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ABSTRACT 
 
Diabetic nephropathy is a chronic kidney disease and one of the more severe complications 
from diabetes mellitus type 2. The glomerular and tubular dysfunctions usually lead to end 
stage renal disease and the treatments of these patients (dialysis, kidney transplants) are a 
huge economic burden for the society. Due to an epidemiologic increase of type 2 diabetes, 
conventional diagnostic markers like creatinine and albumin are not sufficient, since they are 
only able to identify already existing kidney damage. With targeted metabolomics, the 
analysis of small molecules produced from metabolism, this project aimed at finding novel 
and more sensitive metabolic biomarkers from several different classes of metabolites. The 
different assays were performed with flow injection analysis, high performance liquid 
chromatography, gas chromatography and mass spectrometry, and with principal component 
analysis and discriminant analysis, up-and down-regulated metabolites could be identified and 
their respective biochemical pathways, if possible, explained. In diabetics significantly 
elevated concentrations of very long chain fatty acids (impaired peroxisomal β-oxidation), 
urinary sugars and acylcarnitines in plasma could be recognized. Markers indicating kidney 
damage included significantly increased plasma concentrations of asymmetric 
dimethylarginine (inhibition of nitric oxide synthase resulting in decreased endothelial 
functionality) and histamine (indication of uremic pruritus). Oxidative stress was also found 
to be a potential prognostic marker as indicated by the raised methionine-sulfoxide to 
methionine ratio in nephrotic patients. To summarize, this project succeeded in identifying 
metabolic biomarkers both for diabetes type 2 and nephropathy, which in the future might 
become important tools in slowing down progression or diagnosing these diseases. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

TABLE OF CONTENTS 
 

ABBREVIATIONS ............................................................................................................................................... 1 

INTRODUCTION ................................................................................................................................................. 2 

RENAL ANATOMY AND PHYSIOLOGY ................................................................................................................... 2 
DIABETES MELLITUS ........................................................................................................................................... 4 
DIABETIC NEPHROPATHY .................................................................................................................................... 5 

Statistics......................................................................................................................................................... 7 
METABOLOMICS AND BIOMARKERS .................................................................................................................... 8 

Definitions ..................................................................................................................................................... 8 
Applications ................................................................................................................................................... 9 

AIMS ................................................................................................................................................................ 11 

MATERIALS AND METHODS ....................................................................................................................... 12 

ANALYTICAL METHODS .................................................................................................................................... 12 
Solid phase extraction ................................................................................................................................. 12 
Derivatization .............................................................................................................................................. 12 
Flow Injection Analysis ............................................................................................................................... 12 
Gas Chromatography .................................................................................................................................. 13 
High Performance Liquid Chromatography................................................................................................ 13 
Electrospray ionization ............................................................................................................................... 14 
Mass Spectrometry ...................................................................................................................................... 14 

MATERIALS ....................................................................................................................................................... 16 
SAMPLES ........................................................................................................................................................... 16 
ASSAYS ............................................................................................................................................................. 17 

Amino acids- and Amines Assay .................................................................................................................. 17 
Acylcarnitines- and Lipids Assay ................................................................................................................ 18 
Sugar Assay ................................................................................................................................................. 18 
Eicosanoids Assay ....................................................................................................................................... 19 
Bile Acids Assay .......................................................................................................................................... 20 
FAME Assay ................................................................................................................................................ 20 

VALIDATION  ..................................................................................................................................................... 21 
SOFTWARE ........................................................................................................................................................ 21 
ETHICS .............................................................................................................................................................. 22 

RESULTS ............................................................................................................................................................ 23 

BLINDED DATA ANALYSIS ................................................................................................................................ 23 
UNBLINDED DATA ANALYSIS ........................................................................................................................... 26 

Diabetes Biomarkers ................................................................................................................................... 26 
Nephropathy Biomarkers ............................................................................................................................. 29 

DISCUSSION ...................................................................................................................................................... 34 

DIABETES BIOMARKERS .................................................................................................................................... 34 
Group comparison based on all patients ..................................................................................................... 34 

Urinary mono- and oligosaccharides ........................................................................................................................ 35 
Plasma fatty acids ..................................................................................................................................................... 35 
Urinary acylcarnitines .............................................................................................................................................. 36 

Pair wise comparisons of matched stage of kidney disease......................................................................... 36 
NEPHROPATHY BIOMARKERS ............................................................................................................................ 37 

Low concentrations in urine ........................................................................................................................ 38 
Plasma creatinine ........................................................................................................................................ 38 
Plasma ADMA ............................................................................................................................................. 38 
Plasma histamine......................................................................................................................................... 40 
Plasma hydroxykynurenine .......................................................................................................................... 41 

CONCLUSIONS ................................................................................................................................................. 44 

ACKNOWLEDGEMENTS ................................................................................................................................ 45 

REFERENCES .................................................................................................................................................... 46 



 

APPENDIX A    LIST AND ABBREVIATIONS OF METABOLITES  ........................................................ 52 

APPENDIX B    SUPPLEMENTAL METHODS AND MATERIALS .. ........................................................ 60 

APPENDIX C   SUPPLEMENTAL RESULTS – SUPERVISED DATA ANALYSIS ................................. 66 

APPENDIX D    SUPPLEMENTAL MATERIALS – UNBLINDED DA TA ANALYSIS ........................... 68 

 
LIST OF FIGURES 
 
FIGURE 1. Anatomy of the nephron ......................................................................................................................... 3 
FIGURE 2. The increase of people with diabetes from 1995 to 2025. ...................................................................... 7 
FIGURE 3. Annual cost of diabetic treatment for a patient with and without complications. ................................... 8 
FIGURE 4. The HPLC and mass spectrometer used in the lab. .............................................................................. 15 
FIGURE 5. A schematic overview of the principle of MRM. ................................................................................. 15 
FIGURE 6. Correlation curves of different metabolites analyzed in the assays. ..................................................... 24 
FIGURE 7. PCA of samples grouped in different total sugar concentrations. ......................................................... 25 
FIGURE 8. PCA and DA analysis of diabetics and non diabetics in all stages of CKD. ........................................ 26 
FIGURE 9. Scores and loadings plot from a comparison of stage 5 CKD in diabetics and non diabetics with DA 

analysis. ....................................................................................................................................................... 27 
FIGURE 10. Scores plots from comparisons of respectively, stage 4 CKD in diabetics and non diabetics and stage 

3 CKD in diabetics and non diabetics with DA analysis. ............................................................................ 28 
FIGURE 11. Scores plots from group wise comparisons of different stages CKD in diabetics and non diabetics. 30 
FIGURE 12. Scores plot and loading profile from a DA analysis comparing stage 3 CKD and stage 5 CKD in all 

patients......................................................................................................................................................... 31 
FIGURE 13. Scores plot from a DA analysis comparing stage 3 and stage 5 CKD in diabetics and non diabetics, 

respectively. ................................................................................................................................................. 32 
FIGURE 14. Scores plot from a DA analysis comparing stage 3 and stage 4 CKD in diabetics and non diabetics, 

respectively. ................................................................................................................................................. 32 
FIGURE 15. Boxplots of the plasma glucose levels for diabetics and non diabetics. ............................................. 35 
FIGURE 16. Boxplot of the BMI values for diabetics and non diabetics. ............................................................... 36 
FIGURE 17. Structures and metabolism of the endogenous isomers ADMA and SDMA. ..................................... 39 
FIGURE 18. Boxplots of the ADMA/arginine ratio in stage 3 and stage 5 CKD. ................................................... 40 
FIGURE 19. Scheme of how NOS inhibition might intensify the severity of uremic pruritus. ............................... 41 
FIGURE 20. Boxplots of the hydroxykynurenine/tryptophan ratio in stage 3 and stage 5 CKD. ........................... 42 
FIGURE 21. Boxplots of the methionine-sulfoxide/methionine ratio in all stages of CKD. ................................... 43 
 
