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Abstract 
Type 2 diabetes is a growing epidemic throughout the world. Although defects in secretion and 

action of insulin are both fundamental to disease causation, they increasingly appear not to explain the 

complications and organ pathology that causes most diabetic morbidity and mortality. An increase in 

understanding of diabetes pathobiology has led to the investigation of several other pathways including 

polyamine metabolism.  The polyamines are small aliphatic molecules that play roles in many cellular 

processes. Their levels are very tightly regulated and disruptions are associated with many disease 

states, including diabetes. Triethylenetetramine (TETA), a tetra-amine, is a divalent-copper-selective 

chelator that is also a synthetic polyamine analogue. There is substantive evidence that in vivo acetylation 

of TETA can be catalyzed by either of two enzymes: spermidine/spermine-N1-acetyltransferase (SSAT1), 

which catalyzes the physiological acetylation of the polyamines spermidine and spermine, and its 

homologue, thialysine N-ε-acetyltransferase (SSAT2), to yield the two known metabolites, monoacetyl-

TETA (MAT) and diacetyl-TETA (DAT). However, the role played by SSAT2 in physiological polyamine 

metabolism, if any, is yet to be ascertained. The endogenous polyamines and TETA can exert influences 

on diabetic pathobiology. Treatment with TETA has been shown to ameliorate the effects of diabetes in 

the heart and kidney at both the functional and molecular levels, whereas polyamine metabolism is linked 

to cellular and molecular aspects of diabetes pathobiology, including amongst others the following 

processes: nitric oxide metabolism; advanced-glycation endproduct (AGE) formation; inflammation; insulin 

production; and glucose transport.  

The main aim of this thesis was to investigate the links between TETA metabolism, polyamine 

metabolism and the pathobiology of diabetes through the measurement of levels of specific mRNAs, 

proteins, enzyme activities and metabolites.  These investigations were performed using the widely-

accepted streptozotocin (STZ)-induced model of diabetes in the rat. The levels of mRNAs corresponding 

to key enzymes and regulatory proteins that control polyamine metabolism were measured in cardiac left 

ventricle, kidney cortex, and liver, whereas protein and activity levels were measured in liver only due to 

feasibility constraints. These organs were chosen since each of them can become severely damaged in 

diabetes, and they therefore serve as exemplars of diabetic organ damage relevant to the molecular 

pathogenesis of the complications.  

This study identified previously unreported changes in polyamine metabolism in diabetes and 

showed that TETA can improve the diabetes-associated disruption of some of the key enzymes in the 

pathways of polyamine biosynthesis and catabolism. The transcriptional analysis showed a diabetes-
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dependent increase in levels of mRNAs corresponding to several enzymes of polyamine biosynthesis in 

liver and kidney. Furthermore, levels of the key enzyme ODC (ornithine decarboxylase) were also 

increased at the protein level. In the kidney, TETA alleviated the diabetes-dependent-increase of Arg2, 

which encodes the enzyme arginase II. ODC is regulated by the action of antizyme (AZ) and antizyme 

inhibitor (Azin) proteins, whose biology with respect to diabetes was investigated for the first time in this 

study. Decreases in the levels of the mRNA, Oaz1, and protein corresponding to AZ2 protein were here 

demonstrated in diabetes, which is interpreted as consistent with the higher levels of active ODC also 

observed in diabetes.  

The reactions of polyamine catabolism involve the following enzyme-mediated catalytic processes: 

acetylation; back-conversion; and terminal degradation of polyamine metabolites. STZ-induced diabetes 

was associated with decreased mRNA (Ssat1) and protein levels of the acetylation enzyme SSAT1, and 

increased mRNA (Ssat2) levels of SSAT2. This result gives new insights into a potential mechanism for 

the increased acetylation of TETA that has been reported in diabetic patients.  There was also a 

significant increases in Smox and Paox mRNA in diabetic kidney, which was significantly decreased with 

TETA-treatment.  Also investigated were the effects of diabetes and of TETA treatment on a newly 

described enzyme similar to diamine oxidase, diamine oxidase-like protein 1 (Doxl-1), results showed 

lower mRNA (Doxl1) levels in diabetes.   

Hypusine is a unique amino acid derived from spermidine, which is found only in active eukaryotic 

translation initiation factor 5A-1 (eIF5A). Hypusine is incorporated into the protein biosynthetically through 

two enzyme-catalyzed reactions, namely: (i) transfer of the 4-aminobutyl moiety of the polyamine 

spermidine to the epsilon-amino group of a single specific lysine residue in the eIF5A precursor protein, 

catalyzed by the enzyme deoxyhypusine synthase (DHPS), to form an intermediate, deoxyhypusine; and 

(ii) subsequent hydroxylation of this 4-aminobutyl moiety catalyzed by the enzyme deoxyhypusine 

hydroxylase (DOHH). Increases in the mRNA levels corresponding to both of these enzymes (respectively 

Dhps and Dohh) were measured in the kidney in diabetes and deoxyhypusine synthase mRNA was found 

to be significantly lower with TETA treatment in this tissue. Active eIF5A is thought to be necessary for 

some processes that can lead to islet beta-cell death in diabetes and this is the first report to the 

candidate’s knowledge of the levels of these transcripts in liver, kidney and heart. Overall this study 

showed that several key steps in polyamine metabolism become disrupted in diabetes, and that TETA 

has a normalizing effect on several of these enzymes.   

This thesis also aimed to determine through metabolomic methods whether changes measured at 

the transcript and/or protein levels might also be reflected in the levels of metabolites in the liver, and in 
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addition to determine whether TETA or its known acetyl-derivatives might be acted on by degradation 

enzymes within the polyamine pathway. A non-targeted metabolomic approach was applied as is usual at 

the beginning of such an investigation. It showed that KEGG (Kyoto Encyclopaedia of Genes and 

Genomes) pathways involved in polyamine metabolism were changed in diabetes, and that many of these 

changes were reversed by TETA treatment. To give further insight into TETA metabolism, a theoretical 

enzyme analysis was performed by examining the putative ability of different polyamine enzyme systems 

to metabolize TETA and its known acetyl metabolites. Several enzymes in the polyamine catabolic 

pathway have loose substrate specificity and have been shown to metabolize a number of synthetic 

polyamine analogues: through this analysis, several putative theoretical TETA metabolites were identified.  

However, subsequent targeted metabolomic analysis did not reproducibly identify any previously-

unknown TETA metabolite in liver extracts, and further experiments will be required to determine whether 

TETA is degraded or back converted as part of its in vivo metabolism in mammals.   
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Chapter 1 Introduction 
  Type 2 diabetes is a growing epidemic throughout the world and although defects in insulin 

secretion and action are fundamental to the disease they do not explain the pathology [1]. Several 

molecular pathways have been investigated for their contribution to the disease process [2]. These 

pathways include carbohydrate production and utilization, mitochondrial metabolism, fatty acid oxidation, 

cytokine and adrenergic signalling, adipogenesis, oxidative phosphorylation [2], copper homeostasis [3] 

and polyamine metabolism [4].  

Type 2 diabetes is associated with long-term complications including microvascular damage in the 

retina, kidney and brain as well as increased risk of stroke, myocardial infarction and peripheral vascular 

disease [5].  These complications are related to long term hyperglycemia and there are many cellular 

mechanisms involved [5].   Increased advanced glycation end-products (AGE), disruption of nitric oxide 

metabolism, inflammation and apoptosis are all thought to lead to vascular damage in diabetes.  This 

vascular damage makes diabetes the leading cause of both heart and kidney disease [6]. 

Polyamines are ubiquitous, low molecular weight, aliphatic cations [7].  They are found in all 

eukaryotic cells and function through reversible ionic binding to nucleic acids, proteins, membranes and 

ion channels [7].  Polyamines are essential for many cellular processes and perturbed regulation is 

associated with several pathologies including pancreatitis, hair loss, cancer, psychiatric disorders, and 

diabetes [8].  Their metabolism is highly regulated and is affected by endogenous polyamines and 

synthetic analogues. 

Triethylenetetramine (TETA) is a small aliphatic cation which is similar in structure to the 

polyamines spermine and spermidine, and is metabolized by spermidine/spermine-N1-acetyltransferase 

(SSAT) [9] which is the key enzyme in polyamine catabolism  [10].   TETA is also a copper chelator that 

has shown to be beneficial in the experimental treatment of heart and kidney disease in diabetes [11].  

How TETA improves damaged tissues remains unclear and it is the focus of this research: to determine if 

TETA modifies polyamine pathways thereby influencing diabetes-related pathologies, as well as to 

determine if TETA metabolites are acted on by the polyamine enzymes.   

This chapter summarizes the literature on the topic of polyamine metabolism as it relates to 

diabetes and TETA.  It also details how the current research project will fill gaps in these fields and 

examines the methodologies used in this research.  
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1.1 Diabetes Prevalence, Pathobiology and Therapeutic Approaches 
Diabetes is a metabolic disease characterized by an elevation in serum glucose related to either 

insulin deficiency in the case of type 1 diabetes or the combination of resistance to insulin action and an 

inadequate compensatory insulin secretory response in type 2 diabetes [5].  Gestational diabetes is 

special case involving hormonal changes altering cellular handling of glucose [5]. Type 2 diabetes is more 

common, accounting for 85% of cases [12].  Type 2 diabetes is associated with serious complications and 

approximately doubles the risk of vascular diseases [13].  Complications are grouped into microvascular, 

which includes retinopathy, nephropathy and neuropathy and macrovascular, which includes 

cardiovascular disease and cerebrovascular disease [12]. Type 2 diabetes also carries a higher risk of 

hepatopathy, which is thought to be related to either nonalcoholic fatty liver disease or direct glycemic 

injury [14].   

The World Health Organization estimates that currently 347 million people worldwide have 

diabetes.  This number is rapidly growing with further estimates that diabetes deaths will increase by two 

thirds between 2008 and 2030. Diabetes mellitus is one of the most common chronic diseases in nearly 

all countries, and rates increase rapidly when more of a country’s population moves from rural to urban 

settings [15].  The American Diabetes Association estimates that just over 10% of adults have diabetes 

while in New Zealand the prevalence in the adult population is estimated to be 6.6% [16].  Diabetes is 

expected to increase to the seventh leading cause of death in the world and the fourth leading cause 

among high income countries by 2030 [17].   

1.1.1 Current Understanding of the Mechanisms of Diabetic Pathobiology 
Morbidity and mortality result from both microvascular and macrovascular complications [6].  

Hyperglycemia, is the major diagnostic biochemical parameter of diabetes [12]  and is the initiating cause 

of diabetic tissue damage [18].  Diabetes selectively damages cells which have glucose transport rates 

that do not respond quickly to hyperglycemia and this leads to high glucose inside the cells of these 

tissues [18].   There are key mechanisms involved in diabetic tissue damage which may also play a role in 

the development of diabetes [12].  These pathways include: increased polyol pathway flux, increased 

formation of advanced glycation end products (AGEs) increased hexosamine pathway flux [18], and 

increased protein kinase C activation, and it is thought that they are all related to mitochondrial 

overproduction of reactive oxygen species (ROS) [6, 19].   Many of these pathways interact with each 

other and can compound the pathology [12].  As a result there are many other mechanisms involved in 

diabetes pathobiology including – dyslipidemia, renin-angiotensin-aldosterone system, protein folding and 

autophagy, posttranslational modifications, NADPH oxidase, nitric oxide synthase (NOS), inflammatory 
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cytokines, growth factors, cyclo-oxygenases, transcription factors, and gene regulation [12].  These 

pathways have recently been reviewed in [12] and illustrate the complexity of diabetic pathobiology.   

1.1.2 Current Therapeutic Approaches and Limitations  
Diabetes is one of the most costly and burdensome chronic diseases, and its therapy and 

management have become increasingly complex [20]. Many treatments for type II diabetes aim to control 

hyperglycemia.  These include insulin-sensitizing agents such as thiazolidinedione drugs and metformin 

which acts to alleviate insulin resistance and improve glucose uptake into peripheral tissues, and 

sulfonylureas and the glucagon-like peptide agonists, which stimulate insulin secretion [12]. Although poor 

glycemic control is central to the disease, studies have shown that strategies to increase control do not 

necessarily reduce cardiovascular disease [12] and exogenous insulin therapy is associated with an 

increased risk of diabetes-related complications, cancer, and all-cause mortality [21]. Although poor 

glycemic control is central to the disease, studies have shown that strategies to increase control do not 

necessarily reduce cardiovascular disease [12] and exogenous insulin therapy is associated with an 

increased risk of diabetes-related complications, cancer, and all-cause mortality [21].   

Some of these drugs used to control hyperglycemia affect aspects of diabetes pathobiology 

independent of glucose lowering – thiazolidinedione drugs prevent activation of proximal tubular cells in 

diabetic kidney and reduce secretion of pro-fibrotic cytokines and the effects of metformin have been 

attributed to improvements in dyslipidemia, reduction of pro-inflammatory molecules and decreased 

oxidative stress  [12].  However the use of thiazolidinedione drugs is associated with increased incidence 

of cardiovascular events and metformin therapy is associated with worsening of peripheral neuropathy 

[12].  Statins have also shown positive effects on the plasma lipid profile and vascular events but despite 

these benefits there are side effects including disruption of a number of regulatory pathways including 

insulin signaling. This may affect insulin sensitivity, pancreatic beta-cell function and adipokine secretion 

[22]. 

Although, there are many treatment options available and numerous scientific and medical 

advances, less than half of the population with type II diabetes has achieved the American Diabetes 

Association-recommended glycated haemoglobin level goal of lower than 7%, which is necessary to 

optimally manage the disease to prevent and minimize complications [20].  Overall there is a lack of 

efficacy in current therapeutic approaches and therefore a need for further mechanism based research 

and experimental therapeutics. 

1.2 Polyamine Structure, Function, Metabolism and Transport 
Polyamines are ubiquitous small basic molecules which bind ionically to DNA, protein, RNA and 

phospholipids [23]. They are involved in a diverse range of physiologic processes including growth and 
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differentiation of cells, stabilization of membranes, proteins and DNA [24].  Structures of polyamines and 

their amino-acid precursors are shown in Figure 1.1. It is their evenly-spaced amino groups which provide 

them with the ability to bind to cellular molecules [25]. Perturbed polyamine metabolism is associated with 

many pathologies, including diabetes [26]. Intracellular polyamine concentrations are maintained at a cell-

type-specific level by several mechanisms - tightly regulated polyamine biosynthesis and catabolism, 

energy-dependent transport into and out of cells, and an export system that leads to an efflux of 

acetylated and unmodified polyamines are all involved in polyamine homeostasis [8]. 

Figure 1.1  Structures of the main Polyamines and certain related Amino Acids.  
The polyamines putrescine, spermidine and spermine have evenly spaced amino 
groups and are formed from the amino acids arginine and ornithine. 
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 The pathway of polyamine biosynthesis, catabolism and export is outlined in Figure 1.2.  

Polyamine biosynthesis involves the production of the higher polyamines spermidine and spermine from 

ornithine.  Ornithine decarboxylase (ODC) forms putrescine which is acted on by spermidine synthase.  

Spermidine synthase adds an aminopropyl group donated by the action of S-adenosylmethionine 

decarboxylase (AdoMetDC) on S-adenosylmethionine (AdoMet).  Spermine synthase works in a similar 

manner to add an aminopropyl group to spermidine, forming spermine [8].  Polyamine catabolism 

involves: the rate-limiting acetylase, SSAT, and the constitutively expressed N1-acetylpolyamine oxidase 

(PAO), as well as spermine oxidase (SMO) [8].  Hypusine formation involves the transfer of an aminobutyl 

moiety from spermidine by (DHPS) to the ε-NH2 group of Lys50 in the inactive eIF5A precursor protein 

followed by a hydroxylation step by deoxyhypusine hydroxylase (DOH) [27] 

Figure 1.2  Polyamine Metabolism.  Polyamines are formed from the amino acid L-arginine by 
arginase I or II.  ODC forms putrescine, followed by two aminopropyl transfers generated from the 
action of AdoMetDC on AdoMet forming spermidine and subsequently spermine.  Polyamine 
back-conversion involves the acetylation of spermine and spermidine catalyzed by SSAT1, and 
the oxidation of acetylated polyamines by PAO.  Acetylated polyamines can be excreted and 
polyamines can be degraded via diamine oxidases.  Hypusine is incorporated into eIF5a via the 
action of DHPS and DOHH.  Abbreviations: AdometDC - S-adenosyl methionine 
decarboxylase; Adomet - S-adenosyl methionine; eIF5a - eukaryotic translation initiation 
factor 5A; ODC - Ornithine Decarboxylase; PAO – Polyamine Oxidase; SSAT - 
spermidine/spermine-N1-acetyltransferase; SMO – spermine oxidase; MTA - 5’-
methylthioadenoisine.  This diagram was created by the candidate.  
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1.2.1 Polyamine Biosynthesis 
The polyamines putrescine, spermidine, and spermine are all synthesized in mammalian cells 

from the amino acids arginine and ornithine [23].  The first step is that of arginase action on arginine 

which can occur both in the cytosol, via arginase I and in mitochondria, via arginase II [28].  Polyamine 

production from ornithine catalyzed by ODC is the next step in polyamine synthesis and although critical, 

is not the rate-limiting step in the production of putrescine.  The availability of the aminopropyl donor, 

dcAdoMet controls the conversion of putrescine to the higher polyamines.  The supply of dcAdoMet is 

formed by the action of AdoMetDC and is kept relatively low – at 1-2% of AdoMet content in cells [23].   

1.2.1.1 Enzyme Structures 

ODC, like most amino acid decarboxylases requires pyridoxal phosphate (PLP) as a cofactor, 

while AdoMetDC is more unusual and uses covalently bound pyruvate as the prosthetic group [23].  The 

bound pyruvate moiety is formed from an internal serine residue via an autocatalytic reaction that 

converts the proenzyme into two subunits (α and β) with a pyruvate moiety covalently linked to the amino 

terminal of the α-subunit [29].  Mammalian AdoMetDC is activated by putrescine at both the proenzyme 

processing step and the catalytic step.  There is one putrescine binding site per α/β unit and binding of 

putrescine to this site causes electrostatic changes to the active site [29].  ODC exists as a homodimer 

with two active sites formed at the dimer interface between the NH2-terminal domain of one subunit and 

the COOH-terminal domain of the other [30].  The enzyme is only active in the dimeric form and the 

association between the two monomers is weak, leading to a rapid equilibrium between monomers and 

dimers.   

Spermidine synthase is also activated by putrescine.  Both spermidine synthase and spermine 

synthase are aminopropyltransferases with strict substrate specificity.  While they have structurally similar 

active sites, the active site of spermidine synthase is large enough for putrescine but too small for 

spermidine as a substrate.  The catalytic mechanism in both involves two conserved aspartic acid (Asp) 

residues.  Human spermine synthase exists as a homodimer with the active site in the COOH-terminal 

domain. The COOH-terminus is similar in structure to spermidine synthase while the NH2-terminal domain 

is similar to AdoMetDC but without AdoMetDC activity [31].  The function of this domain is not known but it 

is essential for spermine synthase activity [32].  Both spermine and spermidine synthase are inhibited by 

their MTA (5’-methylthioadenosine) product.  Spermine synthase is more sensitive to this inhibition and it 

is thought that this is because it has a larger hydrophobic surface to interact with the adenosine ring.  

Inhibition does not play a large role in polyamine level regulation since MTA is rapidly degraded by MTA 

phosphorylase [32].  
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1.2.1.2 Enzyme Regulation 

ODC is the first rate-limiting enzyme in the polyamine biosynthesis pathway [23].  Its activity is 

stimulated by growth-promoting stimuli and regulated by the amount of ODC protein, rather than 

modification of its catalytic activity [33].  It is very tightly regulated with regulation occurring at the levels of 

mRNA transcription, translation and protein stability and degradation.  A schematic diagram of these 

steps is shown in Figure 1.3.  The Odc1 gene promoter region contains sequences that respond to 

hormones, growth factors and tumor promoters resulting in a range of growth-promoting stimuli which 

increase Odc mRNA [34].  At the translational level, Odc also has a long 5’-UTR and both cap-dependent 

and internal ribosome entry site-mediated translation occur.  The translation initiation factor eIF4E is 

involved in both types of translation, and high levels of eIF4E cause an increase in cap-dependent 

translation [35].   

Degradation of ODC is controlled by two proteins: antizyme (AZ) and antizyme inhibitor (Azin) [33].  

ODC is one of the most rapidly degraded mammalian enzymes, whose reported half-life ranges between 

20 minutes and 1 hour [36].  Its ubiquitin-independent degradation is accelerated by high levels of 

polyamines.  AZ binds to single ODC monomers rendering the protein inactive and targeting it for 

degradation via the 26 S proteasome[30].  AZ synthesis is increased in response to high polyamine levels 

via a +1 frame shift [37].   

This mechanism is normally reserved for prokaryotes and its presence in polyamine metabolism is 

its only known occurrence in the regulation of a mammalian enzyme [37].  The frame shift allows the read-

through of a stop codon that would otherwise prevent AZ synthesis [23].  Azin binds to AZ more tightly 

than ODC.  Azin can displace AZ and prevent the degradation of ODC [33].  Azin has a structure very 

similar to a single monomer of ODC but it lacks catalytic activity.  Both AZ and Azin have rapid turnovers 

and are degraded in a ubiquitin-dependent manner via the 26 S proteasome.  Degradation of AZ is 

inhibited by polyamines and Azin is stabilized by binding to AZ, allowing these molecules to play a role in 

the regulation of polyamine homeostasis [30].  In addition to stimulating ODC, degradation AZ also 

interferes with the cellular uptake of external polyamines via a currently unknown mechanism [36].  A 

summary of the polyamine-dependent regulation of transcription, translation and protein degradation of 

ODC and the associated regulatory molecules is shown in Figure 1.3. 
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Two main forms of AZ, AZ1 and AZ2, have been identified and these have different subcellular 

distributions [38] GFP tagging experiments have shown that AZ2 is found mainly in the nucleus, while 

AZ1 is present chiefly in the cytoplasm [38].  AZ1 is the more abundant and better characterized of the 

two; it has two forms, with respective molecular masses of 24.5 and 29 kDa, that  result from the use of 

different start sites [39]; the 24.5 kDa form lacks a nuclear export signal and is synthesized in larger 

amounts, while the 29 kDa form includes a mitochondrial targeting sequence and nuclear export signal 

and is found in the mitochondria [35]. There is also a third AZ protein, AZ3, which is found only in germ 

cells of the testis [40].  The AZs, in addition to their role in ODC regulation, also bind to other regulatory 

molecules within the cell.  For example, AZ1 binds to cyclin D1, which is involved in cell cycle regulation, 

and to Aurora-A, which is involved in mitosis regulation [39].     

The antizyme inhibitors also have at least two forms, Azin1 and Azin2.  These molecules have 

also shown activity in pathways in addition to those of ODC regulation [41].  Azin2 has a role in secretory 

Figure 1.3  ODC RegulationRegulation occurs mainly at the protein level where stability is 
governed by the binding of antizyme protein.  Antizyme levels increase under conditions of high 
polyamines and target ODC for degradation.  Under conditions of low polyamines antizyme is 
bound by antizyme inhibitor and ODC forms active dimers.  This diagram was created by the 
candidate, based on data from previous studies. Abbreviations: ODC - Ornithine Decarboxylase; 
UTR – untranslated region
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vesicle trafficking and localizes to the vesicular compartments [41].  The level at which the antizymes are 

regulated has been studied with varying results.  Early studies of AZ1 indicated that induction by 

polyamines was not due to increased mRNA synthesis [42]; more recent studies have shown that at least 

the polyamine analogue difluoromethylornithine can cause increased transcription of AZ1 [43].  The Azin 

molecules have not been well studied, although Azin1 transcripts have been found in different tissues via 

northern blot analysis, and Azin2 has been found in mouse testis at high levels and in lower levels in 

kidney and liver [43].  The Azin proteins appear to be localized to selected cellular compartments in a cell 

cycle-dependent manner; Azin1 is cytoplasmic during interphase and nuclear during mitosis [41].  The 

ratio of Azin1 to Azin2 is considered to be important and it is currently thought that Azin2 is more 

abundant in certain differentiated cell-types [43]. 

There are some apparent inconsistencies in available reports concerning the relationship between 

Azin2 and arginine decarboxylase (ADC).  A human cDNA clone with ADC-like activity was discovered in 

COS-7 cells and termed ADC; however this protein encoded a protein which was identical to a previously 

cloned protein called ODCp [44].  ODCp reportedly lacked ornithine decarboxylase activity and was later 

named Azin2 [45].  ADC activity was initially discovered in rodent mitochondria, whereas ODCp and Azin2 

are usually located to the cytosol.  For this reason it is difficult to interpret experiments referencing 

‘ODCp’, ‘Azin2’ or ‘ADC’, and it has been suggested that some studies which described the expression of 

ADC may have actually been determining the distribution of Azin2 [45]. 

ODC is also degraded via the action of the 20S proteasome [46].  Degradation via this pathway is 

independent of both AZ and ubiquitination and is regulated by the NADPH quinine oxidoreductase in 

states of oxidative stress [46].  Transient ODC monomers are thought to be substrates of 20S 

proteasomal degradation which are protected when bound to NADPH quinine oxidoreductase [46].  Unlike 

the AZ-dependent degradation, this pathway does not respond to intracellular polyamine levels [46].   

As well as the many regulatory steps of ODC stability, AdoMetDC adds another layer of regulation 

to the pathway of polyamine biosynthesis.  The transfer of an aminopropyl moiety from AdoMet via 

AdoMetDC is the rate-limiting step in polyamine biosynthesis, and is tightly regulated at several levels.  In 

addition to the structural regulation via proenzyme processing to form the pyruvate cofactor and its 

activation by putrescine, AdoMetDC is activated at the levels of  mRNA transcription, translation and post-

translational protein stability [23].  AdoMetDC is negatively regulated at all levels by increases in cellular 

content of spermidine and spermine [23].  Activity of AdoMetDC is similarly regulated to that of ODC in 

that it is elevated by increased levels of AdoMetDC protein and is also elevated in response to several 

physiological stimuli, including increased growth, tissue regeneration and hormonal changes [30].  
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Transcriptional regulation of AdoMetDC is not well understood; however, its gene contains a number of 

binding sites for cell-regulatory transcription factors, and it is also possible that it may contain a 

spermidine-responsive element [23].   

The translational regulation of AdoMetDC is achieved via a small open reading frame (ORF) in the 

5’-UTR of its mRNA.  This 5’-leader sequence encodes a six amino-acid peptide MAGDIS [47].  MAGDIS 

is cis-acting element whose synthesis is reduced by increased cell polyamine content.  However, when 

polyamine levels are low, ribosomes pause after the uORF termination step, and then continue to the 

AdoMetDC reading frame.  High levels of polyamines stabilize the nascent peptide-tRNA complex at the 

final uORF codon and inhibit the completion of the uORF peptide synthesis, in turn reducing the 

translation of the AdoMetDC ORF [48].  AdoMetDC is degraded via poly-ubiquitination [46].  Lowered 

levels of polyamines cause a marked increase in the half-life of AdoMetDC protein [29].  Substrate-

mediated transamination is another method by which AdoMetDC is degraded [49].  AdoMetDC and ODC 

share similar regulatory mechanisms, and as a result AZ has been investigated for its potential to mediate 

AdoMetDC degradation.  There is no evidence to date to support this mechanism although further 

experiments are being done. Both ODC and AdoMetDC are subject to nitric oxide dependent inactivation 

[50]. 

The final steps in the anabolic pathway are performed by the aminopropyltransferases, spermine 

synthase and spermidine synthase. Unlike ODC and AdoMetDC, their activity is governed by the 

availability of substrates rather than protein levels [30].  Both synthases are expressed constitutively and 

studies have shown that changes in their expression have little influence on polyamine content or function 

[51].    

In this thesis I have completed the measurement of mRNA levels for Odc1, and Amd1 as well as 

the regulatory Oaz-derived molecules, of which there are two forms, and the Azin-derived molecules of 

which two forms were also found in the tissues investigated.  The regulation of these molecules at the 

transcriptional level has not been investigated and the aim of this part of my study is to examine the 

mRNA levels of these molecules to determine if there is a perturbation in the regulation of polyamine 

metabolism.  Additionally, at the protein level, regulation has not previously been investigated with respect 

to diabetes or TETA treatment. The research in this thesis aims to determine if the mRNA levels correlate 

to relevant protein levels and whether these are altered with diabetes or TETA treatment.  A summary of 

the genes involved in polyamine biosynthesis is presented in Tables 1.1 and 1.2.  
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Table 1.1  Enzymes of Polyamine Biosynthesis 

Enzyme ODC AdoMetDC Spd 
Synthase 

Spm 
Synthase Arg1 Arg2 

Gene Name (rat) Odc1 Amd1 Srm Sms Arg1 Arg2 

Substrates L-Ornithine AdoMet Putrescine, 
DC AdoMet 

Spermidine, 
DC AdoMet Arginine Arginine 

Products Putrescine DC-AdoMet Spermidine, 
MTA 

Spermine, 
MTA 

 

Ornithine, 
urea 

 

Ornithine, 
urea 

Prosthetic Group 
or Cofactor PLP Pyruvate None None Manganese Manganese 

Gene Location 
(rat) 6q16 20q12 5q36 Xq21 1p12 6q24 

Gene Location 
(human) 2p25 6q21 1p36 Xp22.1 6q23 14q24.1 

Active structure 106-kDa 
homodimer 

76.6-kDa 
(αβ)2 dimer 

73-kDa 
homodimer 

80-kDa 
homodimer 

105-kDa 
homotrimer 

105-kDa 
homotrimer 

Sub-cellular 
localization 

cytosol, 
nucleus, 
plasma 

membrane 

cytosol cytosol cytosol cytosol mitochondria 
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Table 1.2  ODC Regulatory Proteins 

 

 

1.2.2 Polyamine Catabolism  
Polyamine catabolism involves the back-conversion of spermine and spermidine to putrescine via 

acetylated spermine and spermidine as intermediates, as well as the terminal catabolism of these 

acetylated polyamines.  Several enzymes have roles in back-conversion: namely SSAT1, SMO, and PAO.  

The key regulatory step in these pathways is the acetylation of spermine and spermidine catalyzed by 

SSAT1 [52].  Next, the N1-acetyl derivatives are acted on by PAO to produce spermidine and putrescine, 

respectively, along with 3-aceto-aminopropanal and hydrogen peroxide occur as additional endproducts.  

PAO shows negligible activity towards unacetylated polyamines, whereas SMO can catalyze the direct 

oxidation of spermine to produce spermidine, again with 3-aminopropanal and hydrogen peroxide as 

additional reaction products [7].  SMO does not demonstrate significant activity towards spermidine [23].  

N1-acetylated polyamines are transported from cells to the blood and then to the kidneys for excretion via 

the urine [53]. 

  

 Az1 Az2 Azin1 Azin2 

Gene Name Oaz1 Oaz2 Azin1 Azin2 

Gene Location (rat) 7q11 8q24 7q22 5q36 

Gene Location (human) 19p13.3 15q22.31 8q22.3 1p35.1 

Monomer size 24.5 or 
29  kDa 22 kDa 49 kDa 53 kDa 

Sub-cellular localization 

nucleus, 
centrosomes, 

cytosol, 
mitochondria –  

29-kDa form only 

cytosol, nucleus ubiquitous Golgi vesicles 

Tissue localization ubiquitous ubiquitous mostly proliferating 
cells 

mostly terminally 
differentiated cells 
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1.2.2.1 Enzyme Structure  

SSAT1 is the key enzyme in polyamine catabolism; it catalyzes the transfer of acetyl groups from 

acetyl-coenzyme A to primary-amine groups of spermidine and spermine [10]. It is tightly regulated and 

highly inducible.  SSAT1 is structurally different from other acetylases such as histone acetylase, which 

also demonstrates some catalytic activity towards polyamines [10].  SSAT1 is a 171-amino acid protein 

that is active as a homodimer [10].  Interestingly, SSAT1 can catalyze its self-acetylation at Lys26, an 

activity that, when inhibited, does not inhibit its ability to catalyze the acetylation of polyamines [10].  The 

active homodimer has two active sites, which exist at the dimer interface and contain residues from both 

subunits, as shown in Figure 1.4.  The acetylation mechanism is thought to involve a conserved residue, 

Tyr140, which catalyzes the protonation of the thiolate anion of acetyl-CoA, while Glu92 forms a base 

from water, which then attacks the N1 polyamine group [52].  SSAT1 catalyzes the acetylation of 

spermidine at the N1 position, while symmetrical spermine can be acetylated by SSAT1 at either end.  

SSAT1 has wide substrate specificity and can also catalyze the acetylation of N1-acetylated spermine, as 

well as that of several polyamine analogues including TETA.  On the other hand, molecules with terminal 

aminobutyl groups including N1-acetyl spermidine and putrescine, are not good substrates for SSAT1 

[10]. 

Both PAO and SMO are FAD-dependent amine oxidases that contain a FAD-binding domain and 

a substrate-binding domain [7].  The active site resides lie at the interface of the two domains and they 

share the same oxidation mechanism, which is similar to that of yeast polyamine oxidases: this process  

involves oxidation at the carbon on the endo-side of the N5-nitrogen on both spermine and spermidine 

producing an aminobutyraldehyde moiety, 3-diaminopropane, and hydrogen peroxide [7].  Despite these 

similarities, SMO and PAO have different substrate specificities.  PAO acts on both N1-acetyl-spermine 

and N1-acetyl-spermidine, converting them to 3-acetamidopropanal and spermidine or putrescine 

respectively.  SMO also oxidizes spermine to spermidine and 3-aminopropanal, but shows no activity 

towards acetylated spermine or spermidine [53].  Another difference between these two enzymes is their 

cellular localization: PAO is located mainly in the peroxisome, whereas SMO is present mainly in the 

cytosol and mitochondria [54].   
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Figure 1.4 SSAT1: Mechanism and Structure. (A) shows the active site of SSAT1, which contains a 
Tyr140 residue that catalyzes protonation of the thiolate anion of acetyl-CoA, whereas Glu92 forms a 
base from water.  The resulting base attacks the N1 amino group of the substrate polyamine.  SSAT1 is 
active as a homodimer, as shown in (B), and there are two active sites that exist at the dimer interface.  
Active-site residues are shown in yellow [52].  This diagram was created by the candidate, based on data 
from previous studies. Abbreviations: SSAT1 - spermidine/spermine-N1-acetyltransferase 1; Glu – 
Glutamate; Tyr - Tyrosine  
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In addition to the back-conversion pathway, polyamines also undergo terminal catabolism by 

diamine oxidases [55].  There are a group of these enzymes, which are copper-containing amine 

oxidases, each of which is thought to contain a 2,4,5-trihydroxylphenylalanine quinone (TPQ) cofactor 

[56].  Unlike most other enzymes in the polyamine pathways, they have long half-lives, ranging between 

15 and 18 hours.  Products of polyamine oxidation by diamine oxidation have been found as normal 

urinary excretion products, and it is thought that this pathway functions to protect against pathological 

accumulation of polyamines [57].  There are two known diamine oxidases that can use polyamines as 

their substrates: diamine oxidase (DAO) and semicarbazide-sensitive amine oxidase/vascular adhesion 

protein-1 (SSAO/VAP-1) [58].  Each one acts on the primary amine groups of polyamines, and catalyzes 

the oxidative deamination of their primary amine groups to the corresponding aldehydes, with concomitant 

production of hydrogen peroxide and ammonia [59].  

1.2.2.2 Enzyme Regulation 

Of the polyamine catabolic enzymes, SSAT1 is the most highly regulated.  It has regulatory steps 

at the levels of transcription, mRNA splicing, translation and protein turnover [10].  In the presence of high 

levels of polyamines or of various polyamine analogues, transcription and translation are both increased 

while SSAT1 protein degradation and incorrect splicing of the mRNA are reduced.  Transcriptional 

regulation of the Sat1 gene occurs in a stretch of DNA located 31 bp upstream from the Sat1 transcription 

start site.  It contains a polyamine-responsive element (PRE) which allows the increase of transcription 

when polyamine content is high [10].  The mechanism for this increase in transcription involves the 

constitutive interaction of nuclear factor erythroid-derived 2-related factor 2 (Nrf-2) with the PRE, 

partnered with another protein termed polyamine modulating factor 1 (PMF-1).  PMF-1 is a 165- amino 

acid protein with a predicted molecular mass of about 20 kDa.  It partners with NRF-2 via a COOH-

terminal coiled-coil region that interacts with the leucine-zipper region of Nrf-2 [10].  It is known that 

polyamines and their analogues activate the PMF-1/Nrf-2 complex, but the mechanism by which this 

occurs is poorly understood.   

At the transcript-processing level, alternative splicing of the Sat1 transcript provides another 

regulatory step.  This step involves the inclusion of a 100-bp exon containing multiple premature stop 

codons between exons 3 and 4, and occurs when polyamine levels are low.  The resulting transcript, 

termed Ssat-x mRNA, is a target for nonsense-mediated mRNA decay.  Polyamines or polyamine 

analogues inhibit the exon-inclusion process and lead to the production of the more of the stable SSAT1 

encoding mRNA [10].  Ssat-x mRNA has been found to occur in response to treatment with X-rays, 

viruses and hypoxia [60].   
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Translational regulation of SSAT1 synthesis occurs through an inhibitory protein that represses 

SSAT1 synthesis by binding to the mRNA.  The translational repression mechanism is unusual as it does 

not involve 5’- or 3’-UTRs and evidence points towards an interaction with the 5’-end of the ORF [61].  

Polyamines and polyamine analogues increase SSAT1 synthesis by overcoming this repression [10].  To 

date, this protein has not been well characterized.  At the protein level, the rapid turnover of SSAT1 

provides yet another regulatory mechanism.  SSAT1 has a half–life of ~ 15 minutes and degradation is 

carried out in a poly-ubiquitination-dependent manner via the 26S proteasome [10].  Binding of 

polyamines and polyamine analogues can increase the half-life of the protein to greater than 12 hours 

[10].  All of these levels of regulation provide the framework for a highly-inducible enzyme.  A summary of 

the regulatory mechanisms of SSAT1 and the involvement of PMF-1 are summarized in Figure 1.5.  

SSAT1 can be induced by some polyamines and their synthetic analogues, as well as by some non-

steroidal anti-inflammatory drugs (NSAIDs) such as aspirin, and chemotherapeutic drugs including 5-

fluorouracil and platinum derivatives [62]. 

A second member of the SSAT enzyme family with lower acetylating activity towards polyamines 

is thialysine N-ε-acetyltransferase (SSAT2) [9].  This enzyme is an acetyltransferase with homology to 

SSAT1 and can also acetylate certain synthetic polyamine analogues [9].  The gene encoding SSAT2, 

Sat2, contains a predicted acetyltransferase domain similar to the GCN5-related N1-acetyltransferase 

(GNAT) family, and more broadly shares structural homology with other histone acetylase enzymes [63]. 

SSAT2 is a 170-amino acid protein with a predicted molecular mass of ~20 kDa that was originally 

identified based on its homology to SSAT1.  It is ~64% similar and ~46% identical in sequence to SSAT1 

but functions differently to its homologue.  Expression of SSAT1 and SSAT2 has been studied: whereas 

overexpression of SSAT1 caused a decrease in spermidine and spermine levels, overexpression of 

SSAT2 had no such effect on the levels of these polyamines [63].  In addition, SSAT2 has a much lower 

level of acetyltransferase activity towards certain polyamines than SSAT1, and its preferred substrate 

appears to be thialysine, rather than polyamine molecules, suggesting that SSAT2 may not be directly 

involved in physiological polyamine metabolism.  It has also been identified as a transcriptional co-

activator which enhances NF-κB transactivation via TNFα [64]. 
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Figure 1.5  SSAT1 Regulation.  SSAT1 levels are regulated at the levels of transcription, transcript 
processing, translation and protein stability.  Transcription is regulated by polyamine-depending 
binding of PMF-1 to Nrf-2 which binds to the PRE and increases transcription.  At the transcript level, 
low levels of polyamines signal unproductive splicing; an extra 100 bp fragment is introduced and 
SSAT-X mRNA is formed and degraded by nonsense-mediated mRNA decay.  High polyamine levels 
produce functional Sat1 mRNA which is translated to SSAT1 protein, which in the absence of 
polyamines, has a very short half-life (of ~20 minutes) and is degraded in an ubiquitin-dependent 
manner.  Spermine and spermidine increase their half-lives to the range of ~12 to 18 hours.  This 
diagram was created by the candidate, based on data from previous studies.  Abbreviations: SSAT - 
spermidine/spermine-N1-acetyltransferase; PMF-1 -polyamine modulating factor-1; PRE – 
polyamine responsive element; Ub – Ubiquitin; Nrf-2 - nuclear factor erythroid-derived 2 related 
factor 2 
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 Polyamine catabolism is also regulated via SMO, which is regulated predominantly at the 

transcriptional level, as well as by mRNA stabilization [65].  Many factors induce SMO expression: 

conditions of cellular stress including inflammation and DNA damage as well as the presence of 

polyamines or analogues [54].  PAO does not share the same regulatory mechanisms as SSAT1 and 

SMO; rather, it is a constitutively-expressed enzyme.  Flux through PAO activity is normally regulated by 

the availability of the substrates provided by SSAT1 rather than by changes in PAO activity [66].   

1.2.2.3 Formation of Hypusine from Spermidine 

Polyamine homeostasis is also involved in the production of the unique amino acid hypusine, 

catalyzed from spermidine by the sequential action of deoxyhypusine synthase (DHPS) and 

deoxyhypusine hydroxylase (DOHH) [67].  Hypusine is known to be contained in only one protein, eIF5A, 

which is a highly-conserved 17 kDa protein [68] that is thought to function as a translation-initiation or 

elongation factor, but whose exact function is still debated.  It has been suggested that eIF5A has cell 

context-dependent function, with some cell types – more strongly proliferating ones, requiring active 

eIF5A action, and others including islet beta-cells, requiring eIF5A under specific stress conditions [69].  It 

has also shown RNA-binding activity.  The mRNA transcripts that it has been shown to bind to seem 

largely unrelated to each other: they include CD83, which is an HIV-derived transcript, and Nos2, which 

encodes inducible nitric oxide synthase [70].  The function of its binding is thought to be similar to that of 

the exportin proteins, namely acting as an mRNA shuttle; in addition, it has been suggested that its 

binding may modify the half-life of the bound mRNA species. 

The reactions involved in hypusine formation are the DHPS-catalyzed transfer of an aminobutyl 

moiety from spermidine to the ε-NH2 group of Lys50 in the inactive eIF5A precursor protein, followed by 

an hydroxylation step catalyzed by deoxyhypusine hydroxylase DOHH [71].  These reactions are 

illustrated in Figure 1.6.  Both enzyme activities are needed in order for hypusine to be incorporated into 

eIF5A [67].  Increased hypusine synthesis has been shown to occur in fast-dividing mammalian cells, 

consistent with involvement of eIF5A in proliferative disorders [69].  Additionally, the hypusine pathway is 

linked to polyamine metabolism by SSAT1 activity; the active hypusine-containing form of eIF5A is 

acetylated by SSAT1 on the terminal amino group of the hypusine side chain. Acetylation of the hypusine 

residue catalyzed by SSAT1 has been shown to inactivate eIF5A activity in vitro and suggests a potential 

mechanism of regulation of eIF5A activity by reversible acetylation-deacetylation at this specific site [67].  
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In this thesis I have performed the measurement of mRNA levels for the key back-conversion 

enzymes SSAT1, SMO and PAO, as well as the terminal catabolic enzymes SSAO and DAO and the 

regulatory molecule PMF-1.  I have also measured the hypusine-incorporating enzymes, DHPS and DOH 

and the acetylating enzyme SSAT2.  As disruption of polyamine metabolism has been associated with 

changes in activities of some of these catabolic enzymes, this study aims to investigate this process in the 

context of streptozotocin (STZ)-induced diabetes and TETA treatment.  Additionally, since hypusine-

containing eIF5A has been implicated in diabetes pathology, the investigation of the enzymes involved in 

its formation could provide insights into an additional mechanism of TETA, or a way that the pathway 

might be changed in diabetes.  The regulation of the hypusine-incorporating molecules has not been 

measured at the transcriptional level and the aim of this part of my study is to both examine the mRNA 

levels of these molecules to determine if there is evidence for perturbation in this aspect of polyamine 

metabolism; and also to determine whether levels of these proteins might be regulated at the mRNA level.  

A summary of the catabolic genes analysed in this thesis is shown in Tables 1.3 and 1.4. 

Figure 1.6  Pathway for Incorporation of a Hypusine Residue into eIF5a.  
Spermidine can by bound to the terminal lysine residue of eIF5a via the 
enzymes deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase 
(DOHH). This diagram was created by the candidate modeled after [67].  
Abbreviations: eIF5a - Eukaryotic translation initiation factor 5A; Lys – Lysine; 
DHPS - deoxyhypusine synthase; DOHH - deoxyhypusine hydroxylase  
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Table 1.3  Genes of Polyamine Catabolism: Acetylation 

 SSAT1 SSAT2 PMF-1 

Gene Name (rat) Sat1 Sat2 Pmf1 

Substrates Spermidine, Spermine Thialysine Binds to Nrf-2 

Products Acetyl Spermidine, 
Acetyl Spermine Acetyl thialysine Not applicable 

Prosthetic Group or Cofactor Acetyl CoA Acetyl CoA None 

Gene Location (rat) Xq22 10q24 2q34 

Gene Location (human) Xq22.1 17p13.1 1q12 

Active Structure 42 kDa homodimer 38 kDa homodimer 20 kDa monomer 

Sub Cellular Localization Cytosol & mitochondria Plasma membrane cytosol, kinetochores, 
nucleus 
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Table 1.4 Genes of Polyamine Catabolism: Oxidation 

 
PAO SMO SSAO Doxl-1 

Gene Name (rat) Paox Smox Aoc3 Doxl1 

Substrates 
Acetylated Spermidine 

or Spermine 
Spermine 

diamines, 

polyamines 

diamines, 

polyamines 

Products 

1,3-diaminopropane 
and spermidine and 

H2O2   
or 

3-aceto-
aminopropanal, 

putrescine and H2O2 

Spermidine, 
3-aminopropanal & 

H2O2 
RCHO, H2O2, NH3, RCHO, H2O2, NH3, 

Prosthetic Group 
or Cofactor FAD FAD Copper Copper 

Gene Location 
(rat) 1q41 3q36 10q32.1 4q24 

Gene Location 
(human) 10q26.3 20p13 17q21 none 

Active Structure 62 kDa monomer 61 kDa monomer 
85 kDa 

homodimer 
Not known 

Sub Cellular 
Localization Peroxisome Cytosol, nucleus Cell membrane, 

cytosol mitochondria 
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Table 1.5  Genes of the eIF5A activation pathway 

 DOHH DHPS eIF5A 

Gene Name (rat) Dohh Dhps eIF5A 

Substrates Deoxyhypusine Spermidine & lysine mRNA-binding 

Products Hypusine Deoxyhypusine Not applicable 

Prosthetic Group or Cofactor None None Hypusine 

Gene Location (rat) 7q11 19q11  
10q24 

Gene Location (human) 19p13.3 19p13.2  
17p13 

Structure 32 kDa monomer 42 kDa monomer 36 kDa dimer 

Sub Cellular Localization cytosol cytosol cytosol 

 

1.2.3 Polyamine Transport 
In addition to intracellular biosynthesis and catalysis, cellular polyamine levels are regulated by 

polyamine transport systems.  Polyamines are derived from both the diet and luminal bacteria and are 

absorbed in the intestinal tract [72].  Because of their positive charge and low lipophilicity, polyamines do 

not pass through cell membranes by diffusion. They are taken up by both active transport and 

endocytosis [73]. The mechanisms of transport are not well characterized. In some cells, separate 

transporters for putrescine, spermidine, and spermine have been postulated; in others, one transporter 

seems to be responsible for the uptake of all these polyamines. Different transport mechanisms appear to 

regulate uptake and release, since uptake-deficient mutants are able to release polyamines [74].  The 

structural requirements for uptake are not stringent, allowing the tissue accumulation of a variety of 

structural analogues and derivatives of the natural polyamines by the polyamine uptake system [10]. 

Transport rates are influenced by many factors including: intracellular polyamine levels, gut microbes, the 

growth status of the cells and the availability of nutrients [73]. 
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Although the polyamine transport systems are at present poorly understood at the biochemical 

level, potent inhibitors have been developed and used in experimental cancer chemotherapy [23].  The 

study of polyamine transport in mammalian cells has shown that they contain an energy-dependent 

selective polyamine transport system.  Molecules involved in this transport process have yet to be 

elucidated but it is suspected that given the large amounts of polyamines in the human diet in addition to 

those produced by intestinal flora, the transport capacity could play a major role in cellular response to 

treatment-induced alterations of intracellular polyamines [75].  There are several working models for the 

characterization of polyamine transport. One involves an unidentified membrane transporter/carrier which 

is powered by membrane potential followed by accumulation of polyamines into vesicles driven by a 

vacuolar-generated pH gradient and proton exchange mechanism [33].  This vesicular sequestering of 

polyamines may help to explain the high measured levels of intracellular polyamines given that the 

amounts of free cellular polyamines are thought to be much lower.  Another proposed model suggests 

that heparan sulphate and glypican-1 act as spermine transporters [76].  ODC’s inhibitors AZ1 and AZ2, 

are said to be involved in polyamine excretion, and a diamine transporter has been identified in colonic 

epithelial cells, which is thought to be responsible for extraction of putrescine and acetylated polyamines 

[33]. Endocytosis has also been implicated in mammalian polyamine transport, and a dynamin-dependent 

and clathrin-independent mode has been characterized [77]. Physiological properties of these 

transporters have been more thoroughly characterized in prokaryotes. Escherichia coli has two polyamine 

uptake systems, one each for spermidine and putrescine; both belong to the ABC family of transporters 

[78].  In Saccharomyces cerevisiae, polyamine transport is energy-dependent and involves  a four-protein 

process to transports polyamines across the plasma membrane in a pH-dependent manner [78]. 

1.2.4 Polyamines and Disease 
As polyamines can bind to many cellular molecules it is not surprising that they are thought to play 

roles in many diverse disease states.  Reduced polyamine content, increased polyamine oxidation, and 

overproduction of a single polyamine molecule, have all been associated with various disease conditions 

[8].  In some cases, the perturbation of metabolism is thought to be the cause of the disease whereas in 

others, changes in polyamine metabolism have been proposed as diagnostic tests. For example, 

increased excretion of diacetyl-spermine in urine is used as an experimental biomarker for several 

cancers, while polyamine oxidation and corresponding H2O2 production may be important in conditions of 

tissue remodelling, and perturbed regulation can also cause oxidative damage linked to oncogenesis [79].   

A key avenue in which polyamine metabolism is involved in disease is through the production of 

reactive oxygen species (ROS) [8].  In addition to H2O2, the metabolite acrolein is formed spontaneously 

from the polyamine oxidation product 3-aminopropanal [80]. In addition, SMO has been investigated as it 
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may provide a link between infection, inflammation and carcinogenesis [54]. This enzyme becomes 

induced under conditions of ulcerative colitis, leading to increased oxidative stress and altered immune 

responses. It is also induced, along with polyamine biosynthetic enzymes under conditions of infection by 

Helicobacter pylori, which causes gastric ulcers and stomach cancer [55].  It has been speculated that this 

organism uses up-regulation of polyamine metabolism to cause apoptosis in immune cells [8].   

Up-regulation of SSAT activity has been associated with many disease conditions including 

pancreatitis, obesity, diabetes and carcinogenesis [10].  Up-regulation of polyamine catabolism is linked to 

the heritable disease, keratosis follicularis spinulosa decalvans, a rare X-linked inherited disease affecting 

primarily the skin and eyes caused by an increased copy number of Sat1 [10].  Low SSAT activity has 

also been associated with mental disorders and particularly, a propensity to suicide; for example, Western 

blots have shown lower SSAT1 content in the brains of suicide completers compared to normal controls, 

as reviewed in [10]. Spermine synthase defects cause Snyder–Robinson syndrome, which is an X-linked 

recessive disease which causes mental retardation, hypotonia and cerebellar circuitry dysfunction [8].  In 

addition to these diseases, there are many ties between polyamine metabolism and diabetes pathology 

detailed in the following section. 

1.3 Polyamines and Diabetes 
Diabetes, best-known as a disorder of glucose homeostasis, has risen to near epidemic 

proportions world-wide and may be the single most important risk factor for cardiovascular, kidney, and 

eye disease [69]. One focus of this thesis is the probable role of polyamines in diabetes pathology.  

Polyamines are closely intertwined with many aspects of diabetes pathology and the links between the 

two are now reviewed in this section. 

Because polyamines function in many essential cellular processes, elucidating the mechanisms of 

polyamine influence in diabetes is a complex subject since many aspects of polyamine metabolism have 

been linked to diabetes pathology, as shown in Figure 1.7.  Often, their role in diabetes pathology can be 

of a dual nature with one aspect of their metabolism: usually, their biosynthesis is associated with 

beneficial effects including prevention of advanced glycation end-product (AGE) formation, contribution to 

nitric oxide homeostasis, improved lipid profiles and improved glucose homeostasis, whereas another 

aspect, often related to their catabolism, is known to produce free radicals and is associated with negative 

effects, including AGE formation and apoptosis. However, this is not a clear rule as the biosynthetic 

enzyme ODC has been implicated in early diabetic nephropathy and increased activity of the biosynthetic 

enzymes can deplete L-arginine and lead to uncoupling of nitric oxide synthases (NOS), which in turn 

leads to superoxide production and AGE formation [81]. 
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Figure 1.7  Summary of Polyamine Metabolism in Cellular Diabetes Pathology.  Curved arrows 
show links of polyamine metabolism to processes involved in diabetes pathology.  Pathologies are 
shown in red while protective effects are shown in green. Abbreviations: AdometDC - S-adenosyl 
methionine decarboxylase; Adomet - S-adenosyl methionine; eIF5a - eukaryotic translation initiation 
factor 5A; ODC - ornithine decarboxylase; PAO – polyamine oxidase; SSAT - spermidine/spermine-
N1-acetyltransferase 1; SMO – spermine oxidase; MTA - 5’-methylthioadenoisine; LDL – low density 
lipoprotein; AGE – advanced glycation end product; NOS – nitric oxide synthase; AMPK - 5' 
adenosine monophosphate-activated protein kinase; mTOR - mammalian target of rapamycin. This 
diagram was created by the candidate, based on data from previous studies referenced in the 
accompanying text 
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The following section summarizes the results of studies that have probed the possible roles of 

polyamines in diabetic cellular dysfunction and subsequent organ pathogenesis.  Pathways investigated 

include alterations in nitric oxide metabolism, AGE formation, cell growth and apoptosis, as well as insulin 

and glucose metabolism.  Putative relationships between these pathways and diabetes pathology are 

summarized in Figure 1.7.  Many studies linking diabetes pathology to polyamines have investigated their 

roles in a specific tissue, often islet cells.  There are many organs affected by diabetes that have not been 

investigated including the heart, liver and kidney which are investigated in this thesis. The links between 

diabetes and polyamines form a basis for investigating polyamine levels and regulation in diabetic tissue.   

1.3.1 Polyamines, Nitric Oxide and diabetic vascular damage   
Nitric oxide is a labile vasodilator which is synthesized in endothelial cells and macrophages from 

L-arginine [82].  Nitric oxide metabolism is tied to polyamine metabolism through L-arginine [83], eIF5A 

induction of inducible nitric oxide synthase (iNOS) [84] and the enzymes ODC and AdoMetDC [85]. The 

production of nitric oxide by NOS is a reaction that requires arginine as a substrate. NOS competes for 

arginine with the enzyme arginase which converts arginine to L-ornithine, the precursor to the higher 

polyamines spermine and spermidine. Both decarboxylases involved in polyamine biosynthesis - ODC 

and AdoMetDC, have key active-site cysteine residues that are involved in the protonation of the Schiff- 

base intermediates of their reactions [85]. These residues, Cys360 in ODC and Cys82 in AdoMetDC, 

react readily with nitric oxide and inactivate the enzyme, making nitric oxide a potent inhibitor of 

polyamine synthesis [85]. In this section, the possible roles of nitric oxide in diabetes are discussed along 

with the relationship between nitric oxide and polyamine metabolism.   

Under normal conditions, nitric oxide is a vasodilator with anti-inflammatory, anti-proliferative, and 

anti-thrombotic properties, making it a protective agent against vascular damage, which is often 

associated with diabetes [82].  However, high amounts of nitric oxide lead to formation of peroxynitrite, 

which is formed from nitric oxide and superoxide anions and causes protein nitration, lipid peroxidation, 

DNA damage and cell death [82].  High levels of nitric oxide and peroxynitrite formation have been 

strongly implicated in pro-inflammatory reactions and tissue damage in diabetes [82].  Nitric oxide 

regulation processes in diabetes are also influenced by the activation of endothelial NOS (eNOS) by 

insulin [86] as well as the glucose mediated inhibition of nitric oxide generation[87].   

There are three isoforms of NOS.  They are named after the tissue they were first discovered in: 

eNOS, neuronal NOS (nNOS) and iNOS [88].  eNOS and nNOS are calcium-dependent enzymes and 

regulated to produce low levels of nitric oxide [89]. eNOS provides nitric oxide which maintains blood flow 

and suppresses platelet aggregation and leukostasis while nNOS is involved in neural signalling, and 
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hypoxia response in smooth muscle [81].  Nitric oxide produced by both eNOS and nNOS protects tissues 

from diabetic damage while iNOS, induced by cytokines is associated with excess nitric oxide, 

peroxynitrite and tissue damage in diabetic heart, blood vessels and kidney [90-92]. Additionally, although 

eNOS expression is generally considered to be beneficial, in diabetes it can become pathologically up-

regulated whereupon it becomes uncoupled causing vasodilatation [93].  Under this condition, eNOS can 

become a source of superoxide, instead of nitric oxide, thus causing decreased nitric oxide availability 

through peroxynitrite production [94].  Under these conditions there is a disruption of eNOS-dimer 

formation within the vascular wall even though there is a stable amount of eNOS mRNA and protein.  This 

mechanism is thought to involve the eNOS cofactor BH4 [94]. 

Nitric oxide excess and peroxynitrite formation have been implicated in diabetic pathology in many 

tissues.  Excess nitric oxide is implicated in the causation of diabetic retinopathy [95], contributes to 

hyperfiltration and microalbuminuria in early diabetic nephropathy [82], and is also causally implicated in 

diabetic cardiomyopathy [50, 93], and neuropathy [96].  Diminished levels of nitric oxide as a result of 

eNOS or nNOS inhibition, inhibit vasodilatation and lead to diabetic cardiomyopathy [93], late diabetic 

nephropathy [95] and can also cause nerve ischemia in diabetes [82, 93].  Knockout studies performed on 

mice missing one of the three forms of NOS have shown that excess nitric oxide is a result of iNOS, 

whereas associated damage from peroxynitrite formation is alleviated in iNOS knockouts [82, 92].  

Studies have also shown increased levels of iNOS in diabetic heart, kidney, liver and retina [82, 90, 97], 

while stable eNOS and nNOS levels have shown a protective effect [91].  Additionally, obese and diabetic 

individuals have decreased nitric oxide production and bioavailability [98]. 

Polyamine biosynthesis and the production of nitric oxide are tightly linked. Nitric oxide can inhibit 

the function of polyamine biosynthesis by nitrosylation of ODC, which inhibits its activity reversibly [85], 

while excessive arginase activity can reduce L-arginine availability to NOS [99]. Reduced arginine 

availability is implicated in diabetic vascular injury and occurs as a result of NOS uncoupling [99].  When 

NOS is uncoupled it uses oxygen as a substrate and produces superoxide instead of nitric oxide.  This 

process results in formation of peroxynitrite and in turn, tissue damage as described above. The state of 

imbalance that results in uncoupling occurs under various conditions including: low L-arginine supply, 

prolonged high NOS activity, arginine transport inhibition, reduced cycling of L-citrulline and elevated 

catabolism of L-arginine by arginase [81]. Damage as a result of uncoupling of eNOS can contribute to 

tissue damage by reducing endothelial vasorelaxation and inducing platelet aggregation, while nNOS 

uncoupling can result in an impaired hypoxia response in smooth muscle [99]. Uncoupling of iNOS affects 

NF-κB transcription and signals an inflammatory response [95]. Once the balance is shifted into 

uncoupling, polyamine metabolism is thought to compound these effects.  Ornithine competes with 
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arginine for entry into cells [99]. Decreased production of nitric oxide from uncoupling results in decreased 

nitrosylation-dependent inactivation of ODC and AdoMetDC [50], both of which further reduce the 

availability of arginine and maintain NOS in an uncoupled state [85]. 

In diabetes, islets are subject to hyperglycemia, hyperlipidemia, elevated cytokine stimuli, and the 

deposition of amylin (or IAPP: islet amyloid polypeptide) [100]. These factors can activate a pro- 

inflammatory cascade triggered by cytokine signalling [84]. This cascade results in production of iNOS 

and excessive generation of nitric oxide as described above. Another link to polyamine metabolism is 

eIF5A action in islets. eIF5A requires spermidine produced from polyamine metabolism and can be 

deactivated by acetylation catalyzed by SSAT1 [67]. It has been identified as a proximal regulator of iNOS 

production and its depletion preserves islet glucose responsiveness in mice with STZ-induced diabetes 

[70]. eIF5A acts by indirectly promoting the translation of iNOS. It binds in an hypusine-dependent manner 

to iNOS-encoding Nos2 and mediates its nuclear export via a cellular pathway which uses exportin1 [84]. 

This process results in an increase in iNOS expression which promotes beta-cell death in diabetes. It has 

been suggested that inhibition of hypusine causes modification of eIF5A by interference of DHPS, which 

could represent a therapeutic strategy to protect pancreatic islets from inflammation during the 

development of diabetes [69]. Experiments in mice support this strategy; eIF5A is hypusinated in the islets 

of obese mice prone to diabetes, but not in obese diabetes-resistant mice. Additionally, pharmacological 

inhibition of DHPS improves insulin secretion and glucose tolerance in diabetic mice [70].   

In this thesis the relationship between diabetes, TETA and NOS metabolism is investigated 

indirectly through the measurement of mRNA levels of the arginase enzymes, ornithine decarboxylase, 

and the hypusine-forming enzymes DOHH and DHPS. Protein levels of ODC, DHPS, and eIF5A are also 

measured and the proline and arginine metabolism is investigated through metabolomic studies. 

1.3.2 Polyamines, free radicals, and AGE formation 
Diabetes is characterized a high incidence of micro- and macrovascular damage caused by 

hyperglycemia and associated AGEs [101]. The long-term vascular complications associated with 

diabetes correlate to the severity and duration of hyperglycemia, and hyperglycemia is considered to be a 

crucial factor in these complications [102]. Non-enzymatic glycation products are a heterogeneous group 

of compounds which accumulate in the plasma and tissue in diabetes [103]. Glycation reactions involve 

reducing sugars reacting non-enzymatically with proteins and nucleic acids to form early glycation 

products. The products, which are categorized as Amadori-rearrangement products or fructosamine, are 

oxidized to form alpha-dicarbonyl compounds including deoxyglucosone, methylglyoxal, and glyoxal, 

which are known as AGE precursors [104]. Such AGE precursors are highly reactive and form 
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intramolecular cross-links with amino groups of proteins, lipids and nucleic acids to form AGEs [104]. 

Inhibition of these reactions  process with aminoguanidine has been shown to reduce the development of 

a range of diabetic vascular complications [105], indicating that AGE formation is a major aspect of 

diabetes pathology. 

Polyamines act as free-radical scavengers and can inhibit AGE formation [104], while their 

catabolism increases oxidative stress which promotes AGE formation [54]. As free-radical scavenging has 

a well-established roll in suppressing AGE formation, the role polyamines play in these pathways are 

likely to be interconnected as well. A summary of the role of polyamines in AGE formation and oxidative 

stress is presented below. 

In endothelial cells, methylglyoxal is thought to be a significant source of AGE production [106]. 

AGEs can interfere with endothelial function by acting as pro-oxidants that generate ROS, by decreasing 

arterial elasticity and forming AGE-modified type I and IV collagens, and by inhibiting normal matrix 

formation and cross-linking [103]. In the blood, free AGEs are highly reactive but can be detoxified and 

eliminated by the kidneys [103]. If AGE-modified proteins are not removed, they can react with receptors 

and affect the expression of various genes and transcription factors, ultimately leading to ROS production 

and apoptosis [103]. Polyamines can influence this process by acting as anti-glycation agents that inhibit 

AGE formation [104], and by causing oxidative stress and promoting AGE formation [54]. 

Several studies have investigated the use of polyamines as anti-glycation agents, as their 

structure and ubiquitous nature make them good candidates [104]. In vitro studies have shown that 

spermine and spermidine inhibited structural modifications induced by glycation [104]. In these studies 

four protein models, which due to their arginine and lysine contents are glycation targets, were used: 

histones, ubiquitin, antithrombin III and plasminogen-plasmin. Histones are also known as targets of 

glycation in STZ-diabetic rats [104]. These systems were tested with known anti-glycation agents and 

polyamines using the known AGE-precursors, glucose-6-phosphate and fructose. The authors found that 

spermine and spermidine, at physiological concentrations, had significant anti-glycation effects, similar to 

that of aminoguanidine, in all four systems. Further evidence to support the role of spermine as an anti-

glycation agent has been reviewed in [102] and includes several lines of evidence: the high (millimolar) 

concentration of spermine in the nuclei and its close association with chromosomes, which could allow it 

to protect DNA and histones from glycation; induction of ODC by oxidative and carbonyl stress to produce 

more polyamines; the decrease in polyamine concentration shown in aged organs, which coincides with 

increased glycation in aging; the ability of spermine to act directly as a free-radical scavenger; and the 

high polyamine content in red blood cells, all point to a role for spermine in glycation inhibition [104].  
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Given that polyamines mainly associate with nucleic acids, it is interesting that 90% of circulating 

polyamines are found in red blood cells, which mostly lack nucleic acids [47]. It was also found that red 

blood cells have polyamine transporters and actively concentrate polyamines; they are also subject to 

oxidative stress and variations in glycemia [107]. For these reasons, it has been proposed that 

polyamines accumulate in red blood cells to quench glycation agents and exert an antioxidant role within 

these cells [107]. Further evidence for this mechanism has been found in experiments where both L-

arginine and spermidine prevented hemoglobin glycation and lipid peroxidation in rats with alloxan-

induced diabetes [108]. An additional proposed role for spermine comes from its ability to bind fructose. A 

mammalian enzyme which phosphorylates fructose-lysine residues on glycated proteins leading to their 

degradation called fructose-3-kinase (FN-3-K) can in effect reverse non-enzymatic glycation at an early 

stage [102].  FN-3-K has a strong affinity for fructospermine, with Km value 2 orders of magnitude lower 

for fructose-spermine than fructose-lysine [104]. The combined evidence has led to the hypothesis that 

FN-3-K may function to dispose of fructose-spermine in a carbonyl damage-control pathway [102].  

