity of 

SSAO. Studies on SSAO activity in association to diabetes and vascular complications 

continued.  Diabetic rats exhibited an increased excretion of the cytotoxic compounds 

formaldehyde and methylglyoxal in urine, which could be reduced by a selective SSAO 

inhibitor (Deng and Yu 1999). It was also found that patients with diabetic complications 

had higher SSAO activity than diabetic patients without complications (Boomsma et al. 

1995; Garpenstrand et al. 1999; Gronvall-Nordquist et al. 2001). There is also a positive 

connection between high plasma SSAO activity and arteriosclerosis and it has been 

suggested that SSAO activity is an early marker of arteriosclerosis. The severity of 

arteriosclerosis (Bogousslawsky score on carotid stenosis) correlates with increased 

SSAO activity in plasma of both type-2 diabetic and control subjects, but not with other 

factors such as HDL cholesterol or triglyceride levels (Karadi et al. 2002), and it has been 

suggested that plasma SSAO activity might be useful in the prognostic evaluation of the 

severity of arteriosclerosis and diabetic angiopathy (Meszaros et al. 1999). More recent 

studies on the correlation between the SSAO activity and heart failure have been done, 

showing an elevated plasma SSAO activity in congestive heart failure (Boomsma et al. 

1997) and, moreover, SSAO activity is suggested to be an independent prognostic marker 

of the mortality in chronic heart failure (Boomsma et al. 2000). A higher SSAO activity 

has been detected in plasma of patients with type-1 diabetes at the first clinical diagnosis 
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(Boomsma et al. 1999), which shows that high SSAO activity in plasma precedes the 

vascular complications often seen in diabetes.  

 There are indications suggesting a function for SSAO in the normal 

development and maintenance of connective tissue. The SSAO activity is very high in 

vascular smooth muscle cells, which is responsible for the production of elastin and 

collagen. Chronic inhibition of SSAO in weanling rats has shown to produce vascular 

lesions in aorta (Langford et al. 1999). This finding may indicate that SSAO has a similar 

function as lysyl oxidase in the maturation or synthesis of connective tissue. 

 The reason for the increased plasma SSAO activity in patients with 

disorders of vascular origin is not yet clarified. Our data have shown that the increased 

SSAO activity in adipose tissue of diabetic mice, is not a result of increased gene 

transcription (Nordquist et al. 2002; Göktürk et al. 2003). This suggests that the increased 

SSAO activity in adipose tissue, is independent of the transcription levels. The SSAO 

activity was found to be higher already at day one of diabetes (Nordquist et al. 2002). 

Data on human patients with diabetes shows that the SSAO activity in plasma is 

constitutively higher compared to healthy subjects, suggesting a persistent source. 

 Possible reasons for an immediate effect concerning the raise in SSAO 

activity, may be activation of an inactive SSAO pool for example induced by a change in 

the intracellular environment promoting dimerisation of the SSAO subunits. Copper, a 

largely extracellular ion, is found in elevated levels in diabetes (Shukla et al. 2004) 

(Cooper et al. 2004). The increased availability of copper may thus be another possibility 

in the activation of catalytically inactive SSAO molecules. Posttranslational events, such 

as modifications of the SSAO protein leading to decreased degradation of SSAO, may 

also take place. 

VAP-1, identical to SSAO, is known to mediate translocation of 

leukocytes at local sites of inflammation (Jalkanen and Salmi 1993; Koskinen et al. 

2004). SSAO is up-regulated on the surface of endothelial cells in blood vessels in a 

number of inflammatory diseases (Salmi et al. 1993; Arvilommi et al. 1996; Salmi et al. 

1997; Jaakkola et al. 2000; Kurkijarvi et al. 2001; Lalor et al. 2002; Singh et al. 2003). 

However, a higher SSAO activity in plasma of patients with inflammatory diseases has 

not be detected (Salmi et al. 1993; Jaakkola et al. 2000; Koutroubakis et al. 2002)
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Toxicity as a result of SSAO activity

As described above, there have been speculations concerning the effects of high SSAO 

activity in human plasma in connection to diseases where vascular changes have been 

observed. The consequences of elevated SSAO activity known so far, are higher levels of 

the cytotoxic compounds, formaldehyde, methylglyoxal, hydrogen peroxide and 

ammonia.  

Conversion of methylamine to formaldehyde  

Methylamine is derived from metabolism of endogenous substances such as sarcosine, 

creatinine and adrenaline but can also be ingested with food and by metabolism of 

nicotine (Davis and De Ropp 1961; Yu et al. 1997; Yu et al.1998). Methylamine derived 

from metabolism of endogenous substances or ingested by food or nicotine intake is not 

harmful, unless metabolised to formaldehyde. Formaldehyde is a very reactive compound, 

and classified as a carcinogen because of its high reactivity with DNA (International 

agency for research on cancer 1995). It is rapidly incorporated into nucleic acids when 

experimental animals are exposed to this substance (Casanova-Schmitz et al. 1984; Heck 

and Casanova 1987). In addition, formaldehyde is able to induce cross-links on amino 

acid residues in proteins (Gubisne-Haberle et al. 2004) and thereby alter the 

function/catalytic activity of proteins.  