LIST OF TABLES 
 
TABLE 1. Stages of CKD and their respective GFR.Table 1. Stages of CKD and their respective GFR. ............... 6 
TABLE 2. Description of the diagnostic cohorts. ................................................................................................... 17 
TABLE 3. Compound classes analyzed in plasma and urine samples. ................................................................... 17 
TABLE 4. Sensitivity and specificity for the different datasets. ............................................................................. 27 
 
 



1 
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INTRODUCTION 

Renal anatomy and physiology 
The kidneys have several functions. First, they act as a filter to remove metabolic products 
and toxins from the blood and secreting them in the urine. Second, they have a homeostatic 
role, regulating the fluid status, electrolyte balance and acid-base balance. Lastly, they 
produce hormones involved in production of erythrocytes, calcium metabolism, regulation of 
blood pressure and blood flow. [1] 
 
The functional unit in the kidney is the nephron (Fig. 1), which is present one million times in 
each kidney. The nephron consists of a glomerulus and a tubule lined with endothelial cells. 
The glomerulus is a capillary network where the ultrafiltrate is formed. The tubule is an 
endothelial structure, containing several subdivisions, within which the blood filtrate is 
converted into urine. The glomerulus and the tubule connect to Bowman’s capsule, which 
surrounds the glomerulus and contains Bowman’s space. This is the place where the filtrate 
passes from the vascular system to the tubule system. The rest of the nephron are subdivisions 
of the tubule; the proximal tubule, the thin descending and thin ascending limbs of the loop of 
Henle, the thick ascending limb of the loop of Henle, the distal convolute tubule and the 
connecting tubule leading to the initial collecting tubule, the cortical collecting tubule and 
finally the medullary collecting ducts.[1] 
 
The kidneys receive 20% of the cardiac output. The blood enters the kidney through the 
afferent arteriole to the glomerulus, where it is filtrated over the glomerular membrane to 
Bowman’s space, resulting in the ultrafiltrate, the primary urine. The concentration of the 
small solved molecules in the primary urine is almost the same as in the plasma. [1-2] 
 
The task of the tubule is to reabsorb most of the fluid and solutes filtered from the glomerulus. 
If this was not the case, the kidney would secrete the total volume of the blood plasma to the 
urethra leading to the urinary bladder in less than half an hour. Instead, from 180 liters ultra 
filtrate, only 1,5 liter is excreted with the urine. [1-2] 
 
Everything that is essential for the organism is reabsorbed by the kidneys, e.g. water, 
electrolytes, vitamins and amino acids. Abundance of water, electrolytes and metabolic 
substances are not reabsorbed, but secreted with the urine. Furthermore, the kidneys have the 
possibility to maintain equilibrium for substances that the body is sensitive to. For example 
potassium can be directly extracted from the blood and secreted into the tubule to quickly be 
eliminated. [2] 
 
To maintain proper kidney function, the rate with which the blood is being filtrated over the 
glomerular membrane must be regulated. A high glomerular filtration rate (GFR) is necessary 
to keep up stable and optimal extracellular levels of water and solutes. The GFR is defined as 
the volume of fluid filtered into Bowman’s capsule per unit time. Under normal conditions 
the GFR of both kidneys is, as mentioned above,180 liters/day. [1] 
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Figure 1. Anatomy of the nephron 

[http://en.wikibooks.org/wiki/Image:Gray1128.png] 
 
 
Several factors influence the GFR. Molecular size, electrical charge and shape determine the 
permeability of the solutes over the membrane, but also oncotic pressure (a form of colloid 
osmotic pressure that pulls water into the circulatory system) and hydrostatic pressure 
determine the rate. Hydrostatic pressure in the glomerular capillary is a driving force for GFR. 
Oncotic pressure in capillaries and hydrostatic pressure in Bowman’s space oppose the 
glomerular ultrafiltration. [1-2] 
 
Changes in mesangial cell contractility, cells surrounding the extracellular matrix on the 
glomerulus, lead to changes in the glomerular capillary surface area. These cells are affected 
by extrarenal hormones such as angiotensin II and arginine vasopressin. These and other 
vasoactive agents like dopamine, prostaglandins and epinephrine aid the autoregulation of the 
kidneys by keeping GFR and renal blood flow constant. [1] 
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Two thirds of the water and the most abundant electrolytes in the extracellular fluid such as 
sodium, potassium, calcium and chloride are reabsorbed in the proximal tubule. Some 
substances are almost entirely reabsorbed, such as glucose, phosphate, sulphate and amino 
acids. Normally, glucose is present in plasma in a concentration of 70-100mg/dl, which 
insulin carefully regulates. The urine is close to free from glucose. Excretion in the urine only 
happens when the plasma concentration of glucose reaches a threshold value of 250 mg/dl and 
only in people where insulin is not able to regulate this increase. Amino acids are also 
reabsorbed in the tubule. The total concentration of amino acids in the blood is 2.4 mM and 
more than 94% of this is reabsorbed, due to their importance as nutrients. [1-2] 

Diabetes mellitus  
Diabetes mellitus (therafter referred to as diabetes) is a chronic disease characterized by 
increased blood sugar, hyperglycemia [3]. The name diabetes comes from the extreme amount 
of urination in the disease and mellitus, in Latin meaning ‘sweetened by honey’ refers to the 
sugars in the urine of the diabetic person [4]. This sweet taste was used as a diagnosis tool 
already by the ancient Egyptians [5]. In 1674, Thomas Willis, discovered that the urine from 
his diabetic patients tasted sweet, and a century later Matthew Dobson demonstrated that 
sugar was the reason for the sweet taste, and that this phenomenon was preceded and 
accompanied by sugar in the blood [6]. Even though diabetes is described as a disease with 
elevated concentrations of blood sugars, quick and easy dip stick tests are commonly used to 
detect leakage of glucose into urine [7]. 
 
Normally, after a meal, the glucose level in the blood increases and this triggers the release of 
insulin from the β-cells in the “Islets of Langerhans” in the pancreas gland where it is 
produced. Insulin stimulates muscle and fat cells to remove glucose from the blood through 
glycolysis and stimulates the liver to metabolize glucose and store it as glycogen through the 
glycogenesis. This way the blood reaches a normal level of glucose. [3,8-9] 
 
In type 1 diabetes, also called insulin dependent diabetes, there is an autoimmune destruction 
of the insulin secreting β-cells. The onset of type 1 diabetes is usually before 20 years of age 
and requires daily doses of insulin for survival. In diabetes type 2, which accounts for 85-90% 
of all diabetics, the body has a resistance to insulin accompanied with elevated levels of 
insulin, and thereafter in later stages, the production of insulin secreted from the pancreatic β-
cells is reduced. [10-11] The cause for type 2 diabetes is not quite clear but it seems the 
insulin resistance, inability to respond to normal concentrations of insulin, is due both to 
environmental and genetic factors [4,12]. Before, type 2 diabetes was usually seen in obese 
and elderly people [4], but now a striking rise in the prevalence of the pediatric and teenagers 
has been observed. Roadboard claims almost 50% of patients under age 18 years with 
diabetes may have diabetes type 2 and as many as 80% of these patients were obese at the 
time of diagnosis. [13] 
 
Risk factors for developing diabetes are family history, physical inactivity, race/ethnicity 
(there is a higher prevalence of diabetes in African Americans, Hispanic Americans and 
Native Americans than with Caucasian Americans) and hypertension [14]. Obesity is also, as 
mentioned above, a common cause of insulin resistance and risk for developing diabetes [15]. 
 
The insulin resistance in the muscles is the first detectable defect in people who will later 
develop diabetes type 2. More, studies have shown the β-cell function must be functionally 
defective before hyperglycemia develops. These changes appear approximately ten years 
before the diagnosis of diabetes. [16] 
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Changes in pattern of lipids in the plasma are associated with insulin resistance [14]. This 
suggests that not only elevations of glucose are associated with diabetes type 2, but a lipid 
profile may predict onset as well [16]. Diabetic type 2 patients, especially with nephropathy, 
have a different lipid pattern compared to non diabetics with accumulation of triglycerides in 
muscles and liver, decreased high density lipoprotein (HDL) concentrations and low density 
lipoprotein (LDL) cholesterol at the same levels [12]. 
 