Although further studies are needed to confirm this hypothesis, if it is proven correct, it would place 

exogenous polyamines as a key player in modulating glycation processes in cells exposed to a 

hyperglycemic environment [102]. 

Another point brought up by the authors of this paper was that ODC may be very sensitive to 

inhibition by glycation at Lys 69 – a key residue in stabilizing the salt bridge between dimer subunits [102]. 

This is interesting because if glycation is modulated by polyamines, and glycation also impairs polyamine 

biosynthesis, it could create a self-perpetuating imbalance that would be hard to recover from under 

hyperglycemic conditions. However, polyamines are tightly regulated at many steps, including back-

conversion via the catabolic pathway [56] and countermeasures to maintain polyamine homeostasis are 

evidenced in many studies [56]. 

Although polyamines have a role in inhibition of AGE formation, polyamine catabolism contributes 

to oxidative stress through formation of H2O2 and acrolein, which are known to promote AGE formation 

[88]. Increased polyamine oxidase activity has been noted in the serum of diabetic [109], and obese [98] 

subjects, although most studies have shown that PAO is expressed only in the peroxisome [54, 110], 

where H2O2 is neutralized and would presumably not contribute to oxidative stress. It may be that 

oxidative stress from polyamine catabolism is due to the cytosolic enzyme SMO, rather than the action of 

PAO. SMO was first identified in 2001 [111] but reports of the existence of such an activity in plasma go 

back at least as far as 1953 [112]. As a result it is possible that the studies implicating spermine oxidase 

in diabetic patients were measurements of polyamine oxidase activity. There are several studies which 

have investigated spermine oxidase levels in diabetic patients [113, 114] and it is unclear whether they 
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were actually measuring levels of polyamine oxidase or spermine oxidase, or the cumulative effects of the 

two. 

In this thesis, I report my measurements of the mRNA levels of both polyamine oxidizing enzymes 

individually to clarify this issue. I have also measured mRNA and activity levels of the amine oxidases to 

determine if they could be influenced by diabetes and if there is an effect of TETA on these processes. 

1.3.3 Polyamines in cell proliferation and apoptosis  
Dysfunction of endothelium in diabetes mellitus is characterized by changes in proliferation and 

elevated sensitivity to apoptosis; it has also been suggested that diabetes modifies angiogenic and 

synthetic properties of endothelial cells [103]. The polyamines play central roles in both cell growth and 

apoptosis. Their study in cell growth and proliferation has revealed their key roles in cancer progression 

[115], but similar conditions of growth also appear in early diabetic nephropathy [116]. The production of 

the higher polyamines, spermine and spermidine is often associated with cell growth while their 

catabolism, which produces ROS and cytotoxic aldehydes, is involved in apoptosis.  This section 

discusses the avenues by which polyamines are involved in cell growth and apoptosis in diabetes 

pathology.   

In early diabetes the kidney becomes enlarged, a process called ‘nephromegaly’, and glomerular 

filtration rates increase [117]. The pathological growth of the diabetic kidney is associated with increased 

ODC activity and its inhibition blunts renal enlargement and hyperfiltration in the STZ-induced rat model of 

diabetes [118]. Putrescine levels are also elevated in the early diabetic kidney, but this elevation doesn’t 

result in significant increases in the higher polyamines spermine and spermidine [116]. This study showed 

that ODC helps initiate growth in the early diabetic kidney, but does not, on its own, control polyamine 

levels. It was suggested that the catabolic enzymes may compensate but levels were not reported [118]. 

The proposed mechanism for kidney hypertrophy involves a single transient spike in kidney polyamine 

levels early in diabetes, which sets up a cascade resulting in a persistently large kidney. Hypertrophy of 

the proximal tubules and glomerular cells is a response to hyperglycemia which increases oxidative stress 

in early diabetes, so it is thought that by inhibiting early growth the later stages of disease progression 

may also be inhibited [117]. 

On the other side of cell growth, polyamines are also involved in apoptosis in diabetes via 

hydrogen peroxide production [8], Ca2+ accumulation [119] and endoplasmic reticulum (ER) stress [71]. 

Polyamines can increase Ca2+ accumulation in mitochondria, which modulates mitochondrial permeability 

and in turn triggers apoptosis [120]. Additionally, polyamines can, in free mitochondrial preparations, 
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directly promote cytochrome C release while precluding apoptosis [121]. Spermine and spermidine have 

specific binding sites on mitochondria, facilitating their transport into this organelle and spermine 

decreases the mitochondrial membrane potential, allowing cytochrome C release in a dose-dependent 

manner [122]. Spermidine, putrescine and H2O2 also induced uncoupling and subsequent cytochrome C 

release [122]. Catalase decreased effects of both polyamines and hydrogen peroxide on mitochondria 

[122], which indicates that it may have been the polyamine metabolism enzymes PAO and SMO, which 

produce the hydrogen peroxide that was resulting in cytochrome C release, not the polyamines 

themselves. 

ER stress has been implicated in islet beta-cell dysfunction, as the ER is required to produce and 

fold proinsulin [100]. Under conditions of high ER protein load, such as in obesity and insulin resistance, a 

set of pathways referred to as the unfolded protein response (UPR) become stimulated [100].The UPR 

serves to reduce the ER load by inhibiting translation, and activating molecular chaperones which 

enhance protein folding [123].  This response has been studied in the db/db mouse model of diabetic 

obesity, and it was shown that by knocking out the Chop gene, islet mass was conserved and glucose 

tolerance was improved [123]. ER stress is a key factor in the promotion of apoptosis in beta cells in type 

2 diabetes [123]. Various cellular stresses can cause accumulation of unfolded protein and subsequently 

inhibits protein synthesis. Protein synthesis can resume upon recovery, but if persistent stress is 

maintained, apoptosis occurs [124]. Several processes have been identified as aiding in recovery from ER 

stress, reducing the rate of protein synthesis and scavenging of unfolded proteins through autophagy. The 

mammalian target of rapamycin (mTOR) mediates both these processes in the ribosomes [125]. 

Autophagy is the controlled self-degradation of damaged, unnecessary, or toxic cellular components, 

ranging from individual proteins to entire organelles [125]. 

Polyamines are linked to the autophagy process through eIF5A. EIF5A is only active after 

hypusine modification and its activity has been implicated in ER stress through the production of CHOP 

[100]. The investigation in islets is supported by a study in db/db mice in two backgrounds; one 

background (c57BL6/J) is resistant to islet dysfunction and diabetes and has lower hypusination activity, 

and the other, the C57BLKS/J background develops diabetes and islet dysfunction and had high 

hypusination activity [70]. The hypusination activity in the diabetes-resistant mice was similar to that of 

db/+ control litter mates. The authors subsequently investigated use of a DHPS inhibitor on the diabetes-

prone mice and found that treated mice showed improvements in various markers of diabetes including 

fasting glucose levels, glucose tolerance, insulin secretion, proinsulin to insulin ratios and beta cell mass 

[100]. An important note made regarding the design of this study is that the DHPS inhibitor, GC7 is a 
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spermidine analogue, and as it was administered systematically the effects seen may have been a result 

of effects on tissues other than beta cells.   

The effects of DHPS inhibition on autophagy have been studied in clonal beta cells (INS-1 823/13) 

which were induced with 6-thioguanine (Tg) to activate the UPR [100]. The UPR is characterized by eIF2-

α phosphorylation, CHOP induction, Xbp1 mRNA splicing, impairments in proinsulin to insulin processing, 

caspase-3 activation, and apoptosis [100]. In addition to promoting the effects of the UPR, induction with 

Tg increased hypusination without increasing DHPS levels [100]. The increase was inhibited with GC7.  

GC7 inhibition of DHPS changed CHOP induction, caspase-3 activation and apoptosis was inhibited. The 

authors noted that these characteristics were similar to those seen in the db/db mouse strain with Chop 

gene deletion [100]. 

Active eIF5A has a role in translational elongation [71]. It is responsible for activation of around 

five percent of protein synthesis in mammalian cells under normal conditions but has been shown to be 

used for the rapid onset of stress-induced translational repression [71]. It is necessary for the translation 

of several genes involved in stress response, including Nos2 mRNA [70] which is involved in diabetes 

pathology. During ER stress protein translation in the cytosol is inhibited, while translation in the 

ribosomes within the ER carries on [100]. As result of hypusinated eIF5A on the UPR, it has been 

suggested that it may have a role in translation at the site of ER-bound ribosomes and that this is how it 

exerts its effects on CHOP [100]. These results show a role of eIF5A in beta-cell death in diabetes and 

the authors suggest inhibition of DHPS could be used as a treatment [100]. Polyamines also have a role 

in prevention of apoptosis through autophagy; spermidine can induce autophagy in yeast, nematodes, 

and fruit flies [126] and it has been used for this purpose in pancreatic beta cells [127]. The effects of 

spermidine have been tested in cultured human cells and mice [128]. This study showed that spermidine 

induces autophagy through the AMPK pathway and does not affect the phosphorylation state of mTOR or 

mTOR’s substrate, ribosome protein S6 kinase. The induction of autophagy by spermidine led to the 

hypotheses that it can be used to restore the ER from a stressed state in diabetic pancreatic islet cells, 

and subsequently prevent apoptosis [127]. ER stress is another area where polyamines can apparently 

contribute to and alleviate cellular pathology in diabetes.   

In my thesis I have looked at levels of the hypusination enzymes, eIF5A and ODC at the mRNA 

and protein level. I have also examined the free radical-forming amine and polyamine oxidases at the 

mRNA level and SMO at the protein level. 
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1.3.4 Polyamine levels and insulin production 
Polyamine levels decrease with age and it has been hypothesized that this may contribute to age- 

related diseases such as diabetes [121]. As polyamines are involved in many aspects of diabetes 

pathology it is expected that their free and bound levels will change in disease pathology [121]. Polyamine 

levels have been measured in various tissues using an array of methods with limited reproducibility [61, 

122, 129, 130]. The variability in reported results could be due to difficulties in separating tissues from 

blood, or discrepancies between free and total polyamine measurements. Ninety percent of circulating 

polyamines are in red blood cells [107] and it is sometimes unclear in reports of tissue processing whether 

measurement is of free polyamines, or the total level of polyamines including both free and those 

polyamines which are bound to cellular molecules.   

The role of polyamines in the pancreas has been investigated with respect to insulin production 

[131]. In the pancreases of rats with alloxan-induced diabetes, there was a decrease in putrescine which 

was restored by administration of L-arginine [132], [133] . Depletion of putrescine and spermidine content 

of islets did not affect insulin release in response to glucose, while concurrently reduced levels of 

spermine decreased insulin mRNA content. Additionally, only spermine was able to stimulate pro-insulin 

biosynthesis [119]. There is a high spermine to spermidine ratio in pancreatic islet cells and spermine 

mediates insulin-evoked activation of pyruvate dehydrogenase phosphate phosphatase [134].  

Spermidine levels in erythrocytes from diabetic patients with retinopathy have also been observed and 

may indicate a disrupted distribution of polyamines in diabetes [134].  Other reports have indicated that 

spermine and spermidine show insulin-like activity. The mechanisms underlying this activity have not 

been not fully elucidated but the authors suggested that the effect could be due to increased glucose 

transport into fat cells, increased hydrogen peroxide formation, or stability of glucose metabolizing 

enzymes in red blood cells [24]. Additionally, since in models where diabetes is reversible, it was 

suggested that administering polyamines stimulated the growth of new islet cells, which increased insulin 

secretion and normalized glucose levels [24]. 

1.3.5 Genetic Manipulation of Polyamine Metabolism in Mice and Diabetes 
Genetic manipulation of polyamines in mice and rats has yielded several connections between 

their metabolism and diabetic pathology [4, 135, 136]. These finding were perhaps not surprising, given 

the links between polyamine metabolism and other pathways in that severe disruptions and alterations of 

this pathway lead to a host of downstream effects. These investigations represent an extreme scenario in 

polyamine metabolism changes which may not be physiologically significant, but do give insights into the 

downstream effects of disrupted polyamine homeostasis and their potential pharmacological effects.   
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SSAT1 transgenic mice are characterized by their ‘fatless’ phenotype, which has shown to be a 

result of changes in polyamine metabolism in their white adipose tissue [136]. Their fat tissue had very 

high levels of putrescine, with slightly lower levels of spermine and spermidine compared to wild-type 

controls [136].  As SSAT1 and ODC levels were increased in these animals, the mechanism for fat loss 

was thought to be a result of increased polyamine metabolic flux [136]. Studies in both transgenic mice 

and cell lines have produced substantial evidence supporting the theory that increased polyamine flux 

causes a wide range of downstream metabolic consequences. In SSAT1 transgenic mice, this process 

has been thoroughly investigated. Depleted pools of ATP [136] and acetyl CoA [62] were found in SSAT 

transgenic mice [62], which signaled several pathways associated with energy depletion. These authors 

found a lower AMP/ATP ratio, increased levels of AMPK and PGC1α, thought to be a result of ATP use in 

polyamine cycling. They also found reduced formation of malonyl-CoA from acetyl CoA alongside lower 

levels of acetyl-CoA carboxylase, thought to be a result of depleted acetyl-CoA used in polyamine cycling. 

PGC1α has an established role in energy metabolism as it stimulates oxidative phosphorylation, 

thermogenesis, mitochondrial biogenesis, uncoupling of fatty acid oxidation and glucose transport.  These 

parameters have been investigated in SSAT1 transgenic mice and are increased [136].  Additionally, 

malonyl CoA is a substrate for fatty acid biosynthesis and negatively regulated fatty acid oxidation, and its 

depletion in SSAT1 transgenic mice is associated with decreased fatty acid synthesis and increased fatty 

acid oxidation [137].   

Further studies to elucidate the mechanisms associated with the fatless phenotype of the SSAT1 

transgenic mice ruled out excessive putrescine and increased polyamine oxidation as causes for the fat 

loss [138].  Exogenously administered putrescine did not stimulate the effects of overexpression of 

SSAT1 in wild-type mice [138] and cell culture studies have shown that polyamine flux is a result of the 

biosynthetic and acetylating enzymes and not the perioxisome enzyme PAO [10].  A tracking study using 

fluorescently-labeled ornithine in human prostate carcinoma LNCaP cells showed that elevated SSAT1 

resulted in a 5-fold increase in polyamine flux over 24 hours [4]. This increased flux could be inhibited 

through inhibition of polyamine biosynthesis but not by inhibition of polyamine oxidation by PAO [4].  

Together, these results support the theory that high levels of SSAT1 expression cause a situation where 

futile cycling of polyamines occurs, which depletes ATP and acetyl-CoA stores and results in a plethora of 

downstream effects. It has been suggested that these mice have a metabolic profile that is opposite to 

that of patients with type 2 diabetes, a view which is supported by the characterization of SSAT1-deficient 

mice [135], which show an opposite profile to that of SSAT1 transgenic mice. These mice also had 

elevated spermidine to spermine ratios, insulin resistance with the absence of lipid abnormalities or 

obesity similar to that found in diabetes [135].  Although further studies into the mechanism of insulin 
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resistance in these mice have yet to be carried out, the potential for them to provide a new mouse model 

for type 2 diabetes was proposed [135]. 

Homocysteine, the demethylation product of methionine associated with an insulin-resistant 

syndrome, is elevated in diabetic nephropathy and is a vascular risk factor in patients [139]. The 

mechanism for homocysteine-induced damage is thought to be linked to posttranslational modifications 

but is largely uninvestigated [139]. AdoMet is the methyl donor for the majority of methyltransferases that 

modify DNA, RNA, histones and various other proteins allowing them to control many cellular processes, 

including fidelity mismatch repair during replication, transcription and translation, chromatin remodelling, 

and epigenetic modifications[140]. 

The role of polyamines in methionine metabolism has been investigated using SSAT1- 

overexpressing mice, which have decreased spermine and spermidine with increased putrescine levels 

[141]. As a compensatory mechanism, they have increased polyamine biosynthesis, as evidenced by 

elevated ODC and AdoMetDC activities. As AdoMetDC activity commits AdoMet to the polyamine 

pathway, its activity, if high, could be competing with cellular methylation [141]. In mtSSAT mice, AdoMet 

levels showed ~50% decreases and there was an overall decrease in the AdoMet/ADOHHcy ratios [141]. 

The ratio of AdoMet/AdoHHcy has been implicated in diabetes pathology [139]. The hypothesis stated by 

the authors based on this evidence was that increased polyamine activity can disrupt cellular methylation, 

and lead to abnormal expression of genes and disruption of methylation-dependent cellular processes 

that contribute to diabetic pathobiology. 

Inactivation of Sat1 in knockout mice resulted in little change in polyamine content with only a 

slight increase in the spermidine-to-spermine ratio in embryonic stem cells and tissues [10]. Transgenic 

mice and rats with increased Sat1 copy number under physiological control, mice and rats with Sat1 

under a metallothionein promoter and mice with a sequence encoding SSAT1 under a keratin-6 promoter 

have also been used to study SSAT1 [138].  Animals with increased copy number and SSAT1 expressed 

under the metallothionein promoter showed a reduction in spermidine and spermine pools, an increase in 

putrescine pools, an increase in N1-acetylspermidine and an increase in excreted acetylated polyamines.  

Mice in these studies showed several pathologies including hair loss, female infertility, weight loss, central 

nervous system effects, altered lipid metabolism, and a tendency to develop pancreatitis [10].  Overall, the 

transgenic models of disrupted polyamine metabolism indicate that large increases or decreases in 

activity of SSAT1 cause downstream effects in other areas of metabolism.  Although this finding provides 

a link between polyamine metabolism and diabetes, it is not known whether changes in diabetic 
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polyamine metabolism would be large enough to have the downstream effects seen in transgenic 

animals. 

1.3.6 Study of polyamine metabolism in the STZ-induced diabetic rat model 
The model system used in this research is the STZ-induced diabetic rat model.  There are many 

diabetic animal models available with varying characteristic features and underlying causes of diabetes 

including: genetic [142], experimental and nutritional causes [143]. Genetically-induced diabetes models 

include many transgenic, generalized knock-out and tissue-specific knockout mice including: the ob/ob 

mouse, the db/db mouse, the KK mouse, the NZO mouse, the Zucker fatty rat, and various knockout 

models of insulin and its receptors [142].  There are also various experimentally-induced diabetes models 

used for both routine pharmacological screening and mechanistic diabetes-linked research: adult STZ or 

alloxan rat models, neonatal STZ/alloxan models, partial pancreatectomy models, long-term high-fat diet-

fed models, HF diet-fed STZ models, nicotinamide/STZ models, intrauterine growth retardation (IUGR) 

models, the STZ-induced progressive diabetic model and monosodium glutamate (MSG)-induced model 

[143].  

There are advantages and disadvantages to each system and the STZ-induced diabetic rat was 

chosen for these experiments because residual insulin secretion after treatment allows the animals to live 

without insulin treatment, and ketosis and resulting mortality is less likely than in other models [142].  This 

model can have disadvantages including that hyperglycemia develops as a direct result of direct cytotoxic 

action on beta cells and insulin deficiency rather than as a consequence of insulin resistance; chemical-

induced diabetes is less stable and can be reversible because of the spontaneous regeneration of beta 

cells in some individuals, although this is not a major issue with the model used in the current studies, and 

STZ can sometimes have (batch-dependent) toxic effects on other organs besides beta cells [143], for 

example the kidneys, where it can cause tumours. Very few aspects of polyamine metabolism have been 

studied in STZ-induced diabetic rats although administration of spermine has been shown to reverse 

dyslipidemia and reduce AGE formation in STZ rats [24].   

1.4 TETA  
Triethylenetetramine (TETA) is a selective CuII chelator which is also a polyamine analogue [144]. 

It has traditionally been used in the treatment of Wilson’s disease but has also been studied as a 

treatment for cancer and diabetes [145]. It was first made in Berlin, Germany in 1861 and a 

dihydrochloride salt was made in 1896 [145]. Its chelation activity was studied at Cambridge University in 

1925 [146]. TETA’s ability to chelate copper has been used to treat Wilson’s disease, a rare autosomal 
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recessive disease of excess copper accumulation and it was approved by the FDA for this treatment in 

1985 [145]. Structurally, TETA is a charge-isosteric analogue of spermidine. It has shown beneficial 

effects in the experimental treatment of diabetes-related pathologies of the heart and kidney [11]. TETA is 

metabolized differently than control (sham)-treated counterparts in both the STZ-induced diabetes rat 

model and in patients with type 2 diabetes [147]. It restores cardiac function and structure in both [11].  

The mechanism by which TETA improves diabetes-related pathologies may relate to both its action as a 

polyamine analogue and as a copper chelator. This section summarizes its established role for improving 

diabetic complications through copper chelation and introduces what is known about TETA as a 

polyamine analogue.  

1.4.1 TETA Structure and Metabolism 
The structure of TETA is very similar to that of the polyamines spermine and spermidine as shown 

in Figure 1.8, and its function as a polyamine analogue has been investigated [9]. TETA has four nitrogen 

groups allowing it to form a stable square-planar geometry when bound to CuII. This stable conformation 

allows it to bind CuII very tightly with a dissociation constant of 10−17 mol/L at physiological pH [148]. 

TETA is administered as either a dihydrochloride salt or as TETA disuccinate and dissolves in 

aqueous solutions [149].  It is metabolized via acetylation into mono- and diacetylated- forms; N1-

monoacetyltriethylenetetramine (MAT) and N1, N8-diacetyltriethylenetetramine (DAT) by enzymes in the 

polyamine pathway [150].  Both SSAT1 and SSAT2 have shown activity towards TETA [9]. 
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Figure 1.8 Structural Comparison of Triethylenetetramine to Polyamines. Both have 
interspaced amino groups on a carbon backbone.  Abbreviations TETA – triethylenetetramine  
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TETA metabolism has been studied in the context of both Wilson’s disease and diabetes as well 

as in animal models[145]. It is absorbed through the intestine in a manner similar to that of the 

polyamines, and its uptake can be inhibited in a dose-dependent manner by spermidine or spermine 

administration [145]. In rats the bioavailability of orally administered TETA has been studied by several 

groups and reports range from 2 to 25 % with an increase associated with fasting reviewed in [145]. In 

both rats and humans, TETA is extensively metabolized; levels of MAT in tissues and urine are similar to 

those of unmetabolized TETA [1]. In addition to MAT, levels of DAT have also been studied in healthy and 

diabetic volunteers [150]. TETA accumulates in most tissues and is thought to use the same transporters 

as polyamines which are widely distributed throughout various cell types. It has been shown in particularly 

high concentrations in plasma, liver and kidney [147]. 

TETA is metabolized in cells and tissues into its mono- and diacetyl- forms, and two enzymes 

have been shown to be able to catalyze the acetylation of TETA – SSAT1 and SSAT2 [9]. TETA is a 

known substrate for SSAT1 and recent studies have implied that SSAT2 which normally acts on thialysine 

may also acetylate TETA [9].  Studies in which SSAT1 was knocked out in mice showed TETA was still 

acetylated and incubation with SSAT2 showed this enzyme has acetylation activity towards TETA [151]. It 

is not known which enzyme performs this function under physiological conditions. TETA appears to be a 

suitable substrate for both enzymes, with Km values of 2.5 mM for SSAT2 and 83 µM for SSAT1, as 

determined by using a paper disc method for measuring the activity of recombinant human proteins [9]. 

The same group also determined enzyme kinetics with mouse recombinant SSAT1 and found value for 

the Km of 169 µM and Vmax of 1.37 μmol min−1 mg−1. 

1.4.2 TETA treatment of diabetes 
TETA alleviates many secondary complications of diabetes [144]. It functions as a divalent copper-

selective chelator, stimulating cupriuresis in a dose-dependent manner [1]. This has been shown in 

several species including STZ-diabetic rats and humans [11]. In the STZ-diabetic rat model, daily TETA 

treatment for eight weeks after diabetes induction suppressed kidney and glomerular hypertrophy and 

cardiac damage without lowering blood glucose [3]. TETA treatment improved cardiomyocyte structure 

and stimulated the reversal of several signs of diabetic cardiomyopathy including loss of f-actin, elevation 

of collagen and β1 integrin, and the expansion of the extracellular-matrix space [11].  Diabetic 

cardiomyopathy was also reduced by TETA in Zucker diabetic fatty rats [152]. The mechanism for these 

beneficial effects is hypothesized to be partly through copper chelation, which induces an antioxidant 

defense mechanism reviewed in [144]. 
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TETA is also metabolized differently in diabetic patients compared to healthy counterparts, with 

higher proportions being converted to MAT and DAT in diabetic patients compared to controls [150].  The 

reason for this difference is still under investigation. 

1.4.3 TETA as a Polyamine Analogue  
Polyamine analogues have been designed, synthesized and tested for various uses including: 

anticancer agents, treatment for neurodegenerative processes, as anti-parasitic compounds, as 

neurotransmitter receptor neuroprotectant molecules [153], and as multitarget-directed ligands for 

multifactorial diseases including Alzheimer’s disease [58]. Polyamine analogues have recently been 

shown also to be good skeletons for the development of novel inhibitors of semicarbazide-sensitive amine 

oxidase/vascular adhesion protein-1 (SSAO/VAP-1), and of monoamine oxidase B (MAO B) enzymes 

involved in various multi-factorial diseases such as Alzheimer’s disease [58]. 

The structures of polyamine analogues vary greatly depending on their target enzyme and 

whether they are intended to induce or inhibit that target [154]. Among the most studied potential 

polyamine-based cancer chemotherapeutics are the terminally bis-N-alkylated analogues, such as N1, 

N11-diethylnorspermine. These compounds have a very high inducing effect on SSAT1, and subsequently 

induce polyamine efflux which results in polyamine depletion and apoptosis [154]. C-methylated 

polyamine analogues, such as α-methylspermidine, generally support cell growth and mimic the natural 

polyamines in many of their cellular functions [155]. Another class of analogues referred to as charge-

deficient analogue have been synthesized in order to elucidate the importance of proper charge 

distribution. TETA falls into the class of charge-deficient analogues as it has only two positive charges at 

physiological pH, as shown in Table 1.3. In addition to TETA, difluoro-spermidines and amino-oxy- and 

oxa- derivatives are included in the family of charge-deficient analogues [156].  Although TETA has a 

structure similar to that of spermine and spermidine, its charge deficiency and the spacing of the amino 

groups is different. 

Table 1.6  pKa values of polyamines and TETA, adapted from [156] 

 Structure pKa1 pKa2 pKa3 pKa4 

Spermine 
 

8.24 9.81 10.89  

Spermidine 
 

7.96 8.85 10.02 10.80 

TETA 
 

3.27 6.56 9.07 9.74 
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Although TETA has been well-studied as a copper chelator, its action as a polyamine analogue 

and its effects on the polyamine pathways have not been investigated.  

1.5 Project Overview and Approach 
Polyamines are tightly linked to various aspects of diabetes pathobiology and TETA is a charge-

deficient polyamine analogue which improves diabetes pathologies. The link between TETA metabolism, 

polyamine metabolism and diabetes pathology has not been investigated. The aim of this project is to 

determine the changes in polyamine metabolism that result from STZ-induced diabetes and to determine 

both the effects of TETA and how TETA interacts with the enzymes and regulatory molecules in 

polyamine metabolism. 

The specific aims of the research presented in this thesis are: 

1) To investigate changes in the enzymes and regulatory molecules involved in polyamine 

biosynthesis at the mRNA and protein levels in non-treated control, TETA-treated control, STZ-

induced diabetic, and TETA-treated STZ-induced diabetic rats.   

2) To investigate the activity of SSAT and the polyamine oxidase enzymes liver extracts of non-

treated control, TETA treated control, STZ-induced diabetic, and TETA-treated STZ-induced 

diabetic rats. 

3) To use non-targeted metabolomic techniques to investigate downstream changes of 

polyamine metabolism in non-treated control, TETA-treated control, STZ-induced diabetic, and 

TETA-treated STZ-induced diabetic rats. 

4) To predict, based on enzyme structures, mechanisms and actions on previously investigated 

analogues and possible reactions of TETA catalyzed by polyamine-metabolizing enzymes, and 

thereby to predict and identify possible but as yet unknown metabolites of TETA, MAT and 

DAT 

5) To determine whether TETA and its known metabolites, MAT and DAT, might be oxidized by 

enzymes in the polyamine pathway 
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Enzymes in the polyamine pathway, as well as their regulatory molecules were measured using 

RT-qPCR in heart, liver and kidney. Protein levels of the rate limiting enzymes ODC and SSAT were 

measured using Western blots as were key proteins DHPS and AZ2. Activity levels of the TETA 

metabolizing enzyme SSAT were measured via LC-MS. Metabolome investigations, polyamine pool 

levels and levels of TETA metabolites were measured by MS-MS and LC-MS respectively. Since the liver 

is a main site of enzyme activity and was the focus of the enzyme activity investigations, metabolite and 

protein levels were studied.  

The overall aim of this thesis is to provide new insight into polyamine metabolism in diabetes and 

to determine if the diabetes-treatment drug TETA has an effect. This research also aims to determine if 

TETA is further metabolized by enzymes of the polyamine pathways. It is expected that some elements of 

polyamine metabolism will be disrupted in diabetes and that TETA could influence the pathway activity, 

possibly through competing with polyamines for enzyme sites, stabilizing enzymes or through transcript 

level regulation. 
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Chapter 2 Materials and Methods 
This section describes the experimental protocols used in this thesis research.  Experiments were 

performed using the STZ-induced diabetic rat model, and the major techniques used were RT-qPCR, LC-

MS, MS-MS, and Western blotting.  

2.1 Experimental Design, Treatment Groups and Tissue Collection 
Treatment and control groups were established according to the following: Sham received 16 

weeks of no treatment, STZ received 16 weeks of STZ treatment, Sham-TETA-treated received 8 weeks 

without treatment followed by 8 weeks of TETA treatment, and STZ-TETA-treated received 16 weeks of 

STZ treatment and TETA treatment from week 8 to 16.  Each treatment group had 10 to 12 rats.  All rats 

were males. They were 16 weeks old at the beginning of the study and were fed an ad libitum diet of Rat 

chow (Teklad TB2018, Harlan, UK) and had free access to water throughout.  

All procedures received approval from the University of Auckland Animal Ethics Committee and 

complied with all relevant ethical and regulatory processes. Male Wistar rats (220-250 g) were 

anesthetized (isoflurane 2-5% - Lunan Better Pharmaceutical, Shandong, CN) and either rendered 

diabetic by administration of 55 mg/kg of freshly prepared streptozotocin (STZ, Sigma-Aldrich, St. Louis, 

Mo, US) via tail-vein injection, or treated as sham by administration of an equivalent volume of 0.9% 

saline only.  Animals were recovered and housed in like-pairs with a 12-h light: dark cycle, 50-70% 

humidity, and temperature of 19-21 °C.  Initial blood glucose concentrations and body-weights were 

measured (tail vein blood glucose; Roche, Basel, CH), and subsequent measurements made weekly after 

diabetes induction. Diabetes was diagnosed by the demonstration of blood glucose levels of greater than 

11 mM on two successive readings.  Body weight and blood glucose measurements are shown in 

Appendix A.  TETA was administered via the drinking water as trientine (TETA dihydrochloride; Sigma) or 

equivalent dosages of TETA disuccinate (CARBOGEN AMCIS, Bubendorf, CH), and doses were 

calculated each week, based on the intake of water on the previous week.  Animals were maintained and 

kindly supplied by Amorita Petzer as part of Sebastian Brings’ work being undertaken by the Cooper 

Group. 

2.1.1 Tissue collection for RNA extraction 
Wistar rats were anesthetized (isoflurane 2-5%) and the liver was immediately excised and 

washed in 0.067 M PBS (8.7 mM NaCl; 0.47 mM; Na2HPO4.2H2O;0.2; mM NaH2PO4.2H2O) pH adjusted 

to pH 7.4 with HCl and NaOH as required; a small ~ 50 mg piece of liver was excised and placed in 50 µL 

RNAlater (Life Technologies, Carlsbad, CA, US).  Tissues were then snap-frozen in liquid nitrogen and 
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stored at -80 °C until further processing.  Kidney and heart tissue was collected Sebastian Brings as part 

of other studies being undertaken by our group while I collected the liver tissue.  

2.1.2 Tissue collection for protein, activity and metabolite analysis 
Rats were anesthetized (isoflurane 2-5%) and liver was immediately excised, washed and stored 

in 0.067 M PBS pH 7.4 (8.7 mM NaCl; 0.47 mM; Na2HPO4.2H2O; 0.2 mM NaH2PO4.2H2O).  Tissues were 

then snap-frozen in liquid nitrogen and stored at -80 °C until further processing.   

2.2 Measurement of mRNA levels 
The technique consists of two parts: synthesis of cDNA from RNA via reverse transcription and 

amplification of select cDNA sequences by polymerase chain reaction (PCR) [157].  Because there are 

several complications involved in quantification of mRNA by PCR, mainly the variation in amplification 

efficiencies among sample wells and the non-linear kinetics of PCR product formation after a number of 

cycles of replication [157], a set of guidelines have been developed to ensure consistent and reliable 

results are reported [158]. 

There is a guide in Appendix A which describes the minimum information necessary for the 

evaluation of RT-PCR experiments (MIQE). The guide is a checklist of relevant experimental conditions 

and assay characteristics designed to show the validity of the protocol used [158]. Overall, by following 

the MIQE guidelines, a reasonable assessment of mRNA levels can be obtained and they were therefore 

applied in this study. 

2.2.1 Extraction of mRNA, quantification and quality measurements 
All plastic-ware was from fresh stocks, which were used exclusively for RNA experiments.  Total 

RNA was extracted from animal tissues using Qiagen kits (RNeasy Mini Kit™; Qiagen, Valencia, CA, US) 

as per the manufacturer’s protocols.  In summary, up to 25 mg of tissue was homogenized in 1 mL of 

TriPure reagent using a TissueLyser II (Qiagen) and a stainless steel metal bead (Qiagen) at 30 Hz.  

Chloroform (200 μL/mL of initial TriPure reagent used) was added and the tube was shaken vigorously for 

15 s followed by a centrifugation step at 12 000 g and 4 °C for 15 min.  The top aqueous phase was 

removed and 500 μL isopropanol per mL of initial TriPure reagent was added to the aqueous phase.  The 

mix was then centrifuged at 13 000 g, at 4 °C for 10 min.  The pellet was washed with 1 mL of 75% 

ethanol before resuspending in 500 μL of nuclease-free water.  The concentration of RNA samples was 

determined using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technology, DE, USA).  

Absorbance ratios of 260/280 nm (NanoDrop) were used to determine purity and a ratio of >1.9 was 

considered as sufficiently pure for continuation.  The integrity of RNA was determined by non-denaturing 
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gel electrophoresis.  RNA (1 μL) was mixed with 1 μL of formaldehyde loading dye and 3 μL of 0.1% (v/v) 

DEPC-treated water.  DEPC (Sigma) water was prepared and incubated at room temperature overnight to 

remove residual RNase.  The residual DEPC was removed by autoclaving (121 °C, 15 bar) for 40 min 

before use. 

RNA samples were loaded onto a 1% agarose gel containing 0.1% volume/volume (v/v) SYBR 

Safe dye (Life Technologies).  Gels were electrophoresed in DEPC-pretreated Tris/Borate/EDTA buffer 

(TBE; 89mM Tris base, 89mM Boric acid, 2 mM EDTA) at 100 volts (V) using a Bio-Rad powerpak 3000 

(Bio-Rad, Berkeley, CA, US) for 30 min and visualized using Gel Doc 2000™ Gel Documentation System 

(Bio-Rad).  Two distinct bands representing 28S and 18S ribosomal RNA were visualized to confirm 

acceptable RNA integrity whereas samples without these bands were discarded, and were not included in 

further studies. RNA samples were stored at -80 °C for use in cDNA synthesis.  Storage time was shown 

to play a role in variability within quantification results and as a result, all analyses shown in these studies 

are performed on cDNA which was synthesized from RNA that was only thawed once, and cDNA was 

synthesized within 2 days for liver, within 1 week for kidney and within 1 month for heart. 

2.2.2 cDNA synthesis and quantification 
RNA samples were reverse-transcribed into cDNA using the Transcriptor First Strand cDNA 

synthesis kit (Roche) as per the manufacturer’s protocol.  OligodT oligomers were used as primers for 

reverse-transcription in all studies reported in this thesis.  It was found that the random hexamer primer 

yielded higher variability in initial qPCR experiments and so this reagent was not used further here. 

For each reaction, 500 ng of RNA was mixed with 1 μL of oligodT primer (600 pmol/μL), 4 μL of 

transcriptor reverse transcriptase reaction buffer, 0.5 μL of RNAse inhibitor (40 U/μL), 2 μL of 

deoxynucleotide mix (10mM), 0.5 μL of Transcriptor reverse transcriptase (20U/μL), and topped up to a 

total of 20 μL by PCR-grade water.  Mixtures were reversed transcribed into cDNA at 50 °C for 1 h 

followed by 85 °C for 5 min.  cDNA synthesis was performed using a thermal cycler (Eppendorf, 

Hamburg, DE).  In addition, a reverse-transcriptase-free negative control was included in each experiment 

to check for any effects of contamination with genomic DNA.  Synthesized cDNA samples were diluted 2-

fold and immediately stored at -20 °C.  To quantify the synthesized cDNA, the Quant-iT OliGreen ssDNA 

reagent kit (Life Technologies) was used.  cDNA samples were measured against a standard set of 

synthetic oligonucleotides.  Individual samples were diluted to 10 µg/mL for qPCR analysis. This, in effect, 

was an extra normalization step as the total cDNA in each qPCR reaction was the same. 
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2.2.3 Primer Design 
Primers were designed to amplify normalizer genes and genes involved with polyamine 

biosynthesis and catabolism using Primer-Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). All 

transcript levels were normalized to housekeeping transcripts, determined previously using NormFinder 

as part of work done by Sebastian Hogl in our research group. Primer sequences for the normalizer 

genes are shown below. Primers were produced and purified by Integrated DNA Technologies (Coralville, 

IA, US). The following table lists the sequences of all primer pairs used to analyse gene expression levels  

Table 2.1 Primer Sequences of Normalizer Genes used for qPCR 

Gene 
Primer Sequences 5’ → 3’ 

Forward (top) Reverse (bottom) 
Product 

Length (bp) Accession number 

Ndc1 
TTCCCAAAGCATGGATTAGC 

CAGCCAGACATGGTAGAGCA 
116 NM_001025023 

Rpl13a 
ACAAGAAAAAGCGGATGGTG 

TTCCGGTAATGGATCTTTGC 
172 NM_173340 

Tbp AGAACAATCCAGACTAGCAGCA 
GGGAACTTCACATCACAGCTC 120 NM_001004198 

U2af CCATTGCCCTCTTGAACATT 
CCTCCCCGTACTTCTCTTCC 153 NM_001044291.1 

Ppia ATTCATGTGCCAGGGTGGTG 
GGACCTGTATGCTTCAGGATG 108 NM_017101 

Ywhaz TTGAGCAGAAGACGGAAGGT 
GAAGCATTGGGGATCAAGAA 136 NM_013011.3 

 

Primers were designed for genes of interest as shown below with NCBI accession number, except 

for Azi2 where primer sequences were obtained from [159].  Genes used to normalize liver were Tbp, 

Ppia, and Ywhaz, normalizer genes for kidney were Tbp, U2af and Ppia, and normalizer genes for heart 

were Ndc1, Rpl13a and Tbp.  

 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.2.4 Quantitative PCR procedure and LightCycler480 ® analysis 
The cDNA concentration used in qPCR reactions varied with gene as shown in Table 2.3.  Higher 

amounts of cDNA were needed in heart tissue in order to obtain Cp-values within a linear range.    

The reaction mixtures for qPCR contained the cDNA, 1 μL of both forward and reverse primers 

(1.25 μM), 5 μL of SYBR green mastermix (Roche) and 2 μL of PCR-grade water and were aliquotted in 

triplicate into a LightCycler 480 Multiwell Plate 384 (Roche).  The plate was sealed and the reaction mix 

was centrifuged at 1,500 g for 2 min prior to PCR amplification.  RT-qPCR generated a crossing point 

(Cp) number for each primer pair of each sample, which was used to generate a standard curve 

(expressed as Cp cycle number against relative cDNA abundance) and to calculate the level of gene 

expression.  Primer amplification efficiency was determined from the standard curve and primer pairs with 

amplification efficiencies lower than 1.7 or higher than 2.2 were discarded as unsuitable for interpretation.  

Expression of the gene of interest was normalized with the geometric mean of a combination of reference 

genes specific to that tissue and set of treatment groups as previously determined (refer to Section 2.2.3 

for tissue specific reference genes).  Melting curves were generated for each primer pair to confirm the 

purity of the amplified products.  Primer pairs with two peaks yielded from melting curve were discarded 

as this indicates the presence of two products. 
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Table 2.2 Primer Sequences for Polyamine-Related Genes used for qPCR 

Gene 
Primer Sequences 5’ → 3’ 

Forward (top) Reverse (bottom) 
Product 
Length (bp) Accession number 

Amd1 ACAGCAGTCCGACGCAAGCC 
AGGACATCCCACTCGGATCTTGGG 69 NM_031011.2 

Azin1 CACGTCGTCCCCGCAGCCTA 
AGTTCGCCGTGAGATAACGGCC 130 NM_022585.1 

Azin2 GCTTAGAGGGAGCCAAAGTG 
CTCAGCAAGGATGTCCACAC 102 NM_001014261.1 

Dhps GGAAGCCTACGGCACCACCG 
CCAGCTTCTTCTCAATCATGGCGT T 76 NM_001004207.1 

Dohh  GGTTGAGGTGGCTGAGACGTGC  
CAGCCGCCCCACATCACCTT 103 NM_001025006.1 

Oaz1 CCTGTACTCCGACGAGCGGC 
CCTGCTTGGCCTCCGTGAGC 93 NM_139081.1 

Oaz2 CGGGAAGACAGAGCTCCACTCCTG 
ATCTGGCCGAGAGGGGACACA 93 NM_001109899.1 

Odc1 CCCTGTGCTGTGAGGAGACAGCAT 
TGCCCATGGTTGGTTCTCGATGTG 121 NM_012615.2 

Pmf1 GAGGCTGTGCTGGCTGGACG 
GCCTGCCATGTTTGCTGGACG 77 NM_001191568.1 

Paox TGAGATTAAGCTTGGGCTTGGGCT 
CAGTGTGCACCCAGCTCCACT 92 NM_001106311.1 

Smox AGGTGGGCTCAAGTGGGGCA 
CACCTGCATGGGCGCTGTCT 86 NM_001134854.1 

Sat1 ACTGGACCCCTGAAGGACAC 
CCAAAGCCTCGGTAATCA 124 NM_001007667.1 

Sat2 GGCTGAGGTCGCTCTGCGTAA 
GAGCCAGCCTTCCGATTCGGTC 127 NM_001108278.1 
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Table 2.3 cDNA concentrations used for qPCR for each gene  

Gene Kidney (ng/reaction) Liver (ng/reaction) Heart (ng/reaction) 
Amd1 10 10 60 
Arg1 60 30 60 
Arg2 30 30 60 
Azin1 80 80 80 
Azin2 80 80 80 
Dhps 30 30 60 
Dohh 30 30 60 
Dolx1 30 30 60 
Ndc1 n/a n/a 80 
Oaz1 10 30 60 
Oaz2 10 30 60 
Odc1 30 30 30 
Paox 30 30 60 
Pmf1 80 80 80 
Ppia 10 10 n/a 
Rpl13a n/a n/a 5 
Sat1 30 30 60 
Sat2 30 30 60 
Smo 30 30 60 
Smox 30 30 60 
Ssao 80 30 60 
Tpb 30 60 80 
U2af 30 n/a n/a 
Yhraz n/a 30 n/a 

 

2.2.5 SSAT-X Determination 
Primers were designed to identify the presence of SSAT-X transcript with the following sequences 

shown 5’→3’: Forward TGAGAAAGATCTCTTAGAGGATGG, Reverse ACTGGACCCCTGAAGGACAC.  

A 25 μL reaction mixture was prepared using 2 μL of liver, heart and kidney cDNA and was mixed with 2.5 

μL of 10X PCR buffer, 1.5 μL of MgCl2 (25mM), 0.5 μL of dNTP (10mM), 0.5 μL of both forward and 

reverse primers (10μM), 0.2 μL of Taq polymerase (5U/μL) and PCR-grade water. The reaction mix 

underwent thermal cycling in a thermal cycler (Eppendorf) following the steps of initial denaturation at 94 

ºC for 3 min; then 40 times through a cycle of denaturation at 94 ºC for 30 s; annealing at 56 ºC for 60 s; 

and  extension at 72 ºC for 60 s. The PCR products were run on a 2% agarose gel containing 0.1% (v/v) 

SYBR Safe dye (Invitrogen) to determine PCR product size. PCR products were diluted 5-fold and 9 μL of 



50 

 

the diluted PCR products were mixed with 1 μL of DNA loading dye and loaded onto the gels. Low-mass 

DNA ladder (2 μL; Invitrogen) was loaded onto the gel as reference for size determination. The gel was 

run in 1 x TBE buffer at 100 V for 30 min and visualized using Gel Doc 2000™ Gel Documentation 

System (Bio-Rad). 

2.3 Measurement of Protein levels 
Protein levels were measured via Western blot densitometry (LAS-3000, Fujifilm, Tokyo Japan) 

and normalized to the amount of protein loaded in the gel, determined by densitometric quantification on 

the Ponceau S (Sigma) stained blot (0.1% (w/v) Ponceau S in 5% acetic acid) in the same region.  

2.3.1 Extraction and quantification of protein 
Liver tissue was weighed and cut with surgical scissors, then placed in 67 mM phosphate buffered 

saline (PBS) containing 1.15% KCl with a pH of 7.4.  A stainless steel bead (Qiagen) was added to ~0.5 g 

of tissue and lysis was performed in the TissueLyser II (Qiagen) at 30 Hz for 2x4 min, with 5 min on ice in 

between rounds in the TissueLyser II.  Trays from the TissueLyser II were kept at -20 ºC for 20 min prior 

to lysis.  The homogenized tissue was transferred to an ultracentrifuge tube (Beckman Coulter, Brea, CA, 

US) and centrifuged at 10 000 g for 20 min at 4 ºC in a Sorvall-Discovery 100S (ThermoFisher Scientific, 

Waltham, US).  The supernatant from the initial centrifugation was collected and centrifuged at 100 000 g 

for 60 min at 4 ºC.  The supernatant was collected as the cytosolic fraction, the pellet was rinsed and 

resuspended in 67 mM PBS and collected as the microsomal fraction.  Cytosolic and microsomal fractions 

were snap-frozen in liquid nitrogen and stored at -80˚C.   

Proteins were quantified by BCA (Bicinchoninic acid) quantification kit (ThermoFisher Scientific).  

Working solution was prepared by adding 1 part Reagent A to 50 parts Reagent B.  Bovine serum 

albumin (BSA), (ICP Biologicals, Auckland, NZ) was used a standard.  The assay was carried out in a 96- 

well plate in duplicate.  BCA working solution (200 μL) was added to 200 μL of protein dilution.  The plate 

was incubated for 30 min at 37 °C.  Absorbance measurements at 562 nm were taken in a SpectraMax 

340 Plate Reader (Molecular Devices, Sunnyvale, CA, US).  Cytosolic and microsomal fractions were 

quantified using this method.  BSA standards ranged in concentration from 0 to 2000 µg/mL were used to 

form a standard curve.  Protein extracts were diluted 1 in 100 with PBS to fit the 0-2000 µg/mL standard 

curve range.  Working reagent was prepared by mixing reagent A (sodium carbonate, BCA, sodium 

tartrate, 1 M sodium hydroxide) and reagent B (4% cupric sulphate) at ratio of 50 parts reagent A to 1 part 

reagent B.  The assay was carried out in duplicate for each sample and standard at a volume of 225 µL.  

The reaction mixture contained 25 µL of sample or standard and 200 µL of working reagent.  The 
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reactions were mixed and then incubated for 30 min at 37 ºC.  The absorbance was read at 562 nm using 

a micro-titre plate reader (SpectraMax 340).  Sample concentrations were calculated based on the 

standard curve.  Three pools containing protein extract from 4 different samples each were prepared with 

equal contribution of protein from each sample.  Protein pools were diluted to 10 mg/mL in 33 mM PBS. 

Sample preparation for samples with protease inhibitor shown in figures in Appendix D included 

the addition of protease inhibitor to the homogenization mixture.  One Roche complete mini tablet (Roche, 

Basle, CH) was added to 10 mL of 67 mM PBS used as the homogenization buffer for samples prepared 

with protease inhibitors.   

2.3.2 LDS-PAGE and Gel transfer 
Samples were prepared with NuPAGE LDS sample buffer (Life Technologies).  Protein extract (15 

µg) was mixed with buffer, denatured at 70 ºC for 10 min under non-reducing conditions, and loaded on a 

NuPAGE 4-12% gradient bis-Tris-HCl gel. Precision Plus Protein standards (Bio-Rad, Berkeley, CA, US) 

(8 µl/well) was loaded in at least one lane per gel.  This ladder was prepared by the manufacturer with 50 

mM DTT in the mixture.  Gels were run in NuPAGE MES buffer (Life Technologies) for 3-4 h at 40 mA 

using an XCell SureLock™ Mini-Cell Electrophoresis System (Life Technologies).  Gels were transferred 

using an iblot gel transfer device and gel stack (Life Technologies) for 7 min at 20 V.  The membrane was 

stained with Ponceau S (Sigma) (0.1% (w/v) Ponceau S in 5% acetic acid) which was later used as a 

measure of protein loaded.  Membrane was blocked in 5% (v/v) milk (non-fat, skim milk powder, Fonterra, 

Hamilton, NZ) overnight at 4 ºC or for 4 h at room temperature (RT).   For samples run as part of figures 

in Appendix D reduced samples were prepared with the addition of 100 mM dithiothreitol (DTT) prior to 

heating at 70 ºC for 10 min.   

2.3.3 Western Blotting 
Antibodies used in Western blot experiments are listed in Table 2.3. Western blot conditions were 

specific to each antibody are outlined in Table 2.4. The membrane was blocked in 5% (v/v) milk overnight 

at 4 °C or for 4 h at RT. Primary antibody incubation was either overnight at 4 °C or for 1-4 h at RT. 

Secondary antibody incubation was either overnight at 4 °C or for 1-4 h at RT. Specific incubation 

conditions and antibody concentrations are described in Table 2.2. Membranes were developed using an 

enhanced chemiluminescence (ECL) kit (GE Healthcare, Buckinghamshire, UK) captured using a LAS-

4000 (GE Healthcare) and quantified using Fuji multigauge quantification v2.2.  OD values were 

measured for bands found to be specific to the primary antibody.  OD values were obtained and 

normalized to entire lane of the Ponceau stain to account for protein loading. Three sets of pooled protein 
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results were obtained for each treatment group and relative ODs were normalized to the levels in Sham 

for the first protein pool.   

2.3.4 Western Blot Image Processing 
Captured images were quantified using Fuji multigauge quantification v2.2.  Both a bright field and 

a chemiluminescent image were captured and the Precision Plus Protein standard lane from the bright 

field imager was cut and pasted into its original place on the chemiluminescent image using Adobe 

Photoshop CS6 v13.0.   Secondary control lanes which were cut from the rest of the blot prior to 

incubation with primary antibody were placed adjacent the main portion of the blot at the time of image 

capture.  The placement of the cut out lane and the rest of the blot is shown in Figure 2.2 and all bright 

field images are shown in Appendix C.   Where red dots are shown in Figures this indicates that the band 

along this size has been quantified as shown in below (Figure 2.1). 

  Figure 2.1 Indication of immunogenic band quantification. Where an immunogenic 
band was quantified this is signified on the blot with a red dot adjacent that row of 
bands. 
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Figure 2.2 Western Blot Image Processing example.  Standard protein lane from bright field image (A 
right) was cut and pasted in chemiluminescent image (A left).  B shows outline of cut.  The image was 
subsequently cropped to show the area of interest. (C)  
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Table 2.4 Western blot antibodies 

 

Detected sizes are based on references, or a publication of the manufacturers as indicated in 

brackets:  n/a indicates that the antibody has not previously been used for Western blots in a published 

paper, and that a sample blot is not shown on the manufacturer’s website.  

  

Antibody 
Name Company Catalogue 

number Host 
 

Immunizing 
peptide 

Predicted 
Size (kDa) 

Detected 
Size (kDa) 

SSAT1 Abcam ab54047 rabbit 
amino acids 
100-171  of 

human SAT1 
20 27 (Abcam) 

SSAT2 
Santa Cruz 

Biotechnology, 
Inc. 

sc-165591 goat 
COOH-terminus 

of human 
SSAT2 

19 n/a 

DHPS 
Santa Cruz 

Biotechnology, 
Inc. 

sc-67161 rabbit 
amino acids 70-
369 of human 

DHPS 
40 

42 kDa, 55 
kDa 

(SantaCruz) 

ODC Abcam ab3141 mouse 
amino acids 

345-360 human 
ODC1 

53 53 [116] 

Oaz1 Aliva Systems 
Biology OAAB04526 rabbit NH2-terminus of 

human AZ1 26 15, 28, 40 
(Aliva) 

Az2 Aliva Systems 
Biology ARP56372_P050 rabbit middle region of 

human OAZ2 21 22, 35 
(Aliva) 

ADC Aliva Systems 
Biology ARP52476_P050 rabbit middle region of 

human ADC 50 50 
(Aliva) 
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Table 2.5 Western blot incubation conditions for each antibody 

Antibody 
Name 

Concentration 
of primary 
antibody 
(µg/mL) 

Secondary 
antibody 

Concentration 
of secondary 

Antibody 
(ng/mL) 

Incubation conditions 

SSAT 0.2 goat anti- 
rabbit 20 blocking 4 h in 5% milk @ RT, 1° 

overnight @ 4 ⁰C, 2° 3 h @ RT 

SSAT2 0.1 donkey anti- 
goat 10 blocking 4 h in 5% milk @ RT, 1° 

overnight @ 4 ⁰C, 2° 1 h @ RT 

Dhps 0.2 goat anti- 
rabbit 20 blocking 4 h in 5% milk @ RT, 1° 1 h 

@ RT, 2° 1 h @ RT 

ODC 0.1 rabbit anti- 
mouse 10 blocking 4 h in 5% milk @ RT, 1° 

overnight @ 4 ⁰C, 2° overnight @ 4 ⁰C 

Oaz1 0.2 goat anti- 
rabbit 10 blocking 4 h in 5% milk @ RT, 1° 

overnight @ 4⁰C, 2° 1 h @ RT 

Az2 0.1 goat anti- 
rabbit 10 blocking 4 h in 5% milk @ RT, 1° 

overnight @ 4⁰C, 2° 1 h @ RT 

Azin2 0.1 goat anti- 
rabbit 10 blocking 4 h in 5% milk @ RT, 1° 

overnight @ 4 ⁰C, 2° 1 h @ RT 

Abcam (Cambridge, UK); Santa Cruz Biotechnology (Dallas, TX US); Aliva Systems Biology (San Diego, 

CA, US) 
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2.4 In Vitro Acetylation Assay  
2.4.1 Solutions and TETA and Polyamine Standards 

All general reagents were of analytical grade or better unless otherwise specified. Spermidine, 

spermine, acetyl-CoA, N8-acetylspermidine dihydrochloride, N1-acetylspermine dihydrochloride, 

heptafluorobutyric acid (HFBA) and TETA were obtained from Sigma Aldrich. N1 acetylated TETA (MAT) 

and N1, N8-diacetyl-TETA (DAT) were synthesized by Carbogen AMCIS (Hunzenschwil, Switzerland) and 

were of > 98% protein purity as reported by the manufacturer on the basis of HPLC-MS. The internal 

standard used for LC-MS analysis, N1, N12-diethylspermine or DES, was obtained from Tocris (Bristol, 

UK). 

2.4.2 Tissue Homogenization and Cell Fractionation 
Tissue homogenization, cell fractionation and BCA protein quantification was carried out as 

described in Section 2.3. 

2.4.3 Sample Preparation 
Protein extract (0.5 mg/mL) was mixed with substrate (either spermidine or TETA) and acetyl-CoA 

(1.67 mM) was added to start the reactions.  Substrate ranges were between 0 and 1600 mM for the 

determination of Km and Vmax values while for the time-course assay all substrates were 800 mM.  

Reaction volume was 280 µL and was topped up with 33 mM PBS. Reaction mixtures were incubated at 

37 ºC with agitation at 300 rpm.  Studies in which Km and Vmax were measured proceeded for 30 min while 

the time course assay was carried out for a range of times between 2 min and 1 hour. 

At the end of the assay, the reactions were stopped with the addition of 100 µL of HFBA to each 

tube.  At this point, 20 µL of 1 mM DES was added to be used as an internal standard.  The stopped 

reaction mixture was centrifuged at 14 000 rpm/21 000 g (Eppendorf Centrifuge 5417R; Eppendorf, 

Hamburg, DE) for 40 min to precipitate any insoluble protein or salts.  The supernatant was transferred to 

a snap vial containing 350 µL flat bottom insert (Grace Davison, Deerfield, IL, US) and stored at -20 ºC for 

1 hour.   

2.4.4 Preparation of Standard Curve 
To obtain concentrations from signal intensities, standard samples of MAT or N8-acetyl spermidine 

were prepared to be analysed alongside samples via LC-MS. Concentrations ranging from 0.125 to 32 

µM were prepared, as well as a blank containing only distilled water. Six concentrations were prepared by 

serial dilution with each being diluted by half. Each standard contained 280 µL of standard, 100 µL of 

HFBA, and 20 µL of 1mM DES (final concentrations). 
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2.4.5 LC-MS run conditions and Chromeleon Quantification 
Samples and standards were transported on ice to the Agilent quadrupole liquid 

chromatography/mass spectrometer (Agilent 6150, Santa Clara, CA, US). The sampling tray was kept at 

4 ºC and standards were injected starting with lowest concentrations and proceeding to the highest. The 

sample was injected in the system where it mixed with the mobile phase (15% acetonitrile, 85% water, 

0.1% HFBA (v/v/v)); the solution then passed into a 150 x 4.6 mm chambered cyano-column with 5 µm 

pores (Phenomenex, Torrance, CA, US). The separation was run isocratically at a flow rate ranging from 

0.45 - 1 mL/min for 8 min. Higher flow rates were required as the column aged. After separation, the 

molecules eluting from the column underwent electrospray ionization to remove water and uncharged 

ions, with drying flow gas rate at 12 L/min and nebulizer pressure at 40 Psig. A 70 V fragmentor was 

applied to the ionized particles and they were sucked into the single quadrupole compartment which was 

set to analyse particles with molecular weights corresponding to the substrate (TETA or spermidine), the 

product (MAT or N-acetyl-spermidine) and the internal standard DES. After running each set of standards 

or samples a wash cycle consisting of 95% acetonitrile, 5% water, 0.1% HFBA (V/V/V) was flushed 

through the set up at a rate of 0.5 mL/min for 30 min. Data were collected and peaks were quantified 

using Chromeleon v6.8 (ThermoFisher Scientific, Waltham, US). Signals were for TETA (single ion 

monitoring +1, 146.147), MAT (single ion monitoring 189.190) and DES (single ion +1, monitoring 

258.259). The area under the curve for each metabolite was normalized to that of the internal standard 

and a standard curve was generated from MAT standards. Prism (Graphpad Technologies, GraphPad 

Software version 4.00 for Windows, Graphpad software, San Diego, CA, US) was used to fit the data to 

Michaelis-Menton model kinetics according to Y = Vmax*X/(Km + X). Where Y values are the micromoles 

of MAT produced, Vmax is the maximum velocity, X is the TETA concentration and Km is the binding 

constant.    

2.5 Measurement of polyamine levels and metabolomics assays 
2.5.1 Tissue Homogenization for MS metabolomic analysis 

Liver tissue of ~1.0 g was weighed and placed in a 2-mL micro-tube with 33 mM, pH 7.3 PBS (final 

pH).  A stainless steel bead was added and lysis was performed in the TissueLyser II (Qiagen) at 30 Hz 

for 2 x 4 min, with 5 min on ice in between rounds in the TissueLyser. Trays from the TissueLyser II were 

kept at -20 ºC for 20 min prior to lysis. 20 µL of 1-mM DES was added as an internal standard to quantify 

polyamines against. The homogenate solution was centrifuged at 14 000 rpm/21 000 g (Eppendorf 

Centrifuge 5417R) for 20 min and supernatant filtered twice through syringe filters (0.2 µm) before solid 

phase extraction.   
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2.5.2 Solid Phase Extraction 
HPLC-grade acetonitrile and methanol were used and all chemicals for solid phase extraction 

(SPE) were of analytical grade (Merck, Darmstadt DE).  Waters Oasis HLB (Walters, Milford, MA, US) 

were used to extract, and columns were used according to manufacturer’s instructions except where 

modifications have been noted. Cartridges were conditioned with 2 mL of 100% methanol followed by 2 

mL of water, after which 2 mL of filtered sample was loaded.  HLB cartridges were washed with 1 mL 5% 

methanol in water followed by elution with 1 mL of 100% methanol. For trials where TETA reaction 

samples were extracted, elution was performed with a solution of 50% acetonitrile and 1% formic acid. A 

volume of 0.5 mL was used for elution in order to increase the concentration of eluent.   

Solid phase extraction was performed with HLB cartridges conditioned with 2 mL of methanol, 

followed by 2 mL of milliQ water (Millipore; 18 MΩ.cm-1). Samples (2 mL) were then applied to the column 

at a rate of 1 mL/min. The column was then washed with 2 mL 10% (v/v) aqueous methanol and eluted in 

0.5 mL 100% methanol according to manufacturer’s instructions. This method was found not to be 

suitable for eluting polyamines, so several elution methods were trialed: 

2.5.3 Reaction set up for TETA metabolite analysis 
For the TETA metabolite studies, sham liver extract was incubated with TETA, MAT, or DAT.  

Reactions were set up with concentrations of 4 mM, 16 mM, and 32 mM for each substrate with 0.5 mM 

acetyl-CoA.  TETA was added to the 1 mL reaction which had a final concentration of 1 mg/mL of 

microsomal or cytosolic protein extract, prepared as described in Section 2.4.2. Acetyl-CoA was added to 

a final concentration 25 µM.  Reactions were incubated at 37 ºC for 20 min.  They were stopped with 160 

µL of a solution of 0.1% (v/v) formic acid and the internal standard N1, N12-diethylspermine was added to 

a concentration of 25 µM; solutions were then centrifuged for 20 min at 16 000 g.  The resulting 

supernatant was used for solid phase extraction and subsequent LC-MS-MS-MS analysis.  

For the oxidation assay liver cell extract was prepared as described in 2.4.2.  Reaction mixtures 

were set up as follows: 500 μM aminoantipyrine (ThermoFisher); 1mM 2,4-dichlorophenol (Sigma), 4 

U/mL Horse Radish Peroxidase (HRP) (Sigma-Aldrich), 0.5 mM  acetyl-CoA (Sigma) and 8 and 16 mM 

substrate for each substrate tested, carried out  in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer pH 7.4.  Reactions were carried out for 30 minutes at 37 oC.  Substrates tested were 

TETA, MAT and DAT (all supplied by Carbogen-AMCIS) and spermidine, spermine and N8-

acetylspermidine supplied by Sigma Aldrich.   
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2.5.4 Fourier Transform-MS 
Metabolomic MS runs were carried out by infusion injection into a Finnigan LTQ Fourier 

Transform-MS (Thermo Scientific). The infusion was injected into the chamber where it is ionized by 

electrospray ionization, transferred to the magnetic field via a quadrupole ion guide and then to the Ion 

Cyclotron Resonance (ICR) apparatus. After the ions are trapped in the ICR cell, they are excited by a 

resonant excitation pulse into a coherent orbit. The excitation amplifier is then turned off and the ions 

continue to orbit at their final radius. Ions moving near electrodes cause an image charge to form on these 

electrodes to balance the electric field from the ion. This image charge oscillates at the resonant 

frequency of the ion and is detected by a preamplifier circuit, digitized, and stored in computer memory. 

The software used to analyse the MS data was Xcalibur 2.0 (Thermo Finnigan).  

2.5.5 ToxID ® Analysis and Database development 
A database was developed by the candidate using ToxID (Thermo Scientific) and the online 

KEGG database of molecules and pathways available online: http://www.genome.jp/kegg/compound/. 

Using the KEGG id and molecular formula, ToxID was able to identify any KEGG metabolite in samples 

run on the MS.  The ToxID database configuration file is available online at the following address created 

by the candidate:  

https://docs.google.com/spreadsheet/pub?key=0AlFOhmxP3YHFdDF5SUhLQ2s4bTByRG53WUQzU255

TGc&single=true&gid=0&output=html, or can be supplied by request as a CSV file. This file contains all 

KEGG metabolites as well as MAT, DAT, DES, and suberyl-glycine which were not in the KEGG 

database.  The first 6 characters in the compound name are the KEGG id number, and the remaining 

characters are the KEGG compound name.  ToxID output the intensity of metabolites with 3 different 

adducts – H+, NH4
+, and Na+ as recommended by Professor David Greenwood.  The sum of the 

intensities from these adducts was calculated in excel and files containing the KEGG id number and the 

total intensity were used for subsequent PAPi analysis.   