It has been shown that methylamine has no effect on cultured endothelial 

cells, but becomes very toxic in presence of SSAO, most likely due to the formation of 

formaldehyde. This toxicity was diminished in the presence of an SSAO inhibitor (Yu 

and Zuo 1993). An increased metabolism of methylamine can thereby induce endothelial 

damage, which may be a starting point for development of arteriosclerosis.  

Inactivation of formaldehyde is performed in two steps, first, by the 

intracellular glutathion-dependent formaldehyde-dehydrogenase (FDH) (Sanghani et al. 

2000) under reduction of NAD+. The substrate for FDH is the hemithioacetal adduct 
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formed between glutathion (GSH) and formaldehyde (GSCHOH). The product, S-formyl 

glutathione, is then hydrolysed by a thiol esterase to formate (Uotila and Koivusalo 1974). 

FDH is distributed in the cytosol of most tissues. 

Figure 2. A simplified view of the metablism of methylamine. 

Conversion of aminoacetone to methylglyoxal

Aminoacetone, which can be synthesised from L-threonine and from glycine, is also a 

physiological substrate for SSAO. Metabolism of aminoacetone produces the dicarbonyl 

methylglyoxal, which also is a very reactive compound. Methylglyoxal has the potency to 

react with nucleic acids and amino acid residues, such as arginine, lysine and cysteine. 

Most of the irreversible adducts are formed with arginine residues and can produce cross-

links (Takahashi et al. 1977; Selwood et al. 1993). Methylglyoxal can also be produced 

by other endogenous metabolic processes, for example in the degradation and elimination 

of phosphate in triose phosphates. The rate of methylglyoxal formation increases in 

diabetes. Increased levels of dicarbonyl agents and oxidative stress have been postulated 

to be a result of hyperglycaemia, and can be of importance in the susceptibility and 

development of diabetic complications (Beisswenger et al. 2003). Methylglyoxal is 
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detoxified by the glyoxalase system, which is GSH dependent and consists of two 

enzymes, glyoxalase I and glyoxalase II (Thornalley et al.1988). Methylglyoxal forms a 

hemithioacetal together with GSH, and glyoxalase I catalyses the isomerisation of this 

compound (Thornalley et al. 1998). One of the reasons for an increased susceptibility in 

the development of vascular complications may be a modified glyoxalase system in 

diabetes. The substrate levels and activities of the glyoxalase enzymes (glyoxalase I and 

II) are increased. The glyoxalase system also shows a positive relationship with the 

development of diabetic complications (McLellan et al. 1994). 

Figure 3. The glyoxalase pathway. 

Hydrogen peroxide, oxidative stress 

Hydrogen peroxide is another compound which is produced during deamination of 

substrates. It is a molecule with diverse functions. When produced in several biological 

systems, it possesses a role as a signal molecule regulating gene expression and cell 

death. In vitro systems has shown that the hydrogen peroxide produced by SSAO is 

involved in the stimulation of glucose transport by recruiting glucose transporters to the 
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cell surface, and it has also been proposed to control the development of adipose tissue 

(Enrique-Tarancon et al. 1998; Abella et al. 2004). Hydrogen peroxide is not very toxic to 

cells, unless accumulation occurs. The enzyme catalase, converting hydrogen peroxide to 

water and oxygen, together with the glutathione system, is usually sufficient to maintain 

normal levels of hydrogen peroxide (Cantin et al. 1999), however, not all hydrogen 

peroxide produced in a cell can be detoxified. The Fenton reaction is the major route for 

converting hydrogen peroxide to hydroxyl radicals, using the unstable Fe2+, which is very 

reactive and highly destructive in interactions with proteins, DNA and lipids (Halliwell et 

al. 1990) for review see (Gardner & Lee 1989). 

Ammonia

Another compound that is produced in catalysis by SSAO is ammonia. Ammonia is a 

potent cytotoxic compound. However, attention has mainly been focused upon the 

production of the other reactive compounds created by catalysis of SSAO substrates. NH3

can readily pass membranes by diffusion and interfere with intracellular processes, 

however, at neutral pH, NH3 becomes protonated forming ammonia NH4
+, which can be 

consumed in the biosynthesis of nitrogen compounds and excessive amounts is 

metabolised by the urea-cycle in the liver. In addition to SSAO, there are several amine 

oxidases producing ammonia. The possible effect of ammonia produced under certain 

pathological circumstances where the SSAO activity is higher, has not been considered in 

particular. Other disorders of ammonia metabolism are characterised by brain damages 

and interference in neurotransmission, for review see (Butterworth et al. 2001). 

Diabetes Mellitus 

Diabetes Mellitus is characterised by elevated blood glucose concentrations and is divided 

into Type-1 (IDDM, insulin dependent diabetes mellitus) or Type-2 (NIDDM, non-insulin 

dependent diabetes mellitus). Type-1 diabetes is debuting in childhood or in adolescence. 

It is often characterised by the presence of auto-antibodies against pancreatic -cells.

These patients will be dependent on insulin throughout life. There is a genetic 
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predisposition for development of diabetes mellitus, but twin studies have shown that 

there is an additional environmental factor involved in the development of type-1 

diabetes. Twin studies of type-2 diabetes, however, have showed that if one of the twins 

develops diabetes, the second one will be affected as well with a probability of nearly 

100%, independently of environmental and socio-economic factors. Type-2 diabetes is 

usually characterised by both impaired insulin secretion and sensitivity in some tissues. 