Another consequence of diabetes is the disruption of energy metabolism due to the deficiency 
of insulin. This is reflected in endogenous processes such as the carnitine cycle that plays a 
key role in the β-oxidation of fatty acids in the mitochondria. Möder et al performed a study 
that demonstrates changes in carnitine and its esters in diabetic patients. Diabetics showed a 
decrease of free carnitine and increased accumulation of long-chain acylcarnitines. [17] 
 
Diabetes-specific microvascular diseases are long term consequences of diabetes and the 
leading cause for blindness, renal failure and nerve damage. Also, diabetes related 
atherosclerosis increases the risk of myocardial infarction, stroke and limb amputation. [18] 

Diabetic nephropathy 
Diabetic nephropathy is a chronic kidney disease (CKD) resulting from long term diabetes. 
The first changes in the kidney in diabetic nephropathy are thickening of the glomerular 
basement membrane leading to an expansion of the mesangium, diffuse glomerulosclerosis, 
resulting in glomerular enlargement and hypertrophy. Hypertrophy is followed by renal 
hyperfiltration, increased glomerular filtration, and intrarenal hypertension. Another change 
that can be observed is tubular dysfunction, i.e. impaired resorption of metabolites from the 
ultrafiltrate. This phase is followed by a non-symptomatic phase with microscopic renal 
alterations that in the end lead to microalbuminuria, i.e. increased concentration albumin in 
urine. [12] There are studies that suggest that changes in the tubules are not only 
consequences of diabetic nephropathy but could play a very important role in the 
development and progression of the kidney dysfunction in diabetes, and that these alterations 
precede or at least accompany the early changes in the glomerulus. [19] 
 
Albumin is the most abundant plasma protein [20]. The structural damage to the kidney is 
reflected by elevated urinary albumin excretion, so called microalbuminuria, 30-300 mg/24 h. 
Microalbuminuria develops some years after onset of diabetes and after 15-20 years 
progresses to macroalbuminuria, an albumin concentration in urine of more than 300mg/24 h. 
[11,21] Presence of albuminuria is a hallmark of diabetic nephropathy and is usually 
measured with dipsticks [12]. There are a few weaknesses of albumin as a marker for kidney 
damage. First, it was until a couple of years ago believed that urinary albumin that was not 
reabsorbed by the proximal tubular cells was excreted intact, but albumin is in fact excreted as 
a mixture of intact albumin and albumin-derived peptides that are not detected by the dipstick 
tests, and yet another species of intact albumin that is also not detected. This gives room for 
false negative test results. [22] Second, albuminuria is evidence of already existing 
nephropathy, thus not making albumin a good prognostic biomarker [21]. If diabetic 
nephropathy was detected before appearance of microalbuminuria, therapy could have the 
opportunity to prevent or reverse the progression of CKD [23]. 
 
Serum creatinine has been used for a long time to detect impaired kidney disease [21]. 

Creatinine is a breakdown product of creatinine phosphate from muscle metabolism [24] and 
the amount of it formed each day depends on muscle mass, but plasma concentrations are 
quite constant within the individual [1]. The clearance of creatinine from the body is through 
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glomerular filtration in the kidneys, but 15-20% might occur in urine by active secretion from 
the blood through the tubules. This rate depends on genetic and biological factors, such as 
gender and age [24] and therefore, creatinine is considered an insensitive marker, especially 
for small and elderly people [21]. 
 
Diabetic nephropathy is manifest when albuminuria is persistent, blood pressure increases and 
GFR decreases. The GFR is calculated from serum creatinine, age, race, gender and other 
factors and divides the progression of CKD into five stages (Table 1). The GFR can be seen 
as a percentage of how much kidney function there is still left.[12,25] 
 

Table 1. Stages of CKD and their respective GFR. 

Stage of CKD GFR (mL/min/1.73m²)  Description 
1 ≥90 Kidney damage (protein in the urine) and normal  GFR 
2 60-89 Kidney damage and mild  decrease in GFR 
3 30-59 Moderate decrease in GFR 
4 15-29 Severe  decrease in GFR 
5 <15 ESRD (dialysis or kidney transplant needed) 

Abbreviations; ESRD, end stage renal disease; CKD, chronic renal disease; GFR, glomerular filtration rate 

 
 
There are many factors involved in the development of diabetic nephropathy. Genetic factors 
are for example thought to have a strong influence on the pathogenesis. [12] 
 
The high glucose concentration also stimulates synthesis of angiotensin II, a polypeptide 
which develops hemodynamic, trophic, inflammatory and profibrogenic effects on renal cells 
[26-27]. 
 
Hypertension is of utmost importance in the onset and development of cardiovascular 
diseases, and diabetic nephropathy worsens the severity of hypertension [12,28]. 
 
Several studies also state that increased oxidative stress due to hyperglycemia is the origin of 
both microvascular and macrovascular complications of diabetes [29]. Oxidative stress 
originates from an abundance of glucose and fatty acids and when these substrates are 
supplied to the mitochondria to metabolize, electrons from the electron transport chain can 
escape [30]. The electron transport chain is part of the respiratory chain and oxidative 
phosporylation in the mitochondria. Electrons are transferred from electron donors to electron 
acceptors, e.g. oxygen which is reduced and at the same time the proton gradient in the 
electron transport chain drives synthesis of ATP, energy. [4] When oxidative stress occurs the 
electrons that escape react with oxygen to form superoxide anions, so called reactive oxygen 
species (ROS). ROS in its turn, activate even more ROS resulting in a cascade leading to 
vascular complications, insulin resistance and degradation of insulin produced by the β-cells. 
[30] Biopsies from diabetic type 2 patients have shown that the mitochondria have less 
oxidative capacity and are almost only half the size of a normal one [16]. 

 
Substances that are sensitive to the overproduction of ROS include proteins modified by 
glucose or glucose derived products, so called advanced glycation end products (AGE) [31]. 
Inhibition of AGE production by aminoguanidine slows down development of 
microalbuminuria. Glucose, AGE and angiotensin II stimulate production of transforming 
growth factor-β (TGF-β) that plays a major part in the development of renal hypertrophy and 
accumulation of extracellular matrix. [12,28] Inhibition of the TGF-β and blockade of TGF-β 
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synthesis through antisense oligonucleotides is being explored as a potential therapy in 
diabetic nephropathy [12]. There are studies that show that intensive glycemic control and 
inhibition of angiotensin II delay the onset and progression of diabetic nephropathy, partly, 
through decreased production of ROS [32]. Other preventive measures for diabetic 
nephropathy are therapy for hypertension, annual test for microalbuminuria, cessation of 
smoking, weight loss if necessary and dietary sodium restriction [12,28]. 
 
Even though albumin and creatinine have been widely used for discovering diabetic patients 
at risk for nephropathy, it is of highest importance to develop markers which have the ability 
to predict or detect diabetic nephropathy at an earlier stage, making it possible to intervene 
with therapy to prevent or at least slow down the progression of kidney damage finally 
leading to ESRD and control related complications.  

Statistics 
In Europe there are about 22.3 million people suffering from diabetes and 94.9% of these 
suffer from the type 2 diabetes, the leading cause of ESRD in most industrialized countries in 
Europe [33]. One third of the patients with ESRD are diabetics [12] and recent data show an 
epidemiologic increase of ESRD in patients with diabetes type 2, most likely due to better 
treatments for hypertension and coronary heart disease, resulting in more patients surviving 
long enough to develop nephropathy and ESRD [34]. 
 
Diabetes affected more than 135 million people worldwide 1995 and the number is expected 
to rise to 300 million in 2025 (Fig. 2) [35]. The most important reason for this epidemic is 
lifestyle related. The 1999-2000 National Health and Nutrition Examination Survey 
(NHANES) revealed that 30.5% of the American population is obese, and obesity in children 
has 2- to 4-fold increased the last two decades. [14] Type 2 diabetes is strongly related to 
obesity. No less than 60-70% of type 2 diabetics are obese [3,11]. 
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Figure 2. The increase of people with diabetes from 1995 to 2025. 