2.5.6 PAPi Analysis 
PAPi is an algorithm developed to compare metabolic pathway activities from metabolite profiles 

developed, validated [160] and was kindly provided by Raphael Aggio.  The algorithm used the KEGG ID 

numbers and peak intensities to identify KEGG pathways which differed between groups. PAPi gives an 

Activity Score based on the number of metabolites and peak intensities of each metabolite. A higher 

Activity Score indicates that a number of metabolites in a particular pathway display low quantities of each 

metabolite, and is generally considered to be consistent with increased metabolic flux in that pathway.  

http://www.genome.jp/kegg/compound/
https://docs.google.com/spreadsheet/pub?key=0AlFOhmxP3YHFdDF5SUhLQ2s4bTByRG53WUQzU255TGc&single=true&gid=0&output=html
https://docs.google.com/spreadsheet/pub?key=0AlFOhmxP3YHFdDF5SUhLQ2s4bTByRG53WUQzU255TGc&single=true&gid=0&output=html
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2.5.7 GC-MS 
Spermidine, acetyl spermidine, N1, N12-diethylspermine, TETA and MAT were derivatized (see 

below) at final concentrations of 1 mM and 100 mM, to determine whether polyamines and TETA could be 

quantified by using GC-MS (Shimadzu GCMS-QP2010). Each sample was derivatized using two 

methods: TMS (trimethyl-silyl; Sigma-Aldrich) and MCF (menthylchloroformate, Sigma-Aldrich).  TMS 

derivatization involved drying the samples in a Savant Speed Vac Plus SC110A (Thermo Scientific).  The 

dried samples were resuspended in 80 μl of methoxyamine hydrochloride solution (Sigma-Aldrich) in 

pyridine (2 g/100 mL) and incubated in a domestic microwave oven for 2.8 min with multimode irradiation 

set to 400 W and 30% of exit power. N-Methyl-N-(trimethylsilyl)-trifluoroacetamide (MSTFA) (Sigma-

Aldrich) (80 μl) was then added to each sample, followed by 3.0-min incubation in a microwave oven 

under conditions identical to those described above. The final incubated mixture was transferred to a GC–

MS vial that was tightly capped and analysed.   

The MCF derivatization involved re-suspension of the dried standards in 200 μL of sodium 

hydroxide solution (1% (w/v)). This was then mixed with 167 μL of methanol and 34 μL of pyridine. This 

mixture was transferred quantitatively to a silanized glass tube. The reaction was started by adding 20 μL 

of MCF and the mixture was then shaken for 30 s using a vortex. Another 20-μL portion of MCF was 

added again followed by shaking for 30 s. To separate the MCF derivatives from the reactive mixture, 

400 μl of chloroform was added and shaken for 10 s followed by the addition of 400 μL of sodium 

bicarbonate solution (50 mM) and shaking for an additional 10 s. The upper aqueous layer was discarded 

and the chloroform phase was dried by adding a small portion of anhydrous sodium sulfate. The dry 

organic solution was transferred to a silanized GC vial which was tightly capped and then analysed [161].   

GC–MS analysis was performed with a Shimadzu GCMS-QP2010 system equipped with a 

quadrupole mass selective detector on electron impact (EI) mode operated at 70 eV. The column was a 

ZB1701 (Zebron, 30 m × 250 μm i.d. × 0.15 μm film thickness; Phenomenex, Torrance, CA, USA). The 

MS was operated in scan mode (start after 4.5 min, mass range 40–650 amu at 0.15 s/scan).  The height 

of the GC peaks of the TMS derivatives were used to quantify the concentrations of the standard solutions 

based on MS spectra saved in an in-house MS library. [162]. 

2.6 Figures, Structures and Protein Rendering  
Figures in the introduction of this thesis were made by the candidate using ChemBioDrawUltra 

12.0 and Microsoft Powerpoint. Data figures were created using Prism (GraphPad Software version 4.00 

for Windows, Graphpad software, San Diego, CA, US) and Microsoft excel. Protein rendering images 
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were created using Protein Picture Generator (PPG) v1.21 found at http://bioserv.rpbs.jussieu.fr/cgi-

bin/PPG. and described in [163].   

2.7 Statitistical analysis 
For the experiments analysed in this thesis, unpaired Student’s t-tests were used and all 

hypotheses were two-tailed. The underlying design followed was that of a case-control study.  The 

primary contrast in these studies is between two groups: the untreated diabetic animals and the TETA-

treated diabetic animals. This comparison is undertaken in order to determine the effect of treatment on 

the disease state. The second pre-planned comparison was that between the untreated controls and the 

diabetic animals: this comparison, also between two groups, is undertaken for two reasons: (i), to 

ascertain the effect of diabetes on the variables of interest; and (ii), to verify that the model has worked – 

that is, that diabetes has impacted the variables of interest. Significant values are marked by a * and 

represent an unpaired Student’s t-test p-value of less than 0.05. 

http://bioserv.rpbs.jussieu.fr/cgi-bin/PPG
http://bioserv.rpbs.jussieu.fr/cgi-bin/PPG
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Chapter 3 Effects of STZ-Induced Diabetes and 
TETA Treatment on Enzymes Involved in 

Polyamine Catabolism 
3.1 Introduction 

Previous studies have linked altered polyamine catabolism with diabetes [121]. TETA, a polyamine 

analogue which alleviates many secondary complications associated with diabetes [144], is acetylated by 

SSAT, the rate limiting enzyme in polyamine catabolism [9]. The aim of this chapter is to investigate the 

regulation of polyamine catabolic enzymes in diabetes. Additionally, as several enzymes in this pathway 

have low substrate specificity and might be influenced by TETA or TETA metabolites, the effect of TETA 

treatment on polyamine-catabolizing enzymes is also investigated. 

The polyamine catabolic pathway is described in Section 1.1.2 and involves both the back-

conversion of the spermine and spermidine to putrescine and the terminal degradation of polyamines. 

SSAT1 is the key enzyme in this process [10] and also catalyzes the acetylation of TETA [9]. SMO and 

PAO are oxidizing enzymes in the back-conversion of polyamines and both have been linked to diabetes 

and diabetes-related pathologies through the production of hydrogen peroxide and aldehyde products 

[109]. The terminal degradation of polyamines by diamine oxidases also produces free radicals and 

aldehydes, and elevated SSAO activity has been linked to the diabetic complications [164]. SSAT2 has 

recently been shown also to have acetylation activity towards TETA [9] and although it is not directly 

involved in polyamine metabolism, it is a transcriptional co-activator for NF-κB elicited via TNFα [64]. 

SSAT1 regulation involves several regulatory steps which were investigated in this thesis.  At the 

transcription level, PMF-1 is thought to act as transcription partner of NFE2L2 which is involved in 

regulation of polyamine-induced transcription of SSAT1 [10].  Little is known about this protein or how it 

may be changed in diabetes or influenced by TETA. At the transcript processing level, the inclusion of a 

100-bp exon containing multiple premature stop codons between exons 3 and 4, has been demonstrated 

under conditions of hypoxia, and in response to X-rays and viruses [60], while added polyamines or 

analogues inhibit the exon inclusion [10]. At the protein level SSAT1 is stabilized by the presence of 

spermine and spermidine as well as polyamine analogues, and is quickly degraded when substrates or 

analogues are not present. In this work, SSAT mRNA, enzyme activity and alternative splicing are 

investigated in order to obtain an overall idea of how the various regulatory steps are functioning in 

diabetes pathology and how they respond to the treatment of TETA.  
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This chapter also investigates the synthesis of the unique amino acid hypusine, which is of interest 

in polyamine metabolism and diabetes. The only known function for hypusine is its incorporation into 

transcription factor eIF5A. This molecule has been linked to diabetes pathology through its effect on 

eNOS related genes and ER stress-mediated apoptosis [100]. Levels of hypusine-containing eIF5A and 

DHPS are higher in diabetic islet cells [69] but have not been investigated in other tissues. SSAT1 can 

acetylate and deactivate eIF5A [165], further linking polyamine catabolism to the activity of eIF5A.   

Polyamine catabolism has been associated with both positive and negative effects on diabetes 

pathology [121]. Spermine and spermidine are involved in the transcription and secretion of insulin [119], 

have been identified for their protective effects against AGE formation [104] and stimulation of autophagy 

[126], while hydrogen peroxide produced by polyamine oxidizing enzymes stimulates AGE formation [166] 

and apoptosis [79]. Studies of several transgenic mouse lines have led to further insight into the 

involvement of polyamines in diabetes, with SSAT1-knockout mice showing a phenotype described as 

diabetic [137], and rats overexpressing SSAT1 showing improved glucose homeostasis and protection 

from high fat diet-induced obesity [167]. Additionally, spermidine is used to form hypusine and activate 

eIF5A [155]. Up-regulation of hypusinated-eIF5A is linked to beta-cell inflammation, apoptosis and causes 

an increase in iNOS transcription [69].   

Despite the many links between polyamine catabolism and diabetes, a thorough investigation of 

the enzymes involved and potential changes in diabetes has yet to be done. The enzymes examined in 

this chapter include the acetylating enzymes: SSAT1 and SSAT2; the oxidizing enzymes; Smo, Pao, 

Dolx-1, and Ssao; the hypusine-incorporation enzymes, Dhps, Dohh; the hypusine-containing eIF5A; and 

the SSAT regulatory molecule Pmf-1.  

In this chapter, mRNA levels of polyamine catabolic enzymes in liver, kidney and heart are 

investigated with respect to STZ-induced diabetes and the treatment of TETA. The liver plays a central 

role in both glucose regulation and lipoprotein metabolism [168] making it an important organ to 

investigate with respect to diabetes. It is also the major site of nitrogen metabolism, which makes it a key 

organ for polyamine metabolism and related methionine metabolism [169]. Kidney and heart are sites of 

diabetic pathology and also sites where TETA has been shown to have a beneficial effect [144], which 

makes polyamine metabolism of interest in these organs.   
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3.2 Results  
In this section the results of experiments measuring mRNA levels, acetylation activity and 

transcript processing are shown. Messenger RNA levels of enzymes involved in polyamine back-

conversion, terminal degradation of polyamines, and production of hypusine are measured as are levels 

of Dhps protein and SSAT transcript processing. 

3.2.1 Validation of qPCR experiments  
Measurement of mRNA by quantitative RT-PCR consists of two parts: synthesis of cDNA from 

RNA via reverse transcription, and amplification of selected cDNA sequences by polymerase chain 

reaction (PCR) [157]. Because there are several complications involved in quantification of mRNA by RT-

qPCR, namely the variation in amplification efficiencies among sample wells and the non-linear kinetics of 

PCR product formation after a number of cycles of replication [157], a set of guidelines has been 

developed to ensure consistent and reliable results are reported [158]. In the design of qPCR 

experiments, the selection of stable normalizers, an accurate assessment of the number of biological 

samples needed to draw significant results, and an experimental layout which allows for the accurate 

comparison of transcript levels between samples, is required [170]. Several features of experimental 

design are important to obtaining useful data in qPCR studies. These include integrity and purity of 

mRNA, selection of normalizers, efficiency, and specificity of primers, and experimental flow. Several 

steps within the RT-qPCR set up have variability within them. This section outlines steps taken to 

minimize this variability and shows data demonstrating a successful design for qPCR experiments. 

RNA was extracted from liver, frozen at -80 °C after harvesting from 16 week male Wistar rats 

from four treatment groups sham, sham-TETA treated, STZ-induced diabetic (Dia), and STZ-induced 

diabetic treated with TETA (Dia-TETA). RNA integrity was determined by running samples on a 1% 

RNAase-free agarose gel containing 0.1% (v/v) SYBR Safe dye (Invitrogen). The presence of two distinct 

bands representing 28S and 18S ribosomal RNA indicates good RNA integrity, whereas samples without 

these bands or with unclear bands were discarded and were not included in these studies. An example of 

an RNA gel showing good RNA integrity is shown in Figure 3.1. RNA purity was assessed using a 

NanoDrop ND-1000 spectrophotometer. A ratio of absorbance at 260 nm over 280 nm between 1.9 and 

2.1 was considered pure and used for cDNA synthesis.  Most of the RNA samples showed adequate 

integrity, of the extractions prepared 11 of 134 were excluded from further analysis.  
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Figure 3.1 A representative gel showing good RNA integrity. Samples loaded in 1% agarose with 
0.1% (v/v) SYBR Safe dye were electrophoresed in DEPC-pretreated TBE at 100 V for 20 minutes, 
visualized using Gel Doc 2000™ Gel Documentation System. RNA shown is from rat kidney showing 
bands corresponding to the 28 S ribosomal RNA and the 18 S ribosomal RNA 

Primers were designed to quantify cDNA of genes involved in polyamine catabolism. The 

specificity of each primer pair was also validated by performing a dissociation curve using the Lightcycler 

480 (Roche) as shown in Figure 3.2. SYBR green selectively binds to double stranded DNA. During the 

melting phase of the dissociation test, the temperature increases and results in the dissociation of double-

stranded DNA and a subsequent decrease in SYBR green binding and fluorescence intensity. Changes in 

florescence intensity with temperature will be specific for a given DNA product and a single peak indicates 

all the double-strand DNA in the sample are of the same size and the PCR product is of high specificity  

for the target genes. 

All optimal primer pairs yielded a single peak without the presence of any secondary peaks which 

are characteristic of a second product or primer dimer.  
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Figure 3.2 A representative dissociation curve for Sat1 qPCR reactions. Curve was generated by 
Lightcycler 480 software showing a single peak for primer pair Sat1 with pooled rat liver template.  A 
single peak indicates that all double-stranded qPCR product is of the same size and that the primer pair is 
specific for amplification of the Sat1 gene.   

PCR efficiency was also measured for each primer pair.  Theoretically with each cycle of heating 

and cooling the amount of DNA will double. Certain primer properties or molecules present in the qPCR 

reaction may inhibit DNA amplification, making the efficiency lower than two. Alternatively, qPCR 

efficiencies of greater than 2 are thought to result from a non-linear reaction caused by too much target. 

For this reason, qPCR efficiency was determined for each primer pair in each tissue.  The results of this 

analysis are shown in Table 3.1. qPCR efficiency was also used to convert crossing point (Cp) values 

obtained from qPCR and calculate levels of relative gene expressions in this study. 

Table 3.1 qPCR efficiency for primer pairs for genes of polyamine catabolism and back-conversion 
 Sat1 Sat2 Smox Paox Pmf-1 Dhps Dohh Ssao Doxl1 

Efficiency in liver 1.814 1.831 2.103 2.023 1.731 1.942 1.916 1.932 2.112 

Efficiency in kidney 2.023 1.953 1.971 2.012 1.803 1.980 2.070 2.018 1.790 

Efficiency in heart 1.725 1.713 1.918 2.143 1.970 1.915 1.970 1.985 1.845 
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Quantification via qPCR is based on the Cp-value, which is the number of cycles it takes a 

reaction to reach a set threshold of fluorescence.  The number of molecules of cDNA in the initial sample 

(No) are determined by the equation No = ECp / N, where N is the number of molecules at a certain cycle, E 

is the amplification efficiency and Cp is the crossing point. 

According to the MIQE guidelines, a good normalizer gene should minimize the technical variation 

associated with the experiment, and ideally at least three genes should be chosen.  Although many 

studies are still published with only one reference gene, it is generally accepted that at least three are 

needed to draw accurate conclusions from a study [170]. Cp-values were normalized to levels of 

transcript from three reference genes which were found in previous research to be stable across the four 

treatment groups using GeNorm (Primer Design Ltd, UK) software.  (personal communication from Garth 

J S Cooper, primary supervisor). The qPCR efficiency for these reference gene primer pairs was 

measured for each set of cDNA and is listed in table 3.2. 

Table 3.2 qPCR efficiency for primer pairs of reference genes used for normalization 
 Ndc1 Rpl13a Tbp U2af Ppia Ywhaz 

Efficiency in liver n/a n/a 2.004 n/a 1.920 1.853 

Efficiency in kidney n/a n/a 1.982 1.767 2.099 n/a 

Efficiency in heart 2.048 1.865 1.962 n/a n/a n/a 

Abbreviation: n/a, not applicable; 3 stable normalizers were chosen per tissue 

As there was variability between runs and between reactions, it was necessary to use a method 

referred to as the ‘sample maximization method’ [170]. In order to compare the expression level of a given 

gene between samples, as many samples as possible were analysed in each run. All 40 sample reactions 

for each single gene were contained on the same plate in a single run and reactions were performed in 

triplicate.  
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3.2.2 Polyamine acetylation enzymes in STZ-induced diabetic rats and the effect of TETA 
treatment 

In this section, the measurement of transcript, protein and activity levels of enzymes involved in 

the catalysis of spermine, spermidine and TETA acetylation are shown.  

3.2.2.1 Transcript level regulation  

Transcript levels were measured and normalized as described in Section 3.2.1. qPCR reactions 

were performed in triplicate and Cp-values were used to calculate the relative mRNA levels for the target 

genes. Total RNA from whole liver, kidney cortex, and cardiac left ventricle were isolated from 16-week 

male Wistar rats and reverse-transcribed into cDNA to determine the mRNA levels of Sat1, Sat2, and 

Pmf1. mRNA levels were normalized to the geometric mean of three reference genes and are reported as 

a relative mRNA levels. Liver mRNA levels were normalized to Tbp, Ppia and Ywhaz; kidney mRNA 

levels were normalized to Tbp, Ppia, and U2af; and in heart mRNA levels were normalized to Tbp, 

Rpl13a, and Ndc. 

To identify statistically significant changes in mRNA levels as a result of STZ-induced diabetes 

and TETA treatment, analysis by Student’s t-test was used; p-values are shown in Table 3.3. With 

diabetes treatment, significant differences were seen for Sat1, Sat2, and Pmf1 in liver, Sat2 in kidney, 

with no significant changes shown between diabetic and sham control in the heart. In sham-treated rats, 

significant changes were seen with TETA treatment for Pmf1 in liver, for Sat1 and Sat2 in kidney. In 

diabetic rats, significant changes were seen with TETA treatment for heart Sat1. Results are shown in 

Figures 3.3 and 3.4. Each data point represents a relative mRNA level from one rat. Significant values are 

marked by a * and represent an unpaired Student’s t-test p-value of less than 0.05. 

Table 3.3 Calculated p-values for unpaired Student’s t-tests: Sat1, Sat2, Pmf1 in liver, kidney and 
heart 

    
liver   kidney   heart   

  Sat1 Sat2 Pmf1 Sat1 Sat2 Pmf1 Sat1 Sat2 Pmf1 

Sham vs Dia 0.02 0.01 0.04 0.14 0.01 0.18 0.17 0.76 0.57 

Sham vs Sham-
TETA 0.17 0.08 0.03 0.003 0.002 0.07 0.49 0.07 0.26 

Dia vs Dia-TETA 0.81 0.34 0.81 0.19 0.49 0.40 0.02 0.71 0.25 

Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease, while red indicates 
an increase. 
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Figure 3.3 Comparison of mRNA expression of polyamine acetylating enzymes in 
liver (A), kidney (B), and heart (C) of 16 week male Wistar rats from 4 treatment groups: 
Sham, Sham-TETA, Dia, or Dia-TETA treated.  TETA was administered for 8 weeks after 
8 weeks streptozotocin induction of diabetes, or 8 weeks of sham treatment.  Each data 
point represents the relative mRNA level from a single rat obtained from an average of 
triplicate real-time qPCR reactions, normalized to the geometric mean of 3 tissue-specific 
reference genes described in section 3.2.1.  The y-axis shows arbitrary units, bars show 
the mean and S.E.M.  Significant differences are marked with a (*) and indicate an 
unpaired student’s t-test p-value < 0.05.  N = 10. Abbreviations:  TETA – 
triethylenetetramine; Sat1 - spermidine/spermine-N1-acetyltransferase; Sat2 - thialysine 
acetylase, Dia - Diabetic
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Figure 3.4 Comparison of mRNA expression of Pmf1 in liver (A), kidney (B), and heart (C) of 16 
week-male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Dia, or Dia-TETA treated. 
TETA was administered for 8 weeks after 8-weeks streptozotocin-induced diabetes or 8 weeks of 
sham treatment.  Each data point represents the relative mRNA level from a single rat obtained from 
an average of triplicate real-time qPCR reactions, normalized to the geometric mean of 3 tissue-
specific reference genes described in Section 3.2.1. The y-axis shows arbitrary units, bars show the 
mean and S.E.M.  Significant differences are marked with a (*) and indicate an unpaired Student’s t-
test p-value < 0.05.  N = 10. Abbreviations: TETA – triethylenetetramine; Pmf1 - Polyamine 
modulating factor-1; Dia - Diabetic 
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In the liver, Sat1 and Pmf1 relative mRNA levels were 31% and 20% lower respectively, in the 

diabetic treatment group; Liver Sat2 was 47% higher in the diabetic group and in the kidney, Sat2 was 

40% higher in the diabetic treatment group. TETA treatment in the sham group resulted in a 26% 

decrease in Pmf1 in liver and increases of 52% and 53% in Sat1 and Sat2 respectively in kidney.  In the 

TETA-treated diabetic group, Sat1 was 6% higher with TETA treatment in the heart. For all groups, there 

were 10 cDNA samples from 10 individual rats. 

3.2.2.2 Protein level regulation 

SSAT1 expression was studied by Western blotting, using a single anti-SSAT1 antibody, in ex vivo 

extracts from wild-type Wistar rats from each of four treatment groups: Sham, Sham-TETA, Diabetic, and 

Diabetic-TETA treated. Three pools, of four individuals/pool, were analysed as described in section 2.3.1 

and 2.3.2. Pooling was undertaken because Western analysis was performed on tissues that were also 

being used for enzyme assays and metabolite assays: the enzyme assays required more sample volume 

that was available from single animals. This study was a preliminary examination of the potential use of 

this method to detect expression of SSAT1 in liver extracts from animals under physiological conditions – 

that is, wild-type rodents as opposed to those that have been genetically manipulated. Immunoreactive 

bands were detected at 25-37 kDa, 37-50 kDa, 75 kDa and 150 kDa in the microsomal extracts. Bands 

present in these gels have herein been designated as ‘SSAT1-like immunoreactive material’, abbreviated 

as SSAT1LIM, in order to reflect their evident reaction with the antibody.  Non-specific secondary bands 

were noted at 37 kDa, and 10 kDa.  

Protein levels of SSAT1 were determined by quantification of the OD of SSAT1LIM.  SSAT1 is a 

21 kDa protein which is active as a homodimer and is degraded via poly-ubiquitination.    The membrane 

was blocked in 5% (v/v) cows’ milk for 4 hours and then incubated with primary antibody (rabbit anti-Sat1 

0.2 µg/mL) overnight at 4 °C, and incubated with secondary goat anti-rabbit (0.02 µg/mL) for 3 hours at 

RT. The membrane was developed using ECL, the signal of chemiluminescence was captured using an 

LAS-4000, and quantified using Fuji Multigauge software for quantification analysis. OD values were 

obtained and normalized to the OD of the entire lane of the Ponceau stained blot to account for protein 

loading. Three sets of normalized OD values from the same gel were obtained for each treatment group.  

Relative OD levels were related to Sham as shown in Figure 3.5. Cut-outs of the Western blot illustrating 

the outcome of these studies have been included showing the microsome fraction and Ponceau S stain 

along with full blots are shown in Appendix C, Figure C.7.  The 25-37 kDa microsomal SSATLIM was 15% 

lower in the diabetic group. SSATLIM was not detected in the cytosol.  Student’s t-test-derived p-values 

are shown in Table 3.4. 
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Figure 3.5 Comparison of hepatic protein expression of SSAT protein in microsome of 16-week 
male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Dia, or Dia-TETA treated. TETA was 
administered for 8 weeks after 8 weeks’ streptozotocin-induced diabetes or 8 weeks of sham treatment. 
SSATLIM was quantified via OD in the cytosol at 37 kDa, 75 kDa, and 150 kDa. Y-axes shows arbitrary 
units. Bars show OD relative to sham and represent the OD of the protein band at that size normalized to 
the OD of the Ponceau S stain of the entire lane. The y axis shows arbitrary units.  Error bars show the 
S.E.M.  N=3 pooled samples containing equal protein from 4 rats. The secondary control lane was cut 
from the blot prior to incubation and placed adjacent the blot for image capture.  The ladder lane was 
obtained from a bright field image while the other lanes were obtained from the chemiluminescent image.  
Abbreviations: Dia – Diabetic: TETA – triethylenetetramine; SSAT - spermidine/spermine-N1-
acetyltransferase. SSATLIM - spermidine/spermine-N1-acetyltransferase-like immunoreactive material
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Table 3.4 Calculated p-values using unpaired Student’s t-tests for SSAT1 protein comparisons 
between treatment groups 

Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease 

3.2.2.3 In Vitro Acetylation Activity 

Catalyzed acetylation levels were measured to determine if TETA acts in a way similar to other 

polyamine analogues, by stimulating SSAT1 transcription and stabilizing it as a protein, and to determine 

if changes in activity were present with diabetes.  In this assay LC-MS was used to measure the formation 

of the acetylation products in rat liver extracts. 

3.2.2.3.1 Assay Development and Validation 

The paper disc method is the traditional and most widely used method of measuring SSAT1 

enzyme activity [171]. This method monitors the incorporation of radioactivity from carbon-14- or tritium-

labeled acetyl-CoA into spermidine, bound to a cellulose-phosphate disc [172, 173]. This method is 

sensitive but has several shortcomings, including non-specific binding of the radio-labelled reagents to the 

disc, and risks associated with handling and disposal of radioactive material [171]. In this study, a method 

for measuring the enzyme-catalyzed acetylation of TETA by rat liver extract is developed. 

SSAT1 is an enzyme with loose substrate specificity; for this reason, there were several options 

available for substrate use in this assay. Preliminary experiments used spermidine since it is a natural 

substrate for the enzyme and has a lower Km value than spermine. This method was not continued with 

after the first few rounds of experiments because acetyl-spermidine eluted from the CN liquid-

chromatography column at a time point similar to several phosphate-containing molecules, which had a 

negative impact on the MS, and appeared to have low ionization levels. Additionally, the potential for 

endogenous acetyl-spermidine added an extra element of variability to the experiment. It had previously 

been shown by another worker in our group that TETA can act as a substrate for SSAT and other groups 

have since confirmed this [9]. As a result, TETA was used a substrate and the detection of MAT was 

monitored to determine SSAT1-mediated acetylation activity.   

 
150 kDa microsomal 

band 
75 kDa microsomal 

band 
37-50 kDa 

microsomal band 
25-37 kDa 

microsomal band 

Sham vs Sham-TETA 0.670 0.716 0.389 0.636 

Sham vs Dia 0.992 0.618 0.602 0.019 

Dia vs Dia - TETA 0.788 0.368 0.395 0.811 
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To determine the optimal amount of protein, a range of protein concentrations from 0.1 to 6 mg/mL 

was used. To determine a suitable time course for the experiment, a time-course assay was performed 

with 800 µM of TETA as substrate and 0.17 mM acetyl-CoA. It was determined that the optimum assay 

time was 30 minutes (Figure 3.7A) and that the optimal protein concentration was 4 mg/mL (Figure 3.7B). 

 

Figure 3.6 Acetylation assay optimization. Determination of optimal time of reaction (A) and protein 
concentration (B) for liver acetylation activity assay using TETA as a substrate for SSAT1. Samples 
contained 0.8 mM TETA (initial). The amount of MAT produced was determined using the area under the 
LC-MS-curve normalized to the area under the peak for the internal standard, DES. Each point represents 
the average of two technical replicates of the same sample preparation.  Abbreviations:  TETA – 
triethylenetetramine; MAT – mono-acetyltriethylenetetramine; DES - N1,N12-diethylspermine. 
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The quantity of MAT produced was determined using the area under the LC-MS peak, which was 

measured in counts. The counts data were normalized to the area under the peak for the internal 

standard, DES. In each run, a series of MAT standards were run twice and an average of the two 

normalized peak areas was used to make a standard curve. This standard curve served to transform the 

ratio of MAT counts and DES counts to a concentration of MAT, and as a quality check to make sure the 

LC and MS steps were occurring consistently throughout sample runs. The other quality check for the LC-

MS run was monitoring the counts for DES. Ideally, DES peak area counts would be similar values for 

each sample, and any large changes indicates a problem with sampling, so that data was excluded. 

Figure 3.8 shows an example of a typical MAT standard curve (Figure 3.8A) and DES levels (Figure 3.8B) 

over the course of a run. Peak area counts would slowly decrease over the course of a long assay. For 

this reason, all peak area counts were normalized to the peak area counts of DES and a set of standards 

was run for each set of samples. 
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Figure 3.7 Assay validation steps for acetylation assay. A representative MAT standard curve (A) and 
DES Counts over the course of an overnight run of 102 samples (B). There is a linear relationship 
between MAT concentration and the normalized peak area counts of MAT to DES shown in A and the 
peak area counts for the internal standard DES slowly decrease over the course of the assay. 
Abbreviations: MAT – mono-acetyltriethylenetetramine; DES - N1, N12-diethylspermine. 
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3.2.2.3.2 Catalyzed acetylation of TETA in Cytosolic and Microsomal fractions of rat liver  

From the time-dependent assay, it was determined that 30 minutes would be the optimal assay 

time. A range of TETA concentrations was incubated with protein extract from either the cytosolic or 

microsomal fractions of 16-week male Wistar rat liver prepared as described in Section 2.4.2. Liver 

samples were equally pooled, with each pool consisting of extract from four rats. Sham, Sham-TETA, 

diabetic and diabetic-TETA treated samples were analysed and compared. Km and Vmax values were 

calculated and are shown in Figure 3.9. 

SSAT activity levels were determined by measuring the production of mono acetylated TETA via 

LC-MS method. Cellular extract was prepared in pools from 3-6 animals and two technical replicates of 

two pools were performed. The extract was fractionated into cytosolic and microsomal fractions and 

activity was assayed in each fraction. Two assays showing inconsistent results in microsomes are shown 

in Figure 3.9.  Results were not reproducible in the microsomal fractions and no further analysis was 

done. A representative assay from the cytosolic fraction of liver is shown in Figure 3.10.  The Vmax values 

are significantly higher in Sham compared to diabetic animals and TETA treatment appears to have no 

influence. 
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Figure 3.8 Acetylation of TETA by rat liver microsomal extracts.  Liver of 16 week male Wistar rats 
treated as Sham, Sham-TETA-treated, Diabetic or Diabetic TETA.  TETA was administered for 8 weeks 
after 8 weeks streptozotocin-induced diabetes or 8 weeks of sham treatment. Km and Vmax values were 
calculated by fitting Michaelis-Menten curves. Results show biological replicates, each graph is from a 
single experiment. Abbreviations: Dia – Diabetic; TETA – triethylenetetramine
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Figure 3.9 Acetylation of TETA by rat liver cytosol extract.  Liver of 16-week male Wistar rats treated 
as Sham, Sham-TETA-treated, Diabetic or Diabetic TETA. TETA was administered for 8 weeks after 
8 weeks streptozotocin- induced diabetes or 8 weeks of sham treatment. Km and Vmax values were 
calculated with a representative Michaelis-Menten curve from a single experiment shown in A, while B 
shows the combined data from 2 technical replicates from each of 3 sets of rat cytosolic extract. The 
Vmax values are significantly (p<0.05) different between Sham and Dia treatment as indicated by *.  Y 
axis in B shows arbitrary units.  Abbreviations: Dia – Diabetic; TETA – triethylenetetramine 
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3.2.3 Polyamine oxidation enzymes in rats with STZ-induced diabetes and the effect of 
TETA treatment 

Paox is the code for the gene that corresponds to PAO, which acts on acetylated polyamines, and 

is thought to be constitutively expressed.  Smox is the code for the gene that encodes spermine oxidase, 

which has very tight substrate specificity for spermine.  Doxl1 is the code for the gene that encodes a 

diamine oxidase-like protein of uncertain function and specificity that was recently discovered in the rat, 

and Aoc3 codes for the gene for SSAO, which displays activity towards many diamines and polyamines. 

3.2.3.1 Transcript level regulation 

Measurements were made of the mRNA levels of the polyamine back-conversion oxidase 

enzymes Paox and Smox as well as the levels of mRNAs encoding diamine oxidase enzymes Doxl1 and 

Aoc3. Transcript levels were measured, normalized and analysed as described previously (Section 3.2.1). 

To identify statistically significant changes in mRNA levels as a result of STZ-induced diabetes and TETA 

treatment, Student’s t-test was used; p-values are shown in Table 3.5. Significant differences were seen 

for Doxl1 and Aoc3 in liver, and Smox, Paox, and Aoc3 in kidney; no significant changes were shown 

between diabetic and sham treatment in heart. In sham-treated rats, significant changes were seen with 

TETA treatment for Doxl1 in liver, and for Smox, Paox and Aoc3 in kidney.  In diabetic rats, significant 

changes were seen with TETA treatment for kidney Smox and Aoc3.  Results are shown in Figure 3.11 

and 3.12. Each data point represents a relative mRNA level from one rat. Significant values are marked 

by a * and represent unpaired Student’s t-test-derived p-values of less than 0.05.  

Table 3.5 Calculated p-values for unpaired Student’s t-tests for mRNA levels of Smox, Paox, 
Doxl1, and Aoc3 in liver, kidney and heart 

                      liver                                              kidney                                          heart    

 Smox Paox Doxl1 Aoc3 Smox Paox Doxl1 Aoc3 Smox Paox Doxl1 Aoc3 

Sham vs Dia 0.47 0.85 0.01 1.2E-05 0.00 0.01 0.32 1.89E-04 0.31 0.72 0.80 0.39 

Sham vs Sham-
TETA 0.28 0.62 0.04 0.13 0.02 0.003 0.13 0.023 0.55 0.97 0.85 0.48 

Dia vs Dia-TETA 0.05 0.19 0.24 0.28 0.01 0.78 0.30 0.004 0.95 0.40 0.67 0.95 

Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease, while red indicates 
an increase. 
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Figure 3.10 Comparison of mRNA levels of the polyamine oxidase enzymes, 
Smox and Paox in liver (A), kidney (B), and heart (C) of 16-week male Wistar rats from 
4 treatment groups: Sham, Sham-TETA, Dia, or Dia-TETA-treated. TETA was 
administered for 8 weeks after 8-weeks streptozotocin-induced diabetes or 8 weeks of 
sham treatment. Each data point represents the relative mRNA level from a single rat 
obtained from an average of triplicate real-time qPCR reactions, normalized to the 
geometric mean of 3 tissue-specific reference genes described in Section 3.2.1. The 
y-axes show arbitrary units, bars show the mean and S.E.M. Significant differences 
are marked with a (*) and indicate an unpaired Student’s t-test p-values < 0.05.  n=10.  
Abbreviations:  TETA – triethylenetetramine, Smox – spermine oxidase, Paox – 
Polyamine oxidase, Dia - Diabetic 
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Figure 3.11  Comparison of mRNA levels of the amine oxidase enzymes 
Aoc3 and Dolx1 in liver (A), kidney (B), and heart (C) of 16-week male Wistar 
rats from 4 treatment groups: Sham, Sham-TETA, Dia, or Dia-TETA-treated.  
TETA was administered for 8 weeks after 8-weeks streptozotocin-induced 
diabetes or 8 weeks of sham treatment. Each data point represents the relative 
mRNA level from a single rat obtained from an average of triplicate real-time 
qPCR reactions, normalized to the geometric mean of 3 tissue-specific 
reference genes described in Section 3.2.1. The y-axis shows arbitrary units, 
bars show the mean and S.E.M. Significant differences are marked with a (*) 
and indicate an unpaired Student’s t-test p-value < 0.05.  N=10.  Abbreviations: 
TETA – triethylenetetramine; Aoc3 - semicarbazide-sensitive amine oxidase; 
Doxl1 - diamine oxidase-like protein 1; Dia – Diabetic. 
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In the liver, relative mRNA levels of Doxl1 and Aoc3 were respectively 46% and 85% lower in the 

diabetic group, while in the kidney, Aoc3 was 60% lower in the diabetic treatment group compared to 

sham (Figure 3.12). Smox and Paox were both higher in diabetic kidney; 89% and 90% respectively 

(Figure 3.11). TETA treatment in the sham group resulted in a 46% decrease in Doxl1 in liver and a 26% 

decrease in kidney, while Smox and Paox were 63 % and 81 % higher in TETA-treated kidney compared 

to sham treated control.  In the TETA-treated diabetic group Smox and Aoc3 were 70% and 15% lower 

with TETA treatment. For all groups, there were 10 cDNA samples from 10 individual rats. 

3.2.4 Hypusine formation and eIF5A in STZ-induced diabetic rat and the effect of TETA 
treatment  

Dhps and Dohh are the two enzymes involved in formation and incorporation of hypusine into 

eIF5A. Incorporation of hypusine activates eIF5A and Dhps has relatively-loose substrate specificity and 

can act on synthetic polyamine analogues as well as endogenous polyamines.   

3.2.4.1 Transcript level regulation 

Messenger RNA levels corresponding to the hypusine-converting enzymes Dohh and Dhps were 

measured. Transcript levels were measured, normalized and analysed as described previously (Section 

3.2.1). To identify statistically-significant changes in mRNA levels as a result of STZ-induced diabetes and 

TETA treatment, Student’s t-test was used; p-values are shown in Table 3.7. Significant differences were 

seen only in kidney cortex where both Dhps and Dohh mRNA levels were higher in the diabetic group, 

and Dhps showed decreased mRNA levels in the diabetic-TETA-treated group compared to diabetic-

untreated. Results are shown in Figure 3.15. Each data point represents a relative mRNA level from one 

rat. Significant values are marked by a * and represent an unpaired Student’s t-test p-value of less than 

0.05.   
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Table 3.6 Calculated p-values for unpaired Student’s t-test for Dhps and Dohh in liver, kidney and 
heart. 
  liver kidney Heart 

  Dhps Dohh Dhps Dohh Dhps Dohh 

Sham vs Dia 0.07 0.44 0.04 1.8E-04 0.77 0.23 

Sham vs Sham-TETA 0.35 0.87 0.06 0.002 0.13 0.88 

Dia vs Dia-TETA 0.16 0.24 0.01 0.08 0.18 0.06 

Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease, while red indicates 

an increase 

Dhps had mRNA levels which were 42% higher with diabetes while Dohh showed a 79% increase. 

In the TETA-treated diabetic group, there was a 50% decrease in Dhps mRNA with TETA treatment 

compared to the untreated diabetic group. 
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Figure 3.12  Comparison of mRNA expression of hypusine forming enzymes in liver (A), 
kidney (B), and heart (C) ) of 16-week male Wistar rats from 4 treatment groups: Sham, Sham-
TETA, Dia, or Dia-TETA-treated.  TETA was administered for 8 weeks after 8 weeks of 
streptozotocin-induced diabetes or 8 weeks of sham treatment.  Each data point represents the 
relative mRNA level from a single rat obtained from an average of triplicate real-time qPCR 
reactions, normalized to the geometric mean of 3 tissue-specific reference genes described in 
section 3.2.1.  The y-axes show arbitrary units, bars show the mean and S.E.M.  Significant 
differences are marked with a (*) and indicate an unpaired Student’s t-test p-value < 0.05.  
N=10.  Abbreviations:  TETA – triethylenetetramine; Dhps - deoxyhypusine synthase; Dohh - 
deoxyhypusine hydroxylase; Dia – Diabetic. 
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3.2.4.2 Protein level regulation 

Dhps expression was studied by western blotting in ex vivo extracts from wild-type Wistar rats 

from each of four treatment groups: Sham, Sham-TETA, Diabetic, and Diabetic-TETA treated. Three 

pools, of four individuals/pool, were analysed. Pooling was undertaken because western analysis was 

performed on tissues that were also being used for enzyme assays and metabolite assays: the enzyme 

assays required more sample volume that was available from single animals.  Cut-outs of two blots 

illustrating the outcome of these studies have been included showing the microsome fraction and one for 

the liver cytosol fraction in Figure 3.15. Ponceau S stain and full blots are shown in Appendix C, Figures 

C.1 and C.2.  Gels showed two bands which reacted with the Dhps antibody, one of which showed a 

molecular weight of between 37 and 50 kDa.  Dhps has a predicted molecular weight of 42 kDa and 

previous studies have shown it is detected as two bands at similar molecular weights [174].  Another band 

at 50 kDa was present and also quantified.  All of the immunoreactive bands present in these gels have 

herein been designated as ‘Dhps-like immunoreactive material’, abbreviated as DhpsLIM, in order to 

reflect their evident reaction with the antibody. The nature of the larger bands cannot be determined with 

certainty and the term Dhps-LIM is employed here to reflect the inherently imprecise and ambiguous 

nature of the usual results of western analysis.  

Protein levels Dhps were determined by quantification of the OD of DhpsLIM. The membranes 

were blocked in 5% (v/v) milk for 4 hours, incubated with primary antibody (Dhps 0.2 µg/mL, eIF5A 0.1 

µg/mL) for one hour at room temperature, and incubated with secondary antibody (goat anti-rabbit 0.02 

µg/mL for Dhps, and donkey anti-goat 0.01 µg/mL for eIF5A) for one hour at room temperature. OD 

values were obtained and normalized to the entire lane on the Ponceau S stained blot to account for 

protein loading. 3 sets of pooled protein results were obtained for each treatment group and relative OD 

values were normalized to the levels in Sham for the first protein pool. In the microsomes, the ~42 kDa 

DhpsLIM was 27% lower with TETA treatment compared to diabetic untreated.  Overall the levels of Dhps 

appeared lower in the diabetic group compared to control but this difference was only significant in the 42 

kDa cytosolic DhpsLIM with a 30% decrease in the diabetic group. 

Table 3.7 Calculated p-values using unpaired Student’s t-tests for Dhps protein comparisons 
between treatment groups 
 ~50 kDa 

microsomal band 
~ 42 kDa 

microsomal band 
~50 kDa 

cytosolic band 
~42 kDa 

cytosolic band 
Sham vs Sham-TETA 0.751 0.807 0.355 0.267 

Sham vs Dia 0.345 0.130 0.166 0.034 

Dia vs Dia- TETA 0.727 0.027 0.335 0.594 
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Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease 

  

Figure 3.13 Comparison of hepatic protein expression of Dhps protein in cytosol (A) and 
microsome (B) of 16-week male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Dia, or 
Dia-TETA treated. TETA was administered for 8 weeks after 8 weeks streptozotocin-induced 
diabetes or 8 weeks of sham treatment. DhpsLIM was quantified via OD at ~42 kDa and ~50 kDa. 
Y-axis shows arbitrary units. Bars show OD relative to sham and represent the OD of the protein 
band at the indicated size, normalized to the Ponceau stain of the entire lane. Error bars show the 
S.E.M.  N=3 pooled samples containing equal protein from 4 rats. The secondary control lane was 
cut from the blot prior to incubation and placed adjacent the blot for image capture.  The ladder 
lane was obtained from a bright field image while the other lanes were obtained from the 
chemiluminescent image.  Abbreviations: Dia – Diabetic; TETA – triethylenetetramine; Dhps - 
deoxyhypusine synthase  
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3.2.5 SSAT–X alternative transcript measurement  
SSAT-X is an alternative transcript found under some conditions, as a step in SSAT regulation. It 

involves the incorporation of an extra exon between exon 3 and exon 4. Primers were designed to span 

the region between exons 3 and 4 where the110 bp fragment is included during the formation of SSAT-X 

mRNA. RT-PCR was performed and the products were run on a 1% agarose gel. A product which was 

201 bp long indicates normal SSAT mRNA while a product with 311 bp indicates the alternatively-spliced 

SSAT-X mRNA. Figure 3.18 (A) shows a strong band around 201 bp corresponding to normal SSAT in all 

4 treatment groups in liver, heart and kidney. However, primer tests using the Lightcycler 480 show a 

double peak which may indicate two products. Figure 3.18 (B) shows the dissociation curve and two 

peaks. The template DNA for these 4 reactions was a mixture of liver cDNA from all 4 treatment groups.   

 

Figure.3.14 Tests for SSAT-X transcript  A shows an agarose gel analysis of the RT-PCR product from 
SSAT-X primers. There is a single strong band at 201 bp in all groups, which indicated that SSAT-X was 
not present. B shows a dissociation curve from qPCR reactions for primer pair SSAT-X with 2 peaks, 
which may indicate 2 products (with the secondary product being minor).3.3 Discussion  
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The studies described in this chapter aimed to investigate polyamine catabolism in diabetes and 

the effect of TETA treatment. In this section, changes seen in the acetylation, oxidation and hypusination 

at various levels of regulation are discussed. 

3.3.1 Enzyme-catalyzed acetylation of polyamines in diabetes and the effect of TETA 
treatment 

This study showed levels of catalyzed acetylation activity were overall lower in diabetes compared 

to control in liver, and that TETA treatment did not have significant effects. Diabetes-related effects were 

shown at the mRNA level, assessed by RT-qPCR, and enzyme activity level assessed by acetylation 

activity towards TETA in rat liver extracts. Results consistently indicated a decreased level of acetylation 

activity with diabetes. TETA treatment resulted in some significant changes at the mRNA level, with 

increases in transcript levels of Sat1 and Sat2 in the non-diabetic kidney, and a small increase in diabetic 

heart. 

3.3.1.1 mRNA levels 

Messenger RNA levels of the two enzymes known to catalyze TETA acetylation as well as the 

regulatory molecule Pmf-1 were measured. Initially, it was thought that SSAT was both the rate-limiting 

step in polyamine back-conversion and the enzyme responsible for acetylation of TETA. It was discovered 

by another group that SSAT2 also has activity towards TETA [175], although it does not have activity 

towards the polyamines with Km values less than 0.005% of those for SSAT1 towards spermine and 

spermidine [63]. Sat1 transcription is controlled by a regulatory molecule Pmf-1 which interacts with 

NFE2L2 to initiate transcription of Sat1. Polyamine acetylation is catalyzed mainly by SSAT1 in vivo [10]. 

Previous studies have shown that overexpression of SSAT1 results in a phenotype that is resistant to 

diabetes [4], and that knockout of Sat1 results in a phenotype similar to that of animal models of type-2 

diabetes [135]. Despite the links between polyamine acetylation and diabetes, previous measurements of 

Sat1, Sat2, and Pmf1 in diabetes have not been reported.  

This study showed that Sat1 and Pmf1 mRNA levels were significantly lower in diabetic liver.  

Transcript levels for Pmf-1 have not previously been measured and these results show that decreases 

levels of Pmf1 transcript associated with diabetes correlate to decreased levels of Sat1 transcript in liver. 

Additionally, there was a significant decrease in Pmf1 transcript with TETA treatment in sham. Less Pmf-1 

protein could be consistent with lower rates of transcription of Sat1 but there were no significant changes 

in Sat1 transcript levels in the sham-TETA treated group compared to the sham control. Sat1 transcript in 

kidney and heart were not significantly different in diabetes, however TETA treatment resulted in 

increased levels of Sat1 in TETA-treated sham kidney compared to sham control, and a small (6%) 
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increase in Sat1 mRNA in diabetic TETA-treated heart when compared to diabetic untreated. This 

indicates that TETA is having a small but significant effect on transcription of Sat1 in kidney and heart. 

SSAT2 is thought to be the source of acetylation activity towards the drug in Sat1 KO mice [9] and 

no evidence has previously been reported that it is inducible by polyamine analogues [63].  Additionally, 

mRNA level regulation of Sat2 has not previously been investigated. This study showed that Sat2 mRNA 

levels were higher in the diabetic group compared to sham controls in liver and kidney. There were 

diabetes-related increases of 40% in the liver and 47 % in the kidney. The TETA-treated sham group in 

kidney showed an increase of 52% with TETA treatment, while no change was seen when comparing the 

diabetic group to the diabetic-TETA-treated group. These findings indicate that TETA treatment in the 

non-diabetic group is increasing transcription of Sat2. This is interesting as no previous reports have 

indicated changes in SSAT2 with polyamine analogues. The mechanism for this response has yet to be 

determined and further studies on transcriptional regulation of SSAT2 could be done. 

Lower levels of Sat1 with higher levels of Sat2 in diabetes are also of interest with respect to 

metabolism of TETA in diabetes. Both SSAT1 and SSAT2 enzymes can acetylate TETA and it is not 

known which is dominant in rats, or if this is altered in diabetes. TETA metabolism is different in diabetic 

patients compared to healthy controls. Under diabetic conditions, there is more conversion of TETA to 

MAT and DAT – indicating higher levels of acetylation [150]. If increased Sat1 and Sat2 mRNA levels 

correlate to increased protein levels, this would help explain this change in TETA metabolism. Decreased 

Sat1 would indicate lower acetylation of TETA, but an increase in Sat2 could compensate for this. Protein 

levels of SSAT1 and SSAT2 were measured to further investigate this theory.  

3.3.1.2 SSAT Protein Levels and Western Blot Technique 

SSAT1LIM levels were analysed in the microsomal fraction of rat liver protein extract.  SSAT1 LIM 

was not detected in the cytosol. There were SSATLIM at various sizes which including one band between 

25 kDa and 37 kDa which was close to the expected size of SSAT1.  The predicted size for SSAT1 is 20 

kDa: however, the manufacturer reports the detection of several bands with the anti-SSAT1 antibody, one 

of which had an apparent molecular weight of 27 kDa in human SSAT1-transfected lysate.  SSAT1 was 

assessed in ex vivo extracts of rat liver and although previous studies have shown parts of a Western blot 

used to determine protein levels in different conditions, including the expression and purification of 

recombinant proteins in Escherichia coli [63], or transgenic lines overexpressing SSAT [167], previous 

studies measuring SSAT in rat tissue at physiological levels showing a whole blot are not available.  The 

SSATLIM at 25-37 kDA is likely to represent SSAT1 protein and was a small (15%) but  significant 
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amount lower in the diabetic group which is consistent with lower mRNA levels of Sat1 shown in the liver.  

However, the bands shown in the blot were not sharp which based on the results in Appendix D indicate 

they could be the product of protein break down or complexes of broken down protein.    

Western blots are generally unable to differentiate between proteins of non-identical structure but 

similar immunoreactivity: a cogent example of this principle is illustrated by our group’s discovery of 

previously unknown peptide hormones. For example, vesiculin is a two-chain protein that is processed 

from the IGFII gene is closely related in structure but distinct from IGFII, although the two share much 

common sequence [176]. IGFIILIM has long been reported in the literature to be present in pancreatic 

islet beta-cell granules, but was generally assumed to reflect the presence of IGFIILIM in this location 

[176]. However, when the IGFIILIM was finally isolated and identified by a reference method, namely 

protein-level sequencing, it was actually found to reflect vesiculin, whereas no IGFII was present in this 

location [176]. In Western blots where multiple bands are present such as for SSAT here, and ODC in 

Chapter 4; the nature of the other bands cannot be determined with certainty. They could reflect either 

proteolytic fragments (bands smaller than the expected apparent molecular weight the protein) or of 

aggregates, either with itself or other components in the mixtures. However, based on the results in this 

thesis the exact nature of the additional bands cannot be identified with certainty.   

3.3.1.3 Enzyme Kinetics 

Enzyme kinetics were investigated in the cytosol and microsomes of rat liver. In the cytosolic 

fraction, Vmax values were significantly lower in the diabetic group compared to sham controls and TETA 

did not have an effect on any parameter. Binding constants (Km) values were similar across all treatment 

groups with values ranging between 30 and 60 µmol/min/mg. Kinetic parameters in the rat have not been 

previously determined, and this area has not been investigated in diabetes.  Previous studies have 

reported values for TETA with human recombinant SSAT1 and SSAT2. SSAT2 had a Km value of 2.5 ± 

0.3 mM and Vmax of 3.96 ± 0.15 µmol/min/mg and SSAT1 had a Km of 83 ± 7 µM and a Vmax of 0.90 ± 0.02 

µmol/min/mg [9]. In the microsomal fraction, results were inconclusive with technical replicates not 

showing the same trends. This could be because of the nature of microsomal extracts as a suspension. 

The concentration of cellular extract resulted in some settling of membrane during the course of the 

assay, and may have caused variability in the results. 

The activity experiments conducted did not use inhibitors and as a result, acetylation activity 

towards TETA reported could have represented a combination of all enzymatic acetylation from both 

SSAT1 and SSAT2. The initial aim was to measure the activity of SSAT1 to determine if TETA acts in a 
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way similar to other polyamine analogues, stabilizing it as a protein and resulting in increased amount of 

protein and corresponding activity. However, during the course of this PhD programme, another group 

reported the acetylation activity of TETA by SSAT2 [9]. Further studies inhibiting either SSAT1 or SSAT2 

might determine the contribution of each enzyme to TETA metabolism in rat tissues. Additionally, it has 

recently been reported that SSAT1 has a higher affinity for MAT than TETA [175] which could also be 

investigated in the context of diabetes. 

3.3.1.4 Transcript processing 

In addition to mRNA, protein and activity level regulation, SSAT1 is also regulated at the transcript 

processing level [10]. An alternative transcript called SSAT-X is a target for nonsense-mediated mRNA 

decay and this transcript is associated with low levels of polyamines [10]. In this study, electrophoresis of 

RT-PCR product showed a single band corresponding to the Sat1 transcript.  However, LC-480 melting 

curves indicated two products were present, one of which was minor. This could indicate electrophoresis 

may not be sufficiently sensitive to detect low levels of SSAT-X transcript.  Further tests using more 

sensitive qPCR methods in all groups could be used to quantify levels of SSAT-X and determine if they 

are altered in diabetes, and if TETA is having an effect. 

3.3.1.5 Overall Changes 

Overall, the effects of diabetes on polyamine and TETA acetylation are complex.  The decreased 

acetylation of TETA as a substrate in diabetic rat liver is not in full agreement with previous in vivo studies 

showing increased excretion of acetylated TETA metabolites in the urine of diabetic patients compared to 

healthy controls [150]; the apparent difference could, however, also be due to between-species 

differences. Furthermore, increased levels of SSAT2 could also contribute to the increased acetylation of 

TETA seen in diabetes. Additionally, the amount of metabolites excreted in the urine may not be 

proportional to those measured in liver, as there is thought to be an increase in intestinal permeability 

associated with diabetes [177], which means there could be an overall higher amount of TETA absorbed 

through the intestine with corresponding higher levels of metabolites excreted.   

3.3.2 Polyamine oxidization in diabetes and the effect of TETA treatment  
This study showed that, at the mRNA level, the diamine oxidases involved in terminal degradation 

were lower in the diabetic group in liver and kidney, while the polyamine oxidase enzymes Smox and 

Paox were higher in diabetic kidney. The mRNA levels of these enzymes were also influenced by TETA 

with effects in both TETA-treated control and TETA-treated diabetic groups when compared to their non-

drug-treated controls. In the liver and heart, there were no significant changes at the mRNA level. There 

are two outcomes of polyamine oxidation: back-conversion to lower polyamines which involves SMO and 
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PAO, and terminal degradation via the diamine oxidases and aldehyde dehydrogenases. Both of these 

processes produce aldehyde by- products and hydrogen peroxide, making their levels and activity of 

potential relevance to understanding diabetes pathobiology wherein free radicals are known causes of 

tissue damage.  

3.3.2.1 mRNA levels 

Messenger RNA levels of the two enzymes involved in polyamine back-conversion, as well as the 

two known diamine oxidases in rat tissues were measured, with significant effects of both diabetes and 

TETA treatment. In the liver, diamine oxidase mRNA was quantified; Doxl1 and Aoc3 relative mRNA 

levels were respectively 46% and 85% lower in the diabetic group, while in the kidney, Aoc3 was 60% 

lower in the diabetic group compared to sham. There were no significant changes seen in heart. Diamine 

oxidase has been investigated in humans but a similar protein has not been investigated in rats. Recently, 

a novel protein Dolxl-1 was discovered and shown to have activity towards putrescine, spermine and 

spermidine as well as several polyamine analogues [178]. The regulation of this protein has not previously 

been investigated, and mRNA levels reported here are the first to investigate this protein in diabetic 

tissue. SSAO activity has previously been investigated in diabetes and elevated activity levels have been 

reported in serum, liver and kidney [164].  Transcript levels in this study showed significant decreases. 

However, SSAO protein levels have been measured and are reportedly higher in the STZ-induced 

diabetic rat model [179]. This indicates that changes in mRNA levels may not correspond to changes in 

protein levels, and that there may even be an inverse relationship. This indicates that SSAO is not 

regulated at the transcript level and that additional regulatory steps, either associated with translation of 

mRNA or protein stability, are allowing a small amount of mRNA to result in increased amounts of protein. 

Protein levels of Doxl-1 would have to be measured to determine if it is regulated in a similar way or if the 

decreased mRNA levels correspond to decreased protein. 

Human diamine oxidase has broad substrate specificity and is known to act on spermidine [59]. 

There is therefore the potential for the rat Doxl-1 to act on TETA and to be influenced by TETA 

metabolites. Additionally, both enzymes contain Cu(II) and TETA is a Cu(II)-selective chelator, indicating 

several avenues through which TETA could influence these enzymes. TETA treatment in the sham group 

resulted in a 46% decrease in the mRNA levels of Doxl1 in liver and a 26% decrease in kidney. In the 

diabetic group, TETA treatment was associated with decreased levels of kidney Aoc3 only.  These results 

show that TETA is influencing mRNA levels of the diamine oxidases. Previous protein results in the 

kidney indicate that TETA can normalize SSAO levels [179], while these results at the transcript level 

shown TETA further decreases levels of the enzymes. It is possible that copper chelation by TETA could 
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lead to lower activities of these Cu(II)-containing enzymes although it seems more likely that the copper-

chelating effect would manifest mainly at the protein level. 

The transcript levels of the back-conversion enzymes, Smox and Paox, were both higher in 

diabetic kidney: 89% and 90% respectively. SMO is regulated mainly at the transcript level, and studies 

have shown that polyamine oxidase levels are reduced in the serum of patients with type 2 diabetes.  

[114]. As SMO was discovered later than PAO, older studies assessing the overall polyamine oxidase 

activity could have been measuring the combined effects of both oxidases; one study reported spermidine 

oxidase activity that cannot be attributed to SMO due to substrate specificity. In the blood of diabetic 

children, polyamine oxidase activity is reported to be higher than in healthy controls [109]; this study used 

spermine as a substrate so the results reported reflect the overall activity of all enzymes acting by 

oxidizing spermine. SMO is highly specific for spermine as a substrate, while PAO can act on spermine, 

spermidine, and their acetylated counterparts. PAO has higher affinity for acetylated polyamines but will 

oxidase non-acetylated polyamines and their analogues with lower affinity [180].    

Higher levels of polyamine oxidation result in higher levels of hydrogen peroxide and aldehyde 

metabolites which increase ROS levels in cells and could lead to diabetic damage.  Previous studies have 

looked at overall activity levels without using inhibitors, so it was unclear from those results which 

enzymes were catalyzing the oxidation. This study shows there are increases in transcript levels of both 

enzymes associated with diabetes. If this translates to higher activity levels, this could contribute to ROS 

and diabetes pathology from AGE formation. Additionally, because SMO levels are thought to be an 

indication of spermine levels within the cell [54], it is tempting to conclude that spermine levels are also 

higher in diabetes. However, this cannot be concluded from the current study since the regulatory 

mechanism may be disrupted in diabetes. Previous studies have linked increased polyamine levels to 

diabetes, with selective increases of spermidine levels reported in erythrocytes from diabetic patients 

[130], and increased levels of polyamines in obese children when compared to healthy controls [98]. 

Additionally, SMO levels have also been associated with inflammation related disease states including 

cancer and infection [181] 

TETA treatment had an influence on the mRNA levels of Smox and Paox in the kidney, with higher 

levels of mRNA with TETA treatment in the control group, while in the diabetic group, TETA treatment 

caused a decrease in mRNA levels of Smox. Smox levels were elevated in diabetes and appeared to be 

normalized with TETA treatment. In the sham control group, the higher levels with TETA treatment could 

be an indication of decreased copper levels resulting in cellular stress. 
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Increases or decreases in any of these enzymes could result in changes to hydrogen peroxide and 

aldehyde production. However, it is unclear from these results if the mRNA levels would result in overall 

increases or decreases in the production of ROS from polyamine metabolism. Similarly, no definite 

conclusions can be drawn about any influence TETA may have on ROS production from polyamine 

metabolism, although TETA treatment does appear to normalize Smox mRNA levels in the kidney which 

was elevated in diabetes and lowered back to control levels with TETA treatment. 

3.3.3 Hypusine and eIF5A in diabetes and the effect of TETA treatment   
Transcript levels for both enzymes were measured in liver, kidney cortex, and heart left ventricle. 

Protein levels of Dhps were measured in liver. 

3.3.3.1 Transcript Levels 

This study showed that Dhps and Dohh mRNA levels were significantly higher in diabetic kidney 

compared to sham control. Hypusine is a unique amino acid found only in eIF5A, incorporated into this 

protein through the action of Dhps and Dohh. Previous studies have shown that up- regulation of 

hypusinated-eIF5A is linked to beta-cell inflammation, apoptosis and causes an increase in iNOS 

transcription [69]. Transcript levels of Dhps and Dohh have not been previously investigated in heart, liver 

or kidney and this study is the first to report on transcript level regulation of these enzymes. The increased 

transcription of these two enzymes could indicate higher levels of active eIF5A in the kidney and could 

contribute to diabetic nephropathy. 

There was a significant decrease in Dhps mRNA with TETA treatment in the kidney of the 

diabetes group whereas there were no changes detected in the liver or heart. Dhps mRNA levels were 

42% higher in diabetes, and TETA treatment resulted in return of levels to values similar in sham control. 

Previous studies using transgenic mice have shown that Dhps can be inhibited by the spermidine 

analogue GC7, and that when this inhibitor was administered to db/db diabetes-prone mice, they showed 

improvements in various markers of diabetes including fasting glucose levels, glucose tolerance, insulin 

secretion, pro-insulin to insulin ratios and beta-cell mass [100]. These current results show TETA 

treatment is normalizing the elevated mRNA levels of Dhps, which could contribute to the beneficial 

effects of TETA treatment on the diabetic kidney. 

3.3.3.2 Protein Levels 

To investigate hypusination at the protein level, DhpsLIM was measured by Western blotting in the 

liver. Overall the levels of Dhps appeared lower in the diabetic group compared to control but this 

difference was only significant in the 42 kDa cytosolic DhpsLIM.  DhpsLIM at 50 kDa could represent a 
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complex of eIF5A with Dhps.  The lysine residue of eIF5A is a substrate for this enzyme and the complex 

has been demonstrated in human colorectal and ovarian cancer lines [182]. eIF5A is an 18-kDa protein 

which would be expected to form a complex of 60 kDa with Dhps. This is similar to the size of the larger 

immunogenic protein band but does not match exactly and based on these results, the exact nature of the 

50 kDa band cannot be identified with certainty. 

A previous study has indicated that increased protein levels of Dhps do not correlate to increased 

hypusination of eIF5A [69], although Dhps is the rate-limiting enzyme in this process [71]. Future 

experiments determining Dhps activity would give insight into whether protein levels correspond to activity 

and increases in active eIF5A.  In the liver for Dhps, relative transcript levels appear indicative of relative 

protein levels. Future experiments to determine if the changes seen at the mRNA level in kidney are 

indicative of protein level changes, could determine if TETA is influencing hypusine incorporation into 

eIF5A.  

3.3.4 Overall Findings and Conclusions 
The results presented show there are changes in polyamine catabolism associated with diabetes, 

and that TETA is having significant effects on several enzymes at both the protein and transcript level of 

regulation. Additionally, there were findings that indicated regulatory mechanisms for polyamine catabolic 

enzymes are disrupted in diabetes. Overall, there was a decrease at the mRNA level of Sat1 in diabetes 

when compared to control, and TETA treatment did not normalize this decrease. There was an increase 

in the Sat2 transcript in diabetes which was also unaffected by TETA. There was up-regulation of mRNA 

levels corresponding to the oxidation enzymes Smox and Paox in diabetic kidney. Transcripts of the 

diamine oxidases involved in terminal degradation of polyamines were lower in the diabetic group in liver 

and kidney, but previous studies show that transcript levels are not a good indication of protein levels for 

SSAO. It is unclear if Dolx1 mRNA correlates with increased protein or activity. Enzymes involved in 

hypusine activation of eIF5A were up-regulated at the mRNA level with diabetes in the kidney. 

3.3.4.1 Relationship between catalysis of acetylation and oxidation of polyamines in diabetes 

Under normal conditions, increased levels of Sat1 correlate to increased levels of Smo and both 

are induced by high levels of spermine and spermidine [166]. In this study there were significant increases 

in Smox mRNA in diabetic kidney, which could be consistent with high levels of spermine or spermidine 

[181]. However, there were significant decreases in Sat1 mRNA, which is indicative of lower levels of the 

two higher polyamines. An increase in SSAT1 activity would generally imply an increase in polyamine 

back-conversion and also an increase in SMO activity. However, at the transcript level in the kidney, it 
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appears Smox transcript levels are regulated differently than Sat1 transcripts. This indicates that the 

transcript level regulation of one of these enzymes may be disrupted in diabetes.  

3.3.4.2 Future Experiments 

In the kidney there were significant findings at the mRNA level, and future experiments analyzing 

enzymes at the protein and activity level would be useful to determine if mRNA level changes correlate to 

altered protein and activity levels.   

The fractionation method used in the protein and activity experiments was somewhat crude, only 

separating cytosol from microsomes, so further fractionations and immunohistochemistry could be done to 

further elucidate subcellular distribution. 

The western blots for SSAT showed multiple immunogenic bands, and further experiments should 

be done to determine whether they are the protein of interest in complex with other proteins.  A Western 

blot of ubiquitin and SSAT would help determine if the additional bands were a result of ubiquitin-bound 

protein. Ubiquitin has an apparent molecular weight of 8.5 KDa, so the expected banding pattern would 

be multiple bands with this size difference. Additionally, more stringent denaturing preparation and gel 

conditions could be used to dissociate proteins from each other. Finally, replicating the results with 

antibodies from different sources and using primary antibody inhibition could confirm the identity of the 

extra bands.  