The metabolic syndrome, for example hypertonia, abdominal obesity and dyslipidemia 

are frequently observed. In the beginning of the disease, it is usually sufficient with a 

strict diet to obtain a normal blood glucose level, but with increasing age and duration, 

oral pharmacological treatment and eventually insulin will be necessary.  

Diabetes is associated with micro-vascular complications, which, sooner 

or later will result in nephro-, neuro- and retinopathy (Klein et al. 1994; Tesfaye et al. 

1994; Bilous et al. 1996). As a consequence, diabetes is the most common cause of 

blindness and end-stage renal disease (Creager et al. 2003). Diabetes is also associated 

with accelerated macro-vascular arteriosclerosis, affecting blood vessels supplying brain, 

heart and lower extremities. Consequently, patients with diabetes have an increased risk 

for myocardial infarction, stroke and limb amputation (Beckman et al. 2002). Clinical 

studies have shown that diabetic patients with good glycaemic control have a decreased 

risk for developing micro-vascular complications (UKPDS 1998). One way to get 

information about how blood glucose levels have been regulated during the last weeks is 

to measure the levels of glycosylated haemoglobin.  

SSAO activity in plasma of diabetic patients

Plasma SSAO activity is about 50 % higher in patients with diabetes in comparison to 

healthy controls (Nilsson et al. 1967; Tryding et al. 1969). A high SSAO activity would 

result in an increased production of cytotoxic compounds, such as formaldehyde, 

methylglyoxal, hydrogen peroxide and ammonia. There are also speculations concerning 

other mechanisms involving an elevated SSAO activity that possibly would lead to a 

development of vascular complications in diabetes. One example is cross-linking of 

lysine residues, in the same manner as lysyl oxidase, or influence the elastin synthesis. 

Studies performed by Boomsma, et al. (1995) Garpenstrand, et al. (1999), and followed 

by Gronvall-Nordquist et al. (2001), showed that diabetic patients with retinopathy had 
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higher SSAO activity in plasma in comparison to diabetic patients without signs of 

complications. In addition, the SSAO activity was stable over a three-year period in these 

patients, which suggests that the patients with retinopathy had a higher SSAO activity 

from the beginning of the disease. This may have contributed to an increased 

vulnerability in the development of retinopathy.  

SSAO activity in diabetes is positively correlated with glycosylated 

haemoglobin (HbA1c) (Boomsma et al. 1995) (Garpenstrand et al. 1999; Gronvall-

Nordquist et al. 2001), which mirrors the glycaemic control for the last six to eight weeks. 

The list of vascular complications in association to an increased SSAO activity can be 

long, but there are also indications that SSAO might posses an anti-diabetic effect 

(Enrique-Tarancon et al. 1998; Abella et al. 2003; Zorzano et al. 2003). Addition of 

SSAO substrate to hyperinsulinemic and hyperglycaemic (Goto-Kakisaki) rats stimulated 

glucose transport in isolated adipocytes and improved glucose levels to near normal. High 

glucose levels suggest a starting point for increased SSAO activity in order to reduce the 

blood glucose levels. Nevertheless, an increased SSAO activity may induce side-effects, 

such as vascular changes as a result of increased levels of  cytotoxic compounds. In 

addition, the elevated SSAO activity in patients with diabetes does not seem to be of a 

significant importance in restoring the normal levels of blood glucose.   

 There are speculations concerning the importance of a selective SSAO  

inhibitor with the purpose of delaying or even prevent vascular changes. There are drugs 

used today which are known to inhibit SSAO activity. For example Carbidopa and 

Benserazide used in the treatment of Parkinson’s disease are potent SSAO inhibitors, 

though not specific. Treatment of these patients have shown that it is possible to live 

without the catalytic activity of SSAO. Hydralazine, used in the treatment of high blood 

pressure, is also a potent SSAO inhibitor. Unfortunately, the side effects are significant, 

and the drug is not commonly used on the market.  

Capillary occlusion 

The adhesion function of SSAO may also be of importance in the development of 

retinopathy. An up-regulation of SSAO in the endothelial cells of the capillaries in retina 

may induce capillary occlusion when leukocytes bind to SSAO. Development of diabetic 

retinopathy, which is characterised by capillary occlusion, is presumed to initiate 
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neovascularization. Activated leukocytes can cause cell-damage by releasing cytotoxic 

compounds and a potential role of leukocytes in the pathogenesis of diabetic retinopathy 

has been suggested (Schroder et.al 1991). 

Advanced glycation end products (AGE) 

AGEs have been implicated in diabetes-related complications. Intracellular 

hyperglycaemia is the primary event in the formation of intracellular and extracellular 

AGEs. Advanced glycation is formed through a series of reversible reactions starting with 

the formation of Schiff's bases and Amadori products followed by molecular 

rearrangements resulting in irreversible advanced glycation end products. This route is 

also called the Maillard reaction (John et al. 1993). Glucose has a slower glycation rate 

than the intracellular sugars, glucose-6-phosphate and fructose. Intracellular 

hyperglycaemia can result in accumulation of reactive dicarbonyl precursors ( -

oxoaldehydes) through different pathways. This phenomenon is called carbonyl stress, 

and have been observed in diabetes and uraemia, which both are associated with 

accelerated vascular damage (Raj et al 2000). Methylglyoxal, glyoxal and 3-

deoxyglucusone (3-DG) contribute to carbonyl stress (Miyata et al. 1999). These three 

compounds are formed from various routes in metabolism of glucose, and methylglyoxal 

can produce AGEs in the presence of SSAO (Mathys et al. 2002).  