 
As the number of patients with diabetes increases, so do the costs. The complications of 
diabetes also lead to increased costs because of increased requirements of dialysis treatments 
and renal transplants. In the US, the cost for treating ESRD is expected to more than double 
from 1995 to 2010 from 11.8 to 28.3 billion USD. [33] The economic factors have not been as 
extensively studied in Europe [35] but in the cost of diabetes type 2 (CODE-2) study the 
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impact of diabetic complications on the cost of diabetes treatment was evaluated. The study 
showed that a patient without complications had annual medical costs of approximately EUR 
1505, compared to a patient with microvascular complications that had annual medical 
expenses of EUR 2563, which is an increase of 70% (Fig. 3). [36] 
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Figure 3. Annual cost of diabetic treatment for a patient with and without complications. 

D, Diabetes; MV, microvascular complications 
 
These high costs could be reduced by an earlier detection of diabetes type 2 and its 
complications [35], but type 2 diabetes usually progresses during many years without any 
symptoms [36]. The world’s leading independent medical journal recently concluded a long 
term study including almost half a million adults that demonstrated that almost all subjects 
were unaware of their disorder until the late stages of CKD. Since CKD is thought to be 
treatable and preventable at earlier stages [25], an earlier detection would ease diabetes type 2 
patients from complications and reduce health care costs for both countries and the patients 
themselves. This project aims at identifying novel and more sensitive metabolic biomarkers 
for impaired kidney function in type 2 diabetics. 
 

Metabolomics and Biomarkers 

Definitions 
A biomarker is a valuable tool due to the possibility to distinguish two or more biological 
states from one another, working as an indicator of a normal biological process, a pathogenic 
process or as a reaction to a pharmaceutical intervention. The use of biomarkers today 
includes for example pregnancy tests and tests for controlling cholesterol levels. [37-38] 
 
Metabolites are low molecular compounds (<1kDa), [39] smaller than most proteins, DNA 
and other macromolecules [40-41]. Small changes in activity of proteins result in big changes 
in the biochemical reactions and their metabolites, whose concentrations, fluxes and transport 
mechanisms are sensitive to diseases and drug intervention [41]. Phenotype represents not just 
the genetic predisposition but additionally also environmental influences [42]. There are a lot 
of reactions in between those two points and for that reason, unlike evaluating biomarkers in 
proteomics and genomics, measuring concentration of endogenous metabolites enables 
getting an individual profile of physiological and pathophysiological substances, [43] 
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reflecting both genetics and environmental factors like nutrition, physical activity, gut 
microbial and medication. Metabolomics also makes it possible to differentiate not only 
individuals, but also populations from one another. A recent study showed that the urinary 
metabolic phenotypes of western and East Asian populations, or vegetarian/non vegetarian 
were significantly different. [44] 

 
Metabolomics is defined as the systematic identification and quantification of marker 
metabolites, biomarkers, in a given compartment, cell, tissue or body fluid. Future prospects 
are that the analysis of a simple urine or plasma sample at a routine health check up could 
reveal the risk of developing a disease or side effects from a certain drug, resulting in a 
complete health profile for the individual. [40,45] 
 
There are two different approaches in metabolomics, non-targeted and targeted. The non-
targeted approach is a hypothesis free analysis, looking at an overview of all metabolites to 
see which ones that might be affected by a drug or disease. The targeted approach emphasizes 
identified and preselected metabolic pathways and is more relevant when making evaluation 
about an intervention. [41] Targeted metabolomics offers the opportunity to identify and 
quantify a high number of endogenous metabolites at the same time. The advantage, 
compared to non-targeted methods, is that quantitative and semi-quantitative information is 
obtained. Also, the measured concentrations of metabolites are more easily interpreted since 
there is often detailed information about metabolic pathways available. Lastly, this approach 
is better suited for high throughput and routine applications, which is important in clinical 
diagnostics. [46] 

Applications 
There are several purposes that biomarkers could be used for. They can work as an indicator 
of disease prognosis, e.g. to follow the development of chronic diseases such as cancer and 
diabetes. This is important since a relapse of cancer is crucial to be discovered in time. 
Second, biomarkers can be applied in classification of different stages in a disease. If there is 
knowledge about in which stage the disease is, it would be possible to change the type of 
therapy or the timing of it for best possible outcome. A third field of application is to predict 
and control the influence of therapeutic measures, for example a drug. To develop a new drug 
is expensive concerning both time and money. A biomarker is to be preferred if it is cheaper 
or able to detect changes earlier than regular tests. Security and effectiveness can be reassured 
at an earlier stage, thus saving money. [37] 
 
The most sought after application of biomarkers is to diagnose disease. Especially regarding 
diseases, which today are not possible to discover in time or if an earlier diagnosis would 
significantly improve the treatment. To gain certainty of the diagnosis the biomarker test can 
be combined with another test. A physician can perform a medical exam and if this together 
with the biomarker points toward a positive answer a biopsy for instance can be, but does not 
have to be unnecessarily performed, which is an advantage both to the patient and the 
hospital. [37] 
 
Today, many clinical diagnoses measure the enzyme activity in blood to predict disease. This 
is not always sufficient for detecting disorders in a metabolite profile. There are many 
different metabolic pathway networks. Therefore, even if enzyme activity is being suppressed 
or accumulated it is not certain that the product or substrate are being suppressed or 
accumulated. This is an important reason why metabolomics could serve as a clinical tool in 
diagnosis. By looking at ratios between different metabolites, conclusions can be drawn about 



10 

the real reason for accumulation or depletion. Metabolite profiles from patients with different 
diseases could be used as templates for diagnosis. If a metabolic pathway does not have 
neither a bypass nor an isozyme and the enzyme activity is lost either genetically or through a 
chemical disturbance it is serious. There will be a lack of essential metabolites which leads to 
a disorder. This is easy to detect and can be medically treated. If the enzyme activity is lost in 
the middle of a network bypass pathways will start compensating for accumulations and 
depletions of metabolites. These changes spread over the network and in the end they can 
cause critical disorders on the metabolite profile. [47] These global disorders are believed to 
be the origin to lifestyle-related diseases, such as hypertension, hypercholesterolemia, 
diabetes mellitus, and obesity [48]. 
 
Since the metabolites are not independent, but part of a metabolic pathway network as 
mentioned above, it is not only important to see if the levels of two metabolites increase, but 
also if some decrease and which stay unchanged. More information is available when a 
complete metabolic profile is studied rather than just a set of metabolites. [47] 
 
For the obtained data to make sense it is necessary to know the underlying reason. If a 
metabolite has an increased value, the interesting thing to know is which biochemical 
pathways and reactions it takes part in. The right therapy depends on where the imbalance 
lies. If it is at the substrate then a nutritional change would be preferable, whereas if there is a 
change in enzyme activity a drug that targets the appropriate reaction is to be preferred. Mass 
spectrometry and chromatographic methods can deliver good quantitative data about several 
metabolites simultaneously. [45] 
 
Besides giving the possibility to discover latent diseases at an early stage, finding individual 
patterns in multifactorial diseases and making drug development more efficient, 
metabolomics could aid in development and production of “functional food”, food aimed at 
influencing specific nutrients in the body [43]. 
 
Whether a new biomarker can be considered useful enough is determined among others by the 
possibility to turn the assay into a form suitable for routine clinical use in hospitals, 
availability, and how quickly and accurate it is. It also has to be economical beneficial. 
[21,45,49] 
 
It is important to keep in mind that the samples being analyzed come from human beings and 
factors like smoking, food and geography might affect the values of different biomarkers. [37] 

Uncertainty knowing if metabolites come from the individual itself, food, bacteria or drugs 
make the comparison of profiles more complex. Other complications are that the number and 
type of metabolites varies depending on the body fluid used for the sample, when the sample 
was taken, as well as the method used for analyzing it. [40] 
 
To sum up, with the help of metabolomics, it is possible to increase the number of biomarkers 
and understand which biochemical pathways are involved in the pathogenesis of a disease. 
When understanding the cellular and systemic distribution of these metabolic biomarkers the 
drug design and disease diagnoses could become more accurate, safe and efficient. This 
approach to individualize the health care system would not only benefit patients in a health 
point of view, but also ease the strains that the medical expenses for treating disease and 
complications (e.g. diabetes and diabetic nephropathy) put on both the health care system and 
the individual himself. 
 