3.3.4.3 Conclusions  

There are changes in polyamine acetylation, oxidation and hypusination enzymes in diabetes and 

TETA can influence the enzymes in the pathways of polyamine catabolism. For Aoc3, the transcript levels 

do not correlate to the protein levels indicating differential regulation at the level of transcription and 

translation for these enzymes. The changes seen were not always consistent between tissues – with 

minimal differences seen in heart, and sometimes changes seen in liver but not present in kidney.   
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Chapter 4 Effects of STZ-Induced Diabetes and of 
TETA Treatment on Enzymes Involved in 

Polyamine Biosynthesis 
4.1 Introduction  

Previous studies have established a link between polyamine biosynthesis and diabetic 

pathobiology [88, 89, 116] but analysis of several relevant enzymes and related regulatory molecules is 

absent, and the effects of polyamine analogues such as triethylenetetramine (TETA) on this pathway 

have not been investigated.   

The polyamine biosynthetic pathway has been described in Section 1.1.1 and begins with the 

decarboxylation of arginine catalyzed by arginase to produce ornithine. Ornithine is decarboxylated by 

ornithine decarboxylase (ODC) to produce spermidine, which then gains an aminopropyl group from the 

action of S-adenosyl methionine decarboxylase (AdometDC) to produce spermine. This pathway has 

been linked to diabetes through cell growth and apoptosis as well as the nitric oxide pathway. The end 

product of this pathway – spermine, is very similar in structure to TETA as described in Section 1.3.1.   

Previous studies have investigated the levels of arginase and ODC in diabetes, while the 

regulation of ODC by the Az and Azin proteins has not previously been reported. Arginase up-regulation 

inhibits eNOS-mediated nitric oxide (NO) synthesis and is reportedly a cause of endothelial dysfunction in 

diabetes [88]. There are two forms of arginase: Arg1 which is produced mostly in the liver and localizes to 

the cytosol; and Arg2, which is produced mostly in the kidney and localizes to the mitochondria [183]. 

Studies have shown increases in Arg1 expression and arginase activity in diabetic endothelial cells [183], 

and increases in Arg2 expression in the diabetic kidney [184]. Arginase levels in the diabetic liver have 

also been investigated, which showed an increase in protein levels of Arg1 but not overall arginase 

activity [185]. Changes in levels of ODC have also been demonstrated at varying stages of diabetes. In 

early diabetes - after 7 days of streptozotocin (STZ) treatment, an increase in ODC levels has been 

reported and implicated in the enlargement of the diabetic kidney and glomerular hyperfiltration [118]. 

ODC activity has been studied in other tissues with varied findings: a decrease in ODC activity has been 

reported to occur at later stages of alloxan-induced diabetes in liver, kidney and heart [186], while another 

study showed increased levels of ODC in liver and kidney 8 days after STZ injection [187]. 

The antizymes and antizyme inhibitors have not been studied in the context of diabetes, and their 

function and regulation are not completely understood. One of the Azin molecules, Azin2 is also referred 
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to as both ODCp and ADC. One study showed that this molecule is an inhibitor of antizyme but had no 

decarboxylase activity towards arginine [44] whereas another group has reported ADC activity by this 

molecule [188]. Azin2 is also involved in intracellular vesicle trafficking [41], and polyamine uptake [189]. 

Various reports regarding tissue localization and subcellular distribution have been published; one group 

found that Azin2 was expressed only in the brain and testes [190], while other groups have reported its 

expression in rat liver, kidney, heart, intestine and pancreas as well as several human cell lines [159]. 

Azin2 is reported to be localized in the endoplasmic reticulum-Golgi intermediate compartment [190], 

while ADC and ODCp have been reported in the mitochondria [188]. Azin2 expression has not been 

directly linked to diabetes, but accumulation of this molecule has been shown in brains of Alzheimer’s 

patients [191], which shares some similar pathogenic mechanisms to type II diabetes [144, 192]. 

Additionally, the decarboxylation of arginine produces agmatine (4-aminobutylguanidine), which is 

involved in polyamine metabolism through induction of antizymes, and has the ability to prevent the toxic 

effects associated with induction of NO synthesis by its ability to inhibit iNOS [193]. Agmatine has also 

been reported to evoke an anti-diabetes-like effect in diabetic rats [194].  

Although there are many apparent discrepancies concerning Azin2 in the literature, the rest of the 

Az and Azin molecules have more accepted roles. Az1 and Az2 bind to ODC to dissociate the dimer and 

deactivate it. Azin molecules can bind to Az molecules and cause dissociation of the Az-ODC complex, 

allowing ODC to re-dimerize into its active form [33]. 

In this chapter polyamine biosynthesis is investigated with respect to STZ-induced diabetes and 

treatment with TETA. Transcript levels of key polyamine enzymes were measured in heart, liver and 

kidney, and protein levels were measured in liver. The liver plays a central role in both glucose regulation 

and lipoprotein metabolism [168] making it an important organ to investigate with respect to diabetes. It is 

also the major site of nitrogen metabolism which makes it a key organ for polyamine metabolism and 

related methionine metabolism [169]. ODC and Arg2 have an established role in diabetic kidney disease 

[184] and both kidney and heart are sites of diabetic pathology, and also sites where TETA has been 

shown to have a beneficial effect [144]. 

4.2 Results  
In this section the results of experiments measuring mRNA and protein levels are shown.  Levels 

of mRNA for enzymes involved in polyamine biosynthesis, arginine metabolism, and regulatory molecules 

of ODC - Az1, Az2, Azin1 and Azin2 are measured and levels of proteins ODC and Az2 are measured. 

Measurement of mRNA levels was performed according to the MIQE guidelines; cDNA for these 
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experiments was the same as that used for Chapter 3 experiments and protein levels were measured 

according to the manufacturer’s instructions. The primer pairs used in this study were tested for qPCR 

efficiency as described in Chapter 3 and efficiencies are shown below in Table 4.1. Primers were trialed 

and selected, based on an efficiency value of close to 2, and a single peak in the melting curve.   

Table 4.1 qPCR efficiency for primer pairs for genes of polyamine biosynthesis and ODC 
regulation 

 Arg1 Arg2 Odc1 Amd1 Oaz1 Oaz2 Azin1 Azin2 

Efficiency in liver 1.928 1.849 1.942 1.886 2.060 1.931 1.976 2.005 

Efficiency in kidney 1.966 2.064 1.907 1.923 1.978 1.923 1.996 2.070 

Efficiency in heart 1.832 1.843 2.082 1.804 1.760 1.919 2.089 1.864 

4.2.1 Polyamine biosynthesis enzymes in STZ-induced diabetic rat and the effect of TETA 
treatment 
4.2.1.1 Transcript-level regulation 

The mRNA levels were measured and normalized as described in Section 3.2.1. qPCR efficiency 

was measured for each primer pair and reactions were performed in triplicate. Cp-values were obtained to 

calculate the relative mRNA levels. Total RNA from whole liver, kidney cortex, and cardiac left ventricle 

was isolated from 16-week male Wistar rats and reverse-transcribed to cDNA to determine the mRNA 

levels of Arg1, Arg2, Odc1 and Amd1. Messenger RNA levels were normalized to the geometric mean of 

three reference genes and are reported as relative mRNA levels. Liver mRNA levels were normalized to 

Tbp, Ppia and Ywhaz; kidney mRNA levels were normalized to Tbp, Ppia, and U2af; and in heart, levels 

were normalized to Tbp, Rpl13a, and Ndc.   

To identify statistically significant changes in mRNA levels as a result of STZ-induced diabetes or 

TETA treatment, the unpaired Student’s t-test was used; p-values are shown in Table 4.2. In the diabetic 

group compared to sham control, significant differences were seen for Arg1 and Arg2 in liver, Arg1, Arg2 

and Amd1 in kidney, and Arg2 in heart. In sham-treated rats, significant changes were seen with TETA 

treatment for Arg1 and Amd1 in kidney, and Arg1 in heart. In diabetic rats, there were significant changes 

in Arg2 in the kidney. Results are shown in Figures 4.1 and 4.2.  Each data point represents a relative 

mRNA level from one rat. Significant difference are marked by a * and represent an unpaired Student’s t-

test p-value of less than 0.05. 
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Table 4.2 Calculated p-values for unpaired Student’s t-tests for Arg1, Arg2, Odc1, and Amd1 in 
liver, kidney and heart of different treatment groups. 

 liver kidney heart 

 Arg1 Arg2 Odc1 Amd1 Arg1 Arg2 Odc1 Amd1 Arg1 Arg2 Odc1 Amd1 

Sham vs Dia 0.01 0.01 0.37 0.19 0.002 2.9E-04 0.12 0.005 0.14 0.01 0.67 0.09 

Sham vs Sham-TETA 0.95 0.56 0.86 0.47 0.04 0.38 0.10 0.001 0.02 0.29 0.46 0.25 

Dia vs Dia-TETA 0.47 0.76 0.44 0.57 0.24 0.03 0.18 0.39 0.82 0.21 0.82 0.64 

Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease, while red indicates 

an increase in diabetes and TETA treatment. 

 

In the liver, the diabetic group had levels of Arg1 which were 97% higher than the sham control 

group while Arg2 was 82% higher. In the kidney, Arg1 mRNA was 48% lower, while Arg2 was 123% 

higher and Amd1 was 33% higher in the diabetic group (Figure 4.1B and 4.2B). In the heart, Arg2 was 

110% higher with diabetes. TETA treatment in the kidney showed a 27% decrease in Arg1, and in the 

heart Arg1 was 45% lower with TETA treatment compared to sham control. TETA treatment in the 

diabetic group resulted in a 39% decrease in Arg2 in the kidney. For all groups there were 10 cDNA 

samples from 10 individual rats. 
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Figure 4.1 Comparison of mRNA levels corresponding to the two arginase enzymes in liver (A), 
kidney (B), and heart (C) of 16-week male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Dia, 
or Dia-TETA treated. TETA was administered for 8 weeks after 8 weeks streptozotocin induced diabetes 
or 8 weeks of sham treatment. Each data point represents the relative mRNA level from a single rat 
obtained from an average of triplicated real-time qPCR reactions, normalized to the geometric mean of 3 
tissue-specific reference genes as described in Section 3.2.1. The y-axes show arbitrary units, bars show 
the mean and S.E.M. Significant differences are marked with a (*) and indicate unpaired Student’s t-test 
p-values < 0.05.  N=10. Abbreviations: TETA – triethylenetetramine; Arg – Arginase; Dia - Diabetic 
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Figure 4.2 Comparison of mRNA levels of two key polyamine biosynthetic enzymes in 
liver (A), kidney (B), and heart (C) of 16 week male Wistar rats from 4 treatment groups: Sham, 
Sham-TETA, Dia, or Dia-TETA treated. TETA was administered for 8 weeks after 8 weeks STZ-
induced diabetes or 8 weeks of sham treatment. Each data point represents the relative mRNA 
level from a single rat obtained from an average of triplicated real-time qPCR reactions, 
normalized to the geometric mean of 3 tissue-specific reference genes described in Section 
3.2.1. The y-axes show arbitrary units, bars show the mean and S.E.M. Significant difference 
are marked with a (*) and indicate an unpaired Student’s t-test p-values < 0.05. n=10 
Abbreviations: TETA – triethylenetetramine; Odc1 – Ornithine decarboxylase; Amd1 - S-
adenosyl methionine decarboxylase; Dia - Diabetic 
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4.2.1.2 Protein level regulation 

ODC expression was studied by western blotting in ex vivo extracts from wild-type Wistar rats from 

each of four treatment groups: Sham, Sham-TETA, Diabetic, and Diabetic-TETA treated. Three pools, of 

four individuals/pool, were analysed. Pooling was undertaken because western analysis was performed 

on tissues that were also being used for enzyme assays and metabolite assays: the enzyme assays 

required more sample volume that was available from single animals. Two blots illustrating the outcome of 

these studies have been included in the thesis document: one shows results for the liver microsome 

fraction (Figure 4.4) and one for the liver cytosol fraction (Figure 4.3).  Full blots and Ponceau stain can 

be seen in Appendix C Figures C.3 and C.4. 

Both gels showed several bands that reacted with the ODC antibody. All of the immunoreactive 

bands present in these gels have herein been designated as ‘ODC-like immunoreactive material’, 

abbreviated as ODCLIM, in order to reflect their evident reaction with the antibody. The term ODCLIM is 

employed here to reflect the inherently imprecise and ambiguous nature of the usual results of western 

analysis. 

Protein levels of ODCLIM were determined by quantification of the OD. The membranes were 

blocked in 5% (v/v) milk for 4 h, incubated with primary antibody to ODC (0.1 µg/mL) overnight at 4 °C, 

and incubated with HRP-conjugated secondary antibody (rabbit anti-mouse IgG 0.01 µg/mL) overnight at 

4 °C. OD values were obtained and normalized to entire lane of the Ponceau S-stained blot to account for 

protein loading. Three sets of pooled protein results were obtained for each treatment group and relative 

OD values were normalized to the levels in Sham for the first protein pool.  In the cytosolic fraction, 

ODCLIM was detected at approximate sizes 25-37 kDa, 37 kDa, 37-50 kDa, and 75 kDa. 

 This analysis was done in subcellular fractions prepared as described in Section 2.4.2. The 

secondary antibody showed nonspecific binding, and bands present in the secondary control were not 

quantified. In the rat liver cytosol fraction, the smaller-sized ODCLIM was significantly lower in the diabetic 

group compared to their sham controls; ODCLIM between 25 and 37 kDa was 53% lower, and 

approximately 37 kDa ODCLIM was 51% lower. The larger ODCLIM was significantly higher in diabetes; 

the band between 37 and 50 kDa was 230% higher. TETA treatment had an effect on the diabetic 

treatment group with the ODCLIM between 37 and 50 kDa being 30% higher.  Student’s t-test p-values for 

the bands quantified are shown in Table 4.3 for the cytosolic fraction. 
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Table 4.3 Calculated p-values using unpaired Student’s t-tests for ODC protein comparisons 
between treatment groups in the cytosolic fraction 

 ∼75 kDa 37-50 kDa ∼37 kDa 25-37 kDa 

Sham vs Sham-
TETA 

0.666 0.143 0.248 0.300 

Sham vs Dia 0.109 1.96E-04 0.016 0.049 

Dia vs Dia- 
TETA 

0.056 0.002 0.070 0.604 

 Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease, while red indicates 

an increase in diabetes and TETA treatment. 
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Figure 4.3 Western blots of ODC in rat liver cytosol from different treatment groups. Comparison of 
hepatic protein levels of ODC protein in cytosol of 16 week male Wistar rats from 4 treatment groups: 
Sham, Sham-TETA, Dia, or Dia-TETA treated.  TETA was administered for 8 weeks after 8 weeks STZ-
induced diabetes or 8 weeks of sham treatment. ODCLIM was quantified via OD at 25-37 kDa, ∼37 kDa, 
37-50 kDa, and ∼75 kDa. Y-axes show arbitrary units. Bars show OD relative to sham and represent the 
OD of the protein band at that size normalized to the Ponceau stain OD of the entire lane. Error bars 
show the S.E.M. Significant difference are marked with a (*) and indicate unpaired Student’s t-tests p-
value < 0.05. N=3 pooled samples containing equal protein from 4 rats. The secondary control lane was 
cut from the blot prior to incubation and placed adjacent the blot for image capture.  The ladder lane was 
obtained from a bright field image while the other lanes were obtained from the chemiluminescent image. 
Abbreviations: Dia – Diabetic; TETA – triethylenetetramine; ODC – Ornithine decarboxylase  
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In the microsomal preparations, ODCLIM was detected at ∼250 kDa, between 37 and 50 kDa, at 

37 kDa, and at 25 kDa as shown in Figures 4.4. The ODCLIM at 25 kDa was only weakly present in the 

diabetic group; and was lower in the diabetic-TETA treated group compared to diabetic untreated. The 

protein bands at 37kDa and between 37 and 50 kDa were both higher with diabetes by 62% and 80%, 

respectively. TETA treatment resulted in lower levels of ODC in the diabetic treatment group, with the 

smaller ODCLIM at 25 kDa being 45% lower. Student’s t-test p-values for the bands quantified are shown 

in Table 4.4 for the microsomal fraction.   

 

Table 4.4 Calculated p-values using unpaired Student’s t-tests for ODC protein for comparisons 
between treatment groups in the microsomal fraction 

Bolded values show p-values < 0.05; blue indicates a treatment-dependent decrease, while red indicates 

an increase in diabetes and TETA treatment. 

  

 ∼250 kDa 37-50 kDa  37 kDa  ∼25  kDa  

Sham vs Sham-
TETA 

0.988 0.693 0.655 0.721 

Sham vs Dia 0.571 0.032 0.033 0.503 

Dia vs Dia- 
TETA 

0.422 0.252 0.115 0.011 
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Figure 4.4 Comparison of hepatic protein expression of ODC protein in the microsome of 16-week 
male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Dia, or Dia-TETA treated. TETA was 
administered for 8 weeks after 8 weeks STZ-induced diabetes or 8 weeks of sham treatment. ODCLIM 
was quantified via OD at ∼25 kDa, between 37 and 50 kDa, ∼37 kDa and ∼250 kDa. Y-axes show 
arbitrary units. Bars show OD values relative to sham and represent the value corresponding to the 
protein band at that size normalized to the Ponceau stain OD of the entire lane. Error bars show the 
S.E.M. Significant difference are marked with a (*) and indicate unpaired Student’s t-test-derived p-values 
< 0.05. N=3 pooled samples containing equal protein from 4 rats. The secondary control lane was cut 
from the blot prior to incubation and placed adjacent the blot for image capture.  The ladder lane was 
obtained from a bright field image while the other lanes were obtained from the chemiluminescent image. 
Abbreviations: Dia – Diabetic, TETA – triethylenetetramine; OD – optical density; ODC – Ornithine 
decarboxylase 
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4.2.2 ODC antizymes and their inhibitors in STZ-induced diabetic rat and the effect of 
TETA treatment  

Changes of ODC were seen in diabetes and some changes were also seen with TETA treatment. 

The regulation of ODC by Az and Azin proteins was also investigated to determine how ODC regulation 

was occurring in diabetes, and to determine if TETA is influencing this process. 

4.2.2.1 Transcript level regulation 

The mRNA levels were measured and normalized as described in Section 3.2.1. qPCR reactions 

were performed in triplicate and Cp-values were obtained to calculate the relative mRNA levels. Total 

RNA from whole liver, kidney cortex, and cardiac left ventricle were isolated from 16- week male Wistar 

rats and reverse transcribed to cDNA, to determine the mRNA levels of Oaz1, Oaz2, Azin1 and Azin2. 

Messenger RNA levels were normalized to the geometric mean of 3 reference genes and are reported as 

relative mRNA levels. Liver mRNA levels were normalized to Tbp, Ppia and Ywhaz; kidney mRNA levels 

were normalized to Tbp, Ppia, and U2af; and in heart, levels were normalized to Tbp, Rpl13a, and Ndc.  

Results are shown in Figures 4.5 and 4.6. 

To identify statistically significant changes in mRNA levels as a result of STZ-induced diabetes 

and TETA treatment, the unpaired Student’s t-test was used; p-values are shown in Table 4.5. With 

diabetes treatment, significant differences were seen for Oaz1 in liver, where there was a 21% decrease 

in mRNA levels associated with diabetes. In diabetic TETA-treated rats there was a significant decrease 

of 33% with TETA treatment of Azin2 mRNA levels.  In the kidney were significant increases in Oaz1, 

Oaz2 and Azin1 associated with TETA treatment in the Sham group of 48%, 37% and 27%, respectively. 

Each data point represents a relative mRNA level from one rat. Significant values are marked by a * and 

represent unpaired Student’s t-test-derived p-values of less than 0.05.   
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Figure 4.5 Comparison of treatment effects on mRNA levels of antizyme proteins in liver (A), 
kidney (B), and heart (C) of 16 week male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Dia, 
or Dia-TETA treated. TETA was administered for 8 weeks after 8 weeks STZ-induced diabetes or 8 
weeks of sham treatment. Each data point represents the relative mRNA level from a single rat obtained 
from an average of triplicated real-time qPCR reactions, normalized to the geometric mean of 3 tissue-
specific reference genes described in Section 3.2.1. The y-axes show arbitrary units, bars show the 
mean and S.E.M. Significant difference are marked with a (*) and indicate unpaired Student’s t-test-
derived p-values < 0.05. n=10. Abbreviations:  TETA – triethylenetetramine, Oaz – ornithine 
decarboxylase antizyme, Dia - Diabetic 
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Figure 4.6 Comparison of mRNA levels of antizyme inhibitor proteins in treatment groups in liver 
(A), kidney (B), and heart (C) of 16 week male Wistar rats from 4 treatment groups: Sham, Sham-TETA, 
Dia, or Dia-TETA treated. TETA was administered for 8 weeks after 8 weeks of STZ inducted diabetes or 8 
weeks of sham treatment. Each data point represents the relative mRNA level from a single rat obtained 
from an average of triplicated real-time qPCR reactions, normalized to the geometric mean of 3 tissue-
specific reference genes described in Section 3.2.1. The y-axes show arbitrary units, bars show the mean 
and S.E.M. Significant differences are marked with a (*) and indicate unpaired Student’s t-test-derived p-
values < 0.05. n=10. Abbreviations:  TETA – triethylenetetramine; Azin – Antizyme inhibitor; Dia - Diabetic 
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Table 4.5 Calculated p-values for unpaired Student’s t-tests for Oaz1, Oaz2, Azin1, and Azin2 for 
between-group comparisons in RNA from liver, kidney and heart. 

 liver kidney heart 

 
Oaz1 Oaz2 Azin1 Azin2 Oaz1 Oaz2 Azin1 Azin2 Oaz1 Oaz2 Azin1 Azni2 

Sham vs 
Dia 0.03 0.86 0.76 0.64 0.89 0.11 0.73 0.26 0.27 0.18 0.89 0.57 

Sham vs 
Sham-TETA 0.77 0.22 0.93 0.63 0.003 0.01 0.04 0.72 0.90 0.70 0.33 0.76 

Dia vs Dia-
TETA 0.82 0.70 0.08 0.05 0.39 0.48 0.06 0.22 0.43 0.30 0.73 0.43 

Bolded values show p-values < 0.05, blue indicates a treatment dependent decrease, while red indicates 

an increase in diabetes and TETA treatment. 

4.2.2.2 Protein level regulation 

Az2 expression was studied by western blotting in ex vivo extracts from wild-type Wistar rats from 

each of four treatment groups: Sham, Sham-TETA, Diabetic, and Diabetic-TETA treated. Three pools, of 

four individuals/pool, were analysed. Pooling was undertaken because western analysis was performed 

on tissues that were also being used for enzyme assays and metabolite assays: the enzyme assays 

required more sample volume that was available from single animals. Two blots illustrating the outcome of 

these studies have been included in the thesis document: one shows results for the liver microsome 

fraction and one for the liver cytosol fraction (Figure 4.7).  Full blots and Ponceau stain are shown in 

Appendix C.  Gels showed single or double bands that reacted with the Az1 antibody.  The 

immunoreactive bands present in these gels are designated as ‘Az1-like immunoreactive material’, 

abbreviated as Az1LIM, in order to reflect their evident reaction with the antibody. The term Az1LIM is 

employed here to reflect the inherently imprecise and ambiguous nature of the usual results of western 

analysis. 

Protein levels of Az2 were determined by quantification of the OD of AZ2LIM. The membranes 

were blocked in 5% (v/v) milk for 4 h, incubated with primary antibody to Az2 (0.1 µg/mL) or Azin2 (0.1 

µg/mL) overnight at 4 °C, and then incubated with HRP-conjugated secondary antibody, goat anti-rabbit 

IgG (0.01 µg/mL) at room temperature for 1 hour. OD values were obtained and normalized to the entire 

lane of the Ponceau stain to account for protein loading. Three sets of pooled protein results were 

obtained for each treatment group and relative ODs were normalized to the levels in Sham for the first 

protein pool.  
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Az2 is a 22-kDa protein and an Az2LIM was detected at around 22 kDa in both cytosolic and 

microsomal fractions. In the non-diabetic microsomal fraction, there was a double band with a slightly 

larger than 22 kDa protein. In the analysis, the OD of the area of the double band was measured in all 

samples. Student’s t-test p-values for the Az2LIM quantified are shown in Table 4.6. Az2LIM levels are 

shown in Figure 4.5. Levels were lower in the cytosolic fraction and higher in the microsomal fractions in 

diabetic rat liver but not significantly. TETA treatment had an effect on the protein in the microsomal 

fraction with a 77% decrease in levels of Az2LIM in the diabetic TETA treated group compared to the 

diabetic untreated group.  The larger 30 kDa Az2LIM in the microsome was 17% lower in the diabetic 

group compared the sham control. 

 

Table 4.6 Calculated p-values for unpaired Student’s t-tests for Az2 protein levels in liver 

Bolded values show p-values < 0.05; blue indicates a treatment dependent decrease in diabetic and 
TETA treatment group. 

 

  

 
50 kDa cytosolic 

band 
22 kDa cytosolic 

band 
30 kDa microsomal 

bands 
22 kDa microsomal 

bands 

Sham vs 
Sham-TETA 

0.953 0.254 0.243 0.122 

Sham vs Dia 0.342 0.062 0.012 0.154 

Dia vs Dia-
TETA 

0.403 0.159 0.589 0.003 



114 

 

 

Figure 4.7 Western blot of Az2 protein in rat liver cytosol and microsomal preparations.Comparison 
of hepatic protein levels of Az2 protein in cytosol and microsome of 16-week male Wistar rats from 4 
treatment groups: Sham, Sham-TETA, Dia, or Dia-TETA treated. TETA was administered for 8 weeks 
after 8 weeks of STZ-induced diabetes or 8 weeks of sham treatment. OAZ2LIM were quantified via OD 
at ~22 kDa as well as 30 kDa  and 50 kDa in the microsome and cytosol respectively. Y-axes show 
arbitrary units. Bars show OD relative to sham and represent the OD of the protein band at that size 
normalized to the Ponceau stain OD of the entire lane. Error bars show the S.E.M. Significant differences 
are marked with a (*) and indicate an unpaired Student’s t-test-derived p-values < 0.05. N=3 pooled 
samples containing equal protein from 4 rats.  The secondary control lane was cut from the blot prior to 
incubation and placed adjacent the blot for image capture.  The ladder lane was obtained from a bright 
field image while the other lanes were obtained from the chemiluminescent image. Abbreviations: Dia – 
Diabetic, TETA – triethylenetetramine, Az – Ornithine decarboxylase antizyme
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4.3 Discussion This chapter aimed to investigate aspects of polyamine biosynthesis and its 

regulation in diabetes and the effect of TETA treatment. In this section, changes seen in the arginase 

enzymes, the decarboxylase enzymes, and the regulatory Az and Azin proteins are discussed.   

4.3.1 Polyamine Biosynthesis in diabetes and the effect of TETA treatment 
This study showed that enzymes involved in polyamine biosynthesis were overall higher in 

diabetes. ODC levels were higher in diabetic kidney at the mRNA level and diabetic liver at the protein 

level. AdometDC levels were also higher in kidney at the mRNA level. Arg1 showed opposite effects in 

liver and kidney at the mRNA level – Arg1 levels were increased in diabetic liver, decreased in diabetic 

kidney. TETA treatment resulted in some significant changes, with changes in Arg2 mRNA in diabetic 

kidney, Arg1 mRNA in sham-treated kidney and heart, and ODC and Az2 protein in liver. The biosynthetic 

pathway is important to diabetes as it is involved in early kidney nephropathy [117] and competes with 

NOS enzymes for arginine [185]. The following sections discuss results from the measurement of mRNA 

and protein levels.   

4.3.1.1 Transcript Levels 

The two Arg enzymes showed different diabetes-related effects in different tissues at the mRNA 

level. In the liver, diabetic Arg1 levels were almost twice as high in the diabetic group while Arg2 levels 

were 82% lower than Sham controls. The opposite effect was seen in kidney – Arg1 was 48% lower and 

Arg2 was more than twice as high with diabetes. Arg1 is produced mainly in the liver [89], while Arg2 is 

produced mainly in the kidney [184]. Previous studies have shown that at the protein level in liver, there is 

an increase in Arg1 but not overall arginase activity in diabetic liver [185]  and the current results support 

that finding with higher levels of Arg1 mRNA. This indicates that mRNA levels are likely indicative of 

protein levels. In the kidney, previous studies have shown that Arg2 plays a key role in diabetic pathology 

[184, 185] and this study supports that finding at the mRNA level. In the heart, studies in heart failure in 

rabbits by left ventricular pacing showed an increase of Arg2, which corresponded to decreases in 

arginine and increases in iNOS expression [195]; the current data also supports this study with 

significantly increases levels of Arg2 mRNA in the diabetic group compared to sham control. 

TETA was shown to affect the mRNA levels of Arg2 in diabetic kidney; with a 39% decrease with 

TETA treatment compared to the non-TETA-treated diabetic group. This result is important, given the key 

role of Arg2 in diabetes [184] and could indicate an additional mechanism through which TETA improves 

diabetic kidney function. TETA treatment also reduced levels of Arg1 mRNA in the sham-treated kidney 

and heart, further indicating that TETA influences arginine metabolism. Previous reports have indicated 
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that mRNA levels correlate with protein levels for both Arg enzymes [195, 196]; however these results 

should still be confirmed at the protein level. 

 The enzymes involved in synthesis of polyamines, ODC and AdometDC did not show significant 

changes in their mRNA levels in liver or heart, but did so in the kidney: AdometDC mRNA was 33 % 

higher in the diabetic group compared to sham control. AdometDC has not previously been investigated 

for its role in diabetes; however, the substrate SAM has been shown to improve insulin sensitivity [197, 

198]. Higher levels of AdometDC or increased polyamine biosynthesis could mean that more of this 

substrate is being used up and contributing to this aspect of diabetes pathology. 

4.3.1.2 Protein Levels 

ODC is the rate-limiting enzyme in polyamine biosynthesis [30] and although there were no 

significant changes seen with diabetes at the mRNA level, the protein levels were investigated, as 

polyamine biosynthesis enzymes are heavily regulated at the protein level [34]. Western blot analysis 

showed that ODCLIM between 37-50 kDa was higher in STZ-induced diabetes and that TETA treatment 

did not have a significant effect. Optical density of the ODCLIM was measured and normalized to the total 

protein measured via Ponceau stain. The lower level of ODC was shown in both the cytosol and 

microsomal fractions; however both Western blots showed multiple sizes of ODCLIM. There were several 

bands in the secondary control and as a result these were not quantified.  An analysis and explanation for 

the various sizes of ODCLIM is outlined below as well as the significance of the findings. 

In the rat liver cytosol fraction, the smaller-sized ODCLIM was significantly lower in the diabetic 

group compared to their sham controls; ODCLIM between 25 and 37 kDa was 53% lower, and 

approximately 37 kDa ODCLIM was 51% lower. The larger ODCLIM which is close to the predicted size 

of ODC was significantly higher in diabetes.  In the microsomal fraction ODCLIM at 37kDa and between 

37 and 50 kDa were both higher with diabetes by 62% and 80%, respectively.  These ODCLIM are likely 

to represent ODC protein and overall give an indication that ODC protein is expressed at higher levels in 

diabetes compared to the control.  ODCLIM which is larger than ODC protein were also detected in both 

the cytosol and the microsome fractions which did not show significant changes with diabetes. TETA 

treatment had an effect on the diabetic treatment group with the ODCLIM between 37 and 50 kDa being 

30% higher in the cytosol and ODCLIM at 25 kDa in the microsome being 45% lower. 

A possible reason for the multiple immunoreactive bands is cross-reactivity with homologous 

proteins; ODC shares sequence homology to several other proteins which regulate polyamine metabolism 

[36]. The antibody binds to amino acids 345 to 360 with a sequence of [KPDEKYYSSSIWGPTC] and 
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Azin2 shows sequence homology in this region with a sequence of [KKPSADQPLYSSSLWGPAVD] from 

amino acids 342 to 361. Therefore, the larger bands could be complexes of ODC and other molecules. 

ODC is known to complex with Az molecules and ∼75 kDa is the correct size for a complex of ODC-Az. 

There is also the possibility that the smaller products are breakdown products of ODC, or that they are 

molecules of Az being detected by cross-reacting with the ODC antibody. Az1 has been detected as a 

29.9 kDa protein [35] which could correspond to the 25-37 kDa band detected in this study. 

There are several reasons why a protein may not be detected at its predicted size in a Western 

blot. These reasons include modified forms of the protein, protein degradation, formation of protein 

multimers and complexes and excessive antibody concentrations [199]. ODC is known to be nitrosylated 

[85] and there are several complexes of ODC that could correspond to the detected bands including those 

described above.. Several antibody concentrations and conditions were trialed: incubating the antibody for 

longer at a lower temperature, 4 °C overnight, yielded fewer bands and so all results shown in this thesis 

for ODC were incubated under those conditions. Decreasing the antibody concentration further, to 0.005 

µg/mL, did not yield any immunogenic bands, making it unlikely that 0.01 µg/mL is too high an antibody 

concentration. As there are several explanations for the multiple immunogenic bands, it is not completely 

clear what protein comprises the immunoreactive bands shown in these blot. However, it is possible that 

ODC could detect the homologous Azin2 and that complex of ODC and regulatory molecules could be 

detected. 

As we could not identify what the smaller-sized proteins are, it is unclear what the lower levels in 

diabetes mean. If they are break-down products of ODC, it could mean that there are lower levels of 

degraded ODC in the diabetic group. However, the nature of the other bands cannot be determined with 

certainty.  To the candidate’s knowledge, there is no comparable study of ODC in physiological tissues of 

ex vivo rodent liver reported in the literature.  ODC found in kidney only shows a cut out of the blot stating 

that it is at 53 KDa [116].  

Previous studies have shown that ODC levels are lower in alloxan-induced diabetes [186] and 

higher after 8 days of STZ-induced diabetes [187]. In this study, rats had STZ-induced diabetes for 16 

weeks before being studied and results show that protein levels of ODC are still elevated in the liver at 

this point. Higher levels of ornithine have been associated with effects of diabetes in the liver, and were 

shown to be normalized by insulin treatment in STZ-diabetic rats [200]; increased levels of putrescine, 

which is also synthesized by ODC, were also present in db/db diabetic mice [201]. These data further 

supports elevated levels of ODC, previously seen at different stages and in different models of diabetes. 
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TETA treatment did not have an effect on the ODC protein level in the microsomal preparations 

studied. However, TETA effects were seen in ODC protein levels in the cytosol and with several 

immunogenic bands of different sizes. In the diabetic TETA-treatment group, the cytosolic ODC protein 

was 20% higher than the diabetic control group. The diabetic group was already elevated compared to 

sham control and TETA caused a further small but significant increase. This indicates that TETA could be 

increasing polyamine biosynthesis, or decreasing degradation of ODC. Other TETA-induced changes 

included TETA-related decreases in bands at ∼25 kDa and between 25 and 37 kDa in the microsomes, 

and an increase in the ∼37 kDa band in the cytosol, when comparing the diabetic group to the diabetic-

TETA treated group. Overall, TETA treatment in the diabetic group resulted in increased levels of ODC 

immunogenic protein in the cytosol, and decreased levels in the microsomes. This could indicate that 

TETA changes the subcellular distribution of ODC but further immunohistochemistry studies would be 

needed to confirm this.   

 

4.3.2 Az and Azin proteins in STZ-induced diabetes and the effect of TETA treatment 
This study showed that the proteins involved in regulation of ODC can be detected at the mRNA 

level in liver, kidney and heart – although levels are quite low in heart. There were several changes 

associated with diabetes but they did not follow an expected pattern. Under normal conditions, ODC is 

active as a homodimer when polyamine levels are low; under these conditions Azin molecules bind to Az 

molecules and prevent them from tagging ODC for degradation [33]. When polyamine levels are high, Az 

molecules bind to ODC monomers, inactivate them and tag them for 26S degradation [33]. The Antizyme 

inhibitors provide another level of regulation to ODC. They bind to Antizyme molecules and block their 

ability to inhibit ODC [33]. So, under conditions of increased ODC, lower levels of Az and higher levels of 

Azin could be present, but this was not shown in all cases in this study indicating that in diabetes this 

mechanism may not be working as it does in a non-pathological state. ODC regulatory molecules have 

not been investigated previously with respect to diabetes, but the role of ODC in diabetes pathology 

makes them of interest. This section discusses the transcript and protein results investigated. 

4.3.2.1 Transcript levels 

Little is known about transcript-level regulation of Az and Azin proteins but they have been 

detected in rat brain and liver as well as in human cell lines [43]. This study showed that detectable levels 

of their corresponding mRNAs are present in rat heart, liver, and kidney.   
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Although detectable levels of Az mRNA were present in cardiac tissue, there were no significant 

changes with diabetes or TETA treatment, indicating that Az regulation may not play a role in diabetes 

pathology in the heart. However, in the liver, Oaz1 mRNA was 21% lower in diabetes. This corresponds 

with ODC levels being higher at the protein level in the liver.  Lower Az1 levels indicate fewer Az proteins 

available to deactivate ODC. The only other change seen in liver was the effect of TETA treatment on 

Azin2 mRNA, where there was a significant 33% decrease with TETA treatment compared to untreated 

diabetic rats. Azin2 mRNA levels were not elevated with diabetes so the TETA-dependent decrease was 

not normalizing a disease-related increase. Azin2 is involved in two polyamine metabolic functions; one is 

an up-regulator of ODC [45] and the other is to stimulate cellular polyamine uptake [189]. It has been 

suggested that TETA enters cells using the same transport systems as the native polyamines [145] so it 

seems unusual for the drug to cause a down-regulation in Azin2. It could be a result of one of the other 

functions of TETA or Azin2 that are interacting with each other, as both have multiple ways of acting 

within the cell [144, 189]. Azin2 expression is increased in the brains of Alzheimer’s patients [191], a 

disease which shares many of its  pathogenic mechanisms with type II diabetes [144] [192]. Although 

levels were not increased at the mRNA level with diabetes, if there is an increase in Azin2 in diabetic 

tissues it could be of benefit if TETA can down-regulate it at the mRNA level. Azin2 is also shown to have 

ADC activity which produces agmatine [188]. Agmatine is involved in diabetes and can prevent the toxic 

effects associated with induction of NO synthesis by inhibiting iNOS [193], and has showed an anti-

diabetic like effect in diabetic rats [194]. It is not clear whether rat Azin2 has ADC activity so the effect of 

TETA is not clear. 

The kidney showed significant increases with TETA treatment for both the Oaz and Azin mRNA 

levels; Oaz1, Oaz2 and Azin1 were all increased with TETA treatment in the Sham group only. TETA 

treatment of the diabetic group did not result in significant changes at the mRNA level. The increase in 

Oaz and Azin mRNA with TETA treatment in Sham kidney could be a result of TETA increasing overall 

mRNA levels in Sham; this was also seen for Sat1, Sat2, Dohh and Amd1.  It could be that lowering of 

copper levels in the kidney resulting from TETA treatment are causing downstream effects which are 

influencing the production of polyamine regulation. Activation of transcription has been shown for ODC 

and SSAT1 in response to oxidative stress [202], and depletion of copper is a known cause of oxidative 

stress [203] so it could be that TETA-copper chelation can induce transcription of the antizyme and 

antizyme inhibitor molecules in TETA- treated non-diabetic control animals. 
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4.3.2.2 Protein Levels 

Protein levels of Az2 were measured in the liver, which is the first known instance of this protein 

being investigated with respect to diabetes.  Az2 were lower in the cytosolic fraction in the untreated 

diabetic group, while in the microsomal fraction, levels trended higher although neither of these trends 

were statistically significant. At the mRNA level, there were no changes in Oaz2 mRNA, which is 

consistent with regulation of Az2 occurring mainly at the protein level. Additionally, with different trends in 

the cytosol compared to the microsomal preparations, it appears that subcellular localization may be 

altered in diabetes. Az2 is thought to be localized to the nucleus [38]. In the microsomal fraction in the 

non-diabetic group, a double band was present. This is consistent with previous reports showing that in 

the mitochondria, Az1 has an extra sequence that yields a 29-kDa protein. This observation could be 

evidence for a larger Az2 protein that is absent with diabetes, or of a modification that is present in control 

animals but not diabetic ones. There have been reports that Az2 can be phosphorylated at Serine-186 

[38] but the significance of such phosphorylation is not known at present. 

In the microsomal fraction, there was a 77% decrease in Az2LIM with TETA treatment in the 

diabetic group. Az2 levels were higher in diabetes and although the change was not statistically 

significant, it trended to normalize the levels towards those in the Sham-control group. Az2 functions to 

inhibit ODC and tag it for degradation [33]. 

4.3.3 Overall Findings and Conclusions 
4.3.3.1 Overall Findings 

The results presented in this chapter show there are changes in polyamine biosynthesis 

associated with diabetes, and that TETA is apparently having effects on several enzymes at both the 

protein and transcript levels of regulation. These results are consistent with previous reports that have 

shown increases in ODC in diabetic kidney [118]. Levels of Arg1 and Arg2 mRNA showed significant 

changes in diabetes which were tissue-specific and subject to the action of TETA. The measurement of 

mRNAs and protein signals corresponding to Az2 showed some discrepancies compared to what 

normally occurs during ODC regulation – for example, when Az levels are low, Azin and ODC levels 

would be high.    

TETA treatment resulted in changes consistent with expectations, with both increases and 

decreases in ODC activity. Typically increases in Az correlate with decreases in ODC as Az tags ODC for 

degradation [33]. This was observed with Az2 and ODC protein levels where increased ODC correlated 

with decreased Az2 in diabetes. However, there were decreased levels of Az2 in the diabetic-TETA group 
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that did not correlate with increased levels of ODC protein. There was also a non-statistically significant 

trend towards decreased ODC protein in the diabetic TETA group.   

4.3.3.2 Future Experiments 

There were significant changes with TETA treatment at the mRNA level that were of interest in 

relation to the Arg enzymes, and confirming these results via Western blot or immunohistochemistry 

would show if the mRNA levels changes correlate to protein-level changes. Immunohistochemistry would 

be especially useful as it could provide a more accurate way to determine subcellular distribution than the 

fractionation method used in this study. Additionally, since these enzymes are involved in diabetes 

pathology through downstream NOS metabolism, investigating the effect of TETA on NOS metabolism 

would also seem to be worthwhile. 

The ODC Western blots showed multiple immunoreactive bands; further experiments should be 

done to determine whether they are the protein of interest in complex with other proteins, whether the 

antibody is detecting homologous proteins, or whether some might represent degradation products. 

Replicating the results with antibodies from different sources and using primary antibody inhibition might 

help to confirm the identity of the extra bands. 

To gain a more complete picture of Az and Azin regulation in diabetes, all protein levels should be 

tested. In this study, only Az2 was successfully measured with enough data to form a conclusion.  Further 

experiments should focus on obtaining protein levels for Az1, Azin1 and Azin2 but this would depend on 

the availability of informative reagents.   

4.3.3.3 Conclusions 

 The changes measured here in levels of proteins involved in polyamine biosynthesis associated 

with diabetes are present at both transcript and protein levels and some of these can clearly be influenced 

by TETA treatment. The polyamine biosynthetic pathway is important in diabetes and future experiments 

should be done to determine if downstream effects from TETA’s influence on this pathway are having a 

significant effect on disrupted NOS metabolism in diabetes. Diabetic changes at the mRNA level can be 

tissue-specific, as shown with Arg1 and Arg2 in liver and kidney and changes can also be specific to the 

individual subcellular fractions.   
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Chapter 5 Metabolomic Analysis: Effects of STZ-
induced Diabetes and Effects of TETA treatment  

5.1 Introduction 
The aim of this part of the programme was to determine if changes seen at the mRNA and protein 

levels were reflected in the levels of polyamine metabolites, by measuring polyamines in liver tissue 

homogenate. Polyamines were identified using their exact molecular mass and quantified by peak 

intensity. The secondary goal of this study was to use the MS data to form an initial idea about the 

metabolome of rat livers and changes brought about by STZ-induced diabetes and by TETA treatment.   

Metabolomics is a powerful strategy by which to investigate the identity and composition of the low 

molecular weight compounds including endogenous biochemicals and drug metabolites, present in the 

metabolome of a cell, tissue, or organism. Metabolites comprise the final downstream products of gene 

expression and the biochemical pathways generated therefrom, so their measurement enables the 

provision of a high-resolution, multifactorial phenotypic signature that can inform on the aetiopathogenesis 

of disease and its manifestation in tissues and organs, therefore providing important evidence concerning 

physiopathologic processes and the response to interventions [204]. The evidence provided by 

metabolomics serves to complement and complete the pictures provided by the other ‘omics disciplines, 

which include genomics, transcriptomics, proteomics and metalomics. Our group has substantive 

experience in using metabolomics to investigate complex disease processes [204]. 

Low molecular weight metabolites play an important role in many biological processes and their 

metabolism can be used to identify a phenotype for many disease models and systems [205]. The two 

main types of metabolomic studies, non-targeted and targeted, serve different purposes. With the 

targeted approach, the focus is on quantification of groups of chemically related molecules, whereas the 

non-targeted approach aims to measure as many metabolites as possible simultaneously in a given 

sample [206]. With the targeted approach, an internal standard, which is often labelled with a stable 

isotope, is added to the samples prior to their extraction to control for the effects of ionization suppression 

[206]. This step is a challenge due to the high cost and limited availability of stable isotopically-labelled 

standards, most of which need to be purpose-synthesized, and it has been estimated that a maximum of 

300 metabolites can be measured at one time using a targeted method [206].  However, studies to date 

have typically focused on less than 20 [205]. Non-targeted methods can be used to measure a much 

greater number of chemically unrelated metabolites compared to the targeted method, and are useful for 

the comparison of two biological states [206]. A non-targeted method was used in this study to semi-
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quantify metabolite levels based on MS peak heights. There is an additional strategy that falls between 

targeted and non-targeted studies called semi-targeted analysis. With this method several compounds in 

the same class of molecule are analysed with respect to one standard [205]. In this study DES (N1, N12-

diethylspermine) was used as an internal standard with which to quantitate polyamines and their 

metabolites.   

The systems used in metabolomic studies include GC-MS, LC-MS, ESI (electrospray ionization) 

MS-MS, and [1H]-NMR and each have advantages and disadvantages [207-209]. For GC measurements 

obtained in the gas phase, analytes must be volatile and have sufficient thermal stability to remain stable 

during analysis [206] and often compounds are derivatized to achieve this. The derivatization often 

involves the addition of a reactive carboxyl, carbonyl, sulfhydryl, amine or hydroxyl group and adds an 

extra level of complexity which can add to batch-to-batch variation [206]. With ESI-MS often solid phase 

extraction (SPE) steps are required to run the samples which can also add to the variation. Despite this 

challenge, it has been reported that these methods can be used for quantitative analysis with coefficients 

of variation in replicate assays of less than 15% [206]. 

 In this study, non-targeted and semi-targeted analyses were performed. The semi-targeted 

approach used DES as an internal standard to determine relative intensities of the polyamines and their 

acetylated derivatives.   

5.2 Assay and database development 
The three major parts of a metabolomics programme are sample preparation, metabolite 

separation and detection, and data analysis. 

5.2.1 Sample Preparation and Solid-phase Clean up 
Sample preparation greatly influenced the reliability of results. Sample preparation parameters 

here included tissue homogenization buffers, acidification methods for ionizing the metabolites before 

mass spectrometry, and solid-phase cleanup techniques. Acidification methods and solid-phase 

extraction (SPE) procedures were examined to purify analytes present in liver tissue homogenate.  In 

addition an internal standard similar in structure to acetylated polyamines was added prior to 

homogenization to help account for variation in the steps leading up to metabolite detection. DES was 

added to a final concentration of 25 µM to 1.5 g of rat liver in 67 mM PBS prior to homogenization. 

Oasis HLB solid-phase cartridges which contain polymers designed to capture hydrophilic as well 

as lipophilic analytes, were chosen based on previous studies indicating that they captured the broadest 

range of ions with the least variability [208]. Additionally the 20 μm particle diameter of the packing 
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material is suitable for samples such as liver homogenate which can block columns with smaller pore 

sizes. The manufacturer-recommended extraction conditions for elution were tested against other 

conditions, with the aim of determining which conditions would minimize metabolite loss during clean-up. 

The recommended conditions are to elute with 100% methanol (MeOH). Initial analysis using this method 

showed a large number of metabolites present but neither the polyamines nor the internal standard were 

detectable. A second elution with 50% acetonitrile showed polyamines and the internal standard DES, 

indicating that MeOH was not eluting the polyamines from the solid phase. As this method yielded many 

metabolites, a second trial was run with different samples to obtain metabolomic data. However, this trial 

yielded far fewer metabolites than the first as shown in Table 5.1. Successive attempts varying either the 

pH of extract applied to the column or the elution solvent are also detailed in Table 5.1. Each line in the 

table is data from one experiment. Additionally, tests were done to determine if polyamines were being 

lost in the extraction process. Preliminary tests showed that using the MeOH elution method, the peak 

intensity for spermidine in the wash solution was ~10% of that in the eluent after solid phase extraction. 

This finding indicated that the majority of polyamines coming off the SPE column were in the eluent. 

 

Table 5.5.1 Number of metabolites detected using varied elution solutions. 

Elution solution 
pH of extract 

applied to HLB 
column 

Number of metabolites detected 

Sham Sham-TETA Dia Dia-TETA 

100% MeOH 3 815 683 575 733 

100% MeOH trial 2 3 196 217 338 402 

100% MeOH 7 159 251 357 342 

100% MeOH, 2nd elution 
20% Acetonitrile 1mM TCA 3 114 84 125 98 

50% Acetonitrile 1mM TCA 3 71 58 111 113 

50% Acetonitrile 1mM TCA 7 66 96 102 121 
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100 % MeOH, 2nd elution 
50% Acetonitrile 1mM 

Formic acid 
3 256 301 300 276 

 

5.2.2 Metabolite Detection 
Metabolites were detected using ToxID software (Thermo Scientific) which interprets the mass 

spectra and uses the mass-to-charge ratio (m/z) to 5 significant figures, to identify metabolites and report 

their peak intensity as shown in Figure 5.1. The ToxID database was expanded as part of the work in this 

study to include all metabolites in the KEGG (Kyoto Encyclopedia of Genes and Genomes) online 

database.  ToxID is able to detect the exact mass of 3 adducts.  For these trials H+, Na+, or NH4
+ were 

chosen, although most adducts are thought to be dissociated during SPE clean-up [210]. The three 

adducts employed were considered to be the most appropriate for the analyses being undertaken 

(Associate-Professor David Greenwood, personal communication).  The KEGG identification numbers 

were subsequently used with PAPi software [160] to determine the Activity Score of possible pathways 

based on number of metabolites and peak intensity of that metabolite.  A higher Activity Score indicated a 

higher number of metabolites in a pathway with low quantity of each metabolite. KEGG pathways are 

shown in Appendix E and the ToxID database developed for use in this study is available online as 

described in Section 2.5.5.  The PAPi software is an R package that uses a set of metabolite levels and 

the KEGG database to predict and compare the activity of metabolic pathways between different 

experimental conditions and states [160] For each metabolic pathway, PAPi generates an Activity Score 

(AS), which is calculated based on the absolute number of metabolites identified from each metabolic 

pathway and their relative abundances in each analysed sample. The PAPi method is based on two 

assumptions.  First, the more intermediate compounds from a specific metabolic pathway will be detected 

when this metabolic pathway is up-regulated.  Higher metabolic pathway activity is associated with a 

higher intracellular conversion of metabolites and therefor metabolomics techniques have a greater 

probability of detecting these metabolites. The second assumption is that if the same compound is 

detected under two different experimental conditions, higher abundances of this intermediate will be 

detected when the associated metabolic pathway down-regulated. Lower activity of a metabolic pathway 

should result in lower intracellular conversion rates and, consequently, accumulation of metabolites. The 

Activity Score calculated by PAPi represents the likelihood that a metabolic pathway is active inside single 

cell systems and allows a quick comparison of metabolic pathway activities across experimental 

conditions.  [160].  
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Figure 5.1T  

Figure 5.1 Toxid quantification of Metabolites using KEGG extended data. Compound name 
contains the KEGG id number and the name of the compound.  Toxid was set up to detect 
compounds which had adducts of H+, Na+, or NH4

+ and the molecular formula is used by Toxid to 
determine the exact mass.  Above shows the shape of the peak detected over time as outputted by 
the toxid software.  
 



127 

 

5.3 Results and Discussion 
5.3.1 Non-Targeted Metabolomic Analysis of Between-Group Differences in Rat Liver   

As reliably and consistently measuring polyamine levels using the SPE extraction and infusion 

injection FT-MS proved difficult, the focus shifted from quantifying polyamines to deriving an overall 

analysis of metabolism in the rat liver and comparing the results between treatment groups.  The following 

data represents the pathways identified from one set of data using MeOH elution and 20% Acetonitrile 

1mM TCA.  PAPi Activity Scores for treatment groups were analysed and normalized to sham to 

determine the fold change in Activity Score with treatment.  PAPi is an algorithm developed to compare 

metabolic pathway activities from metabolite profiles obtained via GC-MS.  It has been validated in single-

cell systems [160] and was adapted to this study using the ToxID database. 

5.3.1.1 Effects of STZ-induced diabetes on the rat liver metabolome  

Forty-five KEGG pathways were shown to be changed in rat liver with diabetes as shown in Figure 

5.2. These included pathways involved in amino acid and protein metabolism, fatty acid metabolism, bile 

acid secretion, vitamin absorption, nucleotide metabolism, pathways involved in oxidative stress as well 

as several pathways typically found in bacteria and alkaloid biosynthesis. 

Within the amino acid metabolism pathways elevated Activity Scores were seen in cysteine and 

methionine metabolism, phenylalanine metabolism, and lysine degradation, while decreases in Activity 

Score were seen in glycine, serine and threonine metabolism, arginine and proline metabolism, 

tryptophan metabolism, phenylalanine, tyrosine and tryptophan biosynthesis, protein digestion and 

absorption, and aminoacyl-tRNA biosynthesis.  The KEGG arginine and proline pathway includes 

polyamine metabolism and the cysteine and methionine KEGG pathway is related to the polyamines 

through the action of AdometDC.  Previous studies have shown lower levels of methionine in db/db mice 

[201] and SAM can alleviate TNF-α mediated-insulin resistance in adipocytes [198]. It is thought that 

increased polyamine synthesis is partly responsible for decreased levels of methionine in diabetic rats 

[201] and the enzyme measurement results from this study support this conclusion with the finding of 

increased levels of polyamine biosynthetic enzymes. Arginine and proline metabolism are known to be 

altered in diabetes [88] and this was shown in the current study at the mRNA level and with the current 

metabolite data. 

Several other metabolomic changes seen in the rat liver in this study correspond with previous 

results in serum metabolomic analysis or are otherwise known to be associated with diabetes. Lysine 

degradation and changes in phenylalanine metabolism have been reported from studies in db/db mouse 

serum, as have changes in serine, glycine and threonine metabolism [211]. Changes in tryptophan 
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metabolism have also been reported in studies of serum from rats with STZ-induced diabetes [212].  

Phenylalanine, tryptophan and tyrosine biosynthesis were also shown to be changed in diabetic rat liver in 

this study consistent with other findings from studies in serum [211, 212]. Amino acyl tRNA biosynthesis, 

and protein digestion and absorption, had slightly lower Activity Scores in diabetic liver in this study and 

previous studies have shown that insulin can inhibit muscle protein breakdown [213] and that protein 

synthesis is overall reduced in STZ-induced diabetes [214]. Glycine, serine and threonine metabolism, as 

well as phenylalanine metabolism had lower Activity Scores in diabetes and have previously been 

reported as changed in db/db mouse serum [205].   
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 .     

Figure 5.1 Metabolomic changes in diabetic rat liver compared to Sham. 16-week male Wistar 
rats were either sham-treated or rendered diabetic by STZ-injection. Rat liver was homogenized and 
purified using solid phase extraction and analysed as described. Pathways shown are those in which 
both groups contained metabolites and normalized Activity Scores are displayed on a log scale. PAPi 
Activity Scores from diabetic rats were normalized to the corresponding Activity Score for that 
pathway in Sham-treated controls. Data are representative of 1 study with tissues from 4 rat livers per 
group. 
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In addition to amino acid metabolism, fatty acid metabolism was an area where many diabetic 

changes were seen – with the greatest increases in metabolism seen in arachidonic acid, and 

sphingolipid metabolism. Arachidonic acid is known to have a role in diabetes; its levels are altered as a 

downstream consequence of hyperglycemia (for example, it is increased in platelets of diabetic patients), 

and it plays a key role in the production of prostaglandins [215], and decreased levels have been shown 

in other tissues of mice with STZ-induced diabetes [216]. Sphingolipid metabolism is also known to be 

altered in diabetes [217]. Other fatty acid metabolism pathways which showed altered Activity Scores in 

this analysis are also established as changed with diabetes, including fatty acid biosynthesis, and fatty 

acid elongation in the mitochondria [218], as well as alpha-linoleic acid metabolism [212], and 

glycerophospholipid metabolism [219]. 

Nucleotide metabolism showed changes in Activity Score with diabetes – with a higher Activity 

Score for purine metabolism and a lower Activity Score for amino sugar and nucleotide sugar metabolism. 

Changes in purine metabolism have been shown in heart [205] and serum of db/db mice [205]. Bile acid 

synthesis was also changed in this analysis and has been shown to be lower in STZ-induced diabetic rats 

[212] [220]. Other pathways which showed change in this analysis are also established as being changed 

with diabetes included those involved with vitamin metabolism and oxidative stress including: folate 

biosynthesis [221], porphyrin metabolism - which is linked to oxidative stress [222], glutathione 

metabolism [223], nicotinate metabolism [224], and vitamin digestion and absorption [225]. Glyoxylate has 

been identified as related to diabetes pathology through another metabolomics analysis in db/db mouse 

serum [211]. Cytochrome p450 enzymes are a major metabolic pathway for arachidonic acid [226] which 

has been previously discussed with respect to diabetes.  Vascular smooth muscle contraction is also 

known to be changed in diabetes – it has been shown that smooth muscle reactivity is increased because 

of changes in subcellular Ca2+ distribution [227].  Neuroactive ligand-receptor interaction changes have 

been shown at the gene expression level [228], and CoA biosynthesis in the kidney has been shown to be 

altered in diabetes [229].  
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Several unusual pathways identified as being different between diabetic rats and controls, were 

pathways associated with bacteria and alkyloid biosynthesis. Aminobenzoate is a breakdown product of 

tryptophan, that is produced by bacteria [230] and has not previously been associated with diabetes. 

Several other plant and bacterial pathways were shown which could be a result of products from gut 

bacteria ending up in the liver, or due to the analysis method. There are reported links between products 

of bacterial metabolism emanating from the gut and alterations in mammalian metabolism from 

metabolomic studies [231, 232]. Several KEGG pathways contain many metabolites which serve 

functions in both plants and animals, and the PAPi analysis will calculate an Activity Score for any 

pathway where there are metabolites. These findings could be consistent with effects of bacterial 

metabolites in the liver of the rats studied here.  

Overall changes seen in this study in diabetes correlate well with previous reports, and indicate 

that this method of metabolomic analysis can identify changes in the metabolome in diabetes. However, 

these data shows a narrower range of pathways influenced by diabetes compared to some other 

metabolomic studies [211, 212, 233]. This could be a result of homogenization, purification or solid phase 

extraction steps, or that this study was conducted in liver extracts, whereas most others reported to date 

were in serum. As this method was useful in identifying changes between Sham and diabetic treatment 

groups, it has also been used to determine pathways changed by TETA in both Sham, and diabetic 

TETA-treated groups. 

5.3.1.2 TETA treatment metabolomic effects 

Thirty-one pathways were shown to be changed with TETA treatment of Sham rats, and forty-

three were changed with TETA treatment of diabetic rats. Similar to the pathways affected by diabetes, 

the pathways implicated in TETA treatment consisted of amino acid metabolism, fatty acid metabolism, 

bile acid secretion, vitamin absorption, pathways involved in oxidative stress and several bacterial or plant 

pathways. Thirty-six out of the 43 altered pathways had higher Activity Scores in the TETA treated 

diabetic group, while only five of the 26 pathways changed in the Sham-treated controls had higher 

Activity Scores. The Activity Score is increased with a higher number of metabolites and with lower levels 

of each metabolite, and decreased with a lower number of metabolites and higher amounts of each 

metabolite. These results indicate that with TETA treatment in Sham-controls, the activity of many 

pathways is decreasing, whereas TETA treatment in the diabetic group was associated with increasing 

activity of many pathways. The changes in Activity Scores correlated with TETA treatment are presented 

in Figure 5.3 for Sham and Figure 5.4 for diabetic rats.   
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For several pathways, the change seen in activity which was associated with diabetes was 

reversed with TETA treatment. Table 5.2 shows a comparison of changes in various treatment groups on 

fatty acid metabolism.  

Table 5.5.2 Changes in Fatty acid metabolism with diabetes and TETA treatment 
Sham to Dia Sham to Sham-TETA Dia to Dia-TETA 

Arachidonic acid metabolism Biosynthesis of unsaturated fatty 
acids Arachidonic acid metabolism 

Sphingolipid metabolism Sphingolipid metabolism Biosynthesis of unsaturated fatty 
acids 

Fatty acid biosynthesis Fatty acid biosynthesis Fatty acid biosynthesis 
Alpha-Linolenic acid metabolism  alpha-Linolenic acid metabolism 
Glycerophospholipid metabolism   Fatty acid elongation in 

mitochondria   
Fatty acid metabolism   

Red text indicates a pathway whose Activity Score is higher in the treatment group compared to either 
Sham control or untreated diabetic control, while blue indicates a pathway which is lower in the treatment 
group.  
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Figure 5.2 Metabolomic changes with TETA in sham-treated control rat liver. 16 week male Wistar 
rats were either sham-treated or TETA-treated for the final 8 weeks.  Rat liver was homogenized and 
purified using solid phase extraction.  Pathways shown are pathways in which both groups contained 
metabolites and normalized Activity Scores are displayed on a log scale.  PAPi Activity Scores of TETA 
treated rat were normalized to the Sham Activity Score for that pathway.  Data is representative of 1 
trial with tissue from 4 rat livers per group. Abbreviations:  TETA – triethylenetetramine 
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Figure 5.3 Metabolomic changes associated with TETA treatment in diabetic rat liver. 
16-week male Wistar rats underwent either STZ-induced diabetes for 16 weeks, or 
alternatively were treated with TETA administered for 8 weeks after 8 weeks STZ-induced 
diabetes. Rat liver was homogenized and purified using solid phase extraction. Pathways 
shown are those which in both groups contained equivalent metabolites, and normalized 
Activity Scores are displayed on a log scale. PAPi Activity Scores of diabetic TETA-treated rats 
were normalized to the corresponding values for Activity Scores in non-TETA-treated diabetic 
groups for each individual pathway. Data are representative of 1 trial with tissue from 4 rat 
livers per group. Abbreviation:  TETA – triethylenetetramine 
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From Table 5.2, TETA is shown to have a remedial effect on the diabetic group in fatty acid 

biosynthesis and alpha-linolenic acid metabolism. Table 5.3 shows the effects of diabetes and TETA on 

amino acid metabolism. Two pathways involved in polyamine metabolism were shown to be normalized 

by TETA treatment: those of argine and proline metabolism, and cysteine and methionine metabolism. 

Additionally, the following pathways were also changed in a normalizing direction with TETA treatment of 

diabetes: aminoacyl-tRNA biosynthesis; protein digestion and absorption; phenylalanine metabolism; 

tryptophan metabolism; phenylalanine, tyrosine and tryptophan biosynthesis.  

Table 5. 5.3 Changes in amino acid metabolism with diabetes and TETA treatment 
Sham to Dia Sham to Sham-TETA Dia to Dia-TETA 

Cysteine and methionine 
metabolism 

Cysteine and methionine 
metabolism 

Cysteine and methionine 
metabolism 

Phenylalanine metabolism Phenylalanine metabolism Phenylalanine metabolism 

Glycine, serine and threonine 
metabolism 

Glycine, serine and threonine 
metabolism 

Alanine, aspartate and 
glutamate metabolism 

Arginine and proline 
metabolism 

Arginine and proline 
metabolism 

Arginine and proline 
metabolism 

Tryptophan metabolism Tryptophan metabolism Tryptophan metabolism 

Phenylalanine, tyrosine and 
tryptophan biosynthesis 

Phenylalanine, tyrosine and 
tryptophan biosynthesis 

Phenylalanine, tyrosine and 
tryptophan biosynthesis 

Protein digestion and 
absorption 

Protein digestion and 
absorption 

Protein digestion and 
absorption 

Aminoacyl-tRNA biosynthesis  Aminoacyl-tRNA biosynthesis 

Lysine degradation  Glucosinolate biosynthesis 

Red text indicates a pathway whose Activity Score is higher in the treatment group compared to either 
Sham-control, or untreated-diabetic-control, while blue indicates a pathway whose Activity Score is lower 
in the treatment group.  

 

In Table 5.4 nucleotides, vitamins and cofactors, as well as oxidative stress pathways are 

compared. The following pathways all showed normalizing effects of pathways that were shown to be 

disrupted in diabetes: amino sugar and nucleotide sugar metabolism; riboflavin metabolism; vitamin 

digestion and absorption; glutathione metabolism CoA biosynthesis; and porphyrin (and chlorophyll) 
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metabolism. Note that the signals related to chlorophyll metabolism in this section probably reflect its 

close overlap with porphyrin metabolism.    

Table 5.5.4 Changes in nucleotide, vitamin and cofactor metabolism, and oxidative stress 
pathways with diabetes and TETA treatment 

 Sham to Dia Sham to Sham-TETA Dia to Dia-TETA 

Nucleotide 

Purine metabolism Purine metabolism Purine metabolism 

Amino sugar and 
nucleotide sugar 

metabolism 
 

Amino sugar and 
nucleotide sugar 

metabolism 

Vitamin and 
Cofactor 

metabolism 

Riboflavin metabolism Riboflavin metabolism Riboflavin metabolism 

Nicotinate and 
nicotinamide metabolism 

Nicotinate and 
nicotinamide metabolism 

Nicotinate and 
nicotinamide metabolism 

Vitamin digestion and 
absorption 

Vitamin digestion and 
absorption 

Vitamin digestion and 
absorption 

One carbon pool by 
folate Thiamine metabolism Retinol metabolism 

Pantothenate and CoA 

biosynthesis 

Pantothenate and CoA 

biosynthesis 

Pantothenate and CoA 

biosynthesis 

  
Ubiquinone and other 

terpenoid-quinone 
biosynthesis 

Oxidative 
Stress 

Glutathione metabolism Glutathione metabolism Glutathione metabolism 

Porphyrin and chlorophyll 
metabolism  Porphyrin and chlorophyll 

metabolism 

Red text indicates a pathway which is higher in the treatment group compared to either Sham control, or 
untreated diabetic control, while blue indicates a pathway which is lower in the treatment group.  