 The common feature of the different types of AGEs produced is the 

formation of irreversible cross-links, presumably involving arginin and lysine-residues 

(Mathys et al. 2002). The chemistry around the cross-linking procedure is complex and 

not completely elucidated. Advanced glycation develops over a period of weeks and 

thereby affects mainly long-lived proteins, such as collagen (Ulrich et al. 1997). These 

structural modifications performed by AGE, lead to pathological changes such as 

increased stiffness of the protein-matrix, alterations of protein function, and increased 

resistance to proteolytic degradation (Paul and Bailey 1999). AGE modifications increase 

with age and are accelerated by diabetes. Histological findings have shown that the 

stiffness of human aortas correlates with AGE accumulation (Sims et al. 1996). Other 

pathological consequences of the cross-link formation are thickening of the capillary 

basement membrane, sclerosis of renal glomeruli and arteriosclerosis (Monnier et al.  

1996). It has been proposed that AGE is eliminated by AGE receptors on tissue 
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macrophages (Makita et al. 1991), degraded and released as small soluble AGE peptides 

by the kidney (Bierhaus et al. 1998). It has also been suggested that insulin may 

contribute to the elimination of AGE in plasma via the IRS and phosphatidyl-inositol-3-

OH kinase pathway (Sano et al. 1998), for review, see (Singh et al. 2001). 
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Aims of the present investigation 

The aim of this project was to study the regulation of SSAO in diabetes and the effect of 

an elevated SSAO activity on vascular tissue. In order to conceive a better understanding 

concerning regulation and function of SSAO, we have used mice as models in our studies. 

In the present thesis, a transgenic mouse model, overexpressing the human form of SSAO 

in smooth muscle cells has been used. Histological and pathological evaluations of tissues 

from transgenic mice have been done. In addition, we have studied physiological 

functions, such as blood pressure and ventilation, in presence of high SSAO activity and 

the response to substances known to affect the blood pressure. 

Paper I  Semicarbazide-sensitive amine oxidase (SSAO) gene expression in alloxan-

induced diabetes in mice. 

The plasma SSAO activity is increased in many different pathological conditions, 

particularly in diseases affecting blood vessels and circulation. Not much is known 

concerning the regulation of the SSAO activity in such diseases. SSAO is very abundant 

in blood vessels and the products created in catalysis are known to be cytotoxic. An 

elevated enzyme activity may thereby contribute to the development of complications of 

vascular origin. In human subjects with diabetes, the SSAO activity is known to be 

significantly higher at the time-point of diagnosis, showing that the increase in SSAO 

activity precedes the development of vascular complications. This has also been 

confirmed in experimental diabetes in animals, where the SSAO activity increases in 

animals with diabetes compared to controls without diabetes.   

The aim of this study was to investigate the gene expression of SSAO in 

mice with diabetes. In addition, we analysed the SSAO gene expression in mice treated 

with two different SSAO inhibitors. We investigated SSAO mRNA levels by real-time 

PCR and compared with catalytic activity. Real-time PCR was done on cDNA from 

preparation of total RNA and quantified using a standard curve.  
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Diabetes was induced by a single intravenous injection of alloxan. Mice 

were sacrificed at two different time-points, one or seven days after the alloxan-injection. 

Serum and tissues were sampled. SSAO activity and glucose levels were measured in 

serum, and mRNA levels and SSAO activity in tissues. The mice treated with SSAO 

inhibitors, were given two intraperitonal injections of either hydralazin-hydrochloride or 

carbidopa, and SSAO activity and mRNA levels were analysed.  

At day 7, the SSAO activity was higher in serum compared to controls. 

Linear regression of alloxan-treated animals exhibited a positive correlation between the 

SSAO activity and glucose levels in serum at this time-point. This suggests that the SSAO 

activity is dependent on the glucose levels in serum of the diabetic mice.  

Figure 4. Linear regression showed a positive correlation between 

glucose concentration and SSAO activity in mice with diabetes (regression line) (p<0,05, 

r2=0,284).

When the SSAO activity and SSAO mRNA expression was compared in 

adipose tissue, we found that the SSAO activity was higher and the SSAO mRNA 

expression was lower in mice with diabetes than in controls, at both time-points. In lung 

tissue, the SSAO activity was higher at day one with diabetes, but by day 7, the SSAO 

activity was similar to the activity in control mice. The mean value of the SSAO mRNA 

expression was lower at day one, however, this value did not reach significance. At day 

seven, the expression levels were significantly higher in lung of diabetic mice. These 

results indicates that the increased SSAO activity seen in adipose tissue of diabetic mice, 

is accompanied by reduced SSAO mRNA expression, suggesting that the increased 
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SSAO activity induce a negative feedback on the SSAO mRNA expression. These results 

were not found in lung tissue, suggesting that SSAO gene expression is differently 

regulated in different tissues the diabetic mice.  
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Animals treated with SSAO inhibitors did not alter the SSAO mRNA expression at all in 

lung or adipose tissue.   