11 

AIMS 
 
The aim of this study was to look for metabolic biomarkers for diabetic nephropathy by 
targeted metabolomics. By identifying relevant biochemical pathways that are likely to 
become markers and/or therapeutic targets, the hope was that these markers in the future 
might be able to prevent appearance or to slow down progression of diabetic nephropathy. 
 
To do this a comparative analyses of patients with diabetes type 2, and without diabetes, as 
well as patients with diabetic nephropathy at different stages were performed. 
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MATERIALS AND METHODS 
 

Analytical methods 
Demands from the industry are to get sufficient information about quantity and structure of 
metabolites in a short time. Thus, adequate equipment is required to perform these analyses. 
When analysing samples from small animals or cell culture, where the concentration is low 
and the sample volume is limited it is even more important. [50] In this section, the analytical 
methods used in this study will be described with the main focus on high performance liquid 
chromatography (HPLC) and tandem mass spectrometry (MS/MS) because these were the 
methods most commonly used, and used in the assays performed by the author. 

Solid phase extraction 
Solid phase extraction (SPE) is a sample preparation technique to isolate analytes from a 
sample, thus concentrating and purifying the sample requested for analysis. A column with 
C18-silica is primarly washed with methanol (MeOH) and thereafter water to solvate and 
condition the sorbent. When the sample is added, non polar components adhere to the C18-
silica and the polar ones pass through. The column is then stepwise rinsed with stronger and 
stronger solvents to elute first weakly bound polar analytes and at the end, the analytes of 
interest. [51] 

Derivatization 
To make the analyte of interest more detectable or easier to separate, it can be chemically 
modified by a derivatization procedure [51]. Fatty acids are generally converted to their 
methyl esters before injected into a gas chromatography (GC) column. This derivatization is 
necessary to increase the volatility of the fatty acids. [52] 

Flow Injection Analysis  
Flow injection analysis (FIA) is a way of introducing the sample to a mass spectrometer. A 
typical FIA set up consists of a pump, an injection valve, a flow through detector and 
connection tubing. A small well-defined volume is directly injected into a constantly flowing 
carrier stream. There it is mixed with suiting reagent streams which gives a concentration 
gradient of the sample and chemical reactions result in a detectable product, since the detector 
is set to recognize special products for this chemical reaction. The result is a peak, whose 
shape represents two chemical reactions. The first one is physical distribution of the analyte in 
the carrier stream and the second one is the reaction rate of the chemical reactions. [53,54] 
The height and area of the peak are proportional to analyte concentration, and are used for 
quantification [55]. 
 
FIA is easily automated and very quick thanks to that the sample and reagents do not have to 
be fully mixed since all concentrations in the gradient can be used for interpretation [53]. This 
also allows low reagent consumption. Since the chromatographic steps are eliminated the 
analytical time is also shorter which gives a high sample throughput. Other advantages are 
that FIA is a repetitive method and utilizes a small sample volume. [51,56] 
 
FIA-MS/MS does not distinguish between isomeric amino acids such as Isoleucin and Leucin. 
Only the sum signal is measured. The precision is maximum 5% and more isotopically 
labelled internal standards (IS) than for liquid chromatography-MS/MS (LC-MS/MS) are 
necessary. LC-MS/MS complements this method due to the possibility to distinguish isomeric 
species. [57] 
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Gas Chromatography 
The sample can also be chromatographically separated prior to mass separation in a column 
situated between the injection system and the MS-detector [51]. 
 
Gas chromatography (GC) is one way of doing this. The gaseous analyte is then transported 
trough the column to the mass spectrometer by a carrier gas. This mobile phase is usually 
helium, nitrogen or hydrogen depending on the detector, the desired separation efficiency and 
speed. The stationary phase is most often a non-volatile liquid, but might also be a solid. The 
analytes which can be separated by this method must have sufficient volatility and thermal 
stability. [51] 
 
The columns most commonly used in GC are open tubular columns which give a high 
resolution, short analysis time and a good sensitivity. They are made of silica and coated with 
polyimide that supports and protects from the atmospheric pressure. A disadvantage of open 
tubular columns are that they do not have as much sample capacity as for example packed 
columns used in liquid chromatography (LC). [51] 
 
The injection of the sample into the open tubular columns can be performed in three ways, 
namely split, splitless or on-column. On column injection is best for high-boiling compunds 
and thermally unstable solutes. High-boiling solutes in low boiling solvents are best injected 
with splitless injection. If the analytes about to be injected constitute more than 0.1% of the 
sample, split injection is the preferable alternative. The sample is brought to the injector, 
where vaporization and mixing is performed. The split injection only delivers 0.2-2% of the 
sample to the column, and most of the sample goes to a waste vent [51] 

High Performance Liquid Chromatography 
LC is useful since not all compounds are volatile enough for GC. HPLC works under high 
pressure, forcing the solvent through the column with small particles which results in high 
resolution separations. The HPLC consists of a solvent delivery system, sample injection 
valve, high pressure column, detector and a computer to control the system and display 
results. Additionally, there might be an oven to control the temperature of the column. To 
improve the efficiency of the chromatography, the speed with which the solvents equilibrate 
between the stationary and the mobile phase can be increased. The diffusion is 100 times 
slower with liquids than with gas. Therefore, packed columns are used and not open tubular 
like in GC. In the open tubular columns the diameter of the solvent channel is too big for a 
solvent molecule to cross it in short time. The typical particle size is 3-10 µm. The smaller the 
size is, the better the efficiency of the packed column. One advantage with small particles is 
that the flow through the column is more even and constant. Also, the smaller the particle is, 
the less the distance for the solvent to diffuse in the mobile phase. Furthermore, smaller 
particles give better resolution and shorter run time. A disadvantage though is that they give 
resistance to the solvent flow. [51] 
 
Using a heated column has several advantages. The viscosity of the solvent decreases, thus 
requiring less pressure and higher flow can be achieved, which speeds up diffusion. Retention 
time is decreased and the resolution is improved. Heat could degrade the stationary phase, 
thereby considerably shortening lifetime of the column. Therefore it is important that it is 
only a few degrees over room temperature (RT), improving the reproducibility of the 
retention time as well as the precision of quantitative analysis. The stationary phase is 
constituted by spherical, micro porous particles of silica, permeable for solvent and with a 
surface area of several hundred square meters per gram. It can consist of only silica or another 
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stationary phase covalently bonded to the silica. Reversed phase HPLC uses a non polar 
stationary phase with a more polar solvent. This reduces peak tailing because the stationary 
phase has few sites that can adsorb a solvent that causes this. It is also less sensitive to 
impurities in an eluent. [51] A disadvantage is that reversed phase columns are not designed 
to handle a large amount of direct injections with biological fluids [58]. 
 
Gradient elution is when the solvent composition changes in order to increase the elution 
strength and is required to elute the analytes that bind really strong. Acetonitrile is an example 
of a solvent with high elution strength. [51] 

Electrospray ionization  
Mass spectrometry (MS) requires high vacuum to prevent molecular collisions during the 
separation of the ions. When using LC the liquid is vaporized between the chromatograph and 
mass spectrometer. Through the high pressure a big volume of gas is created which has to be 
removed before separating the ions. [51] Electrospray ionization (ESI) makes it possible to 
transfer the liquid at athmospheric pressure to an ionization analyzer at high vacuum [59]. 
 