 

In Table 5.5, bile acid metabolism pathways, as well as any other pathways which did not fit into 

other groups are compared. Diabetes-related pathway changes that were reveresed with TETA treatment 

included the fillowing: bile secretion; primary bile acid biosynthesis; secondary bile acid biosynthesis; drug 

metabolism – cytochorome P450 pathways; neuroactive ligand-recepter interaction; and vascular smooth 

muscle contraction. 
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Table 5.5.5 Changes in other metabolic pathways modified in diabetes and the effect of TETA 
treatment 

Sham to Dia Sham to Sham-TETA Dia to Dia-TETA 
Bile secretion Bile secretion Bile secretion 

Primary bile acid biosynthesis  Primary bile acid biosynthesis 

Secondary bile acid biosynthesis  Secondary bile acid biosynthesis 

Drug metabolism - cytochrome 
P450 

Drug metabolism - cytochrome 
P450 

Drug metabolism - cytochrome 
P450 

Glyoxylate and dicarboxylate 
metabolism Steroid hormone biosynthesis Steroid hormone biosynthesis 

Neuroactive ligand-receptor 
interaction 

Metabolism of xenobiotics by 
cytochrome P450 

Neuroactive ligand-receptor 
interaction 

Vascular smooth muscle 
contraction Glucosinolate biosynthesis Vascular smooth muscle 

contraction 

  Pathways in cancer 

Red text indicates a pathway which is higher in the treatment group compared to either Sham control, or 
untreated diabetic control, while blue indicates a pathway which is lower in the treatment group.  

 

In Table 5.6 the bacterial pathways and pathways involved in alkaloid biosynthesis are shown.  It 

is not clear if these are plant metabolites emanating from the rat diet, bacterial metabolites emanating 

from the gut microflora, or artifacts of the method of analysis. However, several of the pathways were 

altered with diabetes and normalized by TETA treatment. 
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Table 5.5.6 Changes in bacterial metabolic pathways in with diabetes and the effect of TETA 
treatment 

 Sham to Dia Sham to Sham-TETA Dia to Dia-TETA 

Bacteria 
pathways 

Biosynthesis of secondary 
metabolites 

Biosynthesis of 
secondary metabolites 

Biosynthesis of secondary 
metabolites 

Biosynthesis of terpenoids 
and steroids 

Biosynthesis of 
terpenoids and steroids 

Biosynthesis of terpenoids 
and steroids 

Cyanoamino acid 
metabolism 

Cyanoamino acid 
metabolism 

Cyanoamino acid 
metabolism 

Carotenoid biosynthesis Carotenoid biosynthesis ABC transporters 

Phosphotransferase system 
(PTS)  Phosphotransferase system 

(PTS) 

Carbon fixation pathways in 
prokaryotes   

Aminobenzoate degradation   

Alkaloid 
Biosynthesis 

Biosynthesis  alkaloids: 

histidine and purine 

Biosynthesis  alkaloids: 

histidine and purine 

Biosynthesis  alkaloids: 

histidine and purine 

Biosynthesis  Alkaloids: 

shikimate pathway 

Biosynthesis Alkaloids 

derived from shikimate 

pathway 

Biosynthesis Alkaloids 

derived from the shikimate 

pathway 

Biosynthesis Alkaloids: 

ornithine, lysine and 

nicotinic acid 

Biosynthesis Alkaloids: 

ornithine, lysine and 

nicotinic acid 

Biosynthesis Alkaloids: 

ornithine, lysine and 

nicotinic acid 

Isoquinoline alkaloid 

biosynthesis 

Phenylpropanoid 

biosynthesis 

Phenylpropanoid 

biosynthesis 

Tropane, piperidine and 

pyridine alkaloid 

biosynthesis 

 

Tropane, piperidine and 

pyridine alkaloid 

biosynthesis 

Red text indicates a pathway which is higher in the treatment group compared to either Sham control, or 
untreated diabetic control, while blue indicates a pathway which is lower in the treatment group. 
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5.3.2 Polyamine Semi-targeted Approach to Polyamine Measurement 
To determine polyamine levels semi-quantitatively, FT-MS was used with ToxID software to 

identify the polyamines by their exact mass and quantify them by peak intensity.  This semi-targeted 

approach used DES, which is a synthetic polyamine analogue, which was previously used in the enzyme 

acetylation assay and by other members of our group to normalize quantities of the TETA metabolite 

MAT. 

5.3.2.1 The use of GC-MS to determine polyamine concentrations 

Initial attempts using GC-MS to quantify the polyamines in liver tissue were not successful.  

Standards of spermidine, acetyl spermidine, DES, TETA and MAT were derivatized using concentrations 

of 1 mM and 100 mM.  Each sample was derivatized using 2 methods: trimethylsilyl (TMS) and 

menthylchloroformate (MCF) as described in 2.5.7.  Derivatization for the protection of amino groups is 

widely employed to increase volatility, to form diastereomers, and to improve the chromatographic and 

mass spectral properties of derivatives [234] The aim of using two different methods was to determine 

whether one method of derivitization was more suitable or resulted in less degradation during 

processing.  Analysis of the spectra for the standard solutions did not identify any of the standards and it 

was thought that either the polyamines were degrading during the derivatization process or simply that the 

processes were not suitable for measuring polyamines.   

5.3.2.2 FT-MS to determine polyamine concentrations 

Subsequent tests to determine polyamine levels were done using an LTQ Fourier Transform-MS.  

Previous studies that determined polyamine levels have used LC–ESI-MS/MS with carbamoyl derivatives 

and LC–ESI-MS/MS underivatized, and these procedures involve steps for separation of polyamine 

components using gas or liquid chromatography prior to mass measurement [235]. The method employed 

in this study used SPE followed by infusion injection for simplicity and with the aim of avoiding loss of 

polyamines.  Initial tests showed that spermine and spermidine levels were quantifiable by this method.  

Standards of 8 and 16 mM spermine and spermidine were extracted via the HLB solid phase extraction as 

described in Section 5.2 and both the eluant (using 100% MeOH to elute) and the wash solutions were 

analysed. Using peak area, there was a ratio of 9 to 1 of spermine and spermidine in the eluant compared 

to the wash solution, indicating that the polyamines would come out in the eluent. During subsequent 

trials, spermine was identified in one sham-TETA sample and two STZ samples; spermidine was 

identified in one sham-TETA study; and putrescine was identified in one sham trial and one sham-TETA 

trial. The internal standard which was added to the tissue prior to homogenization appeared in 

approximately 50% of all studies. As a result, it was concluded that it may be that polyamines are being 
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lost when combined with liver cell extract and put through solid phase sample clean-up via HLB SPE. No 

further conclusions were drawn from these studies.  

 

5.4 Overall Discussion and Conclusions 
5.4.1 Metabolomic Changes in Diabetes and Changes with TETA Treatment 

A non-targeted approach was used to determine metabolic changes associated with the effects of 

diabetes and of TETA treatment in liver extracts of treatment groups of rats. Previous studies have shown 

that the profile obtained from non-targeted methods gives a greater chance of observing unexpected 

changes, even though it is limited in terms of quantification [209]. In this study the initial comparison 

between diabetic and sham liver showed that the method was effective in identifying changes associated 

with diabetes in that most identified pathways were ones that previous metabolomic, transcriptomic or 

protein level studies have identified as being disrupted in diabetes. However, the results of this analysis 

did not identify several pathways that have been reported by others, mainly from studies in plasma. Some 

metabolites might have been lost due to the purification and extraction methods used, in which the 

homogenate solution was centrifuged at 21 000 g for 20 minutes and the supernatant filtered twice 

through syringe filters 0.2 µm before solid phase extraction.   

Although some metabolites and pathways were not identified in this study, several pathways which 

were disrupted in diabetes were also found to be influenced by TETA, indicating that treatment with this 

drug has significant effects on hepatic metabolism. Furthermore, TETA was seen to have a normalizing 

effect on several key pathways that were altered by diabetes. For example, these data provided a useful 

addition to previous data described in Chapter 4, which indicated that TETA may be influencing arginine 

metabolism through alterations in polyamine metabolism. These studies pointed to two key amino acid 

pathways that were disrupted in diabetes but normalized by TETA treatment.  The pathways of cysteine 

and methionine metabolism include dcAdoMet, which plays a role in polyamine biosynthesis. The Activity 

Score for this pathway was higher in diabetes and lower with TETA treatment in both sham and diabetic 

animals. Arginine and proline metabolism, which includes the polyamine pathway, had a lower Activity 

Score in diabetes and also increased with TETA treatment in both groups. Data reported in Chapter 3 

showed that the polyamine oxidase and diamine oxidase enzymes, which cause oxidative stress through 

generation of hydrogen peroxide and aldehyde production, were both altered in diabetes. The current 

data support this finding by demonstrating disruption of glutathione and porphyrin metabolism in disrupted 

in diabetes, and its normalization by TETA.  
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The significance of the PAPi results can be difficult to interpret as it is tempting to assume that a 

lower Activity Score equates to lower levels of a given metabolite in that pathway. However, a higher level 

of a given metabolite is indicative of pooling and actually lowers the Activity Score for that pathway. The 

analysis has shown its applicability potential using a data set from the yeast Saccharomyces cerevisiae - 

PAPi was able to support the biological interpretations of many previously published observations [160]. 

The Activity Score serves to represent the potential metabolic activity within pathways, and was used in 

this study to interpret the large amounts of MS data obtained. Additionally, it is freely available and makes 

use of the KEGG database. However, further analysis using different algorithms for comparison would be 

helpful in further determining how TETA is influencing these pathways which are disrupted in diabetes.   

Additionally, clean-up methods used in this study were necessary to avoid damaging the MS, but 

may have resulted in loss of some metabolites. Future studies using different clean-up methods may be 

able to give a more thorough idea of the metabolomic effects of diabetes in tissues.  

5.4.2 Challenges with Metabolite Quantification  
Many metabolomics studies in mammals use bio-fluids such as plasma, urine, or serum which can 

eliminate the variability of homogenization and some of the clean-up steps.  Liver was chosen for this 

analysis as it is the prime location in the body of relevant metabolic activity [208] whereas previous 

studies have examined serum [212]. Some problems associated with measuring polyamine metabolites in 

tissue are that spermine is rarely free and often exists in a complex with RNA, DNA, membranes, or 

protein [236, 237]. It is possible that during centrifugation steps, spermine is being centrifuged or filtered 

out with other cellular components. Additionally, when examining a complicated cellular extract, 

metabolite coverage can be a problem. Previous studies have found difficulty with detection limits and 

analysis when using metabolomic maps such as KEGG as it is rare that all intermediates within a pathway 

are seen in any given run [208]. Additionally, tissue homogenization can be variable when large amounts 

of tissue are used and this study homogenized 1.5 grams of tissue in 2 mL tubes. It is possible that this 

amount is too high to sufficiently homogenize the tissue. Further experiments could use lesser amounts of 

tissue, and then evaporate samples down to a smaller volume for subsequent steps. 

The analysis method used to quantify the polyamines was a semi-targeted method. This approach 

has been shown to be useful in discovery studies as it is more sensitive than non-targeted methods, and 

has higher-throughput than targeted methods [209]. The problem that occurred in this study was that 

often, either the polyamines or the DES standard were not being detected in the MS analysis. It is 

possible in the complex cell extract mixture that polyamines were binding to other cell molecules and 

being precipitated or filtered out.  Additionally, the PAPi analysis used was representative of several trials 
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while only a single trial was fully analyzed by the full data reduction technique, this analysis does not 

account for experimental variation.   

5.4.3 Conclusions 
Polyamines are difficult to quantify in tissue extracts and may be lost in purification steps if bound 

to other molecules. It is important to balance minimizing the loss of metabolites in purification with 

ensuring the sample being injected into the MS will not cause damage. The semi-targeted approach is 

applicable to measuring polyamines and their metabolites but different tissue preparation steps are 

required. The identification of pathways disrupted in diabetes using the database developed from the 

KEGG pathway database showed that the method can identify disruptions in diabetes and although no 

significant new pathways were identified, it showed the validity of the approach, which was further used to 

determine pathways where TETA may be having a normalizing effect.   
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Chapter 6 TETA Metabolism and Degradation 
6.1 Introduction 

Triethylenetetramine (TETA) is a Cu (II)-selective chelator that has been studied as a treatment for 

diabetes and has a similar structure to that of the naturally occurring polyamines. Although some of the 

enzymes of polyamine metabolism are highly specific, others have loose substrate binding specificity 

allowing analogues to be metabolized [156]. Currently the known products of TETA metabolism are the 

mono- and di-acetylated derivatives, MAT and DAT [147]. However, the terminal catabolism of the 

polyamines involves several oxidation and aldehyde dehydrogenation steps [56], which have not been 

previously been considered in studies of TETA degradation and elimination. In this Chapter, the 

endogenous enzymes which act on polyamines were assessed for their potential to act on TETA and the 

known TETA metabolites MAT and DAT.  

The study was performed in two parts. First, a theoretical analysis was performed by examining 

the putative ability of different enzyme systems to metabolize TETA and its known acetyl metabolites, 

given the known properties of the individual enzymes of terminal polyamine catabolism. Second, the 

results of the theoretical analysis were employed to guide an actual directed experimental search of LC-

MS-derived data to look for theoretically-predicted metabolites that might result from the degradation of 

TETA and its known acetyl metabolites that might be catalyzed by the linked sequential activities of 

several of the enzymes of terminal polyamine catabolism.  

For pertinent enzymes, the structure based on crystallography and site-directed mutagenesis is 

reviewed, with a focus on substrate specificity, steric properties, and polarity at the active site. Reaction 

mechanisms are also analysed with respect to the feasibility that TETA, MAT or DAT could act as a 

substrate.  Studies involving polyamine analogues to probe substrate specificity were used to exclude 

enzymes with tight steric requirements, as TETA has crucial structural differences from the native 

polyamines. TETA is different from most other polyamine analogues in that it has narrow ethylene spacing 

between its amine groups which in some cases apparently excludes its involvement in known polyamine 

reactions [238]. The polyamines spermine and spermidine have fully protonated primary and secondary 

amino groups under physiological ionic and pH conditions [8].  Under these conditions the charges of 

spermine and spermidine are +3 and +2 respectively [8], while TETA would be about +2 [175].  Since the 

enzymes analysed which allow spermidine as a substrate also allow spermine there should not be any 

hindrances to reaction mechanisms involving substrate net charge.   Enzymes analysed in this aspect of 

the programme include the known TETA-acetylating enzymes SSAT1 and SSAT2, spermidine synthase, 
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DHPS, PAO, and SSAO/VAP-1 (semicarbazide-sensitive amine oxidase/vascular adhesion protein-1). 

Other polyamine-metabolizing enzymes including SMO, DOHH, SpmSyn and bacterial enzymes, 

carboxyspermidine decarboxylase (CASDC) and homospermidine synthase (HSS) were excluded based 

on known properties of their reaction mechanisms, steric factors, or properties of polarity at the active site. 

Bacterial enzymes of polyamine metabolism were also considered in this analysis since, as TETA is 

administered orally and much of it is excreted through the feces [150], the bacteria in the gut have ample  

opportunity to act on it and thereby to (potentially) influence its metabolism [239].   

In this chapter the structural differences between TETA and the native polyamines are detailed 

and the possibility of enzymes in the polyamine pathway metabolizing TETA is examined.  Additionally, 

since orally-administered TETA is absorbed through the intestinal lining, there is the possibility that gut 

microorganisms may also have the opportunity to act on TETA.  The potential metabolites that could 

result from bacterial metabolism of TETA in the gut are also explored. 

6.2 Enzyme Analysis 
The key classes of reaction catalyzed in polyamine biosynthesis and catabolism are aminopropyl 

transfer, acetylation, and oxidation. The aldehyde oxidation products of polyamines are quickly 

transformed into less reactive species and such processes could also be applicable for TETA, although 

there are no known publications dealing with this possibility.   

6.2.1 Acetyl Transferases 
The two major metabolites of TETA are its acetylation products; N1-monoacetyl- TETA (or MAT) 

and N1, N10-diacetyl-TETA (or DAT) which have both been found in human and rat plasma and urine after 

dosing with TETA [145]. It has been shown that the polyamine acetyltransferase SSAT1 and thialysine 

acetyltransferase, SSAT2 can both catalyze acetylation of TETA, although the precise in vivo 

contributions of each to TETA metabolism are uncertain [9]. 

6.2.1.1 Spermidine/spermine-N1-acetyltransferase  

SSAT1 is a key enzyme in polyamine catabolism, catalyzing  the transfer of acetyl groups from 

acetyl-CoA to spermidine and spermine [10]. SSAT1 is structurally different from other acetylases such as 

histone acetylase, which also has some activity towards polyamines [240]. It is a 171-amino acid protein 

that is active as a homodimer [241]. Interestingly, SSAT1 can self-acetylate at Lys26, an activity that is 

not crucial to its catalysis of acetylation of polyamines [10]. The active homodimer has two active sites 

which exist at the dimer interface and contain residues from both subunits as shown in Figure 6.1B. The 

acetylation mechanism involves a conserved Tyr140 residue which protonates the thiolate anion of acetyl-
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CoA, while Glu92 forms a base from water [242]. The resulting base attacks the N1 primary amine of 

polyamines, which reacts with the acetyl group of acetyl-CoA [52, 242]. SSAT1 catalyzed the acetylation 

of spermidine at the N1 position, while the symmetrical spermine molecule can be acetylated by SSAT1 at 

either end [10]. SSAT1 has a wide substrate specificity and can acetylate N1-acetylated spermine as well 

as several synthetic polyamine analogues [10]. TETA is a known substrate for SSAT1 [9] and mono- and 

diacetylated-TETA products have been identified in plasma, urine and tissues of humans and rodents 

treated with the drug [144]. The mechanism for acetylation by SSAT1 is shown in Figure 6.1A. 

6.2.1.2 Thialysine acetyltransferase   

SSAT2 is an acetyltransferase with homology to SSAT1 but which differs in function.  It is 

indirectly involved in polyamine metabolism and can acetylate polyamine analogues [9]. The SSAT2 gene 

contains a predicted acetyltransferase domain similar to the GCN5-related N1-acetyltransferase (GNAT) 

family, and more broadly shares structural homology with other histone acetylase proteins. It is a 170 

amino acid protein with a predicted molecular mass of 20 kDa that was originally identified on the basis of 

its homology to SSAT1 [10]. It is 64% similar and 46% identical to SSAT1 but functions differently to its 

homologue [10]. Expression of SSAT1 and SSAT2 have been studied and overexpression of SSAT1 

caused a decrease in spermidine and spermine levels, while overexpression of SSAT2 had no effect on 

the levels of these polyamines [63].  In addition, SSAT2 has a much lower level of acetyltransferase 

activity towards various polyamines than SSAT1 and the preferred in vivo substrate for SSAT2 appears to 

be thialysine, not polyamines, suggesting that SSAT2 is not directly involved in polyamine 

metabolism[63]. However, SSAT2 has been shown to catalyze the acetylation of TETA and MAT [9]. The 

active site of SSAT2 has been less thoroughly investigated than that of SSAT1 but it is thought that there 

is one active site per dimer, and that residues Leucine 91 and Glycine 92 are essential for its function, 

and that residues from each monomer in the dimer cooperate to form the active site [243].  A comparison 

between the structures of SSAT1 and SSAT2 showed that in the human and S. pombe SSAT2 proteins 

the C-terminal motif present in SSAT1 is missing in SSAT2.  This motif was shown to be important for 

polyamine acetyltransferase activity and in mediating the stabilizing effects of polyamine analogues [63]. 
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Figure 6.1 SSAT-catalyzed Acetylation:  Mechanism and Structure. (A) The 
mechanism for SSAT-catalyzed acetylation. Here the active site residues are shown: 
the Tyr140 residue protonates the thiolate anion of acetyl-CoA, while Glu92 forms a 
base from water. The resulting base attacks the N1-atom of the primary amine group. 
SSAT is active as a homodimer as shown and there are two active sites that exist at 
the dimer interface. (B) The ribbon structure of SSAT1 (PDB id 2B56) is shown. Side 
chains of amino acids Tyr140 and Glu92 at the active site are shown in yellow on 
SSAT1. (C) Ribbon structures of SSAT2 (2Q4V): the side chains involved in SSAT2-
acetylation are not known. Alpha helices are shown in red and beta sheets are shown 
in blue.  This diagram was created by the candidate based on data from previous 
studies. Abbreviations: SSAT - spermidine/spermine-N1-acetyltransferase; SSAT2 – 
Thialysine acetyltransferase; Glu – Glutamate; Tyr - Tyrosine 
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6.2.1.3 Spontaneous Reactions of Acetylated Metabolites 

The stability of MAT and DAT has been studied in liver homogenates and there is evidence that 

they can undergo internal acetyl transfers under certain circumstances, although the in vivo relevance of 

this observation is uncertain. MAT, which is normally acetylated at the N1 position has also been isolated 

as an N3-acetylated molecule [9] although this molecule may have formed by internal acetyl-group 

transfer resulting from the extraction/analytical conditions employed, and DAT which is normally N1, N10 

diacetylated, can be converted to N1, N6 DAT possibly for the same reason [9]. It is necessary to note that 

what one group has referred to as N1, N8 DAT [9] is referred to as N1, N10 DAT by other groups [145]. 

Although these spontaneous rearrangements as well as deacetylation reactions appear to occur in the 

context of the acidic conditions employed for assay, these metabolites and reactions have not so far been 

found in vivo. 

Table 6.1 shows the structure and IUPAC names of the two metabolites likely to be formed from 

acetylation of TETA and MAT by SSAT1 or SSAT2. Spontaneous rearrangements are unlikely to occur 

and if they did, the resulting molecules would have the same molecular mass as MAT and DAT. 

Table 6.1 Acetylation Metabolites: MAT and DAT 
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6.2.2 Aminopropyl Transferases 
There are several aminopropyl transferases that act in polyamine biosynthesis. In mammalian 

systems, the aminopropyl moiety is donated by Adomet and the enzymes have very tight substrate 

specificity [32]. In bacterial enzyme systems, such as those in Bacteroides and Fusobacteria, two 

dominant species of gut bacteria, [244] there is an alternative pathway which involves aspartate β-

semialdehyde as the aminopropyl donor and catalyzes the formation of sym-norspermidine [245]. These 

gut bacteria also have a spermidine synthase which has much looser substrate specificity than the 

mammalian equivalents [246, 247].  This section details the prediction of reaction mechanisms, and 

enzyme structures of enzymes with the putative potential to act on TETA, and evaluates the possibility of 

previously unknown biosynthetic TETA products that could be created through such processes.  

6.2.2.1 Human Polyamine Synthases: Spermidine Synthase and Spermine Synthase 

Spermidine synthase is the first biosynthetic enzyme of polyamine synthesis. In humans, it is 

known to be highly specific to putrescine as substrate [246]. Its crystal structure with bound MTA and 

putrescine has been determined, and a proposed mechanism involving the amino acids at its catalytic site 

has been proposed. The mechanism is shown in Figure 6.2A. The carboxylate side chain of Aspartate 

173, the backbone carbonyl of Serine 174, and hydroxyl groups from Tyrosine 79 and Tyrosine 214 are 

involved in the deprotonation of the substrate and are all highly-conserved residues.  The carboxylate side 

chain of Aspartate 176 fixes the distal end of the putrescine molecule and the carboxylate of Aspartate 

104 binds both the aminopropyl end of dcAdoMet and the N1 atom of spermidine.  Aspartate 104 also 

facilitates the initiation of the nucleophilic attack on dcAdoMet by anchoring the aminopropyl group and 

restricting it in the position for the reaction to start [246].  

The specificity of human spermidine synthase is due to steric hindrance at the substrate binding 

site. Molecules that are longer than putrescine would be blocked due to a region occupied by  Tryptophan 

28 (W28). The tryptophan side chain closes off the substrate- binding pocket and as acts as a key part of 

the gate-keeping loop [246]. As TETA is significantly bigger than both putrescine and other unsuitable 

substrates tested by this group [246], it is considered highly unlikely that human spermidine synthase 

would itself catalyze any metabolism of TETA. 

Spermine synthase catalyzes the same reaction: transfer of an aminopropyl moiety, as does 

spermidine synthase. Much like spermidine synthase, the human form of this enzyme is also highly 

specific [32] and therefore not likely to act on TETA due to steric hindrance. Additionally, bacteria do not 

possess a specific spermine synthase gene [32]. Therefore it is unlikely that spermine synthase is 
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involved in TETA metabolism in the mammal, either through the action of a mammalian enzyme or 

through those in enteric microflora. 

6.2.2.2 Bacterial Polyamine Synthases 

As TETA is commonly administered orally [147], bacteria in the gut have the opportunity to act on 

TETA and its metabolites. The mammalian enzymes of polyamine biosynthesis enzymes are highly 

specific due to steric hindrance at their active sites. In contrast, the bacterial enzymes have more open, 

less hindered binding sites and therefore should have a greater theoretical potential to add aminopropyl 

groups to TETA. The large proportion of bacterial cells in the human gastrointestinal tract make the 

consideration of drug metabolism by gut microorganisms important, and variations in gut enterotypes 

have been cited to cause differences in drug metabolism [248, 249]. It has even been suggested that the 

bacterial polyamine pathways are likely present in more cells in the human ‘supra-organism’ than the 

human pathways [250]. 

Bacterial spermidine synthase molecules have been shown to have a more promiscuous binding 

site than their human counterpart [247]. This matter has been studied in Thermotoga maritime (Tm) [246], 

and Escherichia coli (E. coli) [247].  The binding cavity in TmSpdSyn is restricted by residue Y23 but not 

in a way that would totally exclude larger substrates [246]. The greater activity of the TmSpdSyn toward 

diamines other than putrescine such as 1,3-diaminopropane and cadaverine, is likely to be due to the 

greater flexibility in the gate-keeping loop described above [246].  In TmSpdSyn, this loop contains one 

more residue (T175) and lacks the proline residue equivalent to P180 which is found in the more specific 

human protein. In TmSpdSyn, this proline residue is replaced by a glutamine (Q178). In E. coli, the 

spermidine synthase (SpeE) structure has been determined, as shown in Figure 6.2, and although 

enzyme kinetic studies of substrate specificity have not been done, based on its binding site, it is 

predicted to have a wide substrate range [247]. Since SpeE is conserved among Eubacteria, Archaea, 

plants, fungi and animals, it is reasonable to consider that some gut bacteria possess a spermidine 

synthase with loose substrate specificity [246]. Although to date, reports of the formation of tetramines 

formed via spermidine synthase have only been shown in thermophilic bacteria [247], plants and lobsters 

[251] to the candidate’s knowledge. A possible metabolite resulting from TETA following its metabolism by 

spermidine synthase is shown in Table 6.2. Because of the interaction of the terminal amine with the 

enzyme at the active site, it is unlikely that acetylated TETA or other acetylated polyamines could act as 

substrates for spermidine synthase. 
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Table 6.2 Predicted Putative Product of Spermidine Synthase action: Aminopropyl-TETA 

 

The product of this addition – an aminopropylated TETA molecule (aminopropyl-TETA) could be 

subject to the same degradation pathways as endogenous polyamines, and cycle back to form TETA in 

the same way that spermine can be back-converted to spermidine. It could also be acetylated by SSAT1 

to form larger acetylation products. This would be a useful avenue to investigate if it was shown that 

aminopropyl-TETA was being produced in the gut.   
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Figure 6.2 Aminopropyl Transfer mechanism and structures. (A) The mechanism of 
aminopropyl transfer from AdometDC. Polyamine and dcAdoMet substrates as well as the 
aminopropylated product are shown in black.  The mechanism proposed is an attack by the 
polyamine primary amino group on the methylene carbon of the aminopropyl group, facilitated by 
interactions of the amino group with tyrosine and aspartate side chains, which deprotonate the 
attacking amino group. Interactions are shown by dotted lines and electron movements by red 
arrows. (B) and (C) show cartoon diagrams of the A chain of spermidine synthase with side chains 
involved in the active site shown in yellow. Alpha helices are shown in red and beta sheets are 
shown in blue. (B) shows a monomer which makes up the tetramer of Thermotoga maratima 
spermidine synthase (PDB id 304F), while C shows a monomer which makes up the dimer of 
human spermidine synthase (PDB id 20O7). The tryptophan residue shown in (C) in yellow at the 
‘gate’ to the human active site provides the steric specificity, while the corresponding tyrosine 
residue shown in yellow in (B) at the bacterial site allows larger molecules as substrates. Active 
site residues are also shown in yellow. This diagram was created by the candidate based on 
peptide information from previous studies. Abbreviations:  AdometDC – adenosine methionine 
decarboxylase. 
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6.2.2.3 Hypusine-forming Enzymes  

Hypusine is formed by the dehydrogenation of spermidine and subsequent transfer of the 

aminobutyl moiety from spermidine to the ε-amino group of a lysyl residue in the inactive form of the 

protein eIF5A, which is the only protein known to contain hypusine [69]. The first step in its formation is 

the NAD-dependent dehydrogenation of spermidine catalyzed by deoxyhypusine synthase (DHPS). 

Binding specificity has been probed with a wide array of polyamine analogues and it was found that 

molecules with two terminal amino groups and spacing of 8-10 residues between these groups could bind 

and inhibit, or in cases such as those of N-(3-aminopropyl)-cadaverine, cis-unsaturated spermidine and 1-

methylspermidine, provide an aminopropyl moiety for addition to a lysyl residue [27].  However, no 

molecules with the ethylene spacing were tested as inhibitors by these workers [27]. There is the potential 

that TETA could transfer a methylamino group to the terminal lysine of eIF5A. The product for this 

reaction would be an eIF5A – Lys - CH2CH2NH3 and would make TETA an inhibitor of eIF5A activation.  

No additional TETA products are predicted to be formed by this reaction. 

6.2.3 Amine Oxidases 
In the physiological back-conversion of polyamines, spermine oxidase and polyamine oxidase are 

the key enzymes [180]. However the polyamines are substrates for other amine oxidases including 

diamine oxidase [56], serum amine oxidase [56] and at least one other novel, copper-containing mono-

amine oxidase [252]. These enzymes are ubiquitous in both prokaryotes and eukaryotes [253]. In this 

section, the mechanisms of these reactions are detailed and predictions of products from TETA as a 

substrate are examined. Oxidation products from the polyamines are subject to enzyme-catalyzed 

aldehyde dehydrogenation and oxidation [55] and are substrates for diamine oxidase [56]. The structure 

and mechanisms of the amine oxidase enzymes are outlined and the potential for TETA, MAT and DAT 

oxidation products is assessed. The potential substrates are assessed based on the mechanisms for 

families as a whole for both the FAD-dependent reactions – which include polyamine and spermine 

oxidase and CuII-dependent reaction mechanisms, which include those of the serum amine oxidases, 

diamine oxidases, and the novel copper-containing monoamine oxidase. 

6.2.3.1 FAD dependent oxidases: Spermine Oxidase and Polyamine Oxidase 

Both PAO and SMO are FAD-dependent amine oxidases characterized by possession of a FAD- 

binding domain and a substrate-binding domain [254]. The active site resides at the interface of these two 

domains and they share the same oxidation mode as shown in Figure 6.3. The oxidation mode, which is 

similar to that of yeast polyamine oxidases, involves oxidation at the carbon on the endo-side of the N5 
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secondary-amine nitrogen in both spermine and spermidine, producing an aminobutyraldehyde moiety, 3-

diaminopropane, and hydrogen peroxide [255]. 

 Polyamine oxidase has been studied mainly in yeast and maize systems. The two enzymes have 

similar structures but only share about 20% sequence similarity [256]. Structural modeling of SMO 

showed similar structures to the polyamine oxidases but the predicted substrate and inhibitor specificities 

are different and require different protonation states of their amine substrates [254]. However all the 

studied enzymes require the substrate nitrogen at the site of carbon-hydrogen bond cleavage to be 

uncharged [238]. 

Enzymes which contain FAD cofactors have several mechanisms by which they can perform 

oxidation and reduction reactions, including the single electron transfer mechanism, the hydrogen atom 

transfer mechanism, the nucleophilic mechanism and the hydride transfer mechanism and are detailed in 

previous report [256]. Several lines of evidence suggest that the hydride transfer mechanism is most likely 

for the polyamine oxidases [255] and that mechanism is shown in Figure 6.3. 

Within the FAD-containing amine oxidases, a key lysyl residue close to the active site is conserved 

and although it is involved in catalysis in monoamine oxidases, modifications of this residue in yeast, 

mouse and maize polyamine oxidases showed no significant decrease in catalysis [66]. The differences in 

substrate specificity between PAO and SMO are thought to be due to the polarity of the active site pocket. 

Mouse SMO models show a highly polar pocket formed by glutamate and serine residues while PAO has 

a hydrophobic pocket formed by leucine and valine residues [254]. Additionally, substituted polyamine 

analogues have shown that PAO is a more promiscuous enzyme than SMO [154]. As SMO is highly 

specific for spermine, any potential oxidation products of TETA are likely to come from PAO and to 

require TETA, MAT or DAT to have the protonation state needed for that enzyme. 

In summary mammalian polyamine oxidase has a high affinity for acetylated polyamines [58] and 

could also catalyze the oxidation of MAT and DAT, while spermine oxidase is unlikely to catalyze the 

oxidation of TETA.   
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Figure 6.3 The mechanism of FAD-dependent polyamine oxidation by hydride transfer. (A) The 
general oxidation mechanism with a hydride transfer from the polyamine substrate to FAD followed by the 
formation of the aldehyde and amine products is shown. FAD is shown in blue and the polyamine 
substrate is shown in black.  (B) Shows ribbon diagrams for chain A of yeast polyamine oxidase (PDB id 
1rsg) and yellow side-chains of residues at the active site Histidine 67 and Tyrosine 444 residues. (C) 
Shows ribbon diagrams for chain A of maize polyamine oxidase (PDB id 1b5q). The conserved lysine side 
chain is in yellow. Alpha helices are shown in red and beta sheets are shown in blue. This diagram was 
created by the candidate based on previous research and referenced known structures [257].  
Abbreviations: FAD - flavin adenine dinucleotide 
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6.2.3.2 Copper/TPQ Dependent Oxidases: Cu-Monoamine Oxidase and Diamine Oxidases  

In addition to the inter-conversion pathway of polyamines, they also undergo terminal catabolism 

via the Copper/TPQ oxidases (2,4,5-trihydroxyphenylalanine quinone oxidases) [56]. The Cu-TPQ 

mechanism for oxidation found in several such enzymes can act on a variety of molecules containing 

primary amine groups, depending on the polarity and steric properties of the enzymes’ active sites [56].  

SSAO/VAP-1 as well as a novel amine oxidase have activity towards polyamines as well as synthetic 

analogues, and would appear to have the potential to act on TETA and the predicted primary and 

secondary metabolites of TETA metabolism.  In the polyamine pathway, spontaneous cyclization and 

elimination reactions occur [115]; however, the structure of TETA has more closely spaced amine groups 

than the native polyamines, which makes it unlikely, in the candidate’s opinion, that such a mechanism 

would occur under physiological conditions.  

Diamine oxidases have been purified and studied from the serum of animals – bovine serum 

amine oxidase, as well as human serum amine oxidase [56]. They preferentially oxidize spermine and 

spermidine at the primary amino groups [56], as shown in Figure 6.4. These enzymes are dimeric with 33 

fully-conserved residues close to the catalytic site [55]. Their active sites contain copper (as CuII) and the 

organic cofactor TPC connected through a water molecule [55]. This structure is located inside each 

subunit and communicates with the solvent through a hydrophobic channel [55]. The redox active TPQ 

cofactor is covalently bound to the polypeptide chain and is part of the consensus sequence common to 

all known Cu-AO’s [55]. TPQ is derived from the copper-catalyzed oxidation of a tyrosine residue within 

the active site [55]. 

As diamine oxidase shows a preference for diamines, it is likely that terminal oxidation of TETA 

would be performed by the serum oxidase, SSAO/VAP1 as this enzyme can act on a variety of 

polyamines and analogues [58]. One study noted that in the pea, diamine oxidase was inhibited by TETA 

[258]. It has also been shown that TETA has the ability to down-regulate SSAO in diabetic kidney [179] 

indicating that it could act as an inhibitor as well as a substrate of this enzyme. 
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In addition to SSAO, another copper-containing amine oxidase has been identified and 

characterized in rat liver [252]. As it shows loose substrate specificity - with activity towards various 

lengths of mono-, di-, and tri-amines, and prefers the longer-chain spermine over spermidine as a 

substrate, it is possible that it could also act on TETA. The reaction mechanism and products of this 

reaction are similar to those of SSAO, so identification of putative amine oxidase-generated TETA 

products could indicate either the action of SSAO or of this novel related amine oxidase. Potential 

reaction products are shown in Table 6.3.  

Table 6.3 Products of TETA, MAT and DAT oxidation by amine and polyamine oxidases 
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Figure 6.4 CuII/TPQ-dependent oxidation.(A) shows the CuII/TPQ mechanism, while (B) and (C) are 
ribbon diagrams illustrating human DAO (PDB id 3K5T) and SSAO (1us1), with the active site containing 
CuII/TPQ attachment shown with yellow spheres. Alpha helices are shown in red and beta sheets are 
shown in blue. In the reaction mechanism, TPQ is seen to be swung away from the CuII atom toward the 
base of the active-site channel making available the O5 atom of the quinone for attack by the substrate 
amine [59]. This diagram was created by the candidate based on previous research [49, [59]. 
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6.2.4 Products from Consecutive Transformations 
Spermine and spermidine oxidation products are subject to spontaneous degradation, as well as 

the action of aldehyde dehydrogenases and repeated oxidation by diamine oxidases [55]. The amine 

oxidases have low substrate specificity and can catalyze the deamination of many primary amines in the 

process of terminal polyamine degradation [56].    

In addition to the enzyme-dependent degradation of polyamines, the aldehyde products can 

undergo a spontaneous elimination reaction via a retro Michael-type cleavage [80]. This process 

produces a shorter polyamine and acrolein. This mechanism is not possible with TETA as the TETA 

aldehyde product does not have the 3 terminal methylene groups required for the acrolein-forming 

mechanism. Spontaneous reactions of the TETA aldehyde metabolites could occur but have to date not 

been investigated. Additionally, the action of aldehyde reductases on the amine aldehydes is not likely to 

be due to their preference for anions [259]. There are also no known reduction products of native 

polyamines adding to the unlikelihood that TETA aldehyde reduction could occur through such a 

mechanism. For these reasons, neither spontaneous eliminations nor reduction of aldehydes are 

considered in the proposed terminal degradation pathway of TETA in Figure 6.5. The likely end- products 

of the TETA aldehydes are the carboxylic acid products generated by aldehyde dehydrogenases [259]. 

Spermic acid has been found in urine [260] and such products are less reactive than their aldehyde 

precursors [55]. A scheme for possible degradation reactions of TETA mediated through such processes 

is shown in Figure 6.5. The predicted putative TETA amine oxidation product is very similar to cadaverine. 
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Figure 6.5 Scheme for possible degradation of TETA through successive reactions catalyzed by 
aldehyde dehydrogenases and amine oxidases. By this schema, TETA is acted on by SSAT1 to form 
MAT and DAT. Acetylated products can then serve as substrates for amine oxidases – PAO, SSAO, and 
a novel CuII-MAO are the enzymes that could potentially contribute to metabolism of TETA and its 
metabolites. Aldehydes formed in these reactions are likely to be dehydrogenated in a manner similar to 
the native polyamine aldehyde products, yielding small organic acids. Putative end-products of these 
reactions are shown in bold.  This diagram was created by the candidate based on previous research 
which detailed reaction mechanisms undergone by the polyamines [115]. 
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Figure 6.6 TETA and potential metabolites catalyzed by enzymes involved in the terminal 
degradation of polyamines: names, structures, and chemical formulas.  Chemical formulas 
and IUPAC names are shown as well as non-IUPAC names when a specific IUPAC name is not 
used.  
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6.3 Results and Discussion 
To determine if putative enzymatic modifications of TETA could be occurring, an analysis of the 

enzymes involved in polyamine metabolism has first been performed. The aim of the previous section was 

to theoretically investigate the possibility that different TETA metabolites could be formed by various 

enzymes known to participate in polyamine metabolism. This analysis was based on enzyme-structures 

and previous studies involving polyamines and their synthetic analogues as substrates. From these 

potential reactions, a list of potential metabolites was generated (Figure 6.6) and was used to guide the 

analysis of the results of LC-MS-MS analysis, as described in Chapter 5, in order to determine whether 

any of these metabolites occur in TETA-treated animals. Additionally, if TETA or its metabolites act a 

substrate for any of the oxidase enzymes, hydrogen peroxide would be produced and could be detected 

using a colourometric assay as described in [261].  The basis of this assay is that 4-aminoantipyrine will 

become oxidized in the presence of hydrogen peroxide and 2,4-dichlorophenol in the reaction mixture will 

condense to form a quinoneimine dye which is detected colourimetrically  [261].  A similar assay had 

successfully measured SMO activity in cultured cell lysate using luminol as the reducing agent and 

chemiluminescence to monitor hydrogen peroxide formation [262]. 

6.3.1 MS identification of metabolites 
Samples were analysed using ToxID with the elements shown in the configuration file, in Table 

6.4. Non-IUPAC names are used for most metabolites.  Analysis of four groups of sham, sham-TETA 

treated, Diabetic, and Diabetic TETA-treated yielded one potential TETA metabolite found in the Sham-

TETA and STZ-TETA groups; N-(2-aminoethyl)-glycine, as shown in Figure 6.7. This molecule was 

present in the Sham-TETA and STZ-TETA treated groups as detected by one study of each.  It is not an 

endogenous molecule but has been used in the synthesis of peptide-nucleic acids as an inert backbone 

[263].   
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Index Compound Name Elemental 
Composition 

Polarity Analyte Type Expecte
d RT 

Intensity 
Threshold 

1 TETA C6H18N4 + Parent 0 1000 
2 aminopropylTETA C9H25N5 + Parent 0 1000 
3 MonoacetylTETA C8H20N4O + Parent 0 1000 
4 DiacetylTETA C10H22N4O

2 
+ Parent 0 1000 

5 Diethylenetriamine C4H13N3 + Parent 0 1000 
6 Acetyldiethylenetriamine C6H15N3O + Parent 0 1000 
7 Diaminedicarboxylic 

acid 
C6H12N2O4 + Parent 0 1000 

8 Acetyltriethylene 
Carboxylic acid 

C8H17N3O3 + Parent 0 1000 

9 2-acetamidoacetic acid  C4H7NO3 + Parent 0 1000 
10 2-((2-

aminoethyl)amino)acetic 
acid 

C4H10N2O2 + Parent 0 1000 

11 N-(2-
oxoethyl)acetamide 

C4H7NO2 + Parent 0 1000 

12 2,2'-azanediyldiacetic 
acid 

 C4H7NO4 + Parent 0 1000 

13 AcetylDiethylenetriamin
e 

C8H17N3O2 + Parent 0 1000 

14 Diethylspermine C14H34N4 + Parent 0 1000 
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Figure 6.7 Scheme for the production of the putative TETA metabolite N-(2-
aminoethyl)glycine.  (A) Shown is a putative reaction scheme for the production of N-(2-aminoethyl)-
glycine from TETA through a series of reactions catalyzed by several of the enzymes that catalyze 
reactions of polyamine/amine metabolism.  (B) The MS peak at an intensity of 3735 that was detected at 
141.06317-141.06373 m/z with FTMS + c ESI.  The peak shown here was identified in a Sham-TETA 
sample, extracted via SPE as described in Section 2.5.2 with 100% MeOH and a second elution using 
20% (v/v) acetonitrile/1 mM trichloroacetic acid and was not consistently present throughout scans as 
shown in B.  Abbreviations: TETA – triethylenetetramine, ESI – electrospray ionization, FTMS –  Fourier 
Transform Ion Cyclotron Resonance Mass Spectrometer, TCA - trichloroacetic acid; SPE – solid phase 
extraction  
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Although this molecule was found in only two samples, it was exclusively found in liver taken from 

rats that had received TETA treatment. For the formation of this molecule via the proposed scheme TETA 

would have to first be acetylated by SSAT, oxidized by PAO, and that triamine product would then be re-

oxidized by an amine oxidase – which could be either SSAO or the novel rat liver amine oxidase, and 

then finally dehydrogenated by aldehyde dehydrogenase. The chemical formula C4H10N2O2 is also the 

formula for 2,4-diaminobutanoic acid and within the limitations of the MS analysis performed, there is no 

way to determine which molecule was detected. 

 

H2N
H
N

O

OH

N-2-aminoethylglycine
Chemical Formula: C4H10N2O2

m/z: 118.07 (100.0%), 119.08 (4.5%)

O

OH
H2N

NH2

2,4-diaminobutanoic acid
Chemical Formula: C4H10N2O2

m/z: 118.07 (100.0%), 119.08 (4.5%)  

Figure 6.8 N-(2-aminoethyl)-glycine and 2,4-diaminobutanoic acid are structural isomers. The 
structure of the possible novel TETA metabolite is shown on the left, and the native molecule on the right. 
Both have the same chemical formula.   

 

In addition to the inability to confirm the chemical structure of the molecule, it was present at an 

intensity of 3735 which was barely above background for that run. Overall, these results do not prove that 

TETA is being metabolized by the oxidation enzymes by which polyamines are metabolized. This could 

be due to the SPE technique used for cleaning up the cellular extract or it could be that TETA is not 

further metabolized after acetylation. ToxID was set up to test for TETA metabolites which were 

sodiumated, hydrogenated, and ammoniumated, but there are other potential ions that could be joined to 

TETA which other analysis could determine. 

6.3.2 Peroxide Assay for amine oxidase activity  
An assay was established to determine if polyamine oxidation enzymes – PAO, DOLX-1, and 

SSAO in liver cell extract prepared as described in Section 2.4.2 for acetylation assays could use TETA, 

MAT and DAT as substrates.  The principal of this assay was the reaction oxidation of 4-aminoantipyrine, 

which condenses with 2,4-dichlorophenol to form a quinoneimine. The use of 2,4-dichlorophenol inhibits 

the activity of monoamine oxidases [261], which would allow the combined activity of the PAO and the 

diamine oxidases to be measured.   
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A preliminary assay was carried out to determine if this method would be suitable for use with 

frozen liver protein extract.  Reaction mixtures were as follows: 500 μM aminoantipyrine; 1mM 2,4-

dichlorophenol, 4 U/mL Horse Radish Peroxidase (HRP), 0.5 mM  acetyl-CoA and 8 and 16 mM substrate 

for each substrate tested, carried out  in HEPES buffer pH 7.4. Reactions were carried out for 30 minutes 

at 37 oC. Substrates tested were TETA, MAT and DAT. Spermidine, spermine and N8-acetylspermidine 

were used as positive controls – on the basis that both the diamine oxidases and polyamine oxidases 

have some activity towards spermidine, spermine and acetyl spermine [154].  A negative control without 

substrate was used to account for baseline hydrogen peroxide production from the cell extract.  The 

reaction mixtures were set up with rat liver cytosol and microsomal extracts at 0.5 mg/mL final 

concentrations. 

After 30 min there was no reaction above the no-substrate control with any substrate – including 

spermidine, spermine and acetyl-spermidine which were the positive controls.  The reactions were 

allowed to carry on for another 30 minutes and at this point they were removed from incubation as no 

detectable reaction had occurred (data not shown).  This indicated the assay conditions were not optimal 

for the oxidation reactions or that the frozen liver extract was no longer active. It was expected that 

hydrogen peroxide would be produced by the enzymes with native polyamines as substrates and that this 

could be detected using the chromophore.   

6.4 Conclusions 
Many of the enzymes involved in polyamine catabolism have low substrate specificity and based 

on their structures and previous studies with polyamine analogues could oxidize TETA.  However, results 

in this study were incomplete and inconclusive.  Further studies with fresh liver tissue and different 

reaction chromophore solutions would be able to determine the activity of oxidase enzymes towards 

TETA.  For example, Amplex ultra red ® could be used with fresh liver.  Additionally, as it is not known 

what concentration TETA metabolites could be present at, or if they’d be lost in SPE cleanup steps, 

trialing different methods or purifications steps could allow detection of metabolites present at low levels.  
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Chapter 7 General Discussion and Conclusions 
7.1 Main Findings  

The original work performed in this thesis programme has provided substantive evidence that 

several aspects of polyamine metabolism, including parts of both the anabolic and catabolic pathways, 

become significantly dysregulated in diabetes, and that TETA treatment can have a normalizing effect on 

several of these processes.  These studies were performed in tissue from three organs, selected because 

of their known susceptibility to diabetes-related damage (or the diabetic ‘complications’). The findings 

made in this programme lie in the areas of regulatory changes that occurred in the following contexts: 

polyamine metabolism in the organs of untreated STZ-diabetic rats; the effects of TETA treatment on 

pathways of polyamine metabolism in organs subjected to diabetes-evoked damage; and the effects of 

TETA treatment on the composition of the liver metabolome in diabetic animals.  Additionally, a new 

approach was developed that employed ToxID combined with the KEGG database of compounds and 

with application of PAPi-based analysis, and was used to analyse the metabolomic data generated in this 

thesis.    

7.1.1 Changes in polyamine metabolism with diabetes 
Previous studies have shown that defects in polyamine metabolism are closely linked to various 

aspects of the pathobiology of diabetes-related organ damage, but the current study is thought to be the 

first to undertake a systematic investigation of the effects of diabetes and of TETA treatment on the 

pathways of polyamine biosynthesis and catabolism at the transcript and protein levels.  Analysis of the 

levels of transcripts and proteins was performed in tissues from the liver, renal cortex, and cardiac left 

ventricle, and the effects of diabetes- and of TETA treatment-related changes were measured.   

Several key enzymes that regulate the pathways of polyamine metabolism showed substantive 

diabetes-related changes in expression with clear evidence of dysregulation in diabetes, and several 

proteins not previously investigated in this context were identified as being dysregulated (Figure 7.1 

below).  These data, when taken together, provide compelling evidence that dysregulation of processes 

that regulate polyamine metabolism occur in the organs of diabetic animals.  These findings implicate 

defects in the regulation of the polyamine pathways in the processes that lead to or cause the diabetic 

complications, and identify restoration of polyamine homeostasis as a probable mechanism by which 

TETA treatment restores the structure and function of organs that become damaged in diabetes.  

When analyzing the effects of diabetes on groups of enzymes involved in a given pathway, no 

generalized trends were apparent – often one enzyme in a pathway would be up-regulated in diabetes 
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whereas another in the same pathway was down-regulated. In addition, the effects were different in 

different tissues or sub-cellular compartments.  This could result from the tight regulation of polyamine 

levels in the cell – for example, if one aspect of metabolism is dysregulated, then another might undergo 

compensatory changes.   

This section now summarizes where key findings fit in with previous publications and their 

potential significance to the understanding of the pathobiology of diabetes.  Figure 7.1 shows the 

significant changes with diabetes and where they fit into the polyamine pathways.  The nomenclature 

used to describe the genes and proteins below is based on the recommendations of the International 

Committee on Standardized Genetic Nomenclature for Mice – cDNA are presented in italics and protein in 

caps and without italics.  
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Figure 7.1 Changes in polyamine metabolism with diabetes.Polyamine metabolism is shown in the 
background and all significant changes are shown in red.  cDNA are presented in italics and protein in 
caps and without italics. Abbreviations: Aoc3 - semicarbazide-sensitive amine oxidase; AdometDC - S-
adenosyl methionine decarboxylase; Amd1 - S-adenosyl methionine decarboxylase mRNA; Adomet - S-
adenosyl methionine; Arg – arginase;  Azin – Antizyme inhibitor; Doxl1 – diamine oxidase like protein-1 
mRNA; eIF5A - eukaryotic translation initiation factor 5A; KEGG - Kyoto Encyclopedia of Genes and 
Genomes; MTA - 5’-methylthioadenoisine; Oaz – ornithine decarboxylase antizyme; ODC - ornithine 
decarboxylase; PAPi - Pathway Activity Profiling; PAO – polyamine oxidase; Paox – polyamine oxidase 
mRNA; SSAT - spermidine/spermine-N1-acetyltransferase; Sat1 - spermidine/spermine-N1-
acetyltransferase mRNA-1; Sat2 – thialysine N-ε-acetyltransferase-2; SMO – spermine oxidase; Smox – 
spermine oxidase mRNA   
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7.1.1.1 Increase in biosynthetic enzyme activity in diabetic liver and kidney and tissue-specific changes in 

Arg1 mRNA  

This aspect of the study investigated the arginase enzymes at the transcript level. It was found 

that, in all three tissues, there were significant increases Arg2 mRNA in the diabetic group, while Arg1 

mRNA was increased in liver but decreased in the kidney with diabetes. Previous studies have reported 

that arginase protein was increased in diabetic liver although its catalytic activity was unchanged [185], 

and that arginase activity is increased in diabetic kidney [179] and heart [264].   The tissue specificity of 

these changes could result from Arg1 being predominantly produced in the liver [89] whereas Arg2 is 

mainly present in the kidney [184].  Arginine metabolism is linked to diabetes pathobiology through effects 

on NO metabolism and competition for arginine as a substrate, and this thesis research shows that this 

dysregulation occurs at the transcript level, with Arg2 mRNA up-regulated in diabetic kidney, heart and 

liver.  It also shows that there are differences in diabetes-related changes in Arg1 transcripts between the 

liver, kidney and heart; the absence of change in the heart, and the down-regulation in the kidney could 

indicate that Arg1 does not play a major role in diabetes pathobiology in these organs, whereas the 

increase in liver Arg1 could contribute to diabetic pathobiology in the liver.   

Arg1 is mainly cytosolic whereas Arg2 is largely mitochondrial [265]. In the kidney, the 

mitochondrial arginase enzyme, Arg2 is increased whereas Arg1 is decreased.  The kidney is a major site 

of diabetic tissue damage [97], and the increase in Arg2 could elevate the amount of arginine utilized, 

thus having a powerful impact on the downstream eNOS uncoupling that occurs when arginase activity is 

high [97] and contributing to the development of diabetic nephropathy.   

Increases at the transcript level in the hepatic arginase enzymes in the liver would, under normal 

conditions, indicate that more ornithine is being produced as substrate for ODC.  No changes were seen 

in any tissue at the mRNA level for Odc but at the protein level an increase was measured in the 

microsomal and cytosolic fractions.  Decreased Oaz1 mRNA and Az2 protein were also found in the 

diabetic liver.  These molecules have not previously been quantified in diabetic tissues and their decrease 

in diabetic liver is consistent with higher ODC activity.  Previous studies have reported both increases and 

decreases in the ODC activity of diabetic kidney [118] 181, 182], whereas Amd1 levels have not 

previously been reported  the diabetic context.  The current study has shown that, in kidney at the mRNA 

level, both Arg2 and Amd1 were significantly higher in diabetes, and that Odc1 also trended toward being 

elevated.  These findings are consistent with an overall increase in polyamine biosynthetic enzymes at the 

mRNA level.  The transcripts for spermidine synthase and spermine synthase were not measured as their 

activity is regulated by the activity of AdometDC [266].  Increases in polyamine biosynthesis are 
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associated with states of cell growth and division such as those which occur in the early diabetic kidney 

[118] but have not previously been reported in liver.  This study provides further insight into the molecular 

mechanisms by which this increase in biosynthesis occurs and indicates that it could also be occurring in 

liver. 

7.1.1.2 Diabetes dependent increases in Paox and Smox mRNA, and decreases in Dolx1 and Aoc3 in 

liver and kidney 

Polyamine degradation and back-conversion enzymes were also changed at the mRNA level in 

diabetes.  The back-converting enzymes Paox and Smox were higher in diabetic kidney, while the 

diamine oxidase enzymes, which are involved in terminal degradation, were lower in kidney and liver.  

Activity of both types of enzyme can contribute to oxidative stress through production of hydrogen 

peroxide and aldehydes [8].  At the mRNA level, it appeared that there was an increase in back-

conversion enzymes and a decrease in polyamine degradation.  However, SSAO protein levels have 

been measured and are higher in the STZ-induced diabetic model [179], indicating that changes in mRNA 

levels may not correspond to changes in protein levels.  Dolx1 has not previously been reported in 

diabetic tissues or fluids so it is not known whether this enzyme is regulated at the transcript or protein 

level.  In the liver, there were no changes in Paox or Smox mRNA.  Previous studies have shown a higher 

level of polyamine oxidation in the serum of type-I diabetic patients [267] but levels have not been 

investigated in diabetic tissues.   

7.1.1.3 Changes in acetylation enzymes and dysregulated transcript level regulation in diabetes 

SSAT1 is the key enzyme that catalyzes polyamine acetylation [10] but SSAT2 has been shown to 

acetylate polyamine analogues such as TETA, in systems including SSAT1-ko mice and in vitro enzyme 

preparations [9].  At the mRNA level as well as in the microsome at the protein level, SSAT1 was lower in 

the liver of diabetic rats.  Both Sat1 and Smox transcripts are thought to be up-regulated by spermine [10] 

so the decrease in Sat1 coupled with an increase in Smox indicates that dysregulation at the mRNA level 

is occurring in diabetes.  Additionally, with the increase in polyamine biosynthesis shown here in diabetes, 

it could be expected that, to maintain polyamine homeostasis, there would also be an up-regulation in 

SSAT1.  SSAT2 has not previously been measured in diabetes and the higher levels of Sat2 mRNA found 

here in liver and kidney provide a potential mechanism for the increased acetylation of TETA reported in 

diabetic patients [150].  
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7.1.1.4 Increase in mRNA of hypusine-forming enzymes in kidney  

Eukaryotic translation initiation factor 5A (eIF5A) contains hypusine when active and reportedly 

plays a role in beta-cell death in diabetes [69] but its production and regulation have not been investigated 

in other tissues.  This study found an increase in mRNA levels of enzymes involved in hypusine activation 

of eIF5A in the kidney.   

7.1.1.6 KEGG amino acid and antioxidant pathways were changed in diabetes  

The KEGG pathways corresponding to the arginine and proline metabolism, and the cysteine and 

methionine metabolism, were found to be altered in diabetic rat liver.  The metabolomic changes seen in 

the diabetic rat liver were consistent with the changes seen at the mRNA and protein levels.  The 

polyamine pathway is included as part of in the KEGG arginine and proline pathway and AdometDC is 

included in cysteine and methionine metabolism.  These data related to changes in overall metabolite 

levels, which are reflective of the changes seen at the mRNA and protein levels.  Although the PAPi 

activity values can be difficult to interpret in terms of individual metabolites, they are useful for identifying 

global changes in pathways between two treatment groups. This thesis study has added to previous 

studies performed in serum which showed many similar pathways to be changed in diabetes [212]. 

7.1.2 TETA metabolism and the polyamine pathway 
The effect of TETA on tissue polyamine metabolism has not previously been studied.  TETA is a 

polyamine analogue [145] and is known to be acetylated by SSAT1 and SSAT2 [175].  This study showed 

that TETA is having an impact on the regulation of several biosynthetic and catabolic enzymes and in 

some cases can normalize the dysregulation that occurs in diabetes.  Figure 7.2 shows the changes seen 

in polyamine metabolism with TETA treatment, and indicates there were often different effects of TETA in 

the diabetic group, compared to Sham.  This section summarizes key findings of TETA-related effects on 

diabetic and control polyamine metabolism.  The nomenclature used to describe the genes and proteins 

below is based on the recommendations of the International Committee on Standardized Genetic 

Nomenclature for Mice – cDNA are presented in italics and protein in caps and without italics. 
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Figure 7.2 Changes in polyamine metabolism with TETA-treatment in Sham and Diabetic 
rats.  Green text indicates a change observed with TETA treatment in the Sham control group; 
blue text indicates a change observed with TETA treatment in the diabetic group.  *Indicates a 
change that normalized a statistically-significant dysregulation measured in diabetes. cDNA are 
presented in italics and protein in caps and without italics  Abbreviations: Aoc3 - semicarbazide-
sensitive amine oxidase mRNA; AdometDC - S-adenosyl methionine decarboxylase; Amd1 - S-
adenosyl methionine decarboxylase mRNA; Adomet - S-adenosyl methionine; Arg – arginase;  
Azin – antizyme inhibitor; Doxl1 – diamine oxidase like protein-1 mRNA; eIF5a - eukaryotic 
translation initiation factor 5A; KEGG - Kyoto Encyclopedia of Genes and Genomes; Oaz – 
ornithine decarboxylase antizyme mRNA; ODC - ornithine decarboxylase; PAPi - Pathway Activity 
Profiling; PAO – polyamine oxidase; Paox – polyamine oxidase mRNA; SSAT - 
spermidine/spermine-N1-acetyltransferase 1; Sat1 - spermidine/spermine-N1-acetyltransferase-1 
mRNA ;Sat2 – thialysine Nepsilon-acetyltransferase-2 mRNA; SMO – spermine oxidase; MTA - 5’-
methylthioadenoisine. This diagram is an original summary prepared by the candidate on the basis 
of this thesis work.   
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7.1.2.1 Arg2, Dhps, Smox mRNA levels in kidney normalized by TETA treatment 

TETA had a strong influence on several genes of polyamine metabolism in the kidney.  There was 

a normalizing effect seen with TETA treatment for Arg2 which is involved in dysregulated NO metabolism 

in diabetes; Dhps which influences eIF5A, and in turn, NO metabolism as well as apoptosis and 

inflammation pathways; and Smox, which catalyzes the production of ROS.  This study showed all of 

these pathways to be dysregulated in diabetic kidney and these data indicate that TETA-treatment 

appeared to improve these disorders.  These findings give new insights into the mechanism by which 

TETA may improve diabetes-related pathology in the kidney  

7.1.2.2 Increased mRNA levels in Sham kidney with TETA treatment 

TETA treatment of the Sham group resulted in increases in mRNA levels of several enzymes 

involved in polyamine metabolism, shown in Figure 7.2.  The reason for these increases in mRNA level 

could be due to the copper-chelating effects of TETA.  Copper depletion causes oxidative stress [203] 

which increases polyamine metabolism [202].  This mechanism could explain the increases seen in Dohh, 

Sat2, Oaz1, Oaz2, Azin2, Smox, and Paox mRNA levels in TETA-treated Sham kidney.   

7.1.2.3 TETA shows a normalizing effect on amino acid and antioxidant KEGG pathways 

Many KEGG pathways reportedly dysregulated in diabetes were identified in this PAPi analysis, 

which indicates that this method can be used to identify metabolic differences between two groups.  The 

three polyamine-related pathways that were apparently dysregulated in diabetes were normalized by 

TETA treatment.  This finding is consistent with an overall effect of TETA on the levels of metabolites in 

these pathways and further supports the polyamine pathways as a key target for the action of TETA in the 

treatment of diabetes. 

7.1.2.4 TETA as a treatment for diabetes  

There are few therapeutic options for diabetic patients with cardiac or arterial diseases. Previous 

research in our group showed TETA treatment works through stimulation of increased urinary 

CuII excretion [11].  However specific mechanisms relating to the action of TETA and the enzymes 

involved in TETA metabolism, as well as metabolites produced from TETA metabolism have not been 

elucidated.  Results in this thesis indicate one of the mechanisms by which TETA exerts its effects is 

through the polyamine pathway.  This is an important consideration when considering the side-effects of a 

treatment as polyamines are ubiquitous and involved in many cell functions.  Additionally, this study 

indicates that the metabolites of TETA, of which MAT and DAT had been previously identified [147], could 
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also include products from oxidation enzymes in the polyamine pathway.  Based on the analysis in 

Chapter 6, future drug kinetic and elimination studies should consider these metabolites.    

7.1.3 Tissue-specific changes 
At the mRNA level, heart, liver and kidney were investigated and in general, across all genes 

analysed, a higher concentration of cDNA was needed to achieve crossing-point values in the linear 

range, indicating there was overall less mRNA of these genes in the heart as compared with the other two 

tissues.  Additionally, there were fewer changes in the mRNA levels in the heart.  This indicates that 

overall, the heart is not a major site for polyamine-related changes in metabolism due to diabetes, 

although the heart is a major site of diabetes pathology and TETA has known beneficial effects [150].  

The results for liver and kidney often showed similar trends; however for several genes involved in 

polyamine oxidation and hypusine synthesis, there were changes measured in the kidney but not in the 

liver.  The liver plays a central role in both glucose regulation and lipoprotein metabolism [168], and is the 

major site of nitrogen metabolism and related methionine metabolism [169], which is why it was of 

interest.  However, from some of the changes seen at the mRNA level in kidney, the kidney will be a 

useful tissue to investigate in future studies of protein and enzyme activity. 

7.2 Study Limitations  
7.2.1 Subcellular fractionation  

The fractionation method used in this study was useful for obtaining an initial idea of changes in 

cellular polyamine metabolism.  It was also useful for a large number of samples as few steps minimized 

the opportunity for protein degradation during processing.  However, this method does not enable the 

identification of which organelles are involved when changes in protein expression are different in the 

different fractions.  Western blots or mass spectrometry quantification of known subcellular markers would 

aid in identifying which organelles were enriched in the cytosolic and microsomal fractions.  Markers for 

subcellular fractions that have been previously used include: glucuronidase and Ɓ-galactosidase for 

lysosome, catalalase for peroxisome, Glyceraldehyde 3-phosphate dehydrogenase for the cytosol, and 

succinate dehydrogenase or ATP synthase for the mitochondria.  It is expected that intact mitochondria 

would be pelleted in the 10, 000 g spin, while the microsomal fraction would contain endoplasmic 

reticulum, plasma membrane and Golgi components [268].  As cell organelles interact with each other 

[269] and organelle membranes are disrupted during homogenization steps, fractionation mixtures 

become heterogeneous rather than containing exclusively proteins from a given organelle [270].  Tests of 

the enrichment of each organelle can be used to determine fold purification of an organelle marker [270].   
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7.2.2 Multiple bands in western blots 
In the Western blot analysis, there were several blots which contained more than one 

immunogenic band, indicating that there were possibly complexes of protein present, or alternatively that 

the antibody was not specific to the protein of interest.  From the experiments in this study, the identity of 

several extra bands was not determined.  There may be mechanisms occurring which result in these 

protein bands, which are significant and warrant further investigation. 