The main conclusions were that elevated catalytic activity in mice with 

diabetes is not a result of increased transcription. Our results suggest that increased SSAO 

activity may induce a negative feedback of the SSAO gene expression, perhaps as a result 

of increased production of hydrogen peroxide. We speculate that regulation of SSAO 

activity is post-transcriptional. 

Paper II  Overexpression of semicarbazide-sensitive amine oxidase (SSAO) in smooth 

muscle cells leads to reduced aorta elasticity in transgenic mice. 

SSAO is very abundant in vascular tissue and other tissues composed of smooth muscle 

cells in humans and animals. Plasma is also a source exhibiting high SSAO activity in 

humans. There has been speculations concerning the origin of the plasma SSAO and 

accumulating data suggest that there is a shedding mechanism of the membrane bound 

SSAO involved. The problem in finding a suitable animal model for investigating the 

effects of SSAO in relation to diseases exhibiting an elevated SSAO activity, is to find an 

animal small enough to house with a plasma SSAO activity similar to humans. In order to 

bypass this problem, in collaboration with Pharmacia, a transgenic mouse overexpressing 

the human form of SSAO in smooth muscle cells was developed. Our aim was to use 

these mice in the investigation of the importance of high SSAO activity in vascular tissue. 

 In the transgenic construct, the mouse -actin smooth muscle promoter 8 

(SMP8) was chosen and amplified by PCR. This directed the expression of the human 

SSAO to smooth muscle cells. The human SSAO gene was amplified from aorta.  
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Figur 7. The SMP8-SSAO transgenic construct. The transgenic construct, comprising the 

SMP8 promoter followed by the entire coding sequence of the human SSAO gene and the 

SV40 late polyadenylation signal. 

The isolated transgenic construct was injected into the pronuclei of one-cell-stage 

embryos obtained from matings between C57B1/6 and CBA mice-strains and transferred 

to the oviduct of pseudo-pregnant female mice. Founder mice were identified by PCR of a 

tail biopsy. RNA was isolated and Northen blot was performed for detection of the human 

SSAO gene in smooth muscle rich tissues and compared to the extremely low expression 

of SSAO in liver. The SSAO activity was measured and compared with non-transgenic 

littermates. Tissues were prepared and examined histologically. Morphology of large 

blood vessels, such as aorta and renal artery, were studied. The number of elastic laminas 

in aorta was counted and the thickness was measured at five positions in each layer in 

three sections from each group. Mean arterial pressure and the amplitudes of the heart 

cycle were estimated.  

 Fifteen founder mice were obtained from the microinjection and further 

bred with C57Bl/6 in order to accomplish stable transgenic lines. Ten out of fifteen 

founder mice passed the transgenic construct over to the offspring. The transgenic mice 

had a normal appearance and no signs of alterations concerning the development, fertility 

or litters. The only obvious phenotypic variation was observed in line 72, which were 

smaller than the non-transgenic littermates, and lost their fur in a spotted manner within 

their first weeks of life. This phenotype was not seen in any of the other transgenic lines 

and was eventually considered as a result of the integration of the transgenic construct in 

to the mouse genome rather than as a result of the transgenic expression. Four transgenic 

lines were used for further investigations. Smooth muscle rich tissues expressed high 

levels of the human form of SSAO compared to the expression in liver. The enzymatic 

activity was measured in a number of tissues and a considerable difference in the level of 

activity between the transgenic lines and in comparison to non-transgenic littermates was 

found. 
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8A)        B) 

                       
C)                    D) 

                   

Figure 8. SSAO activity in different transgenic lines compared to control littermates. A) 

The SSAO activity was higher in serum from all transgenic mouse lines compared to 

controls. B) Adipose tissue exhibited a higher SSAO activity in line 12, 72 and 86. C) 

Aorta from two transgenic lines were investigated, line 12 and 86. The SSAO activity was 

higher in both transgenic lines. D) Activity in three different tissues; lung, kidney and 

pancreas. Line 12 exhibited a higher activity in all tissues investigated, line 56 in lung and 

kidney, and line 72 in lung tissue. Line 86 did not exhibit a higher SSAO activity in any 

of the investigated tissues. 

A histological evaluation was performed of the renal artery of line 12, 86 and non-

transgenic littermates, and of aorta in line 12 and 86. The SMP-SSAO transgenic mice 

exhibited an abnormal phenotype of the elastic laminas in aorta and in the vessel walls of 

the renal artery. The elastic laminas were straight and unfolded, compared to the 

undulated appearance in non-transgenic controls. This finding suggests that the large 
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blood vessels are rigid and atonic in mice overexpressing the human form of SSAO. In 

addition, the elastic laminas of aorta were thicker in line 86. However, this difference was 

not observed in line 12.  

Figure 9. Histopathological examination of aorta in transgenic (C and D) and non-

transgenic (A and B) mice. A) Aorta from a non-transgenic mouse exhibiting undulated 

elastic laminas. B) Detail of A at a higher magnification. C) Transgenic mice showing 

straight and unfolded elastic laminas suggesting a rigidity of large arteries.  