The liquid from the chromatograph passes through a steel nebulizer capillary with nitrogen 
gas. The gas and a strong electrical field create a fine spray of charged particles. When 
positive MS is performed, the positive ions are attracted to glass capillaries that lead into the 
mass spectrometer and vice versa for negative MS. [51] An advantage is that ESI is well 
suited to be used in connection with HPLC, because of the continuous introduction of the 
solution. This property also makes it easily adapted to tandem MS like an ion trap or a triple 
quadrupole. [60] 
 
ESI enables analysis of low molecular thermolabile compounds. It is really important for 
instance in the development of drugs. [50] 

Mass Spectrometry 
The mass spectrometer is the most powerful detector for chromatography (Fig. 4). Masses of 
an atom or a molecule or fragments of a molecule are studied. Both qualitative and 
quantitative analysis can be performed and it is very sensitive to low concentrations. Another 
advantage is that the mass spectrometer can distinguish between substances with the same 
chromatographic retention time. [51] 
 
The mass spectrometer contains a sample inlet, an ionization source, mass analyzer and an ion 
detector. The substances are ionized and accelerated by an electric field, then separated based 
on the mass to charge ratio, m/z, which creates a mass spectrum. [60] By reversing voltages 
between the ion source and detector the mass spectrometer is able to detect both positive and 
negative ions [51]. 
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   Figure 4. The HPLC and mass spectrometer used in the lab. 

 
Selected ion monitoring (SIM) and multiple reaction monitoring (MRM) increase the 
selectivity of mass spectrometry for individual analytes and increase the sensitivity by 
decreasing the background noise. In SIM only a few values of m/z are monitored at the same 
time. [51] 
 
These advantages are even more profound for MRM, so called MS/MS or tandem mass 
spectrometry and a triple quadrupole mass spectrometer is mostly used for analysis. A mix of 
ions enters the first quadrupole, Q1, where a certain ion is selected, the so called precursor 
ion, and further transferred to the second quadrupole, Q2, the collision cell. In Q2, the 
precursor ion collides with nitrogen or argon gas, which creates fragments called product 
ions. The product ions enter the third quadrupole, Q3, which chooses a certain product ion 
that is allowed to enter the detector (Fig. 5). This method is extremely selective for the 
analyte of interest. [51] 
 
 

 
       Figure 5. A schematic overview of the principle of MRM. 
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MRM is the most sensitive and selective detection method to determine the amount of 
metabolites in plasma. This method is the preferred one when quantifying drugs and its 
metabolites in biological fluids and useful when measuring predetermined compounds. [61-
62] Despite of high selectivity of MRM, good sample preparation is required because of the 
suppression of the sample during the ionization process [58]. 
 
The ion trap is well suited as a chromatographic detector. From the chromatograph the 
molecules travel into a cavity, surrounded by two, electronic isolated, end caps with an 
electrode in between. Molecules periodically enter the cavity where they are ionized. A 
constant voltage and radio frequency appliance makes the ions circulate in different orbits. 
The applied voltage is chosen to pick out a range of m/z ratios and they are captured in the 
cavity and thereafter detected. [51] 
 
By exchanging Q3 in a triple quadrupole mass spectrometer to a linear ion trap, sensitivity 
can be increased 10-100 times because more ions reach the detector [51,61]. This is called a 
hybrid triple quadrupole linear ion trap, and it combines the unique features of a triple 
quadrupole with the ones of a linear ion trap, thus some the weaknesses of these instrument 
types can be overcome. The linear ion trap is not able to perform neutral loss/precursor ion 
scans whereas the quadrupole is not able to perform sequential MSn experiments and the 
combination makes new scan modes possible. This instrument has proved to be the most 
powerful instrument in identifying metabolites. Metabolomics studies are facilitated by 
dynamic background subtraction and information dependent data collection. [61,63] 
 
Liquid chromatography (LC) combined with MS/MS plays a key role for quantification of 
drugs and their metabolites in biological matrices like plasma, urine and tissue [58]. 
 

Materials 
Pyridine, ethanol (EtOH), acetonitrile-LiChrosolve, chloroform and MeOH were purchased 
from Merck KGaA (Darmstadt, Germany). Formic acid pro analysis grade (p.a.) and 
ammonia solution were obtained from Riedel-de-Haen Fluka (Vienna, Austria). HPLC grade 
acetonitrile (ACN), ACN, and HPLC-grade MeOH came from Acros (Geel, Belgium). 18-
methylnonadecanoic acid methyl ester (18-Me-C19:0) was purchased from Larodan. Milli-Q 
water was prepared by a Millipore (Schwalbach, Germany) water purification system and 
used in preparation of all solutions. All other materials were from Sigma-Aldrich (Vienna, 
Austria) unless stated otherwise. 
 

Samples 
79 plasma samples and 59 urine samples were collected at SAS RD–Néphrologie and 
Montpellier University Hospital, Montpellier, France by Dr. Angel Argilés. [64-66] Sober 
samples could not be ensured, but for dialysis patients, the samples were taken prior to 
treatment. Urine samples for dialysis patients were not always available. The urine samples, 
minimum amount of 2 mL, were centrifuged, the supernatant transferred into proper vials and 
frozen immediately. Blood was collected in tubes containing anticoagulants. The samples, 
minimum amount of 200 µL, were immediately stored on ice until centrifuged 10 min at 
2000g at 4°C. All the samples were thereafter transferred to the company’s facilities and 
stored in a -70°C freezer until analysed. Description of the cohorts can be found in Table 2. 
Since it was planned to enroll at least 12 patients in every cohort, the first three stages of 
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CKD were put together as one cohort. Patients in stage 5 CKD were under hemodialysis 
treatment. 
 

   Table 2. Description of the diagnostic cohorts. 

D/ND 
Stage of 
CKD this 

study 

Stage 
of  

CKD 

No. of 
Patients Sex M/F Mean Age 

(years) 
Mean BMI 

(kg/m²) 

ND 3 
1 7 4 / 3 

67.1 29.9 2 0 0 / 0 
3 5 3 / 2 

ND 4 4 12 5 / 7 73.2 29.0 
ND 5 5 13 12 / 1 73.0 22.8 

D 3 
1 3 1 / 2 

72.9 31.7 2 4 4/ 0 
3 7 5 / 2 

D 4 4 13 7 / 6 77.3 29.2 
D 5 5 12 7 / 5 73.1 28.8 

A BMI ≥25 is considered overweight, and ≥30 obese. 
Abbreviations: D, diabetic; ND, non diabetic; CKD, chronic kidney disease; No, number; BMI, body  
mass index. 

 

Assays 
Plasma and urine samples were analyzed by standardized biochemical assays. In this project, 
a total of six different assays were performed; Amino acids- and amines assay, acylcarnitines- 
and lipids assay, eicosanoids assay, bile acids assay, fatty acid methyl ester (FAME) assay 
and sugar assay. Assays were performed for plasma and urine as indicated in Table 3. The 
first two assays mentioned above were performed by the author whereas the other assays were 
performed by co-workers specialized on each one of them. About 450 metabolites were 
quantitated from plasma samples and 270 from urine samples in different compound classes 
as shown in Appendix A. The project was designed to cover as many metabolites and their 
respective biochemical pathways as possible. 
 

Table 3. Compound classes analyzed in plasma and urine samples. 

Analyte Sample Type 
Amino Acids Plasma and Urine 
Biogenic Amines, Polyamines Plasma and Urine 
Acylcarnitines Plasma and Urine 
(lyso-)Phosphatidylcholines Plasma and Urine 
Reducing Mono- and Oligosaccharides Plasma and Urine 
Sphingomyelins Plasma and Urine 
Eicosanoids Plasma and Urine 
Free and Total Fatty Acids Plasma 
Bile Acids Plasma 

 

Amino acids- and Amines Assay 
This assay was based on the use of AbsoluteIDQ KIT plates (Biocrates Life Sciences, 
Innsbruck, Austria). The 96-well plate had isotopically labelled internal standards (IS) 
immobilized on filter spots on a hydrophobic filter plate placed upon a capture plate. After 
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adding 10 µL IS for amines and creatinine (Appendix B) right before processing (due to their 
limited stability) these KIT plates could be used for the quantification of amino acids, amines 
and creatinine using an LC-MS/MS detection method.  
 