7.2.3 Statistical Analysis  
Using a student’s t-test to make comparisons between groups increased the chance of a type 1 

error and this should be considered when examining the statistical significance in this study. ANOVA 

analysis could be used to compare all means simultaneously and maintain the type I error probability at a 

specified level. The inherent design employed in this thesis is that of a case-control study. The primary 

contrast in these studies is between two groups: the untreated diabetic animals and the TETA-treated 

diabetic animals. This comparison is undertaken in order to determine the effect of treatment on the 

disease state. The second pre-planned comparison was that between the untreated controls and the 

diabetic animals: this comparison, also between two groups, is undertaken for two reasons: (i), to 

ascertain the effect of diabetes on the variables of interest; and (ii), to verify that the model has worked.  

7.2.4 Metabolomic Analysis 
Determining polyamine levels proved to be very difficult in spite of significant attempts. A complete 

study of polyamine metabolism in diabetes should include polyamine levels.  Balancing loss of 

metabolites in clean-up steps with providing a solution that would work well in the MS resulted in cellular 

polyamines not being detected via MS.  Additionally the PAPi method of analysis may not be the most 

suitable for determining differences in metabolite levels.  As the method was designed for single cell 

systems such as yeast, it was difficult to interpret the meaning of the direction of Activity Scores.  A high 

score indicated a larger number of metabolites at low levels, but if a metabolite was below the detection 

limit, it would be counted as absent and decrease the Activity Score [160]. 

7.2.5 Metabolites of TETA 
TETA metabolites were not reproducibly identified in this study, so although in theory, the 

polyamine metabolizing enzymes could be acting on TETA, no evidence to support this was found here.  

Previous studies have shown that SSAT1 and SSAT2 could acetylate TETA and no further reactions were 

identified in this study. 
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7.2.6 Acetylation assay using TETA as a substrate 
Using TETA as a substrate was useful as the product of its acetylation, MAT, was easily 

distinguishable via MS from the rest of the cellular extract in the reaction mixture.  Spermidine as a 

substrate on the other hand, posed difficulties with the LC-MS analysis, as acetyl-spermidine eluted at a 

similar time to many other metabolites making its quantification difficult.  However, recent studies have 

shown that SSAT1 is not the only enzyme to acetylate TETA and that SSAT2 also has this activity, which 

under some conditions may be stronger than that of SSAT1 [175].  As a result, findings concerning TETA 

acetylation in this study may need to be reinterpreted as acetylation activity catalyzed by either or both of 

these enzymes, that may not necessarily reflect SSAT1 activity.   

7.3 Future Research 
This study yielded several interesting results that warrant further study and several of the 

limitations of the study could be improved with further studies. 

7.3.1 Protein analysis of the kidney 
Many changes were seen in kidney at the mRNA level and future studies could focus on the 

regulation of polyamines in the kidney at the protein and enzyme activity level, to determine if these 

changes in mRNA are reflected in changes in protein level.  Changes were seen in several key enzymes 

and TETA was shown to have a normalizing effect on levels of several of these.  Protein expression of 

Arg2, SMO, Dhps and Ssat2 would be useful to understand the mechanism of TETA action in the diabetic 

kidney. 

7.3.2 SSAT-X transcript quantification 
SSAT-X was not identified in liver, kidney or heart in any treatment group.  However, when testing 

the SSAT-X primer melting curve two peaks were present, indicating both Sat1 and SSAT-X transcripts 

were probably present.  Further tests using the more sensitive qPCR methods in all groups could be used 

to quantify levels of SSAT-X and determine if they are altered in diabetes and if TETA is having an effect 

on them. 

7.3.3 Measurement of Polyamine levels in tissues 
The methods used in this study were not successful in measuring polyamine levels.  Previous 

metabolomic analysis of diabetic serum did not identify polyamine levels as changed in the diabetic state 

[209, 212, 271-273], indicating that they are likely to be difficult to detect using standard MS methods. 

This difficulty is consistent with their structures: for example, polyamines such as TETA do not absorb 

anywhere in the visible spectrum, and specific methods of modification have been required to measure 

their levels in biofluids.  Additionally, since polyamines bind to DNA, RNA, protein and membrane lipids 

[30], previous studies vary greatly in their quantification of polyamines [168, 274] and are likely a measure 
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of free polyamines only, not bound polyamines.  Experiments using HPLC derivatization have been 

successful at measuring free polyamine levels [134] but it is unclear if there is breakdown of polyamines 

during the derivatization processes.  Future experiments should use a method which allows polyamines to 

be quantified with few processing steps to avoid degradation or their levels falling below detection limits.   

7.3.4 Immunohistochemistry  
Results seen at the protein level that indicated changes in subcellular distribution of the polyamine 

enzymes in diabetes should be followed up with immunohistochemistry studies to precisely determine the 

location of the enzymes in normal and diabetic tissues.  Changes in subcellular localization have been 

determined in diabetes [275] and Alzheimer’s disease [276], and changes in subcellular distribution of the 

polyamines may be a key component of diabetes pathobiology.  Based on the results in this study, this 

area should be investigated for SSAT and SMO proteins.  Additionally, based on previous studies 

showing that Azin2 has functions involved in polyamine uptake [189], the localization of Azin2 should be 

investigated as well.   

7.3.5 Determination of Oxidase enzyme activity towards TETA  
Future experiments to identify oxidation break-down products of TETA might be important to 

determine how the drug acts within polyamine metabolism and to track excretion of its metabolites. 

Identifying MS metabolites, which have been proposed through analysis of enzymes in this study, could 

be used to determine any stable products of TETA metabolism.  Additionally, the development of an 

assay to measure the activity of polyamine oxidases towards TETA would further show whether TETA is 

being metabolized by the same enzymes that metabolize the polyamines, which certainly seems to be a 

possibility.  This could be done through measurement of hydrogen peroxide production with varying 

substrate concentrations of TETA, along with methods to detect any specific metabolites.   

7.4 Concluding Summary 
The main aims of this thesis were to determine changes in polyamine metabolism associated with 

diabetes, and to determine if polyamine metabolism is a target for the action of TETA.  The enzymes and 

regulatory molecules involved in polyamine metabolism were thoroughly investigated at the mRNA level 

and these studies supported by protein and metabolomic results.  The findings, when taken together, 

support the view that polyamine biosynthesis is likely to be up-regulated in diabetic liver and kidney, and 

that TETA was having an effect on the mRNA levels of the first enzyme involved – Arg2.  Investigation of 

polyamine catabolism showed diabetes-dependent changes as well – with decreases in Sat1 mRNA as 

well as corresponding protein and activity levels, and increases in mRNA corresponding to the polyamine 

oxidation enzymes, Paox, and Smox, as well as the enzymes of hypusine incorporation, Dhps and Dohh 
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at the mRNA level in kidney.  This study also determined several important effects of TETA on the 

polyamine pathways, with changes present mainly in the kidney, showing TETA has restorative effects on 

Arg2, Dhps, and Smox in kidney.  In the liver, TETA also influenced protein levels of ODC and eIF5A.  

The activity of the key polyamine acetylation activity, SSAT, was measured and its activity towards TETA 

was shown to be lower in diabetic than control liver cytosol.  The acetylation activity measured could have 

been due to the activity a combination of two enzymes, SSAT1 and SSAT2, but that remains to be 

ascertained.  Metabolomic studies supported the transcript, protein and activity data obtained, and these 

experiments showed increases in several of the KEGG pathways related to polyamines, as well as other 

previously established pathways dysregulated in diabetes.  This analysis also pointed to several pathways 

in liver which were normalized by TETA treatment.  A theoretical analysis of the properties of enzymes 

that catalyze polyamine metabolism was used to identify possible additional metabolites of TETA, MAT 

and DAT; this analysis focused on those enzymes which have lower substrate specificity.  The exact 

masses of the predicted metabolites will be useful in future MS studies to identify new metabolites of 

TETA.  In summary, this study has provided new insight into diabetes pathobiology and shown that the 

polyamine metabolism is influenced by TETA in organs subject to diabetes-mediated damage.  
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 Appendix A Blood Glucose Levels and Mass of 
Rats 

  

Figure A.1 Blood Glucose levels of 16 week male Wistar rats from 4 treatment groups: Sham, Sham-
TETA, Dia, or Dia-TETA treated.  TETA was administered for 8 weeks after 8 weeks streptozotocin 
induction of diabetes, or 8 weeks of sham treatment.   
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  A.2 Body weights of 16 week male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Dia, or Dia-
TETA treated.  TETA was administered for 8 weeks after 8 weeks streptozotocin induction of diabetes, or 8 
weeks of sham treatment.   
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 Appendix B MIQE Details and PCR data 
 
Table B.1 Liver Normalized Cp values 
Gene  Sham Sham-TETA Dia Dia-TETA 
Arg1  1.141 0.759 1.902 1.704 

 
 0.6729 1.594 1.312 1.507 

 
 0.4678 0.4336 2.201 1.67 

 
 0.8596 0.3899 1.351 2.584 

 
 0.5719 0.6491 1.564 1.76 

 
 0.8959 0.4797 2.629 2.345 

 
 0.3722 1.258 1.244 2.586 

 
 0.3916 0.7953 1.271 2.136 

 
 1.54  3.127  

 
 1.4531  1.89  

 
 

    
Arg2  2.407 1.279 4.902 1.704 

 
 2.541 1.821 4.312 1.507 

 
 1.177 2.426 2.201 7.67 

 
 3.423 1.583 6.351 2.584 

 
 4.191 2.22 4.564 1.76 

 
 0.6171 0.8305 2.629 2.345 

 
 2.371 2.385 4.244 4.586 

 
 4.894 5.674 5.271 5.136 

 
 1.279 1.474 3.127  

 
 2.691  3.89  

 
 

    
Odc1  0.7542 0.5933 0.6074 0.5383 

 
 1.057 0.5708 0.5222 0.884 

 
 1.154 0.9908 0.645 1.138 

 
 0.5424 0.6162 1.122 0.9806 

 
 0.5993 0.6632 1.03 0.7236 

 
 0.7188 0.8179 1.201 1.666 

 
 0.5965 0.6394 1.099 1.154 

 
 1.004 0.637 0.5198 1.056 

 
 0.6145 1.23 1.508 0.9854 

 
 0.8207 0.9393 0.7597 1.01 
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Amd1 0.2979 0.1141 0.2216 0.2192 

 0.3524 0.1664 0.2703 0.3404 

 0.1322 0.1714 0.3479 0.1585 

 0.2286 0.1648 0.4447 0.4196 

 0.2074 0.233 0.3114 0.3245 

 0.2421 0.2881 0.4001 0.3032 

 0.2544 0.1499 0.3438 0.3892 

 0.1871 0.1917 0.1426 0.3365 

 0.2041 0.5294 0.3082 0.4417 

 0.4521 0.1999 0.3002 0.3803 

     
Sat1 1.195 0.9544 0.8981 1.006 

 0.5973 0.9941 0.3943 0.4194 

 0.8355 0.8915 0.5923 0.9575 

 0.8347 0.7264 0.4836 0.735 

 0.9337 1.515 0.4357 0.6957 

 1.138 1.172 0.4602 0.4388 

 0.8024 0.9366 0.4052 0.391 

 1.023 1.057 0.8929 0.5069 

 1.057 0.732 0.533 0.5442 

 0.4203 1.551 1.049 0.6913 

     
Sat2 0.3271 0.3771 0.3416 0.4488 

 0.4322 0.5013 0.8529 0.5371 

 0.3996 0.3575 0.746 0.3108 

 0.3292 0.3755 0.6332 0.432 

 0.3304 0.8073 0.6849 0.9156 

 0.5861 0.725 0.5294 0.4305 

 0.4574 0.8904 0.8992 0.7284 

 0.4977 0.793 0.5001 1.241 

 0.3736 1.363 0.7543 1.572 

 0.5755 0.2457 0.4321 1.212 

     
Pmf1 2.559 1.335 1.906 1.552 

 1.576 0.9803 1.371 1.29 

 2.529 1.259 1.779 2.175 

 1.642 0.9936 1.914 2.162 

 1.681 1.984 1.588 1.516 

 1.815 1.842 1.142 1.097 

 2.364 1.226 1.523 1.455 

 1.415 1.855 1.5 1.271 
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 2.823 2.425 1.799 1.792 

 1.688 1.022  2.191 

     
Dhps 1.422 1.333 1.96 1.25 

 1.326 1.389 1.296 1.123 

 0.9417 1.237 1.28 0.7282 

 1.397 1.078 1.991 1.698 

 0.9831 1.549 1.232 1.117 

 0.4755 1.455 1.562 1.021 

 1.384 0.766 1.441 1.421 

 1.538 1.535 1.116 1.079 

 1.167 2.237 1.256 1.781 

 1.436 1.019 1.581 1.466 

     
Dohh 0.9908 0.8659 0.7435 0.8129 

 0.8469 0.7081 0.9563 0.6876 

 0.7107 0.7501 0.987 0.3382 

 0.7275 0.668 0.8652 1.031 

 0.9245 1.232 0.7773 0.7538 

 1.086 1.909  0.7471 

 0.8786 0.5091 0.9484 0.8795 

 0.9197 1.181 1.189 0.7882 

 1.178 1.213 0.7155 0.6629 

 1.003 0.4692 0.6422 0.9847 

     
Smox 0.9016 0.556 0.5802 0.6526 

 1.3334 0.4998 1.358 1.089 

 0.7767 0.6096 1.153 1.265 

 0.4834 0.63 1.309 1.663 

 0.6088 0.7034 1.161 1.244 

 0.7035 0.7214 0.9554 1.016 

 0.7072 0.5193 1.073 1.631 

 0.695 0.6495 0.412 1.777 

 0.7048 1.482 1.006 0.8565 

 1.636 0.5708 0.6432 1.745 

     
Paox 1.009 1.044 1.47 1.257 

 1.117 1.173 1.01 0.9847 

 1.117 1.23 0.9208 1.42 

 1.209 1.009 2.245 1.905 

 1.025 1.338 0.8353 1.318 
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 0.6821 1.51 0.733 0.9542 

 1.055 0.8533 1.254 1.5 

 1.818 1.56 0.936 1.292 

 0.8912 1.323 0.9517 1.692 

 1.225 0.7343 1.095 1.366 

     
Dolx1 1.945 1.3707 0.6652 1.251 

 1.336 0.8979 0.6938 1.872 

 0.7704 0.5767 0.6475 0.6163 

 1.3613 0.8744 0.2059 0.864 

 1.835 0.559 0.85 0.563 

 0.7642 0.6408 0.591 0.6916 

 0.5514 1.372 0.1549 0.3063 

 2.531 0.6408 0.8682 0.4368 

 1.552    
 1.586    
     

Aoc3 1.962 0.5232 0.296 0.3299 

 1.928 1.217 0.1982 0.2413 

 0.7433 0.846 0.2312 0.7159 

 1.655 0.9824 0.3779 0.1591 

 2.602 2.405 0.259 0.2345 

 1.026 1.201 0.3096 0.2964 

 2.347 1.638 0.2102 0.4919 

 2.139 2.448 0.4571 0.5308 

 2.241 1.12   
 1.713    

 

Table B.2 Kidney Normalized Cp values 
Gene Sham Sham-TETA Dia Dia-TETA 
Arg1 0.4036 0.4873 0.7929 0.6904 

 1.304 0.4875 0.5509 0.1094 

 1.243 0.726 0.5359 0.4031 

 1.625 0.5539 0.27 0.1137 

 1.01 0.2415 0.1235 0.1006 

 0.8993 0.5903 0.2526 0.529 

 1.139 0.5163 1.003 1.191 

 1.183 0.7396 1.52 0.4457 

 0.1291 0.2712  0.5801 

 0.6749 0.848  1.638 
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Arg2 1.562 0.9853 0.7359 2.226 

 0.7848 1.708 2.5812 2.848 

 1.024 0.8858 1.5796 2.262 

 1.049 0.5472 2.83 2.797 

 1.356 0.4435 0.9271 2.319 

 0.709 0.8917 2.3195 3.003 

 0.9378 0.9509 1.4544 3.63 

 1.211 2.065 1.3424 1.321 

 0.1561 1.5793 3.161 2.4 

 1.039 2.333 3.761 2.709 

     
Odc1 1.461 1.149 1.344 1.282 

 1.799 1.645 2.201 1.654 

 1.264 0.8079 1.433 0.8837 

 1.244 2.625 1.292 1.24 

 1.12 1.397 0.6904 2.054 

 1.026 1.283 0.8747 1.397 

 1.224 1.247 0.9991 1.423 

 0.9389 1.004 1.589 1.048 

 1.426 2.047 0.7913 0.7991 

 1.225 0.9705 2.369  
     

Amd1 0.9337 0.7411 0.8113 0.642 

 0.5708 1.105 1.16 1.003 

 0.6787 0.7045 0.8662 0.8257 

 0.5716 0.4996 0.9223 1.244 

 0.599 0.7572 0.6719 0.8587 

 0.6285 0.8011 0.8847 0.8757 

 1.055 0.8574 0.8478 0.8852 

 0.5881 0.9383 0.6906 0.7976 

 0.8435 0.9375 0.7939 0.8775 

 0.767  0.8189 0.7693 
     

Sat1 1.906 3.923 4.032 4.365 

 3.107 4.478 4.368 4.314 

 5.156 3.791 3.439 4.898 

 3.771 4.826 3.679 5.09 

 3.533 4.443 4.444 4.192 

 4.287 3.994 4.684 5.024 

 4.535 3.481 4.536 4.148 
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 1.786 4.166 3.998 4.808 

  1.773 4.464 5.369 

     
Sat2 2.339 2.144 1.815 1.368 

 1.85 1.894 4.2 2.099 

 1.826 1.633 1.408 2.049 

 1.489 2.635 2.035  
 1.584 2.693 1.041 1.824 

 1.608 2.135 1.438 2.158 

 1.923 1.939 1.904 1.67 

 1.795 1.874 2.043 1.701 

 1.831 2.025 1.317 1.643 

 2.129  2.07 1.851 

     
Pmf1 2.721 1.555 2.574 3.021 

 1.882 2.132 1.403 3.365 

 2.426 1.159 1.677 2.307 

 1.204 2.151 1.701 3.567 

 1.733 1.284 3.189 2.7 

 0.9772 1.272 1.921 2.993 

 2.176 1.624  1.273 

 1.142   1.898 

 2.018    
 2.547    
     

Dhps 2.489 3.374 5.054 5.479 

 4.949 2.935 3.808 5.996 

 7.442 2.761 4.226 4.014 

 6.25 2.483 6.03 2.57 

 5.663 3.782 2.767 3.845 

 4.444 4.195 3.756 8.364 

 5.887 1.948 3.556 7.891 

 4.839 6.935 6.768 2.6 

 1.366 2.718 3.589 7.576 

 3.048 3.815 4.754 6.93 

     
Dohh 5.345 9.98 10.42 7.211 

 13.06 9.082 5.841 6.088 

 11.69 7.898 5.842 8.65 

 8.39 3.796 9.07 7.978 

 7.361 9.519 3.696 5.806 
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 9.065 8.197 3.936 7.843 

 6.83 4.336 4.225 7.901 

 7.085 11.27 4.606 8.31 

 2.031 4.65 8.88 10.1 

 6.22 6.477 5.282 8.9 

     
Smox 1.995 3.804 2.988 2.399 

 2.751 2.972 2.883 2.43 

 4.475 2.223 2.617 2.24 

 3.082 3.956 3.063 2.147 

 2.787 2.17 2.454 2.601 

 2.43 4.007 1.96 3.473 

 2.717 2.933 3.085 3.013 

 3.042 2.967 3.91 2.104 

  1.292 2.207 2.877 

     
Paox 2.195 3.614 2.958 2.687 

 3.026 2.823 2.854 2.722 

 4.923 2.112 2.591 2.509 

 3.39 3.758 3.032 2.405 

 3.066 2.062 2.429 2.913 

 2.673 3.807 1.94 3.89 

 2.989 2.786 3.054 3.375 

 3.346 2.819 3.871 2.356 

     
Dolx1 0.6474 3.1  1.599 

 4.315 1.826 1.339 1.316 

 1.397 1.212 2.74 1.414 

 2.441 1.095 1.82 3.267 

 1.978 1.541 1.23 4.633 

 1.319 2.197 1.667 1.02 

 3.852 3.246  1.787 

 1.517 2.166  2.477 

 1.395 3.368 2.056 3.091 

 1.887 1.832 4.72 4.28 

     
Aoc3 2.414 3.433 2.929 3.009 

 3.329 2.682 2.826 3.048 

 2.415 3.006 2.565 2.81 

 3.729 3.57 3.002 2.693 

 3.372 1.958 2.405 3.263 
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 2.94 3.616 2.921 2.357 

 3.288 2.647 3.024 3.78 

 3.681 2.678 3.832 2.639 

 

Table B.3 Heart normalized Cp values 
Gene Sham Sham-TETA Dia Dia-TETA 
Arg1 0.4036 0.4873 0.7929 0.6904 

 1.304 0.4875 0.5509 0.1094 

 1.243 0.726 0.5359 0.4031 

 1.625 0.5539 0.27 0.1137 

 1.01 0.2415 0.1235 0.1006 

 0.8993 0.5903  0.529 

 1.139 0.5163 0.2526 1.191 

 1.183 0.7396 1.003 0.4457 

 0.1291 0.2712 1.52 0.5801 

 0.6749 0.848  1.638 

     
Arg2 1.562 0.9853 0.7359 2.226 

 0.7848 1.708 2.5812 2.848 

 1.024 0.8858 1.5796 2.262 

 1.049 0.5472 2.83 2.797 

 1.356 0.4435 0.9271 2.319 

 0.709 0.8917 2.3195 3.003 

 0.9378 0.9509 1.4544 3.63 

 1.211 2.065 1.3424 1.321 

 0.1561 1.5793 3.161 2.4 

 1.039 2.333 3.761 2.709 

     
Odc1 1.461 1.149 1.344 1.282 

 1.799 1.645 2.201 1.654 

 1.264 0.8079 1.433 0.8837 

 1.244 2.625 1.292 1.24 

 1.12 1.397 0.6904 2.054 

 1.026 1.283 0.8747 1.397 

 1.224 1.247 0.9991 1.423 

 0.9389 1.004 1.589 1.048 

 1.426 2.047 0.7913 0.7991 

 1.225 0.9705 2.369  
     

Amd1 0.9337 0.7411 0.8113 0.642 
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 0.5708 1.105 1.16 1.003 

 0.6787 0.7045 0.8662 0.8257 

 0.5716 0.4996 0.9223 1.244 

 0.599 0.7572 0.6719 0.8587 

 0.6285 0.8011 0.8847 0.8757 

 1.055 0.8574 0.8478 0.8852 

 0.5881 0.9383 0.6906 0.7976 

 0.8435 0.9375 0.7939 0.8775 

 0.767  0.8189 0.7693 
     

Sat1 1.906 3.923 4.032 4.365 

 3.107 4.478 4.368 4.314 

 5.156 3.791 3.439 4.898 

 3.771 4.826 3.679 5.09 

 3.533 4.443 4.444 4.192 

 4.287 3.994 4.684 5.024 

 4.535 3.481 4.536 4.148 

 1.786 4.166 3.998 4.808 

  1.773 4.464 5.369 

     
Sat2 2.339 2.144 1.815 1.368 

 1.85 1.894 4.2 2.099 

 1.826 1.633 1.408 2.049 

 1.489 2.635 2.035  
 1.584 2.693 1.041 1.824 

 1.608 2.135 1.438 2.158 

 1.923 1.939 1.904 1.67 

 1.795 1.874 2.043 1.701 

 1.831  1.317 1.643 

 2.129 2.025 2.07 1.851 

     
Pmf1 2.721 1.555 2.574 3.021 

 1.882 2.132 1.403 3.365 

 2.426 1.159 1.677 2.307 

 1.204 2.151 1.701 3.567 

 1.733 1.284 3.189 2.7 

 0.9772 1.272 1.921 2.993 

 2.176 1.624  1.273 

 1.142   1.898 

 2.018    
 2.547    
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Dhps 2.489 3.374 5.054 5.479 

 4.949 2.935 3.808 5.996 

 7.442 2.761 4.226 4.014 

 6.25 2.483 6.03 2.57 

 5.663 3.782 2.767 3.845 

 4.444 4.195 3.756 8.364 

 5.887 1.948 3.556 7.891 

 4.839 6.935 6.768 2.6 

 1.366 2.718 3.589 7.576 

 3.048 3.815 4.754 6.93 

     
Dohh 5.345 9.98 10.42 7.211 

 13.06 9.082 5.841 6.088 

 11.69 7.898 5.842 8.65 

 8.39 3.796 9.07 7.978 

 7.361 9.519 3.696 5.806 

 9.065 8.197 3.936 7.843 

 6.83 4.336 4.225 7.901 

 7.085 11.27 4.606 8.31 

 2.031 4.65 8.88 10.1 

 6.22 6.477 5.282 8.9 

     
Smox 1.995 3.804 2.988 2.399 

 2.751 2.972 2.883 2.43 

 4.475 2.223 2.617 2.24 

 3.082 3.956 3.063 2.147 

 2.787 2.17 2.454 2.601 

 2.43 4.007 1.96 3.473 

 2.717 2.933 3.085 3.013 

 3.042 2.967 3.91 2.104 

  1.292 2.207 2.877 

     
Paox 2.195 3.614 2.958 2.687 

 3.026 2.823 2.854 2.722 

 4.923 2.112 2.591 2.509 

 3.39 3.758 3.032 2.405 

 3.066 2.062 2.429 2.913 

 2.673 3.807 1.94 3.89 

 2.989 2.786 3.054 3.375 

 3.346 2.819 3.871 2.356 
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Dolx1 0.6474 3.1  1.599 

 4.315 1.826 1.339 1.316 

 1.397 1.212 2.74 1.414 

 2.441 1.095 1.82 3.267 

 1.978 1.541 1.23 4.633 

 1.319 2.197 1.667 1.02 

 3.852 3.246 2.056 1.787 

 1.517 2.166 4.72 2.477 

 1.395 3.368  3.091 

 1.887 1.832  4.28 

     
Aoc3 2.414 3.433 2.929 3.009 

 3.329 2.682 2.826 3.048 

 2.415 3.006 2.565 2.81 

 3.729 3.57 3.002 2.693 

 3.372 1.958 2.405 3.263 

 2.94 3.616 2.921 2.357 

 3.288 2.647 3.024 3.78 

 3.681 2.678 3.832 2.639 

 

MIQE guidelines marked with an x under checklist were followed for the qPCR experiments 

reported in this thesis.  MIQE is a set of guidelines that describe the minimum information necessary for 

evaluating qPCR experiments. They are meant to be a checklist that will accompany manuscripts to the 

publisher. The aim of the guidelines is have all relevant experimental conditions and assay characteristics 

described so that reviewers can assess the validity of the protocols used. Full disclosure of all reagents, 

sequences, and analysis methods is necessary to enable other investigators to reproduce results. The 

MIQE guidelines suggest that details should be published either in abbreviated form or as an online 

supplement.  The methods section of this thesis describes the experimental conditions for qPCR based 

on this list.  Under importance D indicates desired, while E indicates essential.  Checklist available from 

[158]. 
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Table B.4 MIQE guidelines 

ITEM TO CHECK IMPORTANCE CHECKLIST 

EXPERIMENTAL DESIGN     

Definition of experimental and control  groups E x 

Number within each group E x 

Assay carried out by core lab or investigator's lab? D x 

Acknowledgement of authors' contributions  D x 

SAMPLE     

Description E x 

     Volume/mass of sample processed D x 

    Microdissection or macrodissection E x 

Processing procedure E x 

     If frozen - how and how quickly? E x 

     If fixed - with what, how quickly? E x 

Sample storage conditions and duration E x 

NUCLEIC ACID EXTRACTION     

Procedure and/or instrumentation E x 

     Name of kit and details of any modifications E x 

     Source of additional reagents used  D x 
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Details of DNase or RNAse treatment E x 

Contamination assessment (DNA or RNA) E x 

Nucleic acid quantification  E x 

     Instrument and method E x 

     Purity (A260/A280)  D x 

     Yield D x 

RNA integrity method/instrument E x 

    RIN/RQI or Cq of 3' and 5' transcripts  E   

    Electrophoresis traces D x 

 Inhibition testing (Cq dilutions, spike or other)  E  x 

REVERSE TRANSCRIPTION     

Complete reaction conditions E x 

     Amount of RNA and reaction volume E x 

    Priming oligonucleotide (if using GSP) and concentration E x 

     Reverse transcriptase and concentration E x 

     Temperature and time E x 

     Manufacturer of reagents and catalogue numbers D x 

Storage conditions of cDNA D x 

qPCR TARGET INFORMATION     
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If multiplex, efficiency and LOD of each assay. E x 

Sequence accession number E x 

Location of amplicon D x 

     Amplicon length E x 

     In silico specificity screen (BLAST, etc) E x 

     Pseudogenes, retropseudogenes or other homologs? D x 

          Sequence alignment D  n/a 

     Secondary structure analysis of amplicon D  n/a 

Location of each primer by exon or intron (if applicable) E x 

     What splice variants are targeted? E x 

qPCR OLIGONUCLEOTIDES     

Primer sequences E x 

RTPrimerDB Identification Number  D  n/a  

Probe sequences D**  x 

Location and identity of any modifications E x 

Manufacturer of oligonucleotides D x 

Purification method D x 

qPCR PROTOCOL     

Complete reaction conditions E x 
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     Reaction volume and amount of cDNA/DNA E x 

     Primer, (probe), Mg++ and dNTP concentrations E x 

     Polymerase identity and concentration  E x 

     Buffer/kit identity and manufacturer  E x 

     Exact chemical constitution of the buffer D   

     Additives (SYBR Green I, DMSO, etc.) E x 

Manufacturer of plates/tubes and catalog number D x 

Complete thermocycling parameters E x 

Reaction setup (manual/robotic) D x 

Manufacturer of qPCR instrument E x 

qPCR VALIDATION     

Evidence of optimisation (from gradients)  D x 

Specificity (gel, sequence,  melt, or digest) E x 

For SYBR Green I, Cq of the NTC E x 

Standard curves with slope and y-intercept E x 

     PCR efficiency calculated from slope E x 

     Confidence interval for PCR efficiency or standard error D  n/a 

     r2 of standard curve E x 

Linear dynamic range E x 
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     Cq variation at lower limit E x 

     Confidence intervals throughout range D  n/a 

Evidence for limit of detection  E x 

If multiplex, efficiency and LOD of each assay. E  n/a 

DATA ANALYSIS     

qPCR analysis program (source, version) E x 

     Cq method determination E x 

     Outlier identification and disposition E x 

Results of NTCs  E x 

Justification of number and choice of reference genes E x 

Description of normalisation method E x 

Number and concordance of biological replicates D x 

Number and stage (RT or qPCR) of technical replicates E x 

Repeatability (intra-assay variation) E x 

Statistical methods for result significance E x 

Software (source, version) E x 

Cq or raw data submission using RDML D  x 
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Appendix C Western Blot Optical Densities and 
Whole Blot Images 

Below are the OD values obtained with Fuji MultiGauge v2.2 quantification.  Values on the left 

have been normalized to the OD of the Ponceau S stain with the newly calculated values on the right.      

Table C.1 Western blot OD data 
OD/mm2      normalized to Ponceau 

 Sham Sham-
TETA Dia Dia-

TETA  Sham Sham-
TETA Dia Dia-

TETA 

          
Az2 

microsome 22 
kDa 

115448 303504 222939 118332  
3996 9746 6936 3979 

205994 263660 222910 91637  
7014 9164 7376 3321 

107830 151292 163305 55273  
3820 5631 6245 2354 

          

Az2 
microsome 30 

kDa 

459632 700741 435638 426390  15910 22503 13554 14337 

429385 462088 406163 381714  14620 16061 13440 13835 

427792 431737 331915 294928  15154 16068 12693 12561 

          
Az2 

microsome 
Ponceau 

28.9 31.1 32.1 29.7 
     

29.4 28.8 30.2 27.6 
     

28.2 26.9 26.2 23.5 
     

          

Az2 cytosol 22 
kDa 

293170 423742 239412 169710  
8408 10191 6403 4470 

289308 297092 230749 141196  
7341 7927 6706 4036 

322616 431765 130030 130408  
9189 11619 3962 4000 

          

Az2 cytosol 50 
kDa 

40312 54305 74938 77863  1156 1306 2004 2051 

37533 34813 47913 75728  952 929 1392 2165 

37965 34480. 30746 41830  1081 928 937 1283 

          
Az2 cytosol 

Ponceau 
34.9 41.6 37.4 38.0 
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39.4 37.5 34.4 35.0 
     

35.1 37.2 32.8 32.6 
     

          
SSAT1 

microsome 25-

37 kDa 

338927 356915 387886 368826  22066 22879 19690 19280 

386243 383819 384205 384471  21422 20405 17937 16565 

407675 401225 384793 321106  15746 15005 13445 16259 

 
         

SSAT1 

microsome 37-

50 kDa 

327968 351709 428765 353770  21352 22545 21765 18493 

353368 395116 438286 406682  19599 21006 20462 17522 

390143 387970 416284 314589  15069 14509 14545 15929 

 
         

SSAT1 

microsome 70 

kDa 

262393 324907 347024 336641  17083 20827 17615 17598 

332444 337664 378641 356074  18438 17951 17677 15341 

315983 318801 327705 280324  12205 11922 11450 14194 

          
SSAT1 

microsome 

150 kDa 

277632 330411 385964 417294  15993 21180 19592 21814 

406230 405225 401560 368220  22531 21543 18747 15865 

348951 338783 336732 295180  14607 14898 14886 14908 

          

SSAT 

microsome 

Ponceau 

15.4 15.6 19.7 19.1 
     

18.0 18.8 21.4 23.2      
25.9 26.7 28.6 19.8      

          
ODC 37-50 

kDa 
cytosol 

154621 142722 326643 370980  
13238 8250 27449 34129 

141236 198500 397332 506509  
11819 11388 28918 33926 

174164 152411 515183 698882  
10191 6774 26085 32858 

          

ODC ~37 kDa 
cytosol 

178320 199166 106477 142162  
15267 11512 8948 13078 

219393 274074 128010 163919  
18359 15724 9317 10979 

218704 188382 141115 210077  
12797 8373 7145 9877 

          
ODC <37 kDa 

cytosol 
523139 560935 311107 414183  

44789 32424 26143 38103 

555108 679889 333153 325321  
46453 39007 24247 21790 
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491235 473995 276702 361612  
28744 21066 14010 17001 

          

ODC ~75 Kda 
cytosol 

353498 427496 377215 402125  
30265 24711 31699 36994 

312193 485505 474285 518970  
26125 27855 34519 34760 

348687 422393 592081 770980  
20403 18773 29979 36247 

          

ODC cytosol 
Ponceau 

11.7 17.3 11.9 10.9 
     

12.0 17.4 13.7 14.9 
     

17.1 22.5 19.8 21.3 
     

          
ODC 37-50 

kDa 
microsome 

207308 222684 310521 224210  
7233 7528 10857 8097 

184503 182454 339326 214531  
6970 7091 12728 9083 

242020 202061 388605 297906  
9192 8244 16118 3468 

          

ODC~37 kDa 
microsome 

174178 206475 243283 201977  
6077 6980 8506 7294 

149245 150249 243773 163678  
5638 5839 9144 6930 

193379 176422 277783 190640  
7344 7198 11521 8618 

          

ODC~25 kDa 
microsome 

196969 230914 189457 101116  
6873 7806 6624 3652 

195325 170651 172336 72813  
7379 6632 6464 3083 

200863 195946 187187 109285  
7629 7995 7764 4941 

          

ODC~250 kDa 
microsome 

99415 120990 73820 59719  
3469 4090 2581 2157 

108487 84552 75899 50564  
4098 3286 2847 2141 

101882 99139 113773 80024  
3869 4045 4719 3618 

          
ODC Ponceau 

microsome 
 

28.7 29.6 28.6 27.7 
     

26.5 25.7 26.7 23.6 
     

26.3 24.5 24.1 22.1 
     

          
Dhps 42 kDa 

cytosol 
 

 

105627 130302 79505 76755  
2950 3119 2151 1969 

141303 225153 71579 78662  3990 5245 1836 1902 

110259 190872 84348 73524  2726 4115 1864 1782 
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Dhps 50 kDa 
cytosol 

 

 

 

108516 135704 85583 52105  3030 3248 2316 1337 

77485 58773 79402 72805  2188 1369 2036 1760 

139700 91021 106836 102151  3454 1963 2362 2475 

          

Dhps Ponceau 
cytosol 

35.8 41.8 37.0 39.0      
35.4 42.9 39.0 41.4      
40.5 46.4 45.2 41.3      

          

Dhps 42 kDa 
microsome 

 

619896 729297 612095 435765  19997 22495 20335 15317 
583188 600104 566446 363672  21023 26205 18267 15153 
668830 510345 610694 405037  24919 19208 17579 12149 

          

Dhps 50 kDa 
microsome 

 

207887 285509 214936 144583  6706 8807 7141 5082 
183417 142581 147446 135376  6612 6226 4755 5641 
294303 202031 247657 238923  10965 7604 7129 7166 

          

Dhps 
microsome 
Ponceau 

31.0 32.4 30.1 28.5      
27.7 22.9 31.0 24.0      
26.8 26.6 34.7 33.3      
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Figure C.1 Dhps Cytosolic fraction western blot images.  A shows the chemiluminescent image, B shows 
the bright field image, C shows the Ponceau stain, and D shows the lane OD area used to normalize the 
protein OD to.  In each blot the samples shown from left to right are {sham pool 1, sham-TETA pool 1, 
Dia pool 1, Dia-TETA pool 1, sham pool 2, sham-TETA pool 2, Dia pool 2, Dia-TETA pool 2, sham pool 
3, sham-TETA pool 3, Dia pool 3, Dia-TETA pool 3} with precision plus protein ladder run on either side.  
Lanes to the right of the ladder were sham pool samples used as secondary antibody controls.  
Abbreviations: Dia – Diabetic, TETA – triethylenetetramine, Dhps - deoxyhypusine synthase  
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Figure C.2 Dhps Microsomal fraction western blot images.  A shows the chemiluminescent image, B 
shows the bright field image, C shows the Ponceau stain, and D shows the lane OD area used to 
normalize the protein OD to.  In each blot the samples shown from left to right are {sham pool 1, sham-
TETA pool 1, Dia pool 1, Dia-TETA pool 1, sham pool 2, sham-TETA pool 2, Dia pool 2, Dia-TETA pool 
2, sham pool 3, sham-TETA pool 3, Dia pool 3, Dia-TETA pool 3} precision plus protein ladder run on 
either side.  Lanes to the right of the ladder were sham pool samples used as secondary antibody 
controls.  Abbreviations: Dia – Diabetic, TETA – triethylenetetramine, Dhps - deoxyhypusine synthase  
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Figure C.3 ODC Cytosol fraction western blot images.  A shows the chemiluminescent image, B shows 
the bright field image, C shows the Ponceau stain, and D shows the lane OD area used to normalize the 
protein OD to.  In each blot the samples shown from left to right are {sham pool 1, sham-TETA pool 1, 
Dia pool 1, Dia-TETA pool 1, sham pool 2, sham-TETA pool 2, Dia pool 2, Dia-TETA pool 2, sham pool 
3, sham-TETA pool 3, Dia pool 3, Dia-TETA pool 3} precision plus protein ladder run on either side.  
Lanes to the right of the ladder were sham pool samples used as secondary antibody controls.  
Abbreviations: Dia – Diabetic, TETA – triethylenetetramine, ODC – Ornithine decarboxylase  
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Figure C.4 ODC Microsomal fraction western blot images.  A shows the chemiluminescent image, B 
shows the bright field image, C shows the Ponceau stain, and D shows the lane OD area used to 
normalize the protein OD to.  In each blot the samples shown from left to right are {sham pool 1, sham-
TETA pool 1, Dia pool 1, Dia-TETA pool 1, sham pool 2, sham-TETA pool 2, Dia pool 2, Dia-TETA pool 
2, sham pool 3, sham-TETA pool 3, Dia pool 3, Dia-TETA pool 3} precision plus protein ladder run on 
either side.  Lanes to the right of the ladder were sham pool samples used as secondary antibody 
controls.  Abbreviations: Dia – Diabetic, TETA – triethylenetetramine, ODC – Ornithine decarboxylase  
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Figure C.5 Az2 cytosolic fraction western blot images.  A shows the chemiluminescent image, B shows 
the bright field image, C shows the Ponceau stain, and D shows the lane OD area used to normalize the 
protein OD to.  In each blot the samples shown from left to right are {sham pool 1, sham-TETA pool 1, 
Dia pool 1, Dia-TETA pool 1, sham pool 2, sham-TETA pool 2, Dia pool 2, Dia-TETA pool 2, sham pool 
3, sham-TETA pool 3, Dia pool 3, Dia-TETA pool 3} precision plus protein ladder is shown to the right  of 
samples. Lanes to the right of the ladder were sham pool samples used as secondary antibody controls.  
Abbreviations: Dia – Diabetic, TETA – triethylenetetramine, Az2 – Antizyme 2  
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Figure C.6 Az2 microsomal fraction western blot images.  A shows the chemiluminescent image, B 
shows the bright field image, C shows the Ponceau stain, and D shows the lane OD area used to 
normalize the protein OD to.  In each blot the samples shown from left to right are {sham pool 1, sham-
TETA pool 1, Dia pool 1, Dia-TETA pool 1, sham pool 2, sham-TETA pool 2, Dia pool 2, Dia-TETA pool 
2, sham pool 3, sham-TETA pool 3, Dia pool 3, Dia-TETA pool 3} precision plus protein ladder run on 
either side.  Lanes to the right of the ladder were sham pool samples used as secondary antibody 
controls.  Abbreviations: Dia – Diabetic, TETA – triethylenetetramine, Az2 – Antizyme 2  
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Figure C.7 SSAT microsomal fraction western blot images.  A shows the chemiluminescent image, B 
shows the bright field image, C shows the Ponceau stain, and D shows the lane OD area used to 
normalize the protein OD to.  In each blot the samples shown from left to right are {sham pool 1, sham-
TETA pool 1, Dia pool 1, Dia-TETA pool 1, sham pool 2, sham-TETA pool 2, Dia pool 2, Dia-TETA pool 
2, sham pool 3, sham-TETA pool 3, Dia pool 3, Dia-TETA pool 3} precision plus protein ladder run on 
either side.  Lanes to the right of the ladder were sham pool samples used as secondary antibody 
controls.  Abbreviations: Dia – Diabetic, TETA – triethylenetetramine, SSAT – spermidine/spermine-N1-
acetyltransferase 
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Appendix D Protease Inhibitor and Reducing Agent 
Comparisons for Western blots 

Western blot results shown in this thesis were prepared under non-reducing conditions and 

without protease inhibitors in the cellular extracts.  To determine the influence of these factors extracts of 

sham animals were prepared in 4 groups: without protease inhibitors under non-reducing conditions, with 

protease inhibitors under non-reducing conditions, without protease inhibitors under reducing conditions 

and with protease inhibitors under reducing conditions.   

Tissue extracts from sham liver tissue which was previously snap-frozen at -80 °C were prepared 

side-by-side in the presence and absence of protease inhibitor.  One Mini Protease Inhibitor Cocktail 

tablet (Complete Mini Protease Inhibitor Mixture, Roche, Basle, CH) was added per 10 mL of PBS buffer 

(67 mM) used for homogenization.  Homogenization and fractionation was otherwise carried out as 

described in section 2.3.1.  The microsomal and cytosolic fractions obtained from the separation were run 

on an LDS gel as described in 2.3.2 and results are shown in the Figures below.   

Using the new extracts and available antibodies western blots were performed with gels run under 

reducing conditions run in a separate tank from those run under non-reducing conditions.  The findings 

were as follows. The application of reducing and non-reducing conditions caused minimal differences in 

terms of the apparent molecular weights of target bands on gels: in other words, they made no material 

difference to the interpretation of the data in terms of the molecular weights of the proteins detected by 

these means. Furthermore, this approach made minimal difference in terms of the presence of multiple 

bands.  The results from these experiments are shown in Figures D.1, D.2, and D.3.   

Although there were no differences between the extracts prepared with and without protease 

inhibitors in these experiments there were some differences between banding pattern shown below in the 

appendix and those obtained previously as part of the results section.  Less optically dense bands present 

in the Dhps blots shown in Appendix C, Figure C.1, and C.2 which were not quantified due to their diffuse 

nature were not present in the blots shown below.  Reasons for this could be that the previous preparation 

was prepared as a group of 42 samples, while the preparations carried out for this section were done as a 

batch of 4.  Having fewer samples meant samples spent less time on ice and possibly maintained a cooler 

temperature during extraction.  If this is the case, there may have been some degradation in preparations 
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examined in this thesis and this possibility has been taken into account when interpreting the results, 

especially for SSAT where there are some diffuse bands.   
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Figure D.2 Az1 western blots under reducing and non-reducing conditions.  A shows the 
chemiluminescent image, B shows the bright field image taken simultaneously, C shows the 
Ponceau stain and D shows image A and image B lined up to show the size of the bands. 
The lanes included from left to right, an extract from cytosol, extract from cytosol prepared 
with protease inhibitors, extract from microsome, extract from microsome prepared with 
protease inhibitors, precision plus protein standards ladder.  In each image the blot on the 
left was run under reducing conditions while the blot on the right was run under non-reducing 
conditions. 
Abbreviations: pi – protease inhibitors, Az1 – antizyme1  
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Figure D.3 ODC western blots under reducing and non-reducing conditions.  A shows the 
chemiluminescent image, B shows the bright field image taken simultaneously, C shows the 
Ponceau stain and D shows image A and image B lined up to show the size of the bands. 
The lanes included from left to right, an extract from cytosol, extract from cytosol prepared 
with protease inhibitors, extract from microsome, extract from microsome prepared with 
protease inhibitors, precision plus protein standards ladder.  In each image the blot on the 
left was run under reducing conditions while the blot on the right was run under non-reducing 
conditions. 
Abbreviations: pi – protease inhibitors, ODC – Ornithine Decarboxylase   
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The blot for Dhps showed a single band in the cytosolic fraction and two in the microsomal 

fraction.  Under reducing conditions the bands were less optically dense than under non-reducing 

conditions.  Additionally, the apparent size of the larger band changes by roughly 5 kDa under reducing 

conditions in the cytosol compared to the microsome.  The DhpsLIM at approximately 50 kDa is much 

more optically dense under non-reducing conditions than under reducing conditions.  There was no 

difference between the extract prepared with protease inhibitors and that prepared without.  

 

The Az1 blot shows microsomal extract run under reducing and non-reducing conditions.  

Under reducing conditions there are bands at apparent molecular weights of 150, 100, 75, 50, 40, 

25, 15 kDa respectively.  Under non-reducing conditions bands the bands are at apparent molecular 

weights of 150, 100, 75, 50, 40, 25, 15 kDa indicating the lack of difference shown in the apparent 

molecular weights run under reducing and non-reducing conditions.  Similar to the Dhps western blot 

some bands appeared more optically dense under non-reducing conditions. 

 

The ODC blot shows cytosolic extract run under reducing and non-reducing conditions. There 

were 6 bands under non reducing conditions at apparent molecular weights of: 150, 75, 50, 45, 37, 

and 25 kDa, while under reducing conditions the bands were slightly clearer and  had slightly 

different (within 10 kDa) apparent molecular weights: 160, 75, 60, 45, 37, 30 kDa.   

 

Together these results indicate the immunoreactive proteins observed at different molecular 

weights are unlikely to be the result of protein degradation and that the gel run under non-reducing 

conditions had a small influence (less than 10 kDa) on the interpretation of apparent molecular 

weight on the western blots. 
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Appendix E Kegg – ToxID/KEGG Database 
The Toxid database is CSV file used by the software to identify and quantify metabolites.  The first page of the 

database is below.  The total database contained 12815 compounds.  Fields included from left to right, Index number, 

Compound name – which was the KEGG id number and name, Elemental Composition, Polarity, Analyte Type and 

Intensity Threshold.  

Table E.1 Fist page of ToxID database 
ToxID 2.1.2 Configuration File 

Index Compound Name Elemental Composition Polarity Analyte 
Type 

Intensity 
Threshold 

1 C00001Water H2O + Parent 1000 
2 C00002ATP C10H16N5O13P3 + Parent 1000 
3 C00003NAD C21H27N7O14P2 + Parent 1000 
4 C00004NAD C21H29N7O14P2 + Parent 1000 
5 C00005NDP C21H30N7O17P3 + Parent 1000 
6 C00006NAP C21H28N7O17P3 + Parent 1000 
7 C00007OXY O2 + Parent 1000 
8 C00008ADP C10H15N5O10P2 + Parent 1000 
9 C00009PO4 H3O4P + Parent 1000 

10 C00010Coenzyme A C21H36N7O16P3S + Parent 1000 
11 C00011CO2 CO2 + Parent 1000 
12 C00013POP H4O7P2 + Parent 1000 
13 C00014NH2 H3N + Parent 1000 
14 C00015UDP C9H14N2O12P2 + Parent 1000 
15 C00016Flavin adenine dinucleotide C27H33N9O15P2 + Parent 1000 
16 C00018PLP C8H10NO6P + Parent 1000 
17 C00019S-Adenosylmethionine C15H22N6O5S + Parent 1000 
18 C00020AMP C10H14N5O7P + Parent 1000 
19 C00021SAH C14H20N6O5S + Parent 1000 
20 C00022PYR C3H4O3 + Parent 1000 
21 C00023FE Fe + Parent 1000 
22 C00024Acetyl coenzyme A C23H38N7O17P3S + Parent 1000 
23 C00025GLU C5H9NO4 + Parent 1000 
24 C00026AKG C5H6O5 + Parent 1000 
25 C00027Hydrogen peroxide solution H2O2 + Parent 1000 
26 C00029UDP-alpha-D-glucose C15H24N2O17P2 + Parent 1000 
27 C00031D-Glucose C6H12O6 + Parent 1000 
28 C00032HEM C34H34N4O4.Fe + Parent 1000 
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29 C00033ACT C2H4O2 + Parent 1000 
30 C00034MN Mn + Parent 1000 
31 C00035GDP C10H15N5O11P2 + Parent 1000 
32 C00036OAA C4H4O5 + Parent 1000 
33 C00037Aminoacetic acid C2H5NO2 + Parent 1000 

The full database can be viewed at 

https://docs.google.com/spreadsheet/pub?key=0AlFOhmxP3YHFdDF5SUhLQ2s4bTByRG53WUQzU255TGc&single=tr

ue&gid=0&output=html 

The KEGG database consists of compounds grouped into several pathways.  One compound can be involved 

in a number of pathways.  Initial PAPi output included all Kegg pathways shown below.  However some of them were 

meaningless in the scope of my analysis and were excluded.  Excluded pathways are marked with a strikethrough.   

1. Metabolism 

1.1 Carbohydrate Metabolism 

Glycolysis / Gluconeogenesis; Citrate cycle (TCA cycle); Pentose phosphate pathway; Pentose and glucuronate 

interconversions; Fructose and mannose metabolism; Galactose metabolism; Ascorbate and aldarate metabolism; 

Starch and sucrose metabolism; Amino sugar and nucleotide sugar metabolism; Pyruvate metabolism; Glyoxylate and 

dicarboxylate metabolism; Propanoate metabolism; Butanoate metabolism; C5-Branched dibasic acid metabolism; 

Inositol phosphate metabolism 

1.2 Energy Metabolism 

Oxidative phosphorylation; Photosynthesis; Photosynthesis - antenna proteins; Carbon fixation in photosynthetic 

organisms; Carbon fixation pathways in prokaryotes; Methane metabolism; Nitrogen metabolism; Sulfur metabolism; 

Photosynthesis proteins 

1.3 Lipid Metabolism 

Fatty acid biosynthesis; Fatty acid elongation; Fatty acid metabolism; Synthesis and degradation of ketone bodies; 

Cutin, suberine and wax biosynthesis; Steroid biosynthesis; Primary bile acid biosynthesis; Secondary bile acid 

biosynthesis; Steroid hormone biosynthesis; Glycerolipid metabolism; Glycerophospholipid metabolism; Ether lipid 

metabolism; Sphingolipid metabolism; Arachidonic acid metabolism; Linoleic acid metabolism; alpha-Linolenic acid 

metabolism; Biosynthesis of unsaturated fatty acids; Lipids; Lipid biosynthesis proteins 

1.4 Nucleotide Metabolism 

https://docs.google.com/spreadsheet/pub?key=0AlFOhmxP3YHFdDF5SUhLQ2s4bTByRG53WUQzU255TGc&single=true&gid=0&output=html
https://docs.google.com/spreadsheet/pub?key=0AlFOhmxP3YHFdDF5SUhLQ2s4bTByRG53WUQzU255TGc&single=true&gid=0&output=html
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Purine metabolism; Pyrimidine metabolism   

1.5 Amino Acid Metabolism 

Alanine, aspartate and glutamate metabolism; Glycine, serine and threonine metabolism; Cysteine and methionine 

metabolism; Valine, leucine and isoleucine degradation; Valine, leucine and isoleucine biosynthesis; Lysine 

biosynthesis; Lysine degradation; Arginine and proline metabolism; Histidine metabolism; Tyrosine metabolism; 

Phenylalanine metabolism; Tryptophan metabolism; Phenylalanine, tyrosine and tryptophan biosynthesis   

1.6 Metabolism of Other Amino Acids 

beta-Alanine metabolism; Taurine and hypotaurine metabolism; Phosphonate and phosphinate metabolism; 

Selenocompound metabolism; Cyanoamino acid metabolism; D-Glutamine and D-glutamate metabolism; D-Arginine 

and D-ornithine metabolism; D-Alanine metabolism; Glutathione metabolism   

1.7 Glycan Biosynthesis and Metabolism 

N-Glycan biosynthesis; Various types of N-glycan biosynthesis; Mucin type O-Glycan biosynthesis; Other types of O-

glycan biosynthesis; Glycosaminoglycan biosynthesis - chondroitin sulfate; Glycosaminoglycan biosynthesis - heparan 

sulfate; Glycosaminoglycan biosynthesis - keratan sulfate; Glycosaminoglycan degradation; 

Glycosylphosphatidylinositol(GPI)-anchor biosynthesis; Glycosphingolipid biosynthesis - lacto and neolacto series; 

Glycosphingolipid biosynthesis - globo series; Glycosphingolipid biosynthesis - ganglio series; Lipopolysaccharide 

biosynthesis; Peptidoglycan biosynthesis; Other glycan degradation ; Glycosyltransferases; Proteoglycans; LPS 

biosynthesis proteins 

1.8 Metabolism of Cofactors and Vitamins 

Thiamine metabolism; Riboflavin metabolism; Vitamin B6 metabolism; Nicotinate and nicotinamide metabolism; 

Pantothenate and CoA biosynthesis; Biotin metabolism; Lipoic acid metabolism; Folate biosynthesis; One carbon pool 

by folate; Retinol metabolism; Porphyrin and chlorophyll metabolism; Ubiquinone and other terpenoid-quinone 

biosynthesis   

1.9 Metabolism of Terpenoids and Polyketides 

Terpenoid backbone biosynthesis; Monoterpenoid biosynthesis; Sesquiterpenoid and triterpenoid biosynthesis; 

Diterpenoid biosynthesis; Carotenoid biosynthesis; Brassinosteroid biosynthesis; Insect hormone biosynthesis;Zeatin 

biosynthesis; Limonene and pinene degradation;Geraniol degradation;Type I polyketide structures; Biosynthesis of 

12-, 14- and 16-membered macrolides;Biosynthesis of ansamycins; Biosynthesis of type II polyketide backbone; 
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Biosynthesis of type II polyketide products; Tetracycline biosynthesis; Polyketide sugar unit biosynthesis; 

Nonribosomal peptide structures; Biosynthesis of siderophore group nonribosomal peptides; Biosynthesis of 

vancomycin group antibiotics   

1.10 Biosynthesis of Other Secondary Metabolites 

Phenylpropanoid biosynthesis; Stilbenoid, diarylheptanoid and gingerol biosynthesis; Flavonoid biosynthesis; Flavone 

and flavonol biosynthesis; Anthocyanin biosynthesis; Isoflavonoid biosynthesis; Indole alkaloid biosynthesis; 

Isoquinoline alkaloid biosynthesis; Tropane, piperidine and pyridine alkaloid biosynthesis; Acridone alkaloid 

biosynthesis; Caffeine metabolism; Betalain biosynthesis; Glucosinolate biosynthesis; Benzoxazinoid biosynthesis; 

Penicillin and cephalosporin biosynthesis; beta-Lactam resistance;Streptomycin biosynthesis; Butirosin and neomycin 

biosynthesis; Clavulanic acid biosynthesis;Puromycin biosynthesis; Novobiocin biosynthesis ;Phytochemical 

compounds 

1.11 Xenobiotics Biodegradation and Metabolism 

Benzoate degradation; Aminobenzoate degradation; Fluorobenzoate degradation; Chloroalkane and chloroalkene 

degradation; Chlorocyclohexane and chlorobenzene degradation; Toluene degradation; Xylene degradation; 

Nitrotoluene degradation; Ethylbenzene degradation; Styrene degradation; Atrazine degradation; Caprolactam 

degradation; DDT degradation; Bisphenol degradation; Dioxin degradation; Naphthalene degradation; Polycyclic 

aromatic hydrocarbon degradation; Steroid degradation; Metabolism of xenobiotics by cytochrome P450; Drug 

metabolism - cytochrome P450; Drug metabolism - other enzymes ;Endocrine disrupting compounds 

1.12 Overview 

Overview of biosynthetic pathways; Biosynthesis of plant secondary metabolites; Biosynthesis of phenylpropanoids; 

Biosynthesis of terpenoids and steroids; Biosynthesis of alkaloids derived from shikimate pathway; Biosynthesis of 

alkaloids derived from ornithine, lysine and nicotinic acid; Biosynthesis of alkaloids derived from histidine and purine; 

Biosynthesis of alkaloids derived from terpenoid and polyketide; Biosynthesis of plant hormones 

2. Genetic Information Processing 

2.1 Transcription 

RNA polymerase; Basal transcription factors; Spliceosome  ; Transcription factors; Spliceosome 

2.2 Translation 
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Ribosome; Aminoacyl-tRNA biosynthesis; RNA transport; mRNA surveillance pathway; Ribosome biogenesis in 

eukaryotes; Ribosome;Translation factors 

2.3 Folding, Sorting and Degradation 

Protein export; Protein processing in endoplasmic reticulum; SNARE interactions in vesicular transport; Ubiquitin 

mediated proteolysis; Sulfur relay system; Proteasome; RNA degradation  ; Chaperones and folding catalysts; 

SNAREs; Ubiquitin system; Proteasome 

2.4 Replication and Repair 

DNA replication; Base excision repair; Nucleotide excision repair; Mismatch repair; Homologous recombination; Non-

homologous end-joining; Fanconi anemia pathway; DNA replication proteins; Chromosome; DNA repair and 

recombination proteins 

3. Environmental Information Processing 

3.1 Membrane Transport 

ABC transporters; Phosphotransferase system (PTS); Bacterial secretion system; Transporters; Secretion system; 

Bacterial toxins 

3.2 Signal Transduction 

Two-component system; MAPK signaling pathway; MAPK signaling pathway – fly; MAPK signaling pathway – yeast; 

ErbB signaling pathway; Wnt signaling pathway; Notch signaling pathway; Hedgehog signaling pathway; TGF-beta 

signaling pathway; VEGF signaling pathway; Jak-STAT signaling pathway; NF-kappa B signaling pathway; HIF-1 

signaling pathway; Calcium signaling pathway; Phosphatidylinositol signaling system; PI3K-Akt signaling pathway; 

mTOR signaling pathway; Plant hormone signal transduction ; Two-component system 

3.3 Signaling Molecules and Interaction 

Neuroactive ligand-receptor interaction; Cytokine-cytokine receptor interaction; ECM-receptor interaction; Cell 

adhesion molecules (CAMs); G protein-coupled receptors; Enzyme-linked receptors; Cytokine receptors / Cytokines; 

Nuclear receptors; Ion channels; GTP-binding proteins; CAMs / CAM ligands; Cellular antigens; Glycan binding 

proteins 

4. Cellular Processes 

4.1 Transport and Catabolism 
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Endocytosis; Phagosome; Lysosome; Peroxisome; Regulation of autophagy   

4.2 Cell Motility 

Bacterial chemotaxis; Flagellar assembly; Regulation of actin cytoskeleton ; Bacterial motility proteins; Cytoskeleton 

proteins 

4.3 Cell Growth and Death 

Cell cycle; Cell cycle – yeast; Cell cycle – Caulobacter; Meiosis – yeast; Oocyte meiosis; Apoptosis; p53 signaling 

pathway   

4.4 Cell Communication 

Focal adhesion; Adherens junction; Tight junction; Gap junction   

5. Organismal Systems 

5.1 Immune System 

Hematopoietic cell lineage; Complement and coagulation cascades; Toll-like receptor signaling pathway; NOD-like 

receptor signaling pathway; RIG-I-like receptor signaling pathway; Cytosolic DNA-sensing pathway; Natural killer cell 

mediated cytotoxicity; Antigen processing and presentation; T cell receptor signaling pathway; B cell receptor 

signaling pathway; Fc epsilon RI signaling pathway; Fc gamma R-mediated phagocytosis; Leukocyte transendothelial 

migration; Intestinal immune network for IgA production; Chemokine signaling pathway   

5.2 Endocrine System 

Insulin signaling pathway; Adipocytokine signaling pathway; PPAR signaling pathway; GnRH signaling pathway; 

Progesterone-mediated oocyte maturation; Melanogenesis; Renin-angiotensin system   

5.3 Circulatory System 

Cardiac muscle contraction; Vascular smooth muscle contraction   

5.4 Digestive System 

Salivary secretion; Gastric acid secretion; Pancreatic secretion; Bile secretion; Carbohydrate digestion and absorption; 

Protein digestion and absorption; Fat digestion and absorption; Vitamin digestion and absorption; Mineral absorption 

  

5.5 Excretory System 
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Vasopressin-regulated water reabsorption; Aldosterone-regulated sodium reabsorption; Endocrine and other factor-

regulated calcium reabsorption; Proximal tubule bicarbonate reclamation; Collecting duct acid secretion   

5.6 Nervous System 

Glutamatergic synapse; GABAergic synapse; Cholinergic synapse; Dopaminergic synapse; Serotonergic synapse; Long-

term potentiation; Long-term depression; Retrograde endocannabinoid signaling; Synaptic vesicle cycle; 

Neurotrophin signaling pathway   

5.7 Sensory System 

Phototransduction; Phototransduction – fly; Olfactory transduction; Taste transduction   

5.8 Development 

Dorso-ventral axis formation; Axon guidance; Osteoclast differentiation   

5.9 Environmental Adaptation 

Circadian rhythm; Circadian rhythm – fly; Circadian rhythm - plant 

Plant-pathogen interaction   

6. Human Diseases 

6.1 Cancers 

Pathways in cancer (overview); Transcriptional misregulation in cancer;Chemical carcinogenesis ;Viral carcinogenesis; 

Colorectal cancer; Pancreatic cancer; Glioma; Thyroid cancer; Acute myeloid leukemia; Chronic myeloid leukemia; 

Basal cell carcinoma; Melanoma; Renal cell carcinoma; Bladder cancer; Prostate cancer; Endometrial cancer; Small 

cell lung cancer; Non-small cell lung cancer  

6.2 Immune Diseases 

Asthma; Systemic lupus erythematosus; Rheumatoid arthritis; Autoimmune thyroid disease; Allograft rejection; Graft-

versus-host disease; Primary immunodeficiency   

6.3 Neurodegenerative Diseases 

Alzheimer's disease; Parkinson's disease; Amyotrophic lateral sclerosis (ALS); Huntington's disease; Prion diseases 

  

6.4 Substance Dependence 
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Cocaine addiction; Amphetamine addiction; Morphine addiction; Nicotine addiction; Alcoholism   

6.5 Cardiovascular Diseases 

Hypertrophic cardiomyopathy (HCM); Arrhythmogenic right ventricular cardiomyopathy (ARVC); Dilated 

cardiomyopathy (DCM); Viral myocarditis   

6.6 Endocrine and Metabolic Diseases 

Type I diabetes mellitus; Type II diabetes mellitus; Maturity onset diabetes of the young   

6.7 Infectious Diseases 

Vibrio cholerae infection; Vibrio cholerae pathogenic cycle; Epithelial cell signaling in Helicobacter pylori infection; 

Pathogenic Escherichia coli infection; Salmonella infection; Shigellosis; Pertussis; Legionellosis; Staphylococcus aureus 

infection; Tuberculosis; Bacterial invasion of epithelial cells; HTLV-I infection; Measles; Influenza A; Hepatitis B; 

Hepatitis C; Herpes simplex infection; Epstein-Barr virus infection; Amoebiasis; Malaria; Toxoplasmosis; 

Leishmaniasis; Chagas disease (American trypanosomiasis);African trypanosomiasis 

7. Drug Development 

7.1 Chronology: Antiinfectives 

Penicillins; Cephalosporins - parenteral agents; Cephalosporins - oral agents; Aminoglycosides; Tetracyclines; 

Macrolides and ketolides; Quinolones; Rifamycins; Antifungal agents Title changed!; Antiviral agents Anti-HIV agents; 

USP drug classification (USA) Therapeutic category of drugs (Japan) 

7.2 Chronology: Antineoplastics 

Antineoplastics - alkylating agents; Antineoplastics - antimetabolic agents; Antineoplastics - agents from natural 

products; Antineoplastics – hormones; Antineoplastics - protein kinases inhibitors   

7.3 Chronology: Nervous System Agents 

Hypnotics; Anxiolytics’ Anticonvulsants; Local analgesics; Opioid analgesics; Antipsychotics 

7.4 Chronology: Other Drugs 

Sulfonamide derivatives - sulfa drugs; Sulfonamide derivatives – diuretics; Sulfonamide derivatives - hypoglycemic 

agents; Antiarrhythmic drugs; Antiulcer drug; Immunosuppressive agents 

7.5 Target Based Classification: G Protein-Coupled Receptors 
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Cholinergic and anticholinergic drug; alpha-Adrenergic receptor agonists/antagonists; beta-Adrenergic receptor 

agonists/antagonist; Dopamine receptor agonists/antagonist; Histamine H1 receptor antagonists; Histamine H2/H3 

receptor agonists/antagonists 

7.6 Target Based Classification: Nuclear Receptors 

Glucocorticoid and mineralocorticoid receptor agonists/antagonists; Progesterone, androgen and estrogen receptor 

agonists/antagonists; Retinoic acid receptor (RAR) and retinoid X receptor (RXR) agonists/antagonists; Peroxisome 

proliferator-activated receptor (PPAR) agonists; Nuclear receptors 

7.7 Target Based Classification: Ion Channels 

Nicotinic cholinergic receptor antagonists; GABA-A receptor agonists/antagonists; Calcium channel blocking drugs; 

Sodium channel blocking drugs; Potassium channel blocking and opening drugs; N-Metyl-D-aspartic acid receptor 

antagonists   

7.8 Target Based Classification: Transporters 

Ion transporter inhibitors; Neurotransmitter transporter inhibitors   

7.9 Target Based Classification: Enzymes 

Catecholamine transferase inhibitors; Cyclooxygenase inhibitors; HMG-CoA reductase inhibitors; Renin-angiotensin 

system inhibitors; HIV protease inhibitors   

7.10 Structure Based Classification 

Quinolines; Eicosanoids; Prostaglandins   

7.11 Skeleton Based Classification 

Benzoic acid family; 2-Aminothiazole family; 1,2-Diphenyl substitution family; Furan family; Naphthalene family; 

Sulfonamide family; Butyrophenone family; Benzodiazepine family 
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Appendix F Mass Spectrometry Data 
Tables F.1 and F.2 show the format of MS data outputted from ToxID from a single experiment.  