  Cross-sections of the renal artery displayed a similar abnormal phenotype 

with a rigid appearance in the internal and external elastic lamina of transgenic mice 

compared to non-transgenic littermates.  

 In order to reveal the consequences of these structural abnormalities, the 

mean artery pressure was measured from the femoral artery in anaesthetised mice. The 

mean arterial pressure in line 12 and 86 was 89% and 84% of control mice, respectively. 

The differences between the diastolic and systolic pressure, exhibited a larger pressure 

range in the transgenic mice, suggesting a higher pulse pressure in transgenic mice 

compared to controls. 
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Figure 10. Mean artery pressure in transgenic and non-transgenic littermates (n=5). Non-

transgenic littermates had a pressure of 85,9 mm. The blood pressure was lower in both 

transgenic lines. Line86 had 72,1 mmHg (p=0,02) and line 12 76,8 mm Hg (p=0,05).  

 In conclusion, we have shown that overexpression of the human SSAO in 

smooth muscle cells leads to a higher mRNA expression and SSAO activity in serum and 

most tissues investigated in comparison to non-transgenic littermates. The increased 

SSAO activity in serum of transgenic mice suggests smooth muscle cells as a contributing 

source of SSAO in blood. Moreover, this mouse is exhibiting an abnormal phenotype of 

the elastic fibres in aorta, suggesting that a high SSAO activity affects the vascular tissue. 

Large arteries have a rigid appearance, which may be the reason to the observed 

differences in blood pressure. This transgenic mouse is thus a good model for 

investigating the effects of an elevated SSAO activity and may be useful in the 

investigations of physiological function of SSAO.

Paper III  Semicarbazide-sensitive amine oxidase (SSAO) in transgenic mice with 

diabetes.

The SMP8-SSAO transgenic mice exhibited a changed morphology in the elastin tissue of 

large arteries as a result of overexpression of the human form of SSAO. However, no 

signs of microvascular changes or acute injury on smooth muscle cells or endothelial cells 

were observed (paper II). In our previous study, paper I, we found that the SSAO gene 
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expression was lower as the SSAO activity increased. Next, we wanted to examine the 

effect of diabetes in SMP8-SSAO transgenic mice in regard to vascular changes and 

regulation of the SSAO activity in serum in diabetes. 

In this work, we induced diabetes in the transgenic mice. Catalytic activity and the 

endogenous SSAO gene expression as well as the expression of the human SSAO gene 

were estimated with real-time PCR, as previously described in paper I. Km and Vmax 

was estimated in kidney, lung and adipose tissue. In addition, we had a diagnostic 

microscopy done at the Swedish Veterinary Institute. 

 Diabetes was induced in two different transgenic mice lines in order to 

exclude side effects that may occur as a result of the integration of the transgenic 

construct in the mouse genome. For each group of diabetic mice (including non-

transgenic littermates), we had a control group without diabetes.

 The SSAO activity was significantly higher in serum of transgenic mice 

with diabetes compared to non-diabetic mice from each group. However, non-transgenic 

mice did not exhibit a higher SSAO activity when diabetes was induced. This was in 

contrast to previous findings in paper I. We address this discrepancy to the different 

genetic backgrounds between non-transgenic mice and the mice used in the previous 

study, where we used NMRI mice. A positive correlation between the SSAO activity in 

serum and the glucose concentration was found in transgenic animals with diabetes 

(p<0,0001, R2 0,65). The SSAO activity in adipose tissue was higher in the transgenic 

animals with diabetes compared to the non-diabetic animals. The endogenous mouse 

SSAO gene expression in adipose tissue was lower in transgenic mice with diabetes, 

compared to non-induced transgenic animals.  
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Figure 11. SSAO activity in transgenic and non-transgenic mice with and without 

diabetes. The SSAO activity was increased in adipose tissue of transgenic mice with 

diabetes.

Figure 12. Expression levels (SQ-mean) of the endogenous mouse SSAO gene in 

transgenic and non-transgenic animals with and without diabetes. The expression levels 

were reduced in transgenic mice with diabetes compared to transgenic mice without 

diabetes.
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These results are in line with previous findings in paper I, where we showed reduced 

transcription levels of SSAO in adipose tissue of diabetic mice as a result of increased 

SSAO activity in diabetes. In addition, an inverse correlation between the endogenous 

mouse SSAO expression and catalytic activity was observed in adipose tissue of 

transgenic animals.  

Figure 13. Regression plot of SSAO activity against the mRNA starting quantity in 

adipose tissue. An inverse correlation between the SSAO activity and the SQ mean was 

observed (P=0,01 and R2=0,374).

This further supports our previous suggestion of a negative feedback, induced by elevated 

SSAO activity. Induction of diabetes in transgenic mice did not affect the expression of 

the human transgenic SSAO gene. 

 As shown by Km and Vmax estimations, diabetes does not affect the 

efficiency of SSAO (Km), but there is an increase in levels of catalysing molecules (Vmax).

Previous studies have shown that Km for human SSAO is higher than for mouse SSAO, 

which is in consistence with Km in tissues of transgenic mice compared to non-transgenic 

mice.