The following steps were performed on a Hamilton Microlabstar (Hamilton Robotics, 
Bonaduz, Switzerland), but can also be done manually. To the first well, the blank, containing 
no IS, only 10 µL of HPLC grade water is pipetted. Ten µL of zero sample, calibrators, 
quality control (QC) (Appendix B) and samples were pipetted onto centre of filterspots at the 
plate and allowed to dry under a stream of nitrogen, 4 bar, one hour at RT. Following steps 
were carried out under fume hood and with safety gloves. Fresh reagent buffer and 5% 
phenylisothiocyanate (PITC) reagent were prepared (Appendix B). Twenty µL PITC reagent 
was immediately pipetted to each well for derivatization and to get stable products with 
minimal interference. While the reaction took place for 20 min at RT, the plate was covered 
with a lid. The lid was removed and the plate dried under nitrogen at 3 bar for 30 min to 
remove excess liquids. Ineffective removal of excess PITC and pyridine may result in poor 
MS results. Three hundred µL of extraction solvent (Appendix B) were added to each well 
and the covered plate shook at 450 rpm at RT for 30 min to extract the analytes. The plate was 
centrifuged for 2 min at 500g to make the samples end up in the lower capture plate which 
was then covered with a pierceable silicon lid and placed in the CTC PAL Autosampler 
(Agilent Technologies, Santa Clara, CA, USA ) for MS analysis. 
 
Milli-Q water and HPLC grade ACN each containing 0.2 % formic acid to support 
protonation were used as mobile phase A and B, respectively. The gradient was as follows: 
0 min, 0% B; 0.5 min, 0% B; 5.5 min, 95% B; 6.5 min, 95% B; 7 min, 0% B; 9.5 min, 0% B 
and used for separation of metabolites. For each run, 10 µL of sample was loaded onto a 
C18 column (Agilent Eclipse XDB, 3.0 x 100 mm, particle size 3.5 µm) using a CTC PAL 
autosampler and an Agilent 1100 Series Binary Pump (Agilent Technologies) at a flow rate of 
500 µL/min. The column oven temperature was set to 50°C. The HPLC system was interfaced 
with a linear ion trap instrument (Sciex API 4000 QTrap Tandem Mass Spectrometer, 
Applied Biosystems, Foster City, CA, USA) equipped with an electrospray interface operated 
in MRM mode to monitor specific compounds. All MS/MS spectra were acquired in the 
positive mode.  

Acylcarnitines- and Lipids Assay  
This method was used for the quantification of amino acids, acylcarnitines, phospho- and 
sphingolipids. When the method above was done the samples were diluted with 600 µL of 
HPLC grade MeOH containing 5mM ammonium acetate and additionally 27 µL Milli-Q 
water in each well and thereafter the capture plate was covered with a pierceable silicon lid. 
The sealed capture plate was placed into the CTC-PAL Autosampler for MS analysis and 
metabolites were quantified applying FIA. Ten µL of sample were directly injected to the 
Sciex API 4000 QTrap Tandem Mass Spectrometer equipped with an electrospray interface 
operated in MRM mode to monitor specific compounds. MS/MS spectra were acquired in 
positive and negative mode and the mobile phase used was 192.7 g ammonium acetate in 500 
mL Biocrates Solvent A (Biocrates Life Sciences AG, Innsbruck, Austria). 

Sugar Assay 
This assay quantitated reducing mono- and oligosaccharides with the help of isotopically 
labelled internal standards. 
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A 96-well capture plate (Agrobiogen GmbH, Hilgertshausen, Germany) was put under a 
hydrophilic MultiScreen Solvinert filter plate (Millipore, Vienna, Austria) with 7 mm filter 
spots (Whatman, Austria) in each well. Following steps were performed in a Hamilton 
Microlabstar, but can also be done manually. Ten µL of external standards (Appendix B) and 
samples (diluted 1:10 with MilliQ water) were pipetted onto centre of filterspots on the plate 
and labelled with 200 µL of the 1-Phenyl-3-methyl-5-pyrazolone (PMP) solution (Appendix 
B). The blank (water) only had reagents added to it. All samples (except the blank) then had 
10 µL of IS solution (Appendix B) added and were well mixed before being placed in a pre-
heated oven at 70˚C for 90 min. Milli-Q water (50 µL) with 50% (v/v) formic acid was added 
to acidify all samples to ~pH3 ensuring complete extraction and was pursued by the addition 
of 250 µL chloroform for removal of excess PMP. Samples were then shaken for 1 min to 
form vortex and centrifuged for 2 min at 10,000g to ensure separation of phases with the 
chloroform on the bottom and the water containing the sugars on top. 
 
SPE C18 columns (Agrobiogen GmbH) were loaded onto a Supelco SPE vacuum manifold 
and conditioned with 1 mL of 50% v/v acetonitrile in Milli-Q water containing 0,025% (v/v) 
formic acid and water (2 × 500 µL) ensuring cartridge was and remained wet prior to applying 
samples in next steps. One hundred and fifty µL of the aqueous layer (upper phase, ensuring 
the protein interface is not disturbed) of all samples were applied to SPE’s and allowed to 
load on to cartridge under gravity. The liquid completely entered the SPE before the next step. 
Every well was desalted with Milli-Q water (2 × 400 µL) before drying the SPE thoroughly 
using Supelco SPE vacuum manifold for 5 min. Thereafter, the columns were dried 
thoroughly under vacuum for 5 min and the derivatized oligosaccharides were eluted from 
each C18 column onto a capture plate with solution of 500 µL 50% v/v acetonitrile in Milli-Q 
water containing 0.025% formic. 
 

The derivatized samples were loaded onto a CTC PAL autosampler, which injected 20 µL 
volumes into the electrospray ionization outlet of the SCIEX API 4000 QTrap tandem mass 
spectrometer through FIA with the elution solution as running solvent. The various sugar 
concentrations were determined by mass spectrometry using MRM mode in positive and 
negative ion mode.  

Eicosanoids Assay 
This assay quantified prostaglandins and other oxidized polyunsaturated fatty acids with the 
help of isotopically labelled internal standards. 
 
A 96-well capture plate (Agrobiogen GmbH) was put under a hydrophilic MultiScreen 
Solvinert filter plate (Millipore) with 7 mm filter spots (Whatman) in each well. Following 
steps were performed in a Hamilton Microlabstar, but can also be done manually. Ten µL IS 
(Appendix D) were thawed to RT and pipetted into each well, except the blank (50/50 (v/v) 
MeOH/H2O), and the allowed to dry for 20 min. The calibrator mixes (Cayman Europe, 
Tallinn, Estonia), cal1-cal6 (See Appendix B for concentrations), were thawed to RT and 
thereafter 20 µL were pipetted into following six wells. Twenty µL of sample were then 
pipetted into following wells and allowed to dry for 15 min. In the following step, 100 µL 
elution solvent (Appendix B) were pipetted into each well and the plate was sealed with a lid 
(Greiner Bio-One GmbH, Frickenhausen, Germany). After shaking 20 min with 600 rpm at 
RT, the plate was centrifuged at 500 g for 5 min. The upper filter plate was discarded and 
thereafter, 25 µL of Milli-Q water were added into each well of the capture plate. The plate 
was sealed with aluminium foil before shaking for 5 min with 600 rpm at RT. 
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Milli-Q water and HPLC grade ACN each containing 0.05 % formic acid were used as mobile 
phase A and B, respectively. The gradient was as follows: 0 min, 45% B; 1 min, 45% B; 
2.5 min, 80% B; 9.3 min, 80% B; 10 min, 45% B; 13 min 45% B. For each run, 20 µL of 
sample was loaded onto a C18 column (Agilent Eclipse XDB, 3.0 x 100 mm, particle size 
3.5 µm) using a CTC PAL autosampler and an Agilent 1200 Series Binary Pump at a flow 
rate of 500 µL/min. The column oven temperature was set to 30°C. The HPLC system was 
interfaced with a Sciex API 4000 QTrap Tandem Mass Spectrometer equipped with an 
electrospray interface operated in MRM mode. All MS/MS spectra were acquired in the 
negative mode.  