Tables F.3, F.4, and F.5 show the Kegg ID and intensity data used for the PAPi analysis for each 

experiment.   

Table F.1 Sham Toxid Data 

Peak  ToxID 
index 

Compound 
Name 

Formula Detected 
m/z 

Delta 
(ppm) 

Adduct1 H+ Adduct2 
NH4+ 

Adduct3 
Na+ 

1 42 C00051GSH C10H17N3O6S 308.0912 0.34 23601 N N 
2 63 C00078TRP C11H12N2O2 205.0972 -0.01 45733 N N 
3 174 C00212ADN C10H13N5O4 268.1039 -0.33 13827 N N 
4 205 C00249PLM C16H32O2 274.274 -0.25 N 21859 N 
5 211 C00255Lactofl

avin 
C17H20N4O6 377.1453 -0.63 45519 N N 

6 268 C00330Deoxyg
uanosine 

C10H13N5O4 268.1039 -0.33 13827 N N 

7 340 C004405-
Methyltetrahy

drofolate 

C20H25N7O6 460.1936 -0.6 16793 N N 

8 377 C00494Sisomi
cin 

C19H37N5O7 465.3039 1.59 N 15573 N 

9 402 C00525D-
TRYPTOPHAN 

C11H12N2O2 205.0972 -0.01 45733 N N 

10 450 C00588PC C5H14NO4P 184.0733 0.07 35717 N N 
11 521 C00712Elainic 

acid 
C18H34O2 283.2634 0.74 26287 N N 

12 586 C00806Trypto
phan 

C11H12N2O2 205.0972 -0.01 45733 N N 

13 607 C00831(R)-
Pantetheine 

C11H22N2O4S 301.1195 0.75 12525 N 79467 

14 690 C009551H-
Indole-3-
ethanol 

C10H11NO 184.0733 0.26 N N 35717 

15 759 C01056(S)-6-
Hydroxynicoti

ne 

C10H14N2O 196.1445 0.39 N 11261 N 

16 814 C01134PNS C11H23N2O7P
S 

359.1035 -0.5 71574 N 9995 
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17 895 C01255N-(6-
Aminohexanoy

l)-6-
aminohexanoa

te 

C12H24N2O3 245.1861 0.52 53157 N N 

18 1077 C01586Hippuri
c acid 

C9H9NO3 180.0655 0.09 18470 N N 

19 1129 C016915-(2_4-
Difluorophenyl
)salicylic acid 

C13H8F2O3 251.0512 -0.99 11130 N N 

20 1142 C017129-
Octadecenoic 

acid_ (E)- 

C18H34O2 283.2634 0.74 26287 N N 

21 1274 C019213alpha
_7alpha_12alp
ha-Trihydroxy-
5beta-cholan-
24-oylglycine 

C26H43NO6 466.3163 -0.13 61585 N N 

22 1573 C02471GSH C10H17N3O6S 308.0912 0.34 23601 N N 
23 1682 C02679DAO C12H24O2 218.2114 -0.07 N 18097 N 
24 1810 C02927(E)-

Caffeoylisocitr
ate 

C15H14O10 372.0921 -1.05 N 6107 N 

25 1881 C03043(R)-6-
Hydroxynicoti

ne 

C10H14N2O 196.1445 0.39 N 11261 N 

26 2049 C033432-{[(2-
ethylhexyl)oxy
]carbonyl}benz

oic acid 

C16H22O4 279.1589 -0.76 20018 N N 

27 2184 C03621N-
Acetoxy-4-

aminobiphenyl 

C14H13NO2 250.0841 1.03 N N 16806 

28 2227 C03690DEHP C24H38O4 391.284 -0.66 21569 N N 
29 2311 C03858D-

Glucosyldihydr
osphingosine 

C24H49NO7 481.3841 -1.32 N 20516 N 

30 2357 C03955N6-
Acetyl-N6-
hydroxy-L-

lysine 

C8H16N2O4 222.145 0.77 N 9002 N 
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31 2426 C04081N-
Hydroxy-4-

acetylaminobi
phenyl 

C14H13NO2 250.0841 1.03 N N 16806 

32 2488 C04210N5-(L-
1-

Carboxyethyl)-
L-ornithine 

C8H16N2O4 222.145 0.77 N 9002 N 

33 2758 C047213alpha
_12alpha-
Dihydroxy-

5beta-cholan-
24-oylglycine 

C26H43NO5 450.321 -0.86 10423 N N 

34 2980 C05318cis-N-
Methyl-(S)-
7_8_13_14-

tetrahydropro
toberberine 

C18H20N 273.1486 -0.87 N N 21191 

35 3071 C05464Glycod
eoxycholate 

C26H43NO5 450.321 -0.86 10423 N N 

36 3073 C05466Glycoc
henodeoxycho

late 

C26H43NO5 450.321 -0.86 10423 N N 

37 3440 C06082ABA C15H20O4 265.1434 -0.13 21663 N N 
38 3444 C06088Aphidic

olin 
C20H34O4 339.2528 -0.71 4876 N N 

39 3571 C063322-
Acetamidoben

zoic acid 

C9H9NO3 180.0655 0.09 18470 N N 

40 3578 C063392_5_6-
Trihydroxy-

5_6-
dihydroquinoli

ne 

C9H9NO3 180.0655 0.09 18470 N N 

41 3637 C06424MYR C14H28O2 246.2429 0.73 N 25869 N 
42 4120 C07045Hydrox

ine 
C21H27ClN2O

2 
392.2095 -1.17 N 10947 N 
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43 4166 C071082-{4-
[(1Z)-1_2-

diphenylbut-1-
en-1-

yl]phenoxy}-
N_N-

dimethylethan
amine 

C26H29NO 372.2325 0.7 32072 N N 

44 4210 C07177Methic
illin 

C17H20N2O6S 398.1382 0.38 N 35888 N 

45 4233 C07210AZT C10H13N5O4 268.1039 -0.33 13827 N N 
46 4252 C07239Ritodri

ne 
C17H21NO3 288.1592 -0.83 17484 N N 

47 4346 C07360Oxybut
ynin 

C22H31NO3 358.2381 1.11 9174 N N 

48 4381 C074112_4-
Oxazolidinedio

ne_ 5-ethyl-
3_5-dimethyl- 

C7H11NO3 180.0629 -1.46 N N 10863 

49 4498 C07542Lysergi
de 

C20H25N3O 324.207 -0.21 49756 N N 

50 4571 C07622Vfend C16H14F3N5O 372.1043 0.03 N N 16423 
51 4578 C076304-

Amino-N-(5_6-
dimethoxy-4-
pyrimidinyl)be
nzenesulfona

mide 

C12H14N4O4S 311.0804 -1.61 15158 N N 

52 4706 C078392_4-
Imidazolidined
ione_ 3-ethyl-

5-phenyl- 

C11H12N2O2 205.0972 -0.01 45733 N N 

53 4709 C07844Metho
hexital 

C14H18N2O3 263.1391 0.19 34369 N N 

54 4711 C07849Metha
ntheline 

C21H26NO3 358.2251 0.01 N 13581 N 

55 4879 C08152Noreth
isterone 
acetate 

C22H28O3 358.2381 1.11 N 9174 N 

56 4889 C081634_4'-
(1H-1_2_4-
triazol-1-

ylmethanediyl)
dibenzonitrile 

C17H11N5 308.0912 1.69 N N 24743 
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57 4897 C08178Hydroc
ortisone 
sodium 

succinate 

C25H34O8.Na 391.284 -1.36 N 21569 N 

58 5041 C08363Petros
elinic acid 

C18H34O2 283.2634 0.74 26287 N N 

59 5045 C08367(11E)-
Octadecenoic 

acid 

C18H34O2 283.2634 0.74 26287 N N 

60 5053 C08375(Z_Z_Z)
-3_6_9-

Dodecatrien-
1-ol 

C12H20O 198.1853 0.31 N 11176 N 

61 5097 C084194-
Methylsulfinyl

butyl 
glucosinolate 

C12H23NO10S
3 

438.0556 -0.12 16502 N N 

62 5198 C08526Galant
amine 

C17H21NO3 288.1592 -0.83 17484 N N 

63 5378 C08707Napell
onine 

C22H31NO3 358.2381 1.11 9174 N N 

64 5381 C08710Spirasi
ne I 

C22H29NO3 356.222 -0.19 12301 N N 

65 5664 C090032_2-
Dimethyl-8-

prenylchrome
ne 6-

carboxylic acid 

C17H20O3 273.1486 0.14 21191 N N 

66 5780 C09119Jatrop
hatrione 

C20H26O3 315.1949 -1.86 22234 N N 

67 5855 C09194Taxodi
one 

C20H26O3 315.1949 -1.86 22234 N N 

68 5865 C09205Zoapat
anol 

C20H34O4 339.2528 -0.71 4876 N N 

69 5883 C09223Mesem
brenone 

C17H21NO3 288.1592 -0.83 17484 N N 

70 5892 C09232Physov
enine 

C14H18N2O3 263.1391 0.19 34369 N N 

71 5951 C09291Amaral
in 

C15H20O4 265.1434 -0.13 21663 N N 

72 5964 C09304Artemi
siifolin 

C15H20O4 265.1434 -0.13 21663 N N 
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73 5975 C093152H-1-
Benzopyran-2-

one_ 7-
hydroxy- 

C9H6O3 180.0655 0.09 N 18470 N 

74 6009 C09349Baileyi
n 

C15H20O4 265.1434 -0.13 21663 N N 

75 6015 C09355Chamis
sonin 

C15H20O4 265.1434 -0.13 21663 N N 

76 6041 C09381Corono
polin 

C15H20O4 265.1434 -0.13 21663 N N 

77 6047 C09387Dehydr
ocostus 
lactone 

C15H18O2 231.138 -0.01 10721 N N 

78 6063 C09403ELEPH
ANTOPIN 

C19H20O7 378.1541 -1.63 N 9608 N 

79 6066 C09406Vanillo
smin 

C15H18O2 231.138 -0.01 10721 N N 

80 6113 C09453Florile
nalin 

C15H20O4 265.1434 -0.13 21663 N N 

81 6116 C09456Geigeri
n 

C15H20O4 265.1434 -0.13 21663 N N 

82 6127 C09467Goyaze
nsolide 

C19H20O7 378.1541 -1.63 N 9608 N 

83 6130 C09470Granili
n 

C15H20O4 265.1434 -0.13 21663 N N 

84 6141 C09481Hymen
olin 

C15H20O4 265.1434 -0.13 21663 N N 

85 6152 C09492Lauren
obiolide 

C17H22O4 291.1588 -0.93 77765 N 36069 

86 6158 C09498Ludovi
cin A 

C15H20O4 265.1434 -0.13 21663 N N 

87 6166 C09506Michel
enolide 

C15H20O4 265.1434 -0.13 21663 N N 

88 6190 C09530Plenira
din 

C15H20O4 265.1434 -0.13 21663 N N 

89 6191 C09531Plenoli
n 

C15H20O4 265.1434 -0.13 21663 N N 

90 6200 C09540Ridenti
n 

C15H20O4 265.1434 -0.13 21663 N N 

91 6202 C09542Salonit
enolide 

C15H20O4 265.1434 -0.13 21663 N N 

92 6208 C09548Scorpio
idin 

C16H20O4 277.1436 0.65 18257 N N 
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93 6224 C09564Tulipin
olide 

C17H22O4 291.1588 -0.93 77765 N 36069 

94 6226 C09566epi-
Tulipinolide 

C17H22O4 291.1588 -0.93 77765 N 36069 

95 6234 C09574Verme
erin 

C15H20O4 265.1434 -0.13 21663 N N 

96 6236 C09576Vernod
alin 

C19H20O7 378.1541 -1.63 N 9608 N 

97 6260 C09600Vulgari
n 

C15H20O4 265.1434 -0.13 21663 N N 

98 6281 C09622Botrydi
al 

C17H26O5 328.2123 1.22 N 16642 N 

99 6317 C09658Dehydr
omyodesmone 

C15H18O2 231.138 -0.01 10721 N N 

100 6342 C09683Cyclop
enta(4_5)pent

aleno(1_6a-
b)oxirene-5-

carboxylic 
acid_ 

decahydro-2-
hydroxy-3a_5-

dimethyl-3-
methylene-_ 

(1aR-
(1aalpha_2bet
a_3abeta_3bal
pha_5alpha_6
aalpha_7aS*))- 

C15H20O4 265.1434 -0.13 21663 N N 

101 6347 C09688(-)-
1alpha_7beta_
12-trihydroxy-

2_9-
illudadien-8-

one 

C15H20O4 265.1434 -0.13 21663 N N 

102 6366 C09708Phome
none 

C15H20O4 265.1434 -0.13 21663 N N 

103 6382 C09725Shirom
odiol diacetate 

C19H30O5 356.2427 -1.16 N 75128 N 

104 6570 C09915Boschn
iakine 

C10H11NO 184.0733 0.26 N N 35717 

105 6582 C09927Euglob
al-Ia1 

C23H30O5 387.2166 0.11 7611 N N 

106 6591 C09936Herito C16H18O3 259.1326 -1.17 25546 N N 
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nin 
107 6605 C09950Lapach

enole 
C16H16O2 241.1225 0.79 28652 N N 

108 6621 C09966Robust
adial A 

C23H30O5 387.2166 0.11 7611 N N 

109 6625 C09970Tephro
watsin A 

C22H26O4 372.2175 1.43 N 14686 N 

110 6925 C102713'-O-
Methylbatatas

in III 

C16H18O3 259.1326 -1.17 25546 N N 

111 7106 C10455Fagara
mide 

C14H17NO3 265.1547 0.21 N 36133 N 

112 7147 C10497Feruloy
lputrescine 

C14H20N2O3 265.1547 0.21 36133 N N 

113 7276 C10626Zinnimi
dine 

C15H19NO3 279.1703 0 N 44854 N 

114 7308 C10658Magno
shinin 

C24H30O6 415.2109 -1.39 27916 N N 

115 7329 C106792_2-
Dimethyl-2_6-

dihydro-
pyrano[3_2-
c]quinolin-5-

one 

C14H13NO2 250.0841 1.03 N N 16806 

116 7356 C10706Lupulo
ne 

C26H38O4 432.3108 -0.17 N 18739 N 

117 7393 C10743Pyrrolo
(2_1-

b)quinazoline-
3_7-diol_ 
1_2_3_9-

tetrahydro-_ 
(R)- 

C11H12N2O2 205.0972 -0.01 45733 N N 

118 7408 C10758Camoe
nsine 

C14H18N2O 231.1492 0.11 5385 N N 

119 7416 C10766Ascosal
itoxin 

C15H20O4 265.1434 -0.13 21663 N N 

120 7503 C10853Cochle
arine 

C15H19NO3 279.1703 0 N 44854 N 

121 7617 C10968Idazox
an 

C11H12N2O2 205.0972 -0.01 45733 N N 

122 7640 C10991Resme
thrin 

C22H26O3 356.222 -0.19 N 12301 N 
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123 7708 C11060(-)-ABA C15H20O4 265.1434 -0.13 21663 N N 
124 7767 C11121Propic

onazole 
C15H17Cl2N3

O2 
359.1035 -0.43 N 71574 N 

125 7955 C11332N-(2-
Amino-4-

methylpentan
oyl)leucine 

C12H24N2O3 245.1861 0.52 53157 N N 

126 8210 C116373alpha
_12alpha-
Dihydroxy-

5beta-chol-6-
enoate 

C24H38O4 391.284 -0.66 21569 N N 

127 8322 C11754Cephal
oridine 

C19H17N3O4S
2 

438.0556 0.83 N N 16502 

128 8347 C11782Dihydr
omorphine 

C17H21NO3 288.1592 -0.83 17484 N N 

129 8404 C11844N-
Heptanoylhom

oserine 
lactone 

C11H19NO3 231.1704 0.26 N 61349 N 

130 8472 C119136-
Deoxy-2_3-di-
O-methyl-D-
allo-hexose 

C8H16O5 210.1336 0.03 N 7519 N 

131 8646 C12103omega
-

Cycloheptylun
decanoic acid 

C18H34O2 283.2634 0.74 26287 N N 

132 8734 C12195Zephyr
amine 

C17H21NO3 288.1592 -0.83 17484 N N 

133 8978 C12512Eplere
none 

C24H30O6 415.2109 -1.39 27916 N N 

134 9082 C12946Butoct
amide 

hydrogen 
succinate 

C16H29NO5 316.212 0.49 36006 N N 

135 9454 C13915Hexad
ecasphinganin

e 

C16H35NO2 274.274 -0.25 21859 N N 

136 9636 C14214DBP C16H22O4 279.1589 -0.76 20018 N N 
137 9649 C14227Di-n-

octyl 
phthalate 

C24H38O4 391.284 -0.66 21569 N N 
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138 9656 C14234Dimeth
ylstilbestrol 

C16H16O2 241.1225 0.79 28652 N N 

139 9680 C142582-
Phenyl-2-(4-

hydroxyphenyl
)propane 

C15H16O 213.1276 0.95 23682 N N 

140 9681 C14259Stanol
one benzoate 

C26H34O3 412.285 0.86 N 14604 N 

141 9999 C14577Diisooc
tyl phthalate 

C24H38O4 391.284 -0.66 21569 N N 

142 10073 C1465116_17-
Epoxydeoxyco
rticosterone 

acetate 

C23H30O5 387.2166 0.11 7611 N N 

143 10087 C146661-(4-
Methoxyphen

yl)-2-
phenylethane 

C15H16O 213.1276 0.95 23682 N N 

144 10091 C1467017-
Ethynyl-10-
hydroxy-19-

nortestostero
ne 

C20H26O3 315.1949 -1.86 22234 N N 

145 10140 C14719Methal
lenestrilpheno

l 

C17H20O3 273.1486 0.14 21191 N N 

146 10192 C14772(8Z_11
Z_14Z)-5_6-

Dihydroxyeico
sa-8_11_14-
trienoic acid 

C20H34O4 339.2528 -0.71 4876 N N 

147 10193 C14773(5Z_11
Z_14Z)-8_9-

Dihydroxyeico
sa-5_11_14-
trienoic acid 

C20H34O4 339.2528 -0.71 4876 N N 

148 10194 C1477411_12-
dihydroxy-
5Z_8Z_14Z-

eicosatrienoic 
acid 

C20H34O4 339.2528 -0.71 4876 N N 
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149 10195 C14775(5Z_8Z
_11Z)-14_15-
Dihydroxyeico

sa-5_8_11-
trienoic acid 

C20H34O4 339.2528 -0.71 4876 N N 

150 10219 C14799(1R_2R
)-3-[(1_2-

Dihydro-2-
hydroxy-1-

naphthalenyl)t
hio]-2-

oxopropanoic 
acid 

C13H12O4S 282.0792 -1.04 N 23951 N 

151 10308 C14888(+)-3-
(6-Hydroxy-2-
naphthyl)-2_2-
dimethylpenta

noic acid 

C17H20O3 273.1486 0.14 21191 N N 

152 10336 C14916Nirvan
ol 

C11H12N2O2 205.0972 -0.01 45733 N N 

153 10350 C149303-
Methoxy-

androsta-3_5-
diene-7_17-

dione 

C20H26O3 315.1949 -1.86 22234 N N 

154 10360 C149402_3-
Dihydro-2-(4-

hydroxyphenyl
)-5_6_7_8-

tetramethoxy-
4H-1-

benzopyran-4-
one 

C19H20O7 378.1541 -1.63 N 9608 N 

155 10416 C1499910-
Hydroxyestra-

1_4-dien-3-
one acetate 

C20H26O3 315.1949 -1.86 22234 N N 

156 10446 C150293_6-
Dimethoxy-19-

norpregna-
1_3_5_7_9-
pentaen-20-

one 

C22H26O3 356.222 -0.19 N 12301 N 
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157 10447 C150303_6-
Dimethoxyestr

a-
1_3_5(10)_6_
8-pentaene-

17beta-
carboxylic 
acidmethyl 

ester 

C22H26O4 372.2175 1.43 N 14686 N 

158 10507 C1509017-
Hydroxy-3-

oxo-17alpha-
pregna-1_4-

diene-21-
carboxylic 

acid_gamma-
lactone 

C22H28O3 358.2381 1.11 N 9174 N 

159 10524 C151073-
Methoxyestra-
1_3_5(10)_16-

tetraene 

C19H24O 269.1895 -1.77 11529 N N 

160 10548 C151311_4-
Dimethoxy-2-

(2-
phenylethenyl

)benzene 

C16H16O2 241.1225 0.79 28652 N N 

161 10551 C151343-
(1_2_3_4-

Tetrahydro-6-
hydroxy-2-

naphthyl)cyclo
pentanone 

C15H18O2 231.138 -0.01 10721 N N 

162 10570 C15153(-)-3-
(6-Hydroxy-2-
naphthyl)-2_2-
dimethylpenta

noic acid 

C17H20O3 273.1486 0.14 21191 N N 

163 10602 C1518511-
Deoxypredniso

ne acetate 

C23H30O5 387.2166 0.11 7611 N N 
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164 10622 C152051_2-
Benzenedicarb

oxylic acid_ 
bis(2-

methylpropyl) 
ester 

C16H22O4 279.1589 -0.76 20018 N N 

165 10634 C152173-(p-
Phenyl)-4-(p-
tolyl)hexane 

C19H24O 269.1895 -1.77 11529 N N 

166 10643 C1522817BET
A-ESTRADIOL 
17-ACETATE 

C20H26O3 315.1949 -1.86 22234 N N 

167 10788 C153753alpha
_12alpha-
Dihydroxy-
5beta-chol-
8(14)-en-24-

oic acid 

C24H38O4 391.284 -0.66 21569 N N 

168 10795 C15382Estra-
1_3_5(10)-

triene-
3_6alpha_17b

eta-triol 
triacetate 

C24H30O6 415.2109 -1.39 27916 N N 

169 10853 C15440Estra-
1_3_5(10)-

triene-
3_6beta_17be

ta-triol 
triacetate 

C24H30O6 415.2109 -1.39 27916 N N 

170 10874 C15462cis-
1_3_4_6_7_11
b-Hexahydro-
9-methoxy-

2H-
benzo[a]quino

lizine-3-
carboxylic acid 

C15H19NO3 279.1703 0 N 44854 N 

171 10890 C154802-
Acetamido-

2_6-dideoxy-
D-galactose 

C8H15NO5 206.102 -1.65 8084 N N 
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172 10891 C154812-
Acetamido-

2_6-dideoxy-
D-glucose 

C8H15NO5 206.102 -1.65 8084 N N 

173 10901 C154956-
Decylubiquinol 

C19H32O4 342.2637 -0.62 N 92772 N 

174 11620 C16535(C16-
C22) 

Alkylcarboxylic 
acid 

C19H38O2 316.3206 -1.32 N 47812 N 

175 11653 C16569GX C10H14N2O 196.1445 0.39 N 11261 N 
176 11670 C16589alpha-

Ketosuberate 
C8H12O5 206.102 -1.65 N 8084 N 

177 11748 C16678(E)- 
Dimethyl-

trimethyl-3-
oxo-1-

cyclohexen-1-
yl)- 

nonatetraenoi
c acid 

C20H26O3 315.1949 -1.86 22234 N N 

178 11761 C16696Dolich
otheline 

C10H17N3O 196.1445 0.39 11261 N N 

179 11846 C1679410-
Methyloctadec

anoic acid 

C19H38O2 316.3206 -1.32 N 47812 N 

180 11862 C16810(+)-
trans-

Resmethrin 

C22H26O3 356.222 -0.19 N 12301 N 

181 11957 C16943Curzer
enone 

C15H18O2 231.138 -0.01 10721 N N 

182 11972 C16960Furano
dienone 

C15H18O2 231.138 -0.01 10721 N N 

183 11999 C16988Linden
enol 

C15H18O2 231.138 -0.01 10721 N N 

184 12006 C16995Hexad
ecanoic acid_ 
methyl ester 

C17H34O2 288.2897 -0.11 N 18898 N 

185 12027 C17021Naven
one C 

C16H16O2 241.1225 0.79 28652 N N 
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Table F.2 Sham TETA toxID data 
Peak 
Num 

Inde
x 

Compound 
Name 

Formula Detected 
m/z 

Delta 
(ppm) 

Adduct1 H+ Adduct2 
Na+ 

Adduct3 
NH4+ 

1 18 C00020AMP C10H14N5O7P 348.0703 -0.31 9449 N N 
2 19 C00021SAH C14H20N6O5S 385.1285 -1 8794 N N 
3 42 C00051GSH C10H17N3O6S 308.0909 -0.55 5450 N N 
4 63 C00078TRP C11H12N2O2 205.0972 0.36 13181 N N 

186 12147 C172212-
Amino-7-

(methylsulfany
l)heptanoic 

acid 

C8H17NO2S 192.1052 -0.19 21183 N N 

187 12156 C172302-(7'-
Methylthio)he

ptylmalate 

C12H22O5S 301.1083 0.97 N N 7179 

188 12157 C172313-(7'-
Methylthio)he

ptylmalate 

C12H22O5S 301.1083 0.97 N N 7179 

189 12220 C17361Hydrox
yethylclavam 

C7H11NO3 180.0629 -1.46 N N 10863 

190 12399 C175543_4-
Dihydroxy-5-

polyprenylben
zoate 

C17H22O4 291.1588 -0.93 77765 N 36069 

191 12551 C17724Ethadi
one 

C7H11NO3 180.0629 -1.46 N N 10863 

192 12569 C177451-(3_4-
Dihydroxyphe
nyl)-1-decene-

3_5-dione 

C16H20O4 277.1436 0.65 18257 N N 

193 12570 C177461-
Dehydro-[6]-
gingerdione 

C17H22O4 291.1588 -0.93 77765 N 36069 

194 12629 C17913Isodeh
ydrocostus 

lactone 

C15H18O2 231.138 -0.01 10721 N N 

195 12722 C18015Momil
acton A 

C20H26O3 315.1949 -1.86 22234 N N 

196 12801 C18134Dihydr
oechinofuran 

C16H18O3 259.1326 -1.17 25546 N N 



250 

 

5 64 C00079PHE C9H11NO2 166.0862 -0.08 8279 5768 N 
6 211 C00255Lactofl

avin 
C17H20N4O6 377.1456 0.02 10353 N N 

7 223 C002705-
Acetamido-

3_5-dideoxy-
D-glycero-D-

galacto-2-
nonulosonic 

acid 

C11H19NO9 310.1137 1.36 3325 N N 

8 237 C00294NOS C10H12N4O5 269.088 -0.01 15122 N N 
9 287 C00362DGP C10H14N5O7P 348.0703 -0.31 9449 N N 

10 329 C00423trans-
Cinnamic acid 

C9H8O2 166.0862 -0.08 N N 8279 

11 402 C00525D-
TRYPTOPHAN 

C11H12N2O2 205.0972 0.36 13181 N N 

12 521 C00712Elainic 
acid 

C18H34O2 283.2631 -0.34 37804 N N 

13 586 C00806Trypto
phan 

C11H12N2O2 205.0972 0.36 13181 N N 

14 607 C00831(R)-
Pantetheine 

C11H22N2O4S 279.1375 0.53 12232 N N 

15 684 C009433'_5'-
Cyclic IMP 

C10H11N4O7P 348.0703 -0.31 N N 9449 

16 686 C009462'-
Adenylic acid 

C10H14N5O7P 348.0703 -0.31 9449 N N 

17 814 C01134PNS C11H23N2O7PS 359.1032 -1.18 19231 N N 
18 815 C011366-S-

Acetyldihydrol
ipoamide 

C10H19NO2S2 250.0935 1.97 78174 N N 

19 846 C011804-
Methylthio-2-
oxobutanoic 

acid 

C5H8O3S 149.0266 -0.33 3942 N N 

20 895 C01255N-(6-
Aminohexanoy

l)-6-
aminohexanoa

te 

C12H24N2O3 245.186 0.08 17516 N N 

21 908 C012732_6-
Dioxo-6-

phenylhexa-3-
enoate 

C12H10O4 241.047 -0.55 N 4958 N 
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22 931 C01313(S)-N-
[3-(3_4-

Methylenedio
xyphenyl)-2-

(mercaptomet
hyl)-1-

oxoprolyl]glyci
ne 

C15H18N2O6S 372.1216 -1.99 N N 5148 

23 954 C013673'-AMP C10H14N5O7P 348.0703 -0.31 9449 N N 
24 965 C01390Prenol C5H10O 109.0625 0.62 N 2812 N 
25 1051 C01545Octana

l 
C8H16O 129.1275 0.74 3115 N N 

26 1077 C01586Hippuri
c acid 

C9H9NO3 180.0656 0.26 8055 N N 

27 1091 C016061_2-
Benzenedicarb

oxylic acid 

C8H6O4 167.034 0.39 10046 N N 

28 1100 C016202_3_4-
trihydroxy-

butanoic acid 

C4H8O5 154.071 0.3 N N 4606 

29 1142 C017129-
Octadecenoic 

acid_ (E)- 

C18H34O2 283.2631 -0.34 37804 N N 

30 1179 C01760Vomifo
liol 

C13H20O3 225.1486 0.37 3598 N N 

31 1224 C01838Octade
canal 

C18H36O 269.2837 -0.63 2796 N N 

32 1263 C01897(4S)-4-
ethyl-4-

hydroxy-1H-
pyrano[3'_4':6
_7]indolizino[1

_2-
b]quinoline-

3_14(4H_12H)
-dione 

C20H16N2O4 371.1009 1.87 N 18167 N 

33 1294 C019492-
Pentanone 

C5H10O 109.0625 0.62 N 2812 N 

34 1334 C02020Cyclop
entanol 

C5H10O 109.0625 0.62 N 2812 N 

35 1354 C02057Phenyl
alanine 

C9H11NO2 166.0862 -0.08 8279 5768 N 

36 1450 C022232-
Methylbutyral

dehyde 

C5H10O 109.0625 0.62 N 2812 N 
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37 1474 C02265DPN C9H11NO2 166.0862 -0.08 8279 5768 N 
38 1480 C022743_4-

Dihydrocouma
rin 

C9H8O2 166.0862 -0.08 N N 8279 

39 1543 C02390CH3-
N(O)=N-
CH2OH 

C2H6N2O2 91.05008 -1.37 2040 N N 

40 1573 C02471GSH C10H17N3O6S 308.0909 -0.55 5450 N N 
41 1786 C02890Tetrah

ydropalmatine 
C21H25NO4 373.2122 -0.07 N N 4121 

42 2020 C03283L-2_4-
Diaminobutan

oate 

C4H10N2O2 141.0634 -0.56 N 3735 N 

43 2049 C033432-{[(2-
ethylhexyl)oxy
]carbonyl}benz

oic acid 

C16H22O4 279.1591 0.01 14175 N N 

44 2140 C03525O-
Acetylated 
sialic acid 

C11H19NO9 310.1137 1.36 3325 N N 

45 2170 C035904-
Hydroxypheny

lglyoxylate 

C8H6O4 167.034 0.39 10046 N N 

46 2192 C03640Sphing
osyl-

phosphocholin
e 

C23H49N2O5P 482.3722 1.01 N N 3309 

47 2227 C03690DEHP C24H38O4 391.2838 -1.13 20876 N N 
48 2297 C038374-

Methylumbelli
feryl acetate 

C12H10O4 241.047 -0.55 N 4958 N 

49 2447 C04118(S)-
Tetrahydrocol

umbamine 

C20H23NO4 342.1701 0.26 4398 N N 

50 2465 C04166(+/-)-6-
Hydroxy-3-
oxo-alpha-

ionol 

C13H20O3 225.1486 0.37 3598 N N 

51 2489 C04211N(6)-
[(Indol-3-

yl)acetyl]-L-
lysine 

C16H21N3O3 304.1658 0.67 4549 N N 

52 2570 C043787-
alpha-D-

Ribosyladenin
e 5'-phosphate 

C10H14N5O7P 348.0703 -0.31 9449 N N 
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53 2926 C05230Phaseo
llidin 

C20H20O4 342.1701 0.26 N N 4398 

54 2980 C05318cis-N-
Methyl-(S)-
7_8_13_14-

tetrahydropro
toberberine 

C18H20N 273.1484 -1.31 N 6300 N 

55 3158 C056084-
Hydroxycinna
myl aldehyde 

C9H8O2 166.0862 -0.08 N N 8279 

56 3268 C058072-
Polyprenylphe

nol 

C16H22O 231.1747 1.61 5137 N N 

57 3278 C058182-
Demethylmen

aquinone 

C20H22O2 295.169 -0.74 3873 N N 

58 3347 C05930Poly-L-
glutamate 

C15H23N3O10 423.1725 0.82 N N 4461 

59 3440 C06082ABA C15H20O4 265.1429 -1.85 5126 N N 
60 3571 C063322-

Acetamidoben
zoic acid 

C9H9NO3 180.0656 0.26 8055 N N 

61 3576 C063371_4-
Benzenedicarb

oxylic acid 

C8H6O4 167.034 0.39 10046 N N 

62 3578 C063392_5_6-
Trihydroxy-

5_6-
dihydroquinoli

ne 

C9H9NO3 180.0656 0.26 8055 N N 

63 3610 C06384N-
(Hydroxymeth

yl)urea 

C2H6N2O2 91.05008 -1.37 2040 N N 

64 3696 C064995-(3-
(2_6-Dichloro-

4-(4_5-
dihydro-2-

oxazolyl)phen
oxy)propyl)-3-
methylisoxazol

e 

C16H16Cl2N2O
3 

355.0604 -1.83 3657 N N 

65 3767 C06574Amino
benzylpenicilli

n 

C16H19N3O4S 372.0984 -1.15 N 4084 N 
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66 4028 C06897Cefradi
ne 

C16H19N3O4S 372.0984 -1.15 N 4084 N 

67 4166 C071082-{4-
[(1Z)-1_2-

diphenylbut-1-
en-1-

yl]phenoxy}-
N_N-

dimethylethan
amine 

C26H29NO 372.2326 1.19 9536 N N 

68 4210 C07177Methic
illin 

C17H20N2O6S 398.1383 0.76 N N 17017 

69 4261 C07253Naltrex
one 

C20H23NO4 342.1701 0.26 4398 N N 

70 4263 C07255Nedocr
omil 

C19H17NO7 372.1074 -1.04 4672 N N 

71 4288 C072886-
Methyl-5-

hepten-2-ol 

C8H16O 129.1275 0.74 3115 N N 

72 4321 C073293-
Methylbutyral

dehyde 

C5H10O 109.0625 0.62 N 2812 N 

73 4422 C07459Diclofe
namide 

C6H6Cl2N2O4S2 321.9485 0.18 N N 4980 

74 4454 C07497diethyl 
2-

[(dimethoxyph
osphorothioyl)
thio]succinate 

C10H19O6PS2 348.0703 1.03 N N 9449 

75 4483 C07527Ethyl 
4-

aminobenzoat
e 

C9H11NO2 166.0862 -0.08 8279 5768 N 

76 4498 C07542Lysergi
de 

C20H25N3O 324.2069 -0.4 29495 N N 

77 4573 C07625Chloro
quine 

C18H26ClN3 342.1701 -1.96 N 4398 N 

78 4587 C076401-(2-
Chloroethyl)-

3-(4-
methylcyclohe

xyl)-1-
nitrosourea 

C10H18ClN3O2 265.1429 1.37 N N 6062 

79 4641 C077203-
Hydroxy-1-
indanone 

C9H8O2 166.0862 -0.08 N N 8279 
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80 4649 C077283-
Isochromanon

e 

C9H8O2 166.0862 -0.08 N N 8279 

81 4653 C077332_2'_3
-

Trihydroxydip
henylether 

C12H10O4 241.047 -0.55 N 4958 N 

82 4678 C07777Buclizi
ne 

C28H33ClN2 455.2224 -0.01 N 7107 N 

83 4706 C078392_4-
Imidazolidined
ione_ 3-ethyl-

5-phenyl- 

C11H12N2O2 205.0972 0.36 13181 N N 

84 4709 C07844Metho
hexital 

C14H18N2O3 263.1387 -1.2 13866 N N 

85 4889 C081634_4'-
(1H-1_2_4-
triazol-1-

ylmethanediyl)
dibenzonitrile 

C17H11N5 308.0909 0.8 N 5450 N 

86 4897 C08178Hydroc
ortisone 
sodium 

succinate 

C25H34O8.Na 391.2838 -1.83 N N 20876 

87 4972 C082913-
Methylamino-

L-alanine 

C4H10N2O2 141.0634 -0.56 N 3735 N 

88 5013 C08332Hetero
dendrin 

C11H19NO6 279.1554 1.19 N N 5800 

89 5015 C08334Lotaust
ralin 

C11H19NO6 279.1554 1.19 N N 5800 

90 5041 C08363Petros
elinic acid 

C18H34O2 283.2631 -0.34 37804 N N 

91 5045 C08367(11E)-
Octadecenoic 

acid 

C18H34O2 283.2631 -0.34 37804 N N 

92 5053 C08375(Z_Z_Z)
-3_6_9-

Dodecatrien-
1-ol 

C12H20O 198.1852 -0.07 N N 21274 

93 5165 C08491{(1R_2
R)-3-oxo-2-

[(2Z)-pent-2-
en-1-

yl]cyclopentyl}
acetic acid 

C12H18O3 211.1328 -0.28 3460 N N 
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94 5319 C08648Isobav
achalcone 

C20H20O4 342.1701 0.26 N N 4398 

95 5381 C08710Spirasi
ne I 

C22H29NO3 373.2486 0.07 N N 3490 

96 5664 C090032_2-
Dimethyl-8-

prenylchrome
ne 6-

carboxylic acid 

C17H20O3 273.1484 -0.31 6300 N N 

97 5709 C09048Spathe
lia 

bischromene 

C20H20O4 342.1701 0.26 N N 4398 

98 5764 C09103Grayan
otoxin I 

C22H36O7 430.2807 1.79 N N 3553 

99 5892 C09232Physov
enine 

C14H18N2O3 263.1387 -1.2 13866 N N 

100 5951 C09291Amaral
in 

C15H20O4 265.1429 -1.85 5126 N N 

101 5964 C09304Artemi
siifolin 

C15H20O4 265.1429 -1.85 5126 N N 

102 5975 C093152H-1-
Benzopyran-2-

one_ 7-
hydroxy- 

C9H6O3 180.0656 0.26 N N 8055 

103 6001 C09341(-)-
Argemonine 

C21H25NO4 373.2122 -0.07 N N 4121 

104 6009 C09349Baileyi
n 

C15H20O4 265.1429 -1.85 5126 N N 

105 6015 C09355Chamis
sonin 

C15H20O4 265.1429 -1.85 5126 N N 

106 6037 C09377Casead
ine 

C20H23NO4 342.1701 0.26 4398 N N 

107 6041 C09381Corono
polin 

C15H20O4 265.1429 -1.85 5126 N N 

108 6071 C09411Cularin
e 

C20H23NO4 342.1701 0.26 4398 N N 

109 6106 C09446Glauci
ne 

C21H25NO4 373.2122 -0.07 N N 4121 

110 6113 C09453Florile
nalin 

C15H20O4 265.1429 -1.85 5126 N N 

111 6116 C09456Geigeri
n 

C15H20O4 265.1429 -1.85 5126 N N 

112 6130 C09470Granili
n 

C15H20O4 265.1429 -1.85 5126 N N 

113 6141 C09481Hymen
olin 

C15H20O4 265.1429 -1.85 5126 N N 
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114 6152 C09492Lauren
obiolide 

C17H22O4 291.1586 -1.67 16255 5664 N 

115 6158 C09498Ludovi
cin A 

C15H20O4 265.1429 -1.85 5126 N N 

116 6166 C09506Michel
enolide 

C15H20O4 265.1429 -1.85 5126 N N 

117 6190 C09530Plenira
din 

C15H20O4 265.1429 -1.85 5126 N N 

118 6191 C09531Plenoli
n 

C15H20O4 265.1429 -1.85 5126 N N 

119 6200 C09540Ridenti
n 

C15H20O4 265.1429 -1.85 5126 N N 

120 6202 C09542Salonit
enolide 

C15H20O4 265.1429 -1.85 5126 N N 

121 6208 C09548Scorpio
idin 

C16H20O4 294.1699 -0.21 N N 7722 

122 6209 C09549Isocory
dine 

C20H23NO4 342.1701 0.26 4398 N N 

123 6224 C09564Tulipin
olide 

C17H22O4 291.1586 -1.67 16255 5664 N 

124 6226 C09566epi-
Tulipinolide 

C17H22O4 291.1586 -1.67 16255 5664 N 

125 6234 C09574Verme
erin 

C15H20O4 265.1429 -1.85 5126 N N 

126 6241 C09581Magno
florine 

C20H23NO4 342.1701 0.26 4398 N N 

127 6260 C09600Vulgari
n 

C15H20O4 265.1429 -1.85 5126 N N 

128 6330 C09671Xylopin
ine 

C21H25NO4 373.2122 -0.07 N N 4121 

129 6342 C09683Cyclop
enta(4_5)pent

aleno(1_6a-
b)oxirene-5-

carboxylic 
acid_ 

decahydro-2-
hydroxy-3a_5-

dimethyl-3-
methylene-_ 

(1aR-
(1aalpha_2bet
a_3abeta_3bal
pha_5alpha_6
aalpha_7aS*))- 

C15H20O4 265.1429 -1.85 5126 N N 
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130 6347 C09688(-)-
1alpha_7beta_
12-trihydroxy-

2_9-
illudadien-8-

one 

C15H20O4 265.1429 -1.85 5126 N N 

131 6366 C09708Phome
none 

C15H20O4 265.1429 -1.85 5126 N N 

132 6382 C09725Shirom
odiol diacetate 

C19H30O5 356.2429 -0.73 N N 25232 

133 6409 C09752Glabra
nin 

C20H20O4 342.1701 0.26 N N 4398 

134 6525 C09870(-)-
Menthyl 
acetate 

C12H22O2 199.1693 0.2 13668 N N 

135 6954 C10300Aristoli
ndiquinone 

C12H10O4 241.047 -0.55 N 4958 N 

136 7075 C10421Glabrid
in 

C20H20O4 342.1701 0.26 N N 4398 

137 7091 C10438trans-
Cinnamic acid 

C9H8O2 166.0862 -0.08 N N 8279 

138 7106 C10455Fagara
mide 

C14H17NO3 265.1547 0.09 N N 24610 

139 7147 C10497Feruloy
lputrescine 

C14H20N2O3 265.1547 0.09 24610 N N 

140 7165 C10515(-)-
Phaseollinisofl

avan 

C20H20O4 342.1701 0.26 N N 4398 

141 7202 C105524'-
Demethyldeox
ypodophylloto

xin 

C21H20O7 385.1285 0.78 8794 N N 

142 7257 C10607Mycos
porine 

C11H19NO6 279.1554 1.19 N N 5800 

143 7260 C10610Pilosin
e 

C16H18N2O3 304.1658 0.67 N N 4549 

144 7276 C10626Zinnimi
dine 

C15H19NO3 279.1703 -0.11 N N 47017 

145 7378 C10728Otobai
n 

C20H20O4 342.1701 0.26 N N 4398 

146 7393 C10743Pyrrolo
(2_1-

b)quinazoline-
3_7-diol_ 
1_2_3_9-

C11H12N2O2 205.0972 0.36 13181 N N 
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tetrahydro-_ 
(R)- 

147 7416 C10766Ascosal
itoxin 

C15H20O4 265.1429 -1.85 5126 N N 

148 7503 C10853Cochle
arine 

C15H19NO3 279.1703 -0.11 N N 47017 

149 7515 C10865Pseudo
pelletierine 

C9H15NO 171.1492 0.06 N N 6919 

150 7518 C10868Tigloidi
ne 

C13H21NO2 241.191 -0.06 N N 14471 

151 7617 C10968Idazox
an 

C11H12N2O2 205.0972 0.36 13181 N N 

152 7708 C11060(-)-ABA C15H20O4 265.1429 -1.85 5126 N N 
153 7760 C11114Metha

pyrilene 
C14H19N3S 279.1635 -0.9 N N 5119 

154 7767 C11121Propic
onazole 

C15H17Cl2N3O
2 

359.1032 -1.11 N N 19231 

155 7930 C11307Cetylpy
ridinium 
chloride 

monohydrate 

C21H38N.ClH.H
2O 

352.3317 -1.46 N N 2391 

156 7955 C11332N-(2-
Amino-4-

methylpentan
oyl)leucine 

C12H24N2O3 245.186 0.08 17516 N N 

157 8112 C11512(-)-
Methyl 

jasmonate 

C13H20O3 225.1486 0.37 3598 N N 

158 8210 C116373alpha
_12alpha-
Dihydroxy-

5beta-chol-6-
enoate 

C24H38O4 391.2838 -1.13 20876 N N 

159 8266 C11694Quinoli
ne-3-

carboxamides 

C21H14FN3O2 377.1408 -0.06 N N 5116 

160 8269 C11697Levcro
makalim 

C16H18N2O3 304.1658 0.67 N N 4549 

161 8318 C11749Penicill
in T 

C16H19N3O4S 372.0984 -1.15 N 4084 N 

162 8321 C11752Carben
icillin phenyl 

C23H22N2O6S 477.1096 1.01 N 8418 N 

163 8384 C11819Croma C16H18N2O3 304.1658 0.67 N N 4549 
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kalim 
164 8404 C11844N-

Heptanoylhom
oserine 
lactone 

C11H19NO3 231.1704 0.33 N N 13600 

165 8472 C119136-
Deoxy-2_3-di-
O-methyl-D-
allo-hexose 

C8H16O5 210.1336 0.18 N N 30036 

166 8646 C12103omega
-

Cycloheptylun
decanoic acid 

C18H34O2 283.2631 -0.34 37804 N N 

167 8815 C12290Butano
ic acid_ 3-

methyl-_ ethyl 
ester 

C7H14O2 148.133 -1.31 N N 8488 

168 8820 C12296Isopen
tyl acetate 

C7H14O2 148.133 -1.31 N N 8488 

169 8822 C122983_7-
Dimethyl-6-
octen-1-yl 

acetate 

C12H22O2 199.1693 0.2 13668 N N 

170 9143 C13235Lonter
min 

C16H22N2O3.Cl
H 

295.1572 -0.01 3764 N N 

171 9235 C13652D-(-)-
alpha-

Aminobenzylp
enicillin 

sodium salt 

C16H19N3O4S.
Na 

372.0984 -1.15 N 4084 N 

172 9477 C13976Carben
icillin phenyl 

sodium 

C23H22N2O6S.
Na 

477.1096 1.01 N 8418 N 

173 9522 C140962-
Hydroxyisopht
halaldehydic 

acid 

C8H6O4 167.034 0.39 10046 N N 

174 9526 C141004-
Formyl-2-

hydroxybenzoi
c acid 

C8H6O4 167.034 0.39 10046 N N 

175 9636 C14214DBP C16H22O4 279.1591 0.01 14175 N N 
176 9649 C14227Di-n-

octyl 
phthalate 

C24H38O4 391.2838 -1.13 20876 N N 
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177 9667 C14245Phenol
_ 4-dodecyl- 

C18H30O 285.2185 -1.34 N 4182 N 

178 9694 C14272Amyl 
vinyl carbinol 

C8H16O 129.1275 0.74 3115 N N 

179 9999 C14577Diisooc
tyl phthalate 

C24H38O4 391.2838 -1.13 20876 N N 

180 1014
0 

C14719Methal
lenestrilpheno

l 

C17H20O3 273.1484 -0.31 6300 N N 

181 1029
6 

C14876S-(2-
Hydroxyethyl)-

N-acetyl-L-
cysteine 

C7H13NO4S 230.0458 0.05 N 4447 N 

182 1030
8 

C14888(+)-3-
(6-Hydroxy-2-
naphthyl)-2_2-
dimethylpenta

noic acid 

C17H20O3 273.1484 -0.31 6300 N N 

183 1030
9 

C14889(2beta
_5alpha_17be

ta)-17-
(Acetyloxy)-2-

fluoro-
androstan-3-

one 

C21H31FO3 373.2145 -1.09 N 8607 N 

184 1033
6 

C14916Nirvan
ol 

C11H12N2O2 205.0972 0.36 13181 N N 

185 1048
8 

C150716beta-
Fluoro-5alpha-
hydroxypregn

ane-3_20-
dione 

C21H31FO3 373.2145 -1.09 N 8607 N 

186 1053
0 

C151139-
Fluoro-

11beta_17bet
a-dihydroxy-

2_17-
dimethylandro
st-4-en-3-one 

C21H31FO3 373.2145 -1.09 N 8607 N 

187 1057
0 

C15153(-)-3-
(6-Hydroxy-2-
naphthyl)-2_2-
dimethylpenta

noic acid 

C17H20O3 273.1484 -0.31 6300 N N 



262 

 

188 1058
3 

C15166(2alph
a_5alpha_17b

eta)-17-
(Acetyloxy)-2-

fluoro-
androstan-3-

one 

C21H31FO3 373.2145 -1.09 N 8607 N 

189 1062
2 

C152051_2-
Benzenedicarb

oxylic acid_ 
bis(2-

methylpropyl) 
ester 

C16H22O4 279.1591 0.01 14175 N N 

190 1068
0 

C15267(17Z)-
3_11-

Dioxopregna-
4_17(20)-dien-

21-oic acid 
methyl ester 

C22H28O4 374.233 1.11 N N 3849 

191 1077
3 

C153602-
Amino-1_2-

bis(p-
methoxypheny

l)ethanol 
hydrochloride 

C16H19NO3.ClH 295.1572 -0.01 N N 3764 

192 1078
8 

C153753alpha
_12alpha-
Dihydroxy-
5beta-chol-
8(14)-en-24-

oic acid 

C24H38O4 391.2838 -1.13 20876 N N 

193 1087
4 

C15462cis-
1_3_4_6_7_11
b-Hexahydro-
9-methoxy-

2H-
benzo[a]quino

lizine-3-
carboxylic acid 

C15H19NO3 279.1703 -0.11 N N 47017 

194 1090
1 

C154956-
Decylubiquinol 

C19H32O4 342.2636 -0.71 N N 57666 

195 1114
8 

C15791Teaster
one 

C28H48O4 466.3882 -2 N N 5123 

196 1115
0 

C15793Typhas
terol 

C28H48O4 466.3882 -2 N N 5123 

197 1116 C15809Iminogl C2H3NO2 91.05008 -1.37 N N 2040 
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2 ycine 
198 1142

4 
C16317(+)-7-
Isojasmonic 

acid 

C12H18O3 211.1328 -0.28 3460 N N 

199 1142
5 

C16318(+)-7-
Isomethyljasm

onate 

C13H20O3 225.1486 0.37 3598 N N 

200 1145
1 

C16344(8Z_11
Z_14Z)-

8_11_14-
Heptadecatrie

noic acid 

C17H28O2 265.2161 -0.54 8769 N N 

201 1154
6 

C16452N'-
Nitrosonornic

otine 

C9H11N3O 200.0793 -0.67 N 5613 N 

202 1162
0 

C16535(C16-
C22) 

Alkylcarboxylic 
acid 

C19H38O2 316.3206 -1.42 N N 6920 

203 1184
6 

C1679410-
Methyloctadec

anoic acid 

C19H38O2 316.3206 -1.42 N N 6920 

204 1186
3 

C16811Baldrin
al 

C12H10O4 241.047 -0.55 N 4958 N 

205 1187
6 

C16825(+)-
Neomenthyl 

acetate 

C12H22O2 199.1693 0.2 13668 N N 

206 1196
0 

C16947Decan
oyl 

acetaldehyde 

C12H22O2 199.1693 0.2 13668 N N 

207 1200
6 

C16995Hexad
ecanoic acid_ 
methyl ester 

C17H34O2 288.2897 -0.01 N N 19990 

208 1204
4 

C17046Phello
dendrine 

C20H23NO4 342.1701 0.26 4398 N N 

209 1211
6 

C171453-
Octanone 

C8H16O 129.1275 0.74 3115 N N 

210 1218
5 

C172681-
Phenyl-1_2-

propanedione 

C9H8O2 166.0862 -0.08 N N 8279 

211 1238
0 

C175351_8_11
_14-

Heptadecatetr
aene_ (Z_Z_Z)- 

C17H28 255.208 -1.41 N 4314 N 
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212 1239
9 

C175543_4-
Dihydroxy-5-

polyprenylben
zoate 

C17H22O4 291.1586 -1.67 16255 5664 N 

213 1251
7 

C17676Proxim
adiol 

C15H28O2 241.2159 -1.48 4521 N N 

214 1254
1 

C17714Enanth
ic acid 

C7H14O2 148.133 -1.31 N N 8488 

215 1256
9 

C177451-(3_4-
Dihydroxyphe
nyl)-1-decene-

3_5-dione 

C16H20O4 294.1699 -0.21 N N 7722 

216 1257
0 

C177461-
Dehydro-[6]-
gingerdione 

C17H22O4 291.1586 -1.67 16255 5664 N 

217 1278
6 

C18090Benzoi
c acid_ 3-

amino-_ ethyl 
ester 

C9H11NO2 166.0862 -0.08 8279 5768 N 
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Tables F.3, F.4, and F.5 show the total signal intensity for each KEGG metabolite – the sum of the 

intensities from the three adducts shown in Table F.1.   Each table shows metabolites found in 16-

week male Wistar rats from 4 treatment groups: Sham, Sham-TETA, Diabetic, and Diabetic-TETA treated. 

Table F.3 KEGG ID and Signal Intensity for HLB elution with 100 % MeOH and 2nd elution 50% 
Acetonitrile 1mM Formic acid, pH 3 

Sham Sham TETA Diabetic  Diabetic-TETA 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

C00051 23601 C00020 16641 C00021 59753 C00019 23746 
C00078 56636 C00021 8794 C00042 10490 C00026 38433 
C00079 9024 C00051 5450 C00078 50438 C00078 84658 
C00140 21269 C00073 6565 C00079 13681 C00079 10345 
C00212 13827 C00078 13181 C00084 12912 C00175 8648 
C00242 19513 C00079 14047 C00147 10490 C00188 20206 
C00249 21859 C00180 8901 C00212 24563 C00212 17619 
C00255 45519 C00183 3716 C00249 8732 C00255 79440 
C00291 29676 C00255 10353 C00255 111138 C00270 29422 
C00440 16793 C00262 7478 C00270 18084 C00280 67774 
C00477 12690 C00270 3325 C00294 40306 C00294 66216 
C00494 13272 C00294 15122 C00379 32310 C00376 13129 
C00519 5181 C00314 10270 C00418 36011 C00387 10624 
C00526 15982 C00376 4182 C00423 13681 C00430 17180 
C00561 9406 C00423 8279 C00437 18549 C00455 87563 
C00588 35717 C00495 5698 C00473 7368 C00596 17180 
C00757 16958 C00581 3521 C00504 11525 C00639 64206 
C00831 91992 C00712 37804 C00552 9967 C00712 17333 
C00837 34171 C00729 13948 C00559 13004 C00715 38433 
C00844 36069 C00757 7586 C00565 21204 C00732 67774 
C00922 11460 C00831 12232 C00588 16203 C00757 14255 
C00955 35717 C00837 48184 C00603 17768 C00831 98642 
C00975 35575 C00844 5664 C00639 13325 C00835 31820 
C01108 4448 C00922 4600 C00712 23268 C00844 54908 
C01134 81569 C00943 16641 C00831 30055 C00852 16206 
C01136 35438 C01108 2423 C00836 22062 C00908 17099 
C01210 9406 C01119 4511 C00837 41049 C01007 12140 
C01226 26929 C01134 19231 C00844 27843 C01133 9341 
C01268 4998 C01136 23405 C00858 13125 C01134 114420 
C01397 20702 C01158 3657 C00951 5460 C01136 122933 
C01484 13841 C01180 4007 C00955 16203 C01137 24318 
C01523 12777 C01185 3478 C00957 6168 C01268 11097 
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C01586 18470 C01255 17519 C01066 7584 C01269 18945 
C01589 12342 C01273 6897 C01108 11143 C01512 79440 
C01594 7318 C01298 10355 C01111 10715 C01523 20270 
C01606 11460 C01313 5148 C01126 14912 C01586 67620 
C01691 11130 C01389 5806 C01134 8129 C01672 52972 
C01897 27204 C01390 6361 C01136 18677 C01746 52972 
C01921 61585 C01512 11052 C01137 7520 C01804 27928 
C02086 5181 C01513 3382 C01255 13356 C01814 17146 
C02134 28580 C01514 10299 C01268 11950 C01921 83759 
C02235 12355 C01528 3587 C01302 12894 C02134 60599 
C02453 44854 C01545 4984 C01304 4747 C02153 16695 
C02537 19694 C01586 3068 C01313 47550 C02359 13893 
C02543 17555 C01594 4054 C01349 11592 C02453 83078 
C02564 15300 C01606 11159 C01382 9885 C02496 21736 
C02587 42120 C01620 10339 C01449 7348 C02517 15914 
C02679 26459 C01743 6013 C01512 111138 C02628 14265 
C02825 27097 C01760 3598 C01552 4398 C02633 22702 
C02927 4998 C01838 2796 C01553 32504 C02661 13453 
C03141 9015 C01888 6633 C01586 18549 C02821 54390 
C03142 7877 C01897 17449 C01594 9254 C02825 19233 
C03220 53157 C01926 11670 C01606 5440 C02838 53087 
C03343 20018 C01957 15003 C01672 12710 C02915 31930 
C03411 11820 C02079 6213 C01746 12710 C02927 11097 
C03416 5167 C02134 42350 C01755 22677 C03066 38433 
C03640 8379 C02224 5652 C01804 48219 C03088 9577 
C03690 21569 C02390 5623 C01897 23101 C03137 40086 
C03858 20516 C02453 37519 C01921 44098 C03411 34164 
C03955 9002 C02537 15493 C01965 7460 C03413 96216 
C04521 9705 C02718 9937 C02134 52963 C03690 19536 
C04556 14865 C02824 5147 C02231 17768 C03799 8067 
C04684 8399 C02825 19995 C02328 44440 C03824 13490 
C04721 10423 C02890 8607 C02419 20894 C03858 6897 
C04741 17536 C02928 4052 C02453 28752 C03990 23791 
C04778 81569 C02982 3555 C02517 26684 C04020 13281 
C05010 22767 C03015 3732 C02648 15913 C04102 39284 
C05071 12990 C03137 15122 C02824 6765 C04352 16850 
C05318 39085 C03212 4052 C02838 32958 C04469 30890 
C05471 12892 C03220 17516 C02890 4734 C04521 96441 
C05476 13742 C03283 3735 C02915 6984 C04572 80830 
C05644 8283 C03343 14175 C02918 18810 C04778 95207 
C05656 15192 C03360 11653 C02927 6358 C05118 31784 
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C06082 21663 C03621 10919 C03032 9160 C05175 20705 
C06185 34369 C03640 3309 C03059 10490 C05318 30386 
C06424 25869 C03679 8336 C03062 9619 C05322 21531 
C06454 9406 C03690 20876 C03137 40306 C05472 26160 
C06457 15995 C04114 3732 C03242 11922 C05475 17976 
C06469 13827 C04118 4398 C03326 7337 C05557 62980 
C06497 44219 C04211 4549 C03343 34223 C05775 9896 
C06559 89945 C04521 5824 C03392 52232 C06095 25020 
C06564 45519 C04555 7490 C03413 8489 C06424 26838 
C06581 11130 C04572 15823 C03524 4398 C06469 17619 
C06853 30281 C04640 7941 C03621 8375 C06492 15899 
C06870 10527 C04778 38503 C03690 48605 C06497 54344 
C07023 27993 C05146 3521 C03858 8068 C06542 19454 
C07045 10947 C05230 4398 C03864 43472 C06559 116563 
C07108 48870 C05318 9468 C03868 15904 C06587 18686 
C07127 13538 C05557 10353 C03944 15904 C06701 33701 
C07177 35888 C05807 4943 C04335 44440 C06830 22372 
C07239 17484 C05817 7550 C04521 56615 C06842 24630 
C07255 16423 C05818 3873 C04572 40269 C06846 15841 
C07258 19853 C05930 4461 C04606 32297 C06969 18945 
C07319 11464 C06082 6031 C04707 19877 C07045 16134 
C07372 23601 C06185 13866 C04731 17680 C07103 13490 
C07381 14468 C06244 12712 C04734 22753 C07108 42769 
C07411 11269 C06336 10093 C04778 17244 C07127 54390 
C07420 13581 C06499 3657 C04883 16742 C07177 78426 
C07451 9015 C06531 5417 C05201 7483 C07184 15841 
C07542 49568 C06559 39078 C05318 41141 C07202 13129 
C07566 13997 C06574 6384 C05475 6407 C07255 35179 
C07570 7690 C06675 6563 C05552 7520 C07356 18905 
C07586 36215 C06975 5417 C05557 111138 C07381 16340 
C07622 16423 C07005 4918 C05576 39809 C07411 11553 
C07630 15158 C07072 4461 C05643 7508 C07413 29460 
C07640 21663 C07108 10171 C05775 22709 C07467 16116 
C07642 9002 C07127 5611 C05848 9374 C07514 29104 
C07677 17077 C07156 6223 C06082 17771 C07541 14265 
C07731 15300 C07177 17017 C06185 27530 C07582 11507 
C07740 16284 C07202 4182 C06323 20894 C07586 34159 
C07774 5205 C07255 5538 C06426 8732 C07622 10982 
C07827 15885 C07362 3894 C06435 12641 C07677 22372 
C07844 34369 C07367 11503 C06448 9954 C07750 21870 
C07849 13581 C07372 5450 C06469 24563 C07846 9341 
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C07853 49941 C07459 4980 C06470 13004 C07849 14884 
C07877 7690 C07497 16641 C06492 24729 C07853 85766 
C08055 11460 C07510 7363 C06497 41554 C07879 19454 
C08145 9530 C07524 16641 C06499 12609 C07915 48965 
C08152 9174 C07542 29495 C06559 97817 C07949 21855 
C08163 23601 C07586 3139 C06574 10362 C07953 18905 
C08178 21569 C07622 16007 C06598 23142 C08046 10423 
C08286 12808 C07625 4398 C06656 16354 C08178 19536 
C08324 6694 C07640 6031 C06734 3595 C08337 22758 
C08367 33799 C07661 7125 C06803 10427 C08369 38433 
C08375 11176 C07677 6427 C06905 31487 C08451 56878 
C08414 6622 C07766 8659 C07005 12388 C08475 18709 
C08419 16502 C07777 7107 C07108 74012 C08483 96900 
C08425 12668 C07790 3322 C07124 19854 C08533 75679 
C08445 34369 C07844 13866 C07127 15645 C08564 75679 
C08451 36133 C07853 41777 C07177 5921 C08573 29460 
C08554 6340 C07861 4135 C07207 16354 C08669 16018 
C08562 19073 C07862 4135 C07258 8787 C08695 13948 
C08633 13272 C07866 5479 C07322 12617 C08714 27713 
C08669 51812 C07973 5325 C07411 28697 C08747 16647 
C08695 27870 C08055 4600 C07485 16354 C08831 12501 
C08710 12301 C08090 3085 C07499 8887 C09000 13951 
C09013 16793 C08103 5698 C07541 9852 C09003 30386 
C09119 26929 C08145 8354 C07542 19061 C09042 31286 
C09120 6659 C08159 7772 C07586 13030 C09046 24630 
C09136 35995 C08163 5450 C07640 17771 C09103 7817 
C09152 41480 C08178 20876 C07751 11525 C09136 64436 
C09170 15995 C08332 5800 C07790 8230 C09152 66771 
C09251 24311 C08369 11369 C07844 27530 C09251 53840 
C09266 19073 C08375 21274 C07853 6797 C09280 27165 
C09295 26928 C08445 34494 C07915 32958 C09295 30386 
C09315 18470 C08451 24610 C08062 11725 C09315 67620 
C09387 10721 C08469 6708 C08145 13949 C09412 18197 
C09403 8051 C08483 4936 C08178 48605 C09479 13951 
C09492 113760 C08490 5962 C08317 82359 C09483 31784 
C09527 10947 C08491 3460 C08337 19854 C09492 246623 
C09569 13885 C08535 16641 C08375 11361 C09509 22372 
C09570 11820 C08539 4170 C08445 58005 C09527 8067 
C09622 16642 C08554 2821 C08451 75329 C09579 22758 
C09725 75128 C08669 7405 C08475 13682 C09725 106176 
C09734 7179 C08695 5287 C08483 56615 C09741 48965 
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C09927 12892 C08710 3490 C08494 11182 C09759 21668 
C09936 84274 C08711 6255 C08533 16594 C09801 21578 
C09950 28652 C08731 5417 C08548 11182 C09807 75679 
C10075 10357 C09003 9468 C08564 16594 C09892 25050 
C10076 9200 C09042 4547 C08566 15605 C09907 30890 
C10254 12274 C09103 3553 C08630 9767 C09909 18743 
C10355 12385 C09136 5664 C08669 14130 C09970 46154 
C10455 36133 C09138 8794 C08710 7711 C10024 20045 
C10497 36133 C09152 19771 C08747 6984 C10063 16134 
C10523 6340 C09249 7107 C08830 7948 C10206 33587 
C10545 9200 C09251 3035 C09003 41141 C10296 16177 
C10584 6694 C09266 19169 C09039 11253 C10301 13089 
C10626 44854 C09295 9468 C09042 22626 C10357 21578 
C10643 23601 C09299 3382 C09086 4398 C10380 17976 
C10661 16806 C09315 3068 C09115 10949 C10455 56878 
C10662 8350 C09322 6426 C09136 39103 C10491 15493 
C10679 16806 C09417 6163 C09138 59753 C10497 82493 
C10706 18739 C09438 5148 C09152 45308 C10547 25020 
C10758 5385 C09492 21919 C09210 13219 C10556 23746 
C10895 35421 C09521 11487 C09213 9852 C10559 17146 
C10991 12301 C09548 8937 C09221 11253 C10602 21668 
C11121 71574 C09560 3773 C09251 44652 C10610 25615 
C11127 35995 C09675 5648 C09258 17601 C10626 83078 
C11154 12892 C09725 25232 C09293 11182 C10637 27075 
C11307 10844 C09738 6634 C09295 41141 C10648 29422 
C11332 53018 C09850 4721 C09299 9247 C10722 20045 
C11565 77765 C09870 13830 C09322 24780 C10855 11507 
C11689 26569 C09874 4721 C09403 5667 C10856 67774 
C11708 6694 C09917 10267 C09412 24729 C10969 16475 
C11754 16502 C09970 3537 C09438 36585 C11035 8341 
C11790 5827 C10055 6426 C09492 136067 C11084 16544 
C11839 31524 C10355 3657 C09548 43686 C11114 19048 
C11844 61349 C10455 24610 C09579 19854 C11121 87719 
C11913 7519 C10497 24610 C09622 10961 C11127 64436 
C12114 35717 C10523 6298 C09715 9948 C11181 26668 
C12392 23601 C10552 8794 C09725 16965 C11205 16475 
C12600 4998 C10610 4549 C09741 32958 C11277 21855 
C12666 18135 C10617 6163 C09807 16594 C11297 18581 
C12946 36006 C10626 47017 C09850 7290 C11326 34164 
C12962 15114 C10637 11487 C09870 22920 C11333 103974 
C13542 21348 C10643 5450 C09874 7290 C11458 30936 
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C13702 11015 C10661 6827 C09894 38225 C11544 65254 
C13703 13513 C10681 3138 C09907 3360 C11565 182231 
C13705 79467 C10713 7363 C09917 29171 C11573 16530 
C13732 11820 C10745 11503 C09930 7216 C11689 21532 
C13735 7069 C10809 2859 C09970 13840 C11694 12056 
C13772 25627 C10865 6919 C10206 16270 C11716 66779 
C13828 10990 C10868 14471 C10256 33093 C11773 44623 
C13915 21859 C10895 24663 C10380 6407 C11796 23501 
C13964 9406 C11034 8794 C10455 43266 C11913 143020 
C13973 10357 C11074 6565 C10487 44440 C11989 20394 
C14258 23682 C11076 2393 C10497 43266 C12337 33026 
C14259 14604 C11079 4025 C10552 59753 C12474 16530 
C14274 29086 C11114 7542 C10610 7613 C12554 23770 
C14339 12525 C11121 19231 C10626 12169 C12600 11097 
C14457 10721 C11127 5664 C10648 39560 C12666 20479 
C14526 19737 C11169 6683 C10658 10949 C12864 56258 
C14554 8603 C11178 4447 C10661 4179 C13179 23034 
C14685 56636 C11190 17719 C10818 15039 C13400 16197 
C14772 4876 C11307 27370 C10856 33093 C13674 52330 
C14799 23951 C11544 15122 C10868 4055 C13705 41072 
C14910 75128 C11565 16255 C10895 9719 C13779 14282 
C14915 25627 C11689 5430 C10944 7508 C13785 42024 
C14926 10127 C11694 5116 C10948 32679 C13793 21736 
C14933 9470 C11708 9935 C11012 8740 C14245 13129 
C14960 14171 C11752 9686 C11034 59753 C14282 38571 
C15043 13841 C11761 4135 C11121 8129 C14339 57570 
C15057 15531 C11762 8607 C11127 39103 C14395 29104 
C15094 5205 C11773 3209 C11190 10362 C14420 21855 
C15107 17149 C11798 6748 C11320 16427 C14433 13281 
C15109 16958 C11844 13600 C11544 40306 C14459 20801 
C15172 28580 C11913 36567 C11565 108224 C14470 14265 
C15358 8296 C12110 8901 C11567 9160 C14477 49139 
C15370 24408 C12118 3138 C11584 5785 C14492 17969 
C15440 27916 C12280 3742 C11689 29326 C14532 29640 
C15445 8379 C12290 14194 C11694 7871 C14674 18581 
C15481 40368 C12294 4292 C11750 16641 C14675 26160 
C15495 92772 C12392 5450 C11790 7688 C14685 96867 
C15501 71574 C12478 6708 C11844 6753 C14838 87563 
C15552 15761 C12600 3657 C11913 12181 C14910 106176 
C15687 8683 C12685 3901 C12065 17377 C14926 42696 
C16250 19513 C12837 6363 C12114 16203 C15055 27713 
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C16403 35717 C12958 11296 C12143 12424 C15056 29422 
C16450 19051 C13109 11670 C12600 12609 C15061 17689 
C16535 47812 C13235 3764 C12666 13791 C15109 14255 
C16569 11261 C13652 6384 C12798 5997 C15122 25615 
C16589 40368 C13703 6143 C12946 29824 C15172 60599 
C16662 27024 C13743 4891 C13542 26870 C15328 17435 
C16696 11261 C13772 14371 C13652 10362 C15358 14270 
C16817 9041 C13785 10320 C13668 7372 C15370 38405 
C16831 7069 C13786 9935 C13705 23633 C15451 29422 
C16910 35888 C13796 3325 C13733 11725 C15463 49413 
C16921 10990 C13835 9449 C13748 7234 C15464 12895 
C16995 18898 C13976 9686 C13762 9160 C15495 153349 
C17013 27916 C13993 11670 C13772 16150 C15501 87719 
C17221 21183 C14015 8360 C14259 12661 C15556 21736 
C17222 25333 C14245 4182 C14339 6422 C15629 12036 
C17231 13446 C14274 7699 C14477 33735 C16308 20998 
C17253 13841 C14339 12232 C14488 10329 C16488 31784 
C17971 8346 C14352 8104 C14526 35386 C16518 15251 