 Diagnostic necroscopy was done on ten animals, 6 transgenic and 4 non-

transgenic (with and without diabetes). One transgenic mouse had a mineralisation of the 

thoracic part of aorta and two had severe retinal dystrophy, which is a common congenital 

defect frequently seen in mice. No changes were considered to be associated to diabetes. 
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Paper IV  Transgenic mice overexpressing Semicarbazide-sensitive amine oxidase 

(SSAO) have an elevated pulse pressure. 

The SMP8-SSAO transgenic mice has exhibited changes in the morphology of the elastin 

architecture in large arteries as well as differences in blood pressure compared to non-

transgenic littermates. These findings suggested an altered regulation of the blood 

pressure as a result of overexpression of SSAO in smooth muscle cells. We therefore 

decided to analyze the response to drugs normally affecting the blood pressure. In 

addition, we wanted to further analyze the elastin architecture in aorta of transgenic mice 

as well as the effect of SSAO overexpression in lung, another tissue with a high content 

of elastin. The transgenic line 86 was used in all experiments. 

 The experiments started with measurements of the ventilation using a 

spirometri-mimicing method. The mean arterial pressure and pulse pressure was 

measured under anesthesia after injection of either sodium chloride, low or high dose of 

adrenaline or sodium nitroprusside. The pressure was measured for a period of ten 

minutes recording, and mean values were calculated. Mice were then sacrificed and 

tissues were collected for investigation of the SSAO activity. In addition, transgenic and 

non-transgenic littermates were sacrificed in order to collect aorta for electrone 

microscopy.

 No significant differences could be detected concerning the spirometry-

mimicking method between transgenic and non-transgenic mice. However, a tendency to 

a larger tidal volume accompanied by a lower respiratory frequency was observed.  

 The transgenic mice exhibited an altered response to the NO-donor 

sodium nitroprusside. The non-transgenic littermates responded with an immediate and 

clear decline in mean arterial pressure and pulse pressure upon injection of sodium 

nitroprusside while the transgenic mice only exhibited a minor decline, which quickly 

went back to the initial value.  
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14 A)                     B) 

Figure 14. A) Pulse pressure and B) mean arterial pressure in transgenic an non-

transgenic control mice after injection of sodium nitroprusside. A) Transgenic mice had a 

higher pulse pressure than non-transgenic littermates (p<0,05) and an impaired response 

to sodium nitroprusside (p=0,01). B) The response in mean arterial pressure to injection 

of sodium nitroprusside was altered in transgenic mice. The control mice responded 

immediately with a lower pressure and with a longer duration compared to non-transgenic 

littermates. 

No difference in pressure between transgenic and control mice injected with either the 

high dose of adrenaline or sodium chloride was observed.  

The SSAO activity was higher in serum of transgenic mice than control 

mice, which is in line with previous findings. However, the SSAO activity in lung, was 

higher in transgenic mice compared to controls, which is contradictory to previous 

studies. The absolute values (nmol/mg protein/h) were lower in this study, in both 

transgenic and control mice. No differences in activity were observed in adipose tissue 

between transgenic and control mice. The SSAO activity was higher in control animals 

injected with sodium nitroprusside compared to mice injected with sodium chloride or 

adrenaline. Sodium nitroprusside is a NO-donor, and NO is known to be able to induce 

transcription of certain genes, for example the gene of matrix metalloproteinase 1 

(MMP1). NO may induce transcription of the protease(s) in particular, which is 

responsible for the shedding mechanism of mouse SSAO from cell membrane to blood 

stream. The transgenic mice did not exhibit an increase in serum activity. None of the 
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injected substances, sodium chloride, adrenaline or sodium chloride, did affect the 

catalytic activity of SSAO in lung or adipose tissue.  

Figure 15. A)          b) 

                

Figure 15. A) SSAO activity in lung tissue of transgenic and control mice. The SSAO 

activity was higher in lung of transgenic mice compared to controls, (p<0,001). B) SSAO 

activity in serum of transgenic and control mice injected with sodium chloride, adrenaline 

or sodium nitroprusside (Nipride). The SSAO activity was higher in mice injected with 

sodium nitroprusside compared to either adrenalin (p<0,05) or sodium chloride (p<0,01). 

Electron microscopy of aorta was done and the architecture of elastin was studied. The 

elastic fibers between the elastic laminas were disorganized in tangled webs in transgenic 

mice. In control mice, the elasin fibers were symmetrically arranged in association to the 

elastic laminas.  
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16 A)                       B) 

Figure 16. Electron microscopy of aorta from a A) control and B) transgenic mouse. The 

elastic laminas are straight with a rigid appearance in transgenic mice compared with an 

undulated structure in control mice. The elastin fibers are forming an irregular matrix in 

association to the smooth muscle cells in transgenic mice as compared to control mice, 

where the elastin fibers are arranged in close association to the elastic laminas. 

  In conclusion, the elevated pulse pressure in SMP8-SSAO transgenic 

mice might be an important observation from a clinical point of view. Patients with 

cardiovascular disorders often have high pulse pressure. In studies of such patients where 

SSAO activity has been estimated, the activity has been found to be increased. Thus, it 

might be that a reduced elasticity in the blood vessel wall in these patients is a 

consequence of the increased SSAO activity.  
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Main conclusions and results 

The serum SSAO activity is positively correlated with diabetes in NMRI and 

transgenic mice. This suggests that the SSAO activity in diabetes is dependent on blood 

glucose concentrations.  

The increased SSAO activity is accompanied by a decrease in SSAO mRNA 

transcription. Our data suggests a negative feedback of the SSAO gene transcription as a 

result of increased SSAO activity at least in diabetes.  

Overexpression of human SSAO in smooth muscle cells leads to a lower mean artery 

pressure and a higher pulse pressure. 

The structure of large arteries appear to be rigid in transgenic mice overexpressing 

human SSAO. 

An abnormal structure of elastin in large arteries, such as aorta and renal artery, 

suggests an interaction between SSAO and connective tissue. 

Lack of change in properties of elastin in lung tissue suggests a different role of SSAO 

in vascular tissue compared to lung with regard to elastin. 

Smooth vascular cells provide a source of soluble SSAO.   
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General discussion 

The research concerning SSAO has expanded for the last ten-fifteen years. From being a 

rather uninteresting molecule, SSAO has come into focus of extensive research in the area 

of amine oxidases. Clinical studies have reported an elevated activity in association with 

many pathological conditions and it is speculated that those are associated with the 

cytotoxic compounds produced by SSAO, or other functions that can be associated with 

SSAO. SSAOs ability to direct lymphocytes to sites of inflammation has revealed a lot of 

attention. SSAO has also exhibited regulatory features as a result of the hydrogen 

peroxide produced in the catalytic reaction. The possibility of such regulatory mechanism 

was discussed already in 1984 by Barrand & Callingham (Barrand and Callingham 1984). 

Examples of such regulatory mechanisms are; facilitation of glucose transport, 

differentiation of adipocytes, adhesion of leukocytes and there might be more to discover. 

As reported in paper I and III, an increased SSAO activity is accompanied by a decreased 

SSAO mRNA levels, suggesting a negative feedback regulation of the gene expression. 

This negative feedback may be induced by SSAOs own products formed in the catalytic 

reaction, such as hydrogen peroxide, which is known to be able to regulate gene 

transcription. Hydrogen peroxide is also known to induce transcription of IGF-1 

(Delafontaine et al. 1997), which has been reported to promote transcription of the elastin 

gene, specifically in aorta (Wolfe et al. 1993; Perrin et al. 1997). This regulatory feature 

of IGF-1 was not seen in pulmonary fibroblast cells (Rich et al. 1992). Taking the 

phenotypes of our transgenic mice in consideration, this is of particular interest. In these 

mice, the aorta has an abnormal structure in and between the elastic laminas. Lung tissue, 

however, did not reveal anything of interest concerning either morphological or 

physiological changes. Hydrogen peroxide is not only important in the regulation of 

certain genes. It may also be important in the regulation of blood pressure and has been 

associated with hypertension (Tabet et al. 2004; Touyz et al. 2004). Reactive oxygen 

species (ROS) has been implicated in the release of NO (Cosentino et al. 1997), which 

has the opposite function in the regulation of blood pressure. This may be the effect we 

see in the transgenic mice, the elevated SSAO activity and the elevated levels of hydrogen 
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peroxide could have induced a release of NO and thus decreased the mean artery pressure. 

However, contradictory results have been published concerning the effect of ROS on the 

transcription of eNOS and the levels of NO (Brennan et al. 2002).  

 There have been extensive speculations concerning the origin of the 

soluble form of SSAO. Accumulating data suggests that a shedding mechanism of the 

membrane bound form of SSAO is involved. Increased SSAO activity in serum of 

transgenic mice, overexpressing the human form of SSAO in smooth vascular cells, 

indicates that SSAO can be released from these cells, a process that may be mediated by a 

release of NO. The increased SSAO activity in serum of control mice by injection of NO-

donor supports this hypothesis. However, in diabetes, decreased levels of NO have been 

reported, as well as elevated SSAO activity, which suggests other routs of either increased 

levels of proteases shedding SSAO or that the source of membrane bound SSAO varies in 

different pathological or physiological situations. An activation of an inactive SSAO pool 

should be considered as well as posttranslational modifications of SSAO. It is known that 

the SSAO activity in serum rapidly increases when diabetes is induced and that the SSAO 

activity correlates with blood glucose levels. This elevated SSAO activity appears to be 

sustained for a lifetime. This may indicate that we have to separate an acute response 

from a chronic response, which may be differently regulated. Posttranslational 

modifications, such as glycosylations of the SSAO protein, open the possibility of a 

reduced break-down of SSAO by protecting the protein from proteases, which would 

result in a higher Vmax. The correlation of glycosylated haemoglobin and SSAO activity in 

patients with diabetes may support this hypothesis (Boomsma et al. 1995; Gronvall-

Nordquist et al. 2001). The acute response may be dependent on blood glucose levels or 

activation of an inactive SSAO pool. 

 Many investigations are pointing at an anti-diabetic response of SSAO in 

diabetes, such as increased transport of glucose in adipocytes and insulin-mimicking 

effects (Enrique-Tarancon et al. 1998; Zorzano et al. 2003). This suggests that there is an 

auto-regulatory response present. However, the importance of such a response should be 

considered in the light of a still ongoing diabetes, and the elevated levels of cytotoxic 

compounds produced by SSAO as a result of an increased SSAO activity.  
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