  C14407 4524 C14685 46655 C16535 43030 

  C14510 10299 C14761 7483 C16612 24305 

  C14520 5465 C14886 7688 C16613 11549 

  C14526 20157 C14889 4734 C16894 13416 

  C14657 3138 C14910 77454 C16910 95276 

  C14685 21050 C14915 16150 C16995 52335 

  C14686 7125 C14927 9621 C17063 18743 

  C14872 13722 C14938 13125 C17097 17544 

  C14876 8329 C15056 18084 C17167 28980 

  C14889 12037 C15067 9954 C17222 24827 

  C14910 25232 C15172 52963 C17369 23300 

  C14915 14371 C15267 11288 C17497 49276 

  C14924 8597 C15338 5852 C17559 27928 

  C14926 7405 C15370 35455 C17709 34874 

  C14998 3780 C15451 18084 C17770 54390 

  C15109 7586 C15452 13125 C17771 12372 

  C15119 7405 C15495 24508 C17970 22372 

  C15172 42350 C15501 8129 C17973 19146 

  C15267 3849 C15634 11253 C17989 10538 

  C15360 3764 C15720 10991 C18043 17099 

  C15400 11871 C16259 4398   
  C15445 5973 C16308 62268   
  C15495 57666 C16403 16203   
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  C15501 19141 C16446 9621   
  C15606 5147 C16535 20447   
  C15791 5123 C16562 4398   
  C15809 5623 C16795 19716   
  C16344 14721 C16805 22749   
  C16355 9311 C16893 31299   
  C16452 5613 C16910 5921   
  C16521 2025 C16928 17680   
  C16535 6920 C16995 4079   
  C16537 8769 C17005 11592   
  C16620 4170 C17104 6993   
  C16750 3773 C17222 27785   
  C16790 4398 C17224 6455   
  C16910 17017 C17399 9619   
  C16921 3919 C17474 11182   
  C16995 19990 C17515 8291   
  C17222 7714 C17559 47730   
  C17535 4314 C17709 23023   
  C17676 3935 C17783 6765   
  C17731 4461 C17972 10232   
  C17748 4557 C17996 9479   
  C17973 3741     
  C17981 3773     
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Table F.4 KEGG ID and Signal Intensity for HLB elution with 100 % MeOH, pH 3 
Sham Sham TETA Diabetic Diabetic-TETA 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

C00025 5592 C00031 79801 C00031 37530 C00018 8344 
C00031 17474 C00047 3611 C00051 5694 C00031 23298 
C00064 9030 C00062 7213 C00078 21908 C00042 20853 
C00078 26705 C00078 23207 C00079 3632 C00049 4899 
C00079 4133 C00079 21705 C00082 4355 C00067 9340 
C00082 6662 C00082 6571 C00108 3764 C00078 23012 
C00106 6550 C00106 5295 C00113 19038 C00108 11842 
C00122 7800 C00111 10823 C00153 9732 C00117 5025 
C00129 6946 C00117 4564 C00158 5889 C00122 4899 
C00134 6164 C00147 6685 C00180 3892 C00147 19829 
C00148 4628 C00148 11865 C00183 11884 C00153 53428 
C00149 4325 C00153 35946 C00212 10503 C00163 12754 
C00153 8929 C00191 11828 C00225 3683 C00170 16829 
C00183 7746 C00196 7626 C00233 5840 C00183 18069 
C00184 5282 C00212 18774 C00239 7417 C00192 3903 
C00209 7863 C00214 5180 C00246 14764 C00193 10176 
C00212 12406 C00225 3132 C00249 25575 C00212 58418 
C00227 4822 C00249 49657 C00262 21642 C00225 5347 
C00246 11208 C00262 27328 C00268 14522 C00246 13315 
C00249 30482 C00268 19594 C00270 14768 C00249 14159 
C00257 4627 C00270 21016 C00272 17981 C00262 35025 
C00262 21618 C00284 3482 C00294 49511 C00268 14697 
C00268 5210 C00294 19030 C00296 9101 C00270 25778 
C00270 16057 C00299 11402 C00299 9415 C00280 13209 
C00272 9650 C00387 4717 C00318 9888 C00284 2617 
C00294 47871 C00390 5472 C00329 4317 C00294 40769 
C00299 11071 C00392 14558 C00371 11441 C00296 10235 
C00327 12579 C00398 12914 C00392 9402 C00299 38844 
C00352 3717 C00410 6047 C00449 5418 C00318 5737 
C00370 14059 C00423 11448 C00475 3637 C00327 4989 
C00371 5636 C00438 4186 C00478 15053 C00365 10702 
C00378 11116 C00449 9342 C00482 5658 C00371 4813 
C00387 7078 C00475 3864 C00507 35965 C00378 4631 
C00389 3213 C00507 55840 C00523 8734 C00385 23591 
C00390 4279 C00517 7608 C00559 39214 C00390 13864 
C00392 11178 C00523 6004 C00561 15262 C00392 56017 
C00449 13045 C00559 38795 C00588 42133 C00399 5517 
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C00472 3474 C00588 16785 C00612 4129 C00400 5737 
C00475 4437 C00590 10432 C00642 11079 C00414 13774 
C00493 4444 C00659 14001 C00644 4501 C00418 8083 
C00507 11192 C00669 9315 C00659 6644 C00449 9567 
C00517 8751 C00670 56187 C00670 64018 C00475 5396 
C00523 13132 C00747 4079 C00703 10140 C00488 12124 
C00559 15695 C00802 5435 C00729 7862 C00507 38904 
C00561 18799 C00808 6321 C00747 3494 C00517 14798 
C00579 5299 C00814 5521 C00761 4127 C00523 9424 
C00588 21221 C00831 12752 C00808 4035 C00544 7890 
C00590 11471 C00835 41589 C00830 3802 C00556 12643 
C00604 7978 C00844 18455 C00831 9796 C00559 53110 
C00619 5286 C00848 10996 C00835 22789 C00561 12514 
C00632 4819 C00858 20479 C00844 15877 C00588 28315 
C00644 2965 C00881 5805 C00848 18800 C00590 12568 
C00647 9689 C00909 12792 C00858 18032 C00604 29759 
C00659 11366 C00913 7626 C00864 11441 C00612 5740 
C00670 40742 C00921 39696 C00909 11300 C00632 6525 
C00672 7255 C00939 7324 C00921 25663 C00647 5901 
C00715 4306 C00955 16785 C00955 32305 C00659 13356 
C00741 10298 C00977 4600 C00959 7060 C00669 9632 
C00767 2761 C00988 5262 C00994 8357 C00670 28619 
C00803 4050 C00994 4356 C01005 9500 C00672 8014 
C00808 5183 C01014 12779 C01037 6591 C00715 8114 
C00831 8263 C01090 11607 C01092 7314 C00813 5373 
C00835 3812 C01092 3786 C01108 17553 C00814 6335 
C00844 18084 C01126 9534 C01121 11869 C00831 4730 
C00848 9758 C01133 5003 C01133 5715 C00835 46535 
C00858 2267 C01136 45460 C01136 20791 C00844 46737 
C00860 5536 C01169 6979 C01210 15262 C00848 8929 
C00864 5636 C01173 7439 C01215 5361 C00858 10851 
C00869 15010 C01179 15471 C01239 7451 C00859 5595 
C00881 9019 C01180 3727 C01285 5104 C00864 4813 
C00884 5923 C01226 18503 C01297 13224 C00869 15598 
C00906 2903 C01255 14490 C01390 13721 C00881 8620 
C00909 8745 C01297 7704 C01407 8125 C00909 14058 
C00919 2458 C01300 5424 C01410 6265 C00918 8381 
C00921 15341 C01349 4091 C01412 12474 C00921 12605 
C00931 5968 C01425 23823 C01425 11488 C00939 11695 
C00955 13171 C01449 7483 C01458 15641 C00955 17691 
C00957 5436 C01458 11432 C01586 10403 C00959 10991 
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C00959 5345 C01477 10545 C01595 14827 C00968 4778 
C00989 6715 C01541 11434 C01598 6602 C00971 4641 
C00990 3364 C01545 7982 C01601 5271 C00993 4641 
C00994 3969 C01586 34269 C01620 23685 C01037 3878 
C01005 4489 C01588 14837 C01624 10886 C01041 6525 
C01014 4704 C01594 5007 C01632 6408 C01090 11052 
C01041 4819 C01595 43560 C01657 7290 C01092 8435 
C01090 8776 C01601 6072 C01672 7550 C01100 5736 
C01108 12342 C01606 8720 C01682 7726 C01108 5901 
C01133 3812 C01620 23834 C01699 10545 C01126 19189 
C01136 21712 C01657 7149 C01710 13250 C01133 21150 
C01179 10599 C01683 5657 C01727 4603 C01136 53922 
C01180 4636 C01710 20033 C01729 7895 C01176 5851 
C01210 18799 C01729 13847 C01746 7550 C01179 11537 
C01226 16983 C01756 4794 C01760 10000 C01210 12514 
C01234 3196 C01760 9645 C01801 7948 C01215 10296 
C01269 3213 C01767 8593 C01804 54614 C01223 10729 
C01279 8827 C01779 5666 C01845 10942 C01226 25420 
C01380 4878 C01804 60000 C01909 4010 C01233 13440 
C01410 7136 C01819 16565 C01932 13149 C01255 15019 
C01416 14307 C01842 3852 C02029 11512 C01297 4804 
C01425 9887 C01869 7360 C02061 15522 C01349 7068 
C01449 11817 C01874 9864 C02084 6088 C01358 9900 
C01458 11128 C01892 8993 C02217 8205 C01410 9099 
C01484 8796 C01893 9029 C02222 11126 C01416 16878 
C01541 5500 C01932 6237 C02253 14084 C01425 17885 
C01566 7452 C01961 17153 C02264 5649 C01458 38559 
C01571 8892 C01963 10786 C02293 3656 C01464 9295 
C01586 7535 C01965 5143 C02325 7530 C01514 8570 
C01588 18600 C02029 24775 C02345 17993 C01523 5938 
C01594 7664 C02061 10631 C02355 7991 C01545 12914 
C01595 4711 C02155 3912 C02359 17528 C01586 39429 
C01596 5054 C02217 7016 C02367 7346 C01588 19764 
C01606 12966 C02222 15475 C02381 13864 C01594 9107 
C01616 6988 C02253 26374 C02445 14512 C01595 74173 
C01620 23090 C02264 5424 C02453 10176 C01601 6676 
C01625 8103 C02293 10010 C02494 8664 C01606 11817 
C01682 13043 C02325 14444 C02496 10403 C01620 35201 
C01683 7321 C02328 14671 C02517 40176 C01657 9523 
C01710 8473 C02345 8352 C02526 5263 C01682 8112 
C01727 7114 C02355 6708 C02581 10741 C01709 9288 
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C01729 2667 C02367 13178 C02628 5671 C01710 16184 
C01752 3774 C02381 14730 C02679 8754 C01727 30503 
C01760 7106 C02445 29445 C02713 18073 C01729 12294 
C01804 39121 C02453 23633 C02718 9465 C01752 6641 
C01817 5622 C02494 65099 C02726 7584 C01755 4224 
C01853 4573 C02496 9259 C02809 9035 C01760 15362 
C01877 9030 C02517 38795 C02838 11502 C01762 5807 
C01893 8460 C02533 14715 C02852 54661 C01779 6715 
C01909 3806 C02571 3757 C02862 3760 C01804 57833 
C01932 3550 C02628 7560 C02868 5261 C01817 8433 
C01948 6375 C02638 4183 C02906 8357 C01845 4500 
C01961 12571 C02679 10936 C02916 5881 C01893 7603 
C01964 3531 C02713 18134 C02947 4386 C01909 2923 
C01965 5446 C02726 18196 C03044 4019 C01932 5340 
C02029 18559 C02730 6089 C03137 26441 C02029 6597 
C02061 21175 C02771 10998 C03178 6903 C02061 12757 
C02091 7074 C02774 7694 C03218 26394 C02064 5585 
C02161 6064 C02807 4278 C03340 5303 C02091 5193 
C02217 7533 C02809 16387 C03343 22871 C02106 7690 
C02222 9154 C02838 8454 C03354 6310 C02161 4276 
C02230 4745 C02852 7872 C03365 40498 C02217 13798 
C02253 6624 C02947 8448 C03404 17433 C02240 5007 
C02256 7315 C02951 4568 C03409 4732 C02253 19760 
C02290 5136 C02952 8467 C03410 4994 C02256 27160 
C02293 4488 C03001 4717 C03411 12672 C02293 10006 
C02325 6439 C03002 12614 C03495 12783 C02325 11171 
C02345 16081 C03003 10395 C03510 9641 C02328 13185 
C02367 17578 C03015 4204 C03624 6751 C02345 8960 
C02381 7659 C03037 15506 C03682 6595 C02366 6271 
C02390 9189 C03059 10109 C03767 9809 C02367 16949 
C02445 21520 C03092 3365 C03795 9835 C02381 11184 
C02453 6712 C03137 10735 C03843 13841 C02445 19225 
C02455 3959 C03142 4970 C03861 6410 C02453 16951 
C02466 10164 C03166 6313 C03929 25310 C02487 4506 
C02494 11186 C03218 39587 C03975 4156 C02494 45302 
C02496 9944 C03296 11868 C04000 11135 C02496 14261 
C02502 12450 C03340 5790 C04020 5697 C02517 50618 
C02517 19276 C03343 18871 C04045 9639 C02533 31668 
C02533 12735 C03365 27003 C04112 7764 C02571 12260 
C02590 3978 C03404 8913 C04137 5570 C02628 3099 
C02678 3808 C03411 19295 C04148 4442 C02636 13208 
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C02679 19349 C03474 9536 C04201 15368 C02678 10726 
C02700 13773 C03494 4050 C04271 7290 C02713 16173 
C02713 11438 C03584 6398 C04284 4442 C02726 11220 
C02726 9825 C03621 10998 C04291 7083 C02771 7167 
C02771 9307 C03622 4036 C04333 10981 C02774 5186 
C02778 3972 C03929 23653 C04337 8308 C02778 7406 
C02809 10589 C03955 1849 C04399 9385 C02807 10086 
C02824 6301 C03972 7626 C04404 9888 C02809 22406 
C02837 3777 C04020 9438 C04457 6116 C02838 29449 
C02852 25402 C04083 6799 C04469 20340 C02852 68955 
C02862 4759 C04114 7807 C04498 8664 C02862 6211 
C02906 3969 C04148 9139 C04521 21400 C02945 11565 
C02916 4679 C04203 6472 C04524 22563 C02952 26083 
C02947 4476 C04211 6830 C04544 5963 C02975 8114 
C02952 10050 C04284 7811 C04546 31926 C02997 6614 
C02957 11708 C04332 4484 C04561 11764 C03002 13268 
C02975 4306 C04333 8104 C04583 33403 C03003 4520 
C03001 3684 C04359 4216 C04717 7115 C03012 10086 
C03003 8082 C04424 7483 C04875 7013 C03037 14154 
C03037 15260 C04469 8140 C04905 4442 C03044 15459 
C03047 6159 C04498 53128 C05010 4177 C03059 20853 
C03066 4306 C04521 36665 C05026 7429 C03066 8114 
C03076 2563 C04524 49801 C05131 4423 C03088 10184 
C03089 3708 C04535 8749 C05176 8713 C03092 23049 
C03137 13535 C04544 4437 C05252 9781 C03113 3889 
C03142 4405 C04547 4870 C05283 4423 C03137 29835 
C03145 12347 C04561 20844 C05318 5845 C03142 5966 
C03149 6289 C04583 34306 C05380 9500 C03218 25111 
C03164 5564 C04584 5262 C05576 6595 C03248 29002 
C03169 15649 C04586 4903 C05595 13407 C03296 12118 
C03218 15931 C04594 22062 C05649 9910 C03299 5585 
C03277 6854 C04666 7868 C05655 9415 C03305 7406 
C03283 3196 C04717 15640 C05695 16101 C03343 27999 
C03296 4587 C04732 9148 C05817 4965 C03349 5070 
C03305 3972 C04744 5037 C05832 10351 C03365 47884 
C03311 3134 C04785 8642 C05901 10894 C03404 4412 
C03343 19546 C04874 12183 C05908 4855 C03411 17664 
C03360 5321 C04905 5233 C05949 7115 C03414 10522 
C03365 17151 C05010 4441 C05995 6408 C03450 13440 
C03404 8812 C05028 11048 C06054 9757 C03510 19201 
C03406 4883 C05176 13266 C06079 25431 C03621 5454 
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C03411 8739 C05201 5556 C06082 12239 C03648 8952 
C03413 8652 C05204 5489 C06121 9312 C03657 5069 
C03510 7135 C05298 10551 C06356 5635 C03682 6641 
C03582 2525 C05318 43553 C06366 6898 C03710 14655 
C03621 5564 C05324 5991 C06386 9168 C03712 10030 
C03629 2838 C05340 13536 C06424 9954 C03767 13208 
C03682 14185 C05382 4001 C06426 32239 C03838 7109 
C03710 9449 C05401 9802 C06454 15262 C03843 11837 
C03843 20772 C05484 4234 C06469 10503 C03861 5399 
C03861 5633 C05565 5338 C06470 17821 C03929 31017 
C03864 4745 C05595 18408 C06526 5850 C03955 4103 
C03872 6119 C05643 29086 C06536 17015 C03996 4840 
C03901 6098 C05655 11402 C06551 4481 C04020 9957 
C03929 20910 C05695 5369 C06559 37373 C04045 12052 
C03955 5573 C05775 9920 C06575 7060 C04083 4657 
C03962 2903 C05808 10456 C06578 10566 C04148 5501 
C03996 5412 C05823 8119 C06580 4156 C04201 9342 
C04002 3799 C05832 13819 C06604 5990 C04211 6681 
C04020 10244 C05848 9652 C06658 3955 C04277 5972 
C04045 19083 C05856 9079 C06673 13818 C04291 6773 
C04071 7579 C05908 6784 C06712 9641 C04462 8932 
C04079 4253 C05931 11829 C06734 5448 C04469 47247 
C04148 12479 C05939 9806 C06772 14764 C04479 6290 
C04201 2749 C05944 4632 C06810 4862 C04498 45428 
C04211 2649 C05949 15640 C06824 5861 C04521 12091 
C04242 4681 C06034 8437 C06871 9538 C04524 56376 
C04284 6178 C06079 65683 C06979 12626 C04535 14632 
C04290 2921 C06082 7804 C06996 5492 C04546 51871 
C04314 6249 C06087 11461 C06997 4254 C04547 10191 
C04332 5299 C06093 8393 C07036 7426 C04561 13866 
C04333 10985 C06121 20987 C07049 7055 C04583 78614 
C04415 8704 C06123 4365 C07070 8753 C04594 43959 
C04424 9747 C06360 5919 C07130 24464 C04717 20064 
C04452 18506 C06385 4819 C07149 67491 C04812 3340 
C04457 5796 C06386 18928 C07171 5111 C04834 15485 
C04469 8392 C06424 7085 C07172 19906 C05028 9824 
C04479 6310 C06426 63019 C07175 11639 C05113 7690 
C04498 6049 C06444 6181 C07182 7244 C05172 10537 
C04521 18406 C06469 16221 C07184 2979 C05175 10030 
C04524 48447 C06470 17077 C07258 4977 C05176 35656 
C04535 4363 C06531 4701 C07274 7055 C05204 3992 
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C04546 3630 C06546 8352 C07332 17207 C05318 24054 
C04547 4242 C06559 32002 C07355 7060 C05324 9969 
C04561 13851 C06578 11408 C07356 8057 C05341 13036 
C04583 20868 C06579 8243 C07359 2764 C05349 5595 
C04594 19737 C06580 5240 C07363 4515 C05380 6614 
C04717 14714 C06656 13536 C07366 12668 C05382 8433 
C04742 13518 C06658 4418 C07372 5694 C05513 16077 
C04867 3048 C06673 5369 C07391 10351 C05515 7478 
C04905 6178 C06677 5649 C07417 14558 C05527 7685 
C04908 18506 C06803 6047 C07435 3889 C05539 6290 
C05010 7305 C06806 4185 C07481 37197 C05570 12148 
C05028 9552 C06821 4608 C07487 6231 C05580 13001 
C05079 4531 C06852 4234 C07489 12531 C05588 2923 
C05127 3999 C06905 4425 C07493 6602 C05595 26243 
C05131 4406 C06924 4149 C07498 5104 C05643 24242 
C05135 3668 C06979 13541 C07516 9177 C05655 20588 
C05283 4406 C06996 3363 C07524 11869 C05657 5069 
C05318 15431 C06997 5180 C07539 17015 C05695 5633 
C05324 4336 C07034 6856 C07542 12950 C05704 29906 
C05380 4489 C07049 3818 C07572 10545 C05775 14068 
C05382 4029 C07053 6191 C07582 9538 C05808 9523 
C05539 6310 C07065 8253 C07590 5104 C05817 14107 
C05562 10193 C07130 72042 C07611 26078 C05832 15335 
C05570 9387 C07140 4640 C07640 12239 C05848 15301 
C05576 8612 C07149 56187 C07651 3859 C05856 8068 
C05588 4097 C07172 20628 C07672 8793 C05901 5347 
C05595 9317 C07184 9220 C07714 10272 C05931 10635 
C05655 11071 C07194 5579 C07721 12531 C05939 17667 
C05695 12494 C07196 15053 C07790 4194 C05949 20060 
C05775 5040 C07205 4802 C07825 4289 C06034 7279 
C05817 8438 C07224 4192 C07827 6547 C06079 24188 
C05832 21091 C07230 4522 C07837 3541 C06082 18476 
C05848 5953 C07258 3915 C07846 6709 C06087 9100 
C05855 5446 C07263 6893 C07868 13273 C06093 8947 
C05856 5638 C07274 3818 C07890 10431 C06121 37514 
C05901 9489 C07313 5666 C07915 11502 C06123 32815 
C05931 11096 C07322 11324 C07928 9641 C06356 22963 
C05949 14714 C07325 7379 C07943 8768 C06360 10842 
C06034 6348 C07332 27913 C07997 4514 C06386 17481 
C06054 2749 C07366 8104 C08026 3889 C06424 18682 
C06079 114114 C07391 12035 C08051 3848 C06426 48628 
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C06082 12581 C07417 23850 C08052 23677 C06444 9183 
C06088 2732 C07422 7465 C08163 5694 C06452 15927 
C06108 8353 C07425 6681 C08193 5090 C06454 12514 
C06114 5979 C07429 5195 C08261 4515 C06469 49536 
C06160 7561 C07435 5991 C08272 5539 C06470 18029 
C06184 5539 C07445 4400 C08278 28235 C06523 6025 
C06356 8522 C07481 27003 C08288 5306 C06528 4058 
C06360 8276 C07485 6390 C08290 14448 C06556 8815 
C06385 4161 C07487 7452 C08317 40674 C06559 36703 
C06386 10589 C07491 8119 C08318 11300 C06575 13612 
C06423 2497 C07501 8455 C08331 39965 C06578 11859 
C06424 7917 C07514 10370 C08332 4515 C06580 10150 
C06426 45269 C07521 5442 C08344 7276 C06604 3963 
C06444 7692 C07540 3747 C08362 16121 C06613 17932 
C06454 18799 C07542 15504 C08372 14152 C06673 5633 
C06457 5464 C07573 7217 C08375 18646 C06675 9621 
C06469 11977 C07611 14346 C08430 11594 C06712 19201 
C06470 10655 C07624 9719 C08437 15852 C06772 13315 
C06526 2832 C07625 6047 C08451 5609 C06793 10066 
C06535 2298 C07631 7166 C08463 31200 C06810 22528 
C06536 6321 C07640 8018 C08482 7863 C06818 5054 
C06546 9074 C07642 1849 C08483 13655 C06819 4676 
C06559 28824 C07650 10941 C08485 5405 C06857 16097 
C06577 6603 C07673 4632 C08491 23816 C06916 14230 
C06578 6329 C07693 6841 C08494 8181 C06924 6042 
C06579 4823 C07714 7078 C08528 10968 C06930 6297 
C06604 2064 C07819 9802 C08531 16380 C06948 8793 
C06606 7572 C07825 13541 C08533 19802 C06979 9698 
C06608 7006 C07827 8913 C08535 11869 C06984 18945 
C06638 4571 C07844 5166 C08548 8181 C06996 5053 
C06657 9650 C07846 5003 C08564 19802 C07053 20761 
C06658 3711 C07868 19996 C08566 11511 C07083 12589 
C06673 11201 C07890 6474 C08740 5485 C07115 4405 
C06678 4498 C07910 7166 C08981 13224 C07126 7133 
C06681 3998 C07915 8454 C08992 15727 C07130 25654 
C06685 9199 C07927 9277 C09002 36916 C07141 4058 
C06712 5976 C07935 5940 C09003 5845 C07142 5740 
C06727 5066 C07937 3819 C09015 11374 C07149 25144 
C06752 6889 C07943 8106 C09016 9538 C07172 27334 
C06772 11208 C07964 6518 C09136 18451 C07182 5964 
C06809 2540 C08026 5991 C09142 9328 C07195 17797 
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C06819 4196 C08052 10522 C09176 9873 C07230 8010 
C06860 3048 C08062 4494 C09187 6700 C07263 14300 
C06871 3753 C08079 6126 C09209 4514 C07294 6186 
C06918 3978 C08159 4376 C09210 4081 C07315 8848 
C06924 4627 C08197 10545 C09238 9684 C07322 8601 
C06931 2298 C08201 15566 C09281 9475 C07323 5034 
C06969 3213 C08235 7933 C09289 9240 C07332 14282 
C06979 12597 C08261 4257 C09293 12522 C07342 5807 
C06996 19044 C08280 10998 C09295 5845 C07355 15742 
C07035 4201 C08290 17278 C09329 11335 C07359 19252 
C07053 3846 C08299 4802 C09338 3192 C07366 5596 
C07103 6108 C08305 3400 C09339 10351 C07391 15087 
C07130 21491 C08317 74930 C09343 9937 C07411 12722 
C07148 9224 C08318 40905 C09346 11570 C07417 12727 
C07149 37257 C08328 3588 C09387 27366 C07435 5175 
C07172 21732 C08331 50298 C09482 21343 C07481 47884 
C07184 3998 C08338 9342 C09489 11488 C07487 4925 
C07194 7658 C08362 28524 C09492 28872 C07493 5034 
C07219 7518 C08375 20224 C09519 24678 C07510 7011 
C07263 14115 C08388 6833 C09548 28017 C07521 29246 
C07332 16636 C08395 13350 C09559 15015 C07523 9813 
C07355 5345 C08402 4077 C09560 8664 C07541 8721 
C07356 6142 C08430 4897 C09570 12185 C07542 25145 
C07366 13996 C08437 55676 C09573 40388 C07558 7539 
C07391 17153 C08445 5166 C09623 14994 C07560 7851 
C07410 11193 C08449 8977 C09632 6447 C07611 40956 
C07417 4160 C08451 10523 C09633 6225 C07620 7148 
C07429 9344 C08475 9920 C09649 5382 C07640 15613 
C07435 7741 C08482 11568 C09674 11781 C07642 10293 
C07440 3715 C08483 36675 C09695 4772 C07646 6493 
C07448 7853 C08485 7393 C09702 6990 C07650 10944 
C07481 18108 C08486 16500 C09715 27210 C07714 5182 
C07485 2648 C08487 7784 C09741 11502 C07722 9183 
C07488 3424 C08491 9965 C09747 26394 C07723 4213 
C07495 19199 C08494 8088 C09807 15741 C07785 4922 
C07519 4169 C08510 8576 C09870 48383 C07819 4722 
C07528 7305 C08517 4091 C09907 13014 C07825 9698 
C07539 6321 C08531 4435 C09909 11575 C07827 4412 
C07542 14380 C08533 33291 C09917 14050 C07833 4588 
C07546 12499 C08548 8088 C09936 14030 C07846 15278 
C07573 5500 C08549 4435 C09942 6990 C07868 11987 
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C07585 7000 C08564 33291 C09950 28601 C07886 7109 
C07611 21197 C08566 20319 C09951 4501 C07890 28588 
C07620 3849 C08570 8181 C09954 3704 C07915 22617 
C07640 9935 C08571 11486 C10024 9538 C07928 9945 
C07642 3431 C08695 3930 C10052 16380 C07935 5619 
C07650 3616 C08740 14853 C10150 7298 C07939 5054 
C07658 3799 C08981 7254 C10254 13268 C07949 10522 
C07714 9201 C08992 14938 C10258 40388 C08026 5175 
C07722 10931 C09002 25400 C10281 9596 C08088 5780 
C07723 2815 C09003 39060 C10371 5138 C08090 13955 
C07771 5019 C09015 7293 C10427 7440 C08201 14154 
C07785 2277 C09018 16625 C10429 13090 C08244 8112 
C07825 12597 C09023 13830 C10435 7645 C08272 13097 
C07827 8812 C09036 4779 C10455 5609 C08278 23621 
C07868 5067 C09054 5556 C10497 5609 C08286 5268 
C07881 3137 C09067 4917 C10523 25132 C08290 56023 
C07886 3791 C09119 7837 C10568 10320 C08305 12743 
C07904 2785 C09130 13093 C10610 3916 C08317 61331 
C07928 5799 C09136 18455 C10626 10176 C08318 61277 
C07943 10793 C09160 10646 C10632 9045 C08322 10913 
C07982 8289 C09176 10281 C10643 5694 C08331 33228 
C08010 5705 C09197 3647 C10648 24952 C08332 5643 
C08026 7741 C09210 8976 C10656 32907 C08338 11485 
C08051 7967 C09238 8502 C10665 9187 C08362 49418 
C08052 14999 C09240 15519 C10689 19301 C08370 5905 
C08090 5217 C09267 10539 C10703 13268 C08375 28013 
C08109 3978 C09280 6928 C10705 10351 C08437 10297 
C08159 14313 C09281 13948 C10714 5814 C08450 4170 
C08193 9787 C09289 12081 C10912 10551 C08465 8905 
C08195 3887 C09293 21300 C10919 18428 C08475 10580 
C08201 15260 C09295 59503 C10925 12347 C08482 21273 
C08233 5328 C09315 29811 C10930 5658 C08483 9780 
C08244 6237 C09329 13966 C10931 6887 C08485 4767 
C08261 5794 C09338 11805 C10944 4515 C08486 6558 
C08272 6086 C09339 12035 C10967 4597 C08490 10203 
C08277 5299 C09344 12046 C10973 3640 C08491 34147 
C08278 5540 C09346 81794 C10995 11929 C08494 10339 
C08290 9582 C09387 21932 C11015 4492 C08512 4722 
C08301 7006 C09392 5573 C11019 8576 C08517 7068 
C08309 5923 C09482 6830 C11048 11461 C08522 8616 
C08314 3876 C09489 23823 C11079 44729 C08528 6013 
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C08317 21843 C09492 51319 C11086 3698 C08533 17177 
C08318 8745 C09519 32528 C11088 6517 C08548 10339 
C08331 116267 C09548 57968 C11111 7849 C08561 3340 
C08332 8636 C09559 9409 C11114 17193 C08564 17177 
C08338 8194 C09560 10597 C11127 18451 C08566 15003 
C08344 4796 C09570 26408 C11166 6990 C08570 9465 
C08362 21251 C09573 45665 C11181 28175 C08571 27669 
C08375 7094 C09623 17402 C11185 5104 C08695 4259 
C08402 7240 C09632 21234 C11207 11419 C08740 3547 
C08437 20237 C09633 13358 C11217 5394 C08981 11335 
C08450 2939 C09645 18674 C11232 10543 C08992 23653 
C08451 2279 C09646 7374 C11259 5497 C09002 25486 
C08456 6098 C09674 15300 C11263 5576 C09003 24054 
C08463 4087 C09675 12607 C11265 3874 C09015 23932 
C08475 5502 C09690 8352 C11305 5470 C09018 12476 
C08482 3134 C09695 6614 C11329 21955 C09023 15961 
C08483 31899 C09702 14605 C11337 8753 C09036 25050 
C08485 6962 C09715 25557 C11494 4708 C09130 5467 
C08486 6817 C09729 13207 C11544 50552 C09136 49625 
C08491 18307 C09741 18993 C11565 28085 C09142 4635 
C08494 5214 C09747 39587 C11569 10545 C09154 7845 
C08499 5539 C09766 3935 C11619 21345 C09160 10367 
C08512 4687 C09772 28849 C11623 6519 C09176 12342 
C08522 5828 C09807 37500 C11633 6398 C09187 11296 
C08528 5426 C09870 67102 C11711 6265 C09191 11387 
C08533 9302 C09897 3248 C11716 3364 C09197 8759 
C08548 5214 C09907 9111 C11798 8387 C09210 5490 
C08556 12947 C09909 8885 C11802 14568 C09231 20766 
C08564 9302 C09917 21200 C11841 7427 C09238 5607 
C08566 8677 C09936 23055 C11844 5043 C09240 14296 
C08570 3970 C09950 33402 C11872 12461 C09280 17616 
C08571 2692 C10019 7042 C11913 103724 C09289 28588 
C08722 12240 C10055 7655 C12025 9205 C09293 15946 
C08728 4853 C10141 6072 C12100 17519 C09295 28631 
C08740 5067 C10145 4091 C12110 21685 C09315 25168 
C08981 7987 C10150 15255 C12114 32305 C09322 5095 
C08992 12976 C10256 15382 C12248 9500 C09329 12146 
C09002 18201 C10258 45665 C12330 5963 C09339 18721 
C09003 15431 C10263 14605 C12390 9937 C09343 9836 
C09015 13774 C10281 9019 C12392 5694 C09346 24153 
C09022 4377 C10284 3912 C12397 5963 C09350 13596 
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C09023 15833 C10296 16497 C12454 11961 C09375 5749 
C09052 3947 C10326 6396 C12798 13651 C09387 15049 
C09089 3168 C10371 13325 C12889 6777 C09397 2617 
C09130 4939 C10427 7039 C12986 7451 C09489 15400 
C09131 3930 C10429 11402 C13534 11279 C09492 96860 
C09136 23100 C10435 3967 C13542 4977 C09519 42594 
C09160 6093 C10455 10523 C13623 7991 C09548 33769 
C09176 10867 C10487 14671 C13666 3368 C09559 20414 
C09187 7741 C10497 10523 C13672 5303 C09569 5034 
C09197 2649 C10523 13072 C13673 4102 C09570 19394 
C09210 5371 C10568 20262 C13700 3848 C09573 30709 
C09231 2609 C10571 4589 C13705 7017 C09623 12500 
C09238 3210 C10610 4481 C13719 5261 C09633 7072 
C09240 6579 C10626 17388 C13793 10836 C09645 15320 
C09267 9376 C10632 6717 C13796 5853 C09674 8609 
C09280 8889 C10648 52150 C13826 3889 C09690 14152 
C09281 10734 C10656 27003 C13870 8664 C09702 11014 
C09293 11131 C10660 11982 C13915 6629 C09715 45262 
C09295 15424 C10665 5240 C13964 15262 C09729 10254 
C09302 14960 C10689 8087 C14112 10272 C09741 22617 
C09318 8368 C10703 4400 C14148 4111 C09747 25111 
C09329 16249 C10705 12035 C14150 5494 C09772 20440 
C09338 8854 C10713 4484 C14180 10968 C09807 22239 
C09339 25539 C10720 20794 C14181 9757 C09870 49802 
C09343 5426 C10768 5675 C14192 5912 C09897 8638 
C09344 8439 C10851 3365 C14217 7291 C09907 6954 
C09346 79823 C10856 15382 C14218 7429 C09909 61024 
C09350 4168 C10868 10145 C14225 20248 C09917 33327 
C09358 3428 C10878 7211 C14236 25500 C09936 22351 
C09368 6724 C10898 3365 C14250 4497 C09950 29202 
C09375 3782 C10902 9536 C14253 5632 C09981 8609 
C09387 11139 C10910 7439 C14258 36198 C10055 5095 
C09392 6802 C10912 8703 C14263 6602 C10125 6579 
C09482 7835 C10919 24877 C14274 14030 C10141 8936 
C09489 9887 C10925 4779 C14280 6752 C10145 7068 
C09492 33186 C10931 8576 C14299 7709 C10150 14123 
C09519 30600 C10958 7525 C14302 40388 C10161 11618 
C09548 37956 C10995 70374 C14305 17324 C10258 25144 
C09559 7543 C11006 6398 C14307 4127 C10263 11014 
C09560 11402 C11019 5233 C14324 15925 C10281 4799 
C09567 8262 C11048 5532 C14340 28104 C10296 12546 
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C09570 13986 C11079 25862 C14352 12852 C10326 8947 
C09573 21271 C11084 5602 C14395 6684 C10426 12022 
C09622 6266 C11085 4257 C14410 3192 C10427 20729 
C09623 6420 C11110 4494 C14417 11348 C10429 22277 
C09633 8022 C11111 25192 C14429 8198 C10435 33391 
C09645 13195 C11127 18455 C14457 27366 C10454 5301 
C09646 5297 C11164 4930 C14459 3874 C10487 13185 
C09657 10941 C11172 8119 C14472 8337 C10523 11797 
C09674 8674 C11180 6099 C14525 4010 C10568 12727 
C09690 6345 C11181 14461 C14549 11488 C10571 6491 
C09702 13323 C11217 3475 C14568 6535 C10605 5396 
C09715 21485 C11232 28430 C14569 5090 C10626 24721 
C09729 10384 C11259 16375 C14592 5298 C10632 9256 
C09734 8520 C11261 4900 C14617 5915 C10648 48015 
C09741 8517 C11263 5312 C14685 22043 C10656 47010 
C09747 15893 C11265 5005 C14750 6700 C10661 8053 
C09772 8704 C11290 6856 C14853 9121 C10662 8905 
C09807 16857 C11329 12746 C14873 8571 C10665 10150 
C09850 5217 C11355 4564 C14938 5883 C10674 6980 
C09870 18588 C11422 7597 C14971 5094 C10689 7665 
C09897 6796 C11494 8058 C14972 5809 C10705 15070 
C09907 12670 C11500 7942 C15040 4112 C10732 4058 
C09909 10053 C11501 5646 C15056 14768 C10733 4544 
C09917 7845 C11544 26437 C15084 19689 C10736 11738 
C09921 6577 C11565 29005 C15089 7290 C10758 5083 
C09936 19342 C11619 8868 C15179 9804 C10851 6063 
C09942 2749 C11623 15117 C15281 12018 C10857 13589 
C09950 20124 C11716 18004 C15311 9385 C10868 4394 
C09951 3100 C11798 3995 C15344 24031 C10878 22097 
C09954 7502 C11799 6200 C15383 7451 C10898 23049 
C10024 3753 C11801 4442 C15451 19099 C10901 14505 
C10055 2355 C11802 4444 C15452 5883 C10912 13473 
C10066 4050 C11839 5195 C15480 25926 C10919 17776 
C10139 2939 C11844 5555 C15485 7276 C10926 10988 
C10150 10699 C11849 10173 C15495 43758 C10927 8905 
C10254 3168 C11913 33382 C15500 39965 C10958 4980 
C10258 22559 C12025 10192 C15522 4146 C10995 43472 
C10263 7425 C12027 6281 C15532 12090 C10998 9743 
C10296 4109 C12089 4185 C15533 3764 C11015 5778 
C10371 9025 C12100 12657 C15556 10403 C11019 8010 
C10399 4267 C12104 3534 C15700 7985 C11048 7733 
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C10427 11025 C12110 16239 C16300 18668 C11079 57730 
C10429 9489 C12114 16830 C16308 41108 C11111 11757 
C10454 11965 C12117 26552 C16403 38504 C11113 6715 
C10455 2279 C12182 13316 C16420 8434 C11114 7702 
C10497 10182 C12188 8715 C16421 8434 C11127 47541 
C10523 12751 C12253 8054 C16508 17698 C11168 6086 
C10568 3502 C12270 11623 C16589 25926 C11179 6508 
C10592 4840 C12290 6685 C16598 12150 C11181 38990 
C10605 5816 C12330 4437 C16604 3848 C11207 10904 
C10610 9574 C12397 4437 C16608 6718 C11224 6271 
C10624 5254 C12454 12313 C16609 11639 C11232 31742 
C10626 6712 C12457 11015 C16612 4004 C11259 4520 
C10648 16080 C12599 3927 C16614 3967 C11263 30537 
C10656 13663 C12673 7597 C16633 27103 C11265 4684 
C10677 5464 C12679 4185 C16692 18073 C11277 10522 
C10689 3852 C12798 17399 C16789 4515 C11290 4915 
C10703 3168 C12842 10151 C16836 12090 C11329 11293 
C10705 11973 C12893 8255 C16850 8205 C11335 12759 
C10713 5299 C12946 8700 C16938 4386 C11467 6357 
C10720 12571 C12995 8535 C17007 4838 C11500 17596 
C10724 12947 C13038 7633 C17010 5049 C11510 9501 
C10846 10497 C13061 4732 C17063 16298 C11544 45402 
C10865 3654 C13144 5801 C17222 8521 C11565 49880 
C10909 8071 C13534 9246 C17226 36064 C11571 7848 
C10912 6795 C13623 6708 C17232 26139 C11619 10846 
C10919 10827 C13666 3374 C17357 8019 C11623 26776 
C10922 13739 C13705 12752 C17365 7726 C11633 9465 
C10927 6350 C13721 10646 C17370 7196 C11690 8751 
C10947 2847 C13733 5579 C17474 5711 C11711 9099 
C10970 7529 C13735 8119 C17486 4173 C11716 7043 
C11015 3943 C13749 5666 C17559 63679 C11766 5753 
C11019 9500 C13752 6841 C17603 7696 C11772 4727 
C11040 6769 C13757 18947 C17619 11170 C11798 4922 
C11048 3504 C13773 4615 C17676 5121 C11801 6014 
C11079 17707 C13793 9284 C17720 10551 C11802 14827 
C11084 4160 C13796 20265 C17732 10109 C11844 8006 
C11102 4118 C13826 5991 C17748 5632 C11913 128072 
C11111 31299 C13870 6186 C17783 12242 C11993 5517 
C11114 3752 C13915 17784 C17933 5020 C12022 9629 
C11127 16583 C14090 3700 C17941 7847 C12100 24417 
C11142 2915 C14112 3501 C17949 4069 C12110 30951 
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C11151 5825 C14168 4589 C17967 49494 C12114 17691 
C11156 2749 C14206 4241 C17981 8664 C12117 10010 
C11181 17492 C14217 5825 C18036 5515 C12119 7225 
C11207 12580 C14223 10385 C18056 10592 C12143 4544 
C11217 2530 C14225 19325   C12182 7978 
C11232 8868 C14236 39063   C12188 19688 
C11252 11958 C14245 7608   C12270 4927 
C11259 13559 C14251 7374   C12286 20744 
C11263 22482 C14252 10539   C12294 15175 
C11265 4871 C14253 11697   C12390 9836 
C11290 7131 C14258 33411   C12391 8793 
C11305 4989 C14268 7862   C12454 15456 
C11320 4444 C14274 38259   C12540 16829 
C11329 15004 C14278 7212   C12717 6441 
C11429 12347 C14280 10403   C12798 12592 
C11458 7410 C14299 11129   C12865 4213 
C11486 10459 C14302 45709   C12869 7690 
C11490 7691 C14305 13407   C12889 21971 
C11494 13703 C14307 6996   C12946 17745 
C11501 8431 C14324 38118   C13038 4924 
C11544 46421 C14325 4142   C13048 5034 
C11565 8679 C14340 14721   C13414 3485 
C11571 4314 C14395 18157   C13534 10243 
C11582 3844 C14410 18313   C13595 9276 
C11619 10077 C14416 11811   C13650 4501 
C11623 18197 C14429 4241   C13673 5168 
C11631 6125 C14433 3450   C13705 4730 
C11696 7561 C14457 21932   C13721 14371 
C11711 7136 C14459 3202   C13737 8358 
C11716 9314 C14470 3851   C13757 4927 
C11732 8796 C14501 7250   C13790 9644 
C11766 3816 C14519 3482   C13796 14134 
C11769 4618 C14549 23823   C13826 11260 
C11772 4297 C14571 4128   C13827 13222 
C11789 3243 C14599 18930   C13841 5919 
C11798 12646 C14614 3132   C13915 36270 
C11799 6746 C14617 8309   C13964 12514 
C11802 12542 C14685 14771   C14090 5070 
C11821 9960 C14860 4278   C14112 12043 
C11839 12453 C14876 9536   C14148 6224 
C11844 7772 C14938 9136   C14168 6491 
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C11913 21344 C14972 3797   C14180 6013 
C11917 8188 C15028 3647   C14204 4634 
C12100 13132 C15040 8868   C14225 24087 
C12104 6497 C15048 5240   C14236 41512 
C12110 7496 C15056 21016   C14245 14798 
C12114 12431 C15084 12235   C14250 21318 
C12117 12616 C15107 15106   C14253 10798 
C12188 20880 C15179 11090   C14257 6508 
C12244 6164 C15242 3819   C14258 34756 
C12248 4489 C15383 12459   C14274 34533 
C12270 12312 C15389 7655   C14280 18394 
C12286 2889 C15451 31885   C14282 13399 
C12294 3431 C15452 9136   C14302 30709 
C12331 8755 C15463 15978   C14305 20019 
C12374 5093 C15488 7231   C14307 10782 
C12390 10344 C15495 11750   C14316 8616 
C12452 8805 C15497 5280   C14324 4362 
C12454 4346 C15500 50298   C14340 23146 
C12599 4089 C15501 3952   C14343 6534 
C12717 6795 C15522 11875   C14357 5362 
C12798 4389 C15551 3725   C14384 5426 
C12842 13773 C15556 9259   C14405 5284 
C12865 2815 C15700 6268   C14406 20766 
C12869 11714 C16281 10725   C14410 2167 
C12995 7977 C16300 43731   C14416 8903 
C13085 10068 C16308 30051   C14433 9957 
C13311 4201 C16322 7020   C14438 3757 
C13650 2901 C16352 15563   C14453 8040 
C13666 6724 C16365 8545   C14457 15049 
C13673 9089 C16403 16830   C14470 8721 
C13700 13180 C16508 30244   C14501 14318 
C13705 7868 C16551 4732   C14506 8859 
C13708 11211 C16594 6337   C14510 8570 
C13721 6093 C16598 9378   C14549 15400 
C13733 7658 C16604 4802   C14580 4778 
C13737 7373 C16609 3709   C14599 10544 
C13757 12312 C16612 8496   C14617 18771 
C13792 4931 C16627 4912   C14657 4975 
C13793 17719 C16633 10522   C14685 23012 
C13796 18617 C16640 13424   C14700 15927 
C13826 7741 C16692 18134   C14750 7295 
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C13827 2875 C16790 6047   C14873 6112 
C13834 7322 C16795 24571   C14886 8616 
C13870 11402 C16850 7016   C14938 5468 
C13915 20176 C16938 8208   C15028 8759 
C13964 18799 C16995 11607   C15040 10846 
C14082 3654 C16996 3939   C15043 8638 
C14112 5605 C17005 16015   C15048 8831 
C14134 4134 C17007 3818   C15051 7690 
C14147 6550 C17063 3363   C15056 25778 
C14148 7275 C17214 10633   C15084 45585 
C14180 5426 C17222 13941   C15107 7167 
C14181 2749 C17224 6661   C15165 14548 
C14195 16405 C17226 19080   C15230 7539 
C14204 4745 C17232 11273   C15237 5280 
C14223 5188 C17239 5810   C15297 16077 
C14225 20183 C17246 3475   C15344 16941 
C14236 32785 C17369 12494   C15348 8421 
C14237 4872 C17370 9507   C15373 5585 
C14245 10937 C17372 20228   C15389 5314 
C14251 5297 C17474 8088   C15411 4676 
C14252 9376 C17497 8092   C15451 35051 
C14253 6575 C17559 65066   C15452 5468 
C14258 14898 C17603 8303   C15480 32179 
C14264 2606 C17619 4882   C15485 10339 
C14265 6830 C17638 12215   C15495 29428 
C14274 17935 C17676 4647   C15500 33228 
C14278 2921 C17720 8703   C15533 7849 
C14280 3372 C17748 11697   C15551 5467 
C14302 21332 C17949 8497   C15556 14261 
C14305 25902 C17967 153639   C16300 39957 
C14307 8098 C17981 6186   C16308 93670 
C14311 3983     C16322 13070 
C14324 20237     C16344 13209 
C14333 4026     C16352 4924 
C14340 11194     C16403 28315 
C14384 6183     C16420 4849 
C14395 8543     C16421 3113 
C14398 4197     C16508 34816 
C14407 6535     C16589 25762 
C14433 8774     C16594 6546 
C14439 7561     C16598 14930 
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C14457 11096     C16640 10006 
C14459 9998     C16675 13001 
C14501 8460     C16692 16173 
C14510 3878     C16782 5172 
C14526 5273     C16795 8083 
C14549 9887     C16850 13798 
C14569 9787     C16938 5613 
C14571 4551     C16993 14346 
C14584 6946     C16995 13586 
C14592 8093     C17005 7068 
C14599 17231     C17063 10370 
C14623 3708     C17101 5399 
C14685 19870     C17113 3647 
C14692 9035     C17158 13864 
C14750 7741     C17217 8195 
C14763 4768     C17221 8290 
C14900 2921     C17222 14768 
C14938 2267     C17224 4457 
C14972 11833     C17226 63885 
C14979 5760     C17229 22902 
C15020 6312     C17232 34445 
C15040 6141     C17249 4745 
C15045 6802     C17370 4859 
C15056 16057     C17372 5810 
C15077 4026     C17474 10021 
C15084 9747     C17497 18088 
C15117 4654     C17559 60421 
C15122 4000     C17575 9756 
C15165 7188     C17603 13327 
C15179 3997     C17619 20792 
C15237 3726     C17638 11286 
C15249 6398     C17676 7755 
C15344 10523     C17720 13046 
C15389 2355     C17730 4753 
C15396 4377     C17748 10798 
C15411 4196     C17967 148205 
C15427 4687     C17975 6086 
C15439 3552     C17985 5850 
C15451 9553       
C15452 2267       
C15463 10598       
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C15464 3384       
C15465 10869       
C15472 3298       
C15480 15427       
C15485 12022       
C15495 23120       
C15500 116267       
C15501 5287       
C15522 6460       
C15551 4939       
C15556 7535       
C15700 5632       
C16300 35530       
C16308 25025       
C16322 10914       
C16344 7980       
C16352 4918       
C16353 4360       
C16356 6953       
C16365 15331       
C16403 26017       
C16485 5403       
C16506 4200       
C16508 24298       
C16533 2311       
C16537 7980       
C16550 5408       
C16589 15427       
C16594 6184       
C16598 14881       
C16604 4981       
C16612 5097       
C16613 3976       
C16614 3256       
C16628 4969       
C16633 14120       
C16640 4488       
C16675 2451       
C16692 11438       
C16759 6263       
C16789 5794       
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C16790 8118       
C16795 18235       
C16850 6898       
C16938 7637       
C16993 3693       
C16994 6159       
C16995 12226       
C16996 7045       
C17063 9500       
C17101 3774       
C17158 10596       
C17221 2815       
C17222 8338       
C17224 3894       
C17225 5564       
C17226 63088       
C17229 4422       
C17230 9609       
C17232 19965       
C17239 3547       
C17246 2530       
C17359 2818       
C17365 4679       
C17370 4066       
C17371 5745       
C17372 3428       
C17380 5412       
C17474 7499       
C17497 14315       
C17559 39121       
C17575 7718       
C17603 6420       
C17619 13448       
C17638 8955       
C17715 9500       
C17720 2683       
C17748 6536       
C17949 6835       
C17967 234551       
C17981 11402       
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Table F.5 KEGG ID and Signal Intensity for HLB elution with 100% MeOH, 2nd elution 20% Acetonitrile 
1mM TCA 

Sham Sham-TETA Dia Dia-TETA 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

Compound 
KEGG ID 

signal 
intensity 

C00078 35348 C00020 48989 C00020 48971 C00249 31245 
C00212 27599 C00249 81299 C00021 21978 C00255 70191 
C00255 81260 C00255 41403 C00212 24057 C00445 62889 
C00294 128228 C00294 46191 C00255 57092 C00588 204981 
C00495 43739 C00495 43255 C00495 57394 C00837 50411 
C00588 176637 C00588 64588 C00588 253580 C00918 103304 
C00837 111524 C00837 66334 C00670 47610 C00951 43272 
C00896 39650 C00918 67899 C00837 45117 C00955 204981 
C00918 89594 C00943 48989 C00896 57394 C01007 97753 
C00943 66703 C00955 64588 C00918 125206 C01121 70142 
C00951 59868 C01007 44760 C00943 48971 C01126 51699 
C00955 176637 C01121 43194 C00951 40849 C01134 82939 
C01007 112001 C01134 36399 C00955 253580 C01136 74137 
C01121 70710 C01512 41403 C01007 72829 C01255 51699 
C01134 103875 C01572 62454 C01121 40683 C01512 70191 
C01136 92059 C02134 72701 C01126 59967 C01701 45109 
C01192 55706 C02537 35121 C01134 57089 C02134 47203 
C01512 81260 C02821 50486 C01136 58158 C02453 188231 
C01572 123020 C03137 46191 C01176 40678 C02821 60001 
C02134 91418 C03174 56842 C01192 74335 C03174 58219 
C02453 566620 C03220 51263 C01255 59967 C03411 68394 
C02811 47736 C03411 79243 C01512 57092 C04303 256892 
C02821 51231 C04524 630277 C01701 41359 C04415 41007 
C02999 83168 C04778 36399 C02134 55727 C04524 697124 
C03137 128228 C05557 31727 C02453 196489 C04676 69677 
C03174 70358 C05695 14927 C02821 76652 C04778 97721 
C03220 151617 C06162 43255 C02999 31245 C05557 70191 
C03373 49205 C06165 64428 C03174 75241 C06079 104911 
C03411 108845 C06424 36824 C03207 47398 C06165 65636 
C03579 83168 C06492 36606 C03373 66622 C06492 24456 
C04524 823810 C06665 84210 C03411 74860 C06665 70527 
C04778 128244 C06673 45547 C03579 31245 C06673 25548 
C05557 96746 C06979 43194 C04303 115088 C06830 89741 
C06079 61985 C07108 37461 C04379 49938 C06979 70142 
C06162 43739 C07127 50486 C04524 766359 C07108 48122 
C06165 71959 C07359 56436 C04676 62720 C07127 79138 
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C06469 27599 C07467 233794 C04778 57089 C07359 67113 
C06559 80168 C07469 40576 C05557 57092 C07467 240900 
C06665 135644 C07497 48989 C05695 24449 C07469 64403 
C06979 61985 C07524 97149 C06079 99800 C07524 70142 
C07108 49214 C07853 82222 C06162 57394 C07677 36724 
C07127 51231 C08155 40576 C06165 69699 C07853 100602 
C07359 97263 C08533 65542 C06176 40678 C08155 64403 
C07413 42627 C08535 92183 C06469 24057 C08331 33877 
C07467 513938 C08564 65542 C06492 74493 C08359 87078 
C07469 62476 C08582 27972 C06665 70612 C08451 64381 
C07497 66703 C08728 18431 C06830 40293 C08494 23923 
C07524 137413 C09020 50990 C06979 51745 C08533 73532 
C07816 34750 C09038 40576 C07043 40678 C08535 70142 
C07853 127639 C09116 109223 C07108 36335 C08548 23923 
C07933 49205 C09117 109223 C07127 59300 C08564 73532 
C08150 55706 C09152 52304 C07149 47610 C09020 58219 
C08155 62476 C09298 43194 C07359 64549 C09038 64403 
C08337 145509 C09412 36606 C07467 469596 C09116 106309 
C08451 138986 C09413 53082 C07469 68538 C09117 106309 
C08472 25476 C09579 26594 C07497 48971 C09152 82339 
C08533 93444 C09725 25046 C07524 97132 C09186 45109 
C08535 137413 C09807 65542 C07677 41984 C09293 23923 
C08556 47274 C10455 97351 C07853 83688 C09412 24456 
C08564 93444 C10497 97351 C07933 66622 C09413 48845 
C08573 42627 C10626 190631 C08150 74248 C09509 64629 
C08582 44658 C10971 62454 C08155 68538 C09714 256892 
C09020 70358 C11121 36399 C08331 48055 C09725 32657 
C09038 62476 C11326 79243 C08451 76914 C09807 73532 
C09116 104704 C11332 51263 C08516 47398 C10455 64381 
C09117 104704 C11544 46191 C08533 56468 C10497 64381 
C09152 89234 C11725 59529 C08535 89654 C10584 35307 
C09579 145509 C11844 63294 C08564 56468 C10626 188231 
C09807 77255 C12114 74961 C09020 75241 C10855 69677 
C09977 63065 C12383 64428 C09038 68538 C11121 82939 
C10344 63065 C13835 48989 C09116 96619 C11326 68394 
C10455 138986 C13915 81299 C09117 96619 C11602 68613 
C10497 138986 C14239 190631 C09138 21978 C11725 39862 
C10511 47736 C14250 56436 C09152 76166 C12114 194142 
C10626 565661 C14472 43194 C09186 42625 C12383 65636 
C10708 68350 C14554 27972 C09412 74493 C13154 25943 
C10724 47274 C15027 59529 C09413 60524 C13915 31245 
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C10895 60453 C15172 90377 C09509 40293 C14250 68366 
C10972 123020 C15193 83049 C09573 47610 C14259 89712 
C11022 39650 C15495 287356 C09714 115088 C14472 70142 
C11114 41391 C16794 46092 C09725 41595 C14854 21716 
C11121 103875 C16995 65436 C09807 56468 C14910 32657 
C11326 108845 C17716 97351 C10258 47610 C14927 21716 
C11332 151617 C17770 50486 C10391 59101 C15026 271463 
C11544 128228   C10455 76914 C15027 39862 
C11725 63664   C10497 76914 C15172 47203 
C11844 94973   C10552 21978 C15193 70527 
C12114 196079   C10584 37650 C15495 254720 
C12220 47736   C10626 196489 C15500 33877 
C12383 71959   C10855 62720 C15501 82939 
C12574 83168   C11022 57394 C16403 194142 
C12959 87311   C11034 21978 C16535 24219 
C13835 66703   C11121 57089 C16547 97753 
C14250 129180   C11126 49938 C16986 25943 
C14259 58422   C11226 32695 C16995 86854 
C14472 61985   C11326 74860 C17474 23923 
C14554 112660   C11602 57825 C17770 79138 
C14675 63065   C11725 76615 C17970 89741 
C14685 35348   C11844 42248   
C15027 63664   C12114 253580   
C15049 25476   C12383 69699   
C15172 91418   C12574 31245   
C15193 135603   C13154 37763   
C15331 40887   C13794 47398   
C15495 205834   C13835 48971   
C15501 103875   C14250 64549   
C15970 53233   C14259 71684   
C16403 196079   C14302 47610   
C16535 82301   C14387 49938   
C16547 79280   C14472 51745   
C16995 163356   C14554 76330   
C17113 48300   C15026 125225   
C17770 51231   C15027 60198   

    C15172 55727   
    C15193 70612   
    C15495 208667   
    C15500 48055   
    C15501 57089   
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    C16403 253580   
    C16535 46844   
    C16547 53736   
    C16986 37763   
    C16995 84991   
    C17770 59300   
    C17970 40293   
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