Bile Acids Assay 
A 96-well capture plate (Agrobiogen GmbH) was put under a hydrophilic MultiScreen 
Solvinert filter plate (Millipore) with 7 mm filter spots (Whatman) in each well. The 
following steps were performed in a Hamilton Microlabstar, but can also be done manually. 
First, 20 µL blank 50/50 (v/v) MeOH/H2O was added to the first well of the filter plate and 
then 20 µL of the calibrators, cal1-cal6 (Appendix B), were added to the following six wells. 
The samples (20 µL) were then pipetted onto the filterspots and allowed to dry for 20 min. IS 
(Appendix B) was thawed to RT and 20 µL was added to each well except the blank before 
allowed to dry for 20 min. In the following step 100 µL extraction solvent (Appendix B) 
were pipetted into each well and the plate was sealed with a lid (Greiner Bio-One GmbH). 
After shaking 20 min with 450 rpm at RT the plate was centrifuged at 500 g for 5 min. The 
upper filter plate was discarded and thereafter, 25 µL Milli-Q water were added into each well 
of the capture plate for improved analyte peaks. The plate was sealed with aluminium foil 
before shaking for 5 min with 450 rpm at RT. 
 
Milli-Q water and HPLC grade MeOH each containing 0.012 % Formic Acid and 5 mM 
ammonium acetate were used as mobile phase A and B, respectively. The gradient was as 

follows: 0 min, 70% B; 7 min, 95% B; 9.5 min, 95% B; 9.6 min, 70% B; 15 min, 70% B. For 
each run, 20 µL of sample were loaded onto a C18 column (Agilent Eclipse XDB, 3.0 x 
100 mm, particle size 3.5 µm) column using a CTC PAL autosampler and an Agilent HPLC 
system model 1200 Binary Pump at a flow rate of 300 µL/min. The column oven temperature 
was set to 40°C. The HPLC system was interfaced with a Sciex API 4000 QTrap Tandem 
Mass Spectrometer equipped with an electrospray interface operated in MRM mode. All 
MS/MS spectra were acquired in the negative detection mode. 

FAME Assay 
This assay determined the content of individual fatty acids in blood plasma as their methyl 
ester derivatives. With this FAME assay, approximately 40 fatty acids could be quantitatively 
measured using external standards. These fatty acids were in the range from C6 to C24 with 
different numbers of double bonds (degree of unsaturation). Approximately 40 additional 
compounds in the same range could be measured semi-quantitatively (no external standard 
available).  
 
25 µL of plasma sample, external standard solution (Appendix B), blank (water) and zero 
sample (Appendix B) were pipetted into 2 mL vials, respectively. One hundred µL of 
methanolic HCl 3M solution was added, vial carefully closed with a screw cap and thereafter 
shaken for 5 min at 500 rpm. For the free fatty acid (non-esterified) content, the mixture was 
let standing at RT for 45 min to methylate the free fatty acids. Two hundred µL of standard 
solution (Appendix B) were then added and shaken for another 5 min to extract methylesters 
to the hexane phase. To separate the phases, the reaction solution was centrifuged for 5 min at 
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500 rpm. One hundred µL upper hexane phase was pipetted to another 2 mL vial and 20 mg 
anhydrous sodium sulphate was added to dry out residual water. The dried hexane solution 
was transferred to a 2 mL vial with insert and then placed into a cooled CTC CompiPAL 
(Agilent Technologies) autosampler tray to be analysed with GCMS. 
 
Higher incubation temperature and longer incubation time enabled the complete conversion of 
both bound and free fatty acids into their methyl esters representing the total fatty acid (TFA) 
content. The procedure for TFA content was the same as described above except for the step 
where the mixture was let standing in RT 45 min. Instead, the mixture was incubated in an 
oven at 70°C for 3 hours to (trans)methylate both the free and bonded fatty acids. The reaction 
vial was thereafter allowed to cool down to RT using an ice batch.  
 
Fatty acid methyl esters were determined by GC-MS (Agilent 7890 GC / 5975 Inert XL 
MSD) with an Electron Impact ion source in SIM mode against external standards. The fatty 
acid methyl esters were separated on a DB-23 column (60 m x 250 µm x 0.25 µm) with 
helium as the carrier gas (200 kPa constant head column pressure). The extracted samples 
were loaded onto a Combi PAL autosampler, which injected 2 µL with pulsed split injection 
technique. The sample was injected under a split ratio of 10:1. The temperature of the injector 
was kept at 250˚C. The oven temperature started at 50°C (2 min), risen to 200°C (3 min) at 
25°C/min and then to 235°C (10 min) with a rate of 3°C/min. The total run time was 
approximately 30 min. 

Validation 
After each run, data quality was checked by each operator and in the commercially available 
software MetIQ (Biocrates Life Sciences AG, Innsbruck, Austria), used for the FIA assays, 
there is a separate module that performs automated quality assessment of the data. It ensured 
that the intensity of the internal standard was in a valid range, that the intensity of the 
measurement exceeded a defined threshold (signal to noise >3) and that the concentration of a 
measurement exceeded a defined threshold. For the LC-MS assays the peaks had to be 
properly identified, the calibration curves checked and the analytes had to be within the linear 
range of the calibration curve. The sample blank was used to measure the response of the 
analytical procedure to impurities or interfering species in the reagents and the zero sample 
was used for calculating the noise level for each analyte (signal to noise >3). The QC is a 
spiked sample with known quantities of analytes. The reason for running this with every batch 
is that the analyses might be performed properly by the operator, but in case there is 
something wrong with the equipment or reagents the QC will reveal that by the recovery that 
should be around 100%. [51] 

Software 

In the amino acids- and amines assay , eicosanoids- and bile acids assays, concentration was 
calculated with Analyst Software (Analyst 1.4.2, Applied Biosystems/MDS Sciex, Concord, 
ON, Canada). The software integrates over the eluting signals of the detected MRM’s for 
quantitation. Quantification for analytes in the acylcarnitines- and lipids assay and sugar assay 
was accomplished by relating peak heights of the analytes to peak height of the chosen 
internal standard using the MetIQ Software. MetIQ contains all listed annotated metabolites 
with settings for validation. Quantitation of individual FAME has been carried out with 
reference to the internal standard 18-methylnonadecanoic acid with the Agilent ChemStation 
Enhanced Data Analysis Software (Agilent Technologies, Santa Clara, CA, USA). The 4000 
QTRAP was controlled using Analyst 1.4.2. Data composition and statistical analysis were 
performed using Microsoft Excel, SPSS version for Windows and MarkerView™ version 1.2 
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Beta (Applied Biosystems), respectively. Differences between groups were ascertained using 
standard and advanced statistical tests. A p-value of <0.05 was considered significant and 
p<0.01 highly significant.  
 
The MarkerView™ Software was used for finding potential biomarkers. The software is 
designed particularly for biomarker discovery and metabolite identification. It uses advanced 
processing algorithms and combined with graphic tools and statistical analysis it is possible to 
determine up- and down regulations of endogenous metabolites. [67 ] Principal component 
analysis (PCA) is an unsupervised analysis and a powerful tool for finding patterns and 
extracting relevant information from complex data sets [68]. A mathematical procedure 
reduces the number of possibly correlated variables into a number of principal components 
(PC’s) that are linear combinations of the original variables. The first principal component 
accounts for as much of the variability in the data as possible, and each succeeding 
component accounts for as much of the remaining variability as possible. The groupings 
revealed by the analysis are shown in the scores plot, and in the loadings plot the most 
influencing metabolites are illustrated. The software also performs discriminant analysis 
(DA), which is a supervised method and combines the PC’s with the group information to 
maximize variance between groups and minimize it within groups. [69] Often, this results in 
significantly improved separations in the scores plot [70]. 

Ethics 
Patients and controls were informed of the aims and risks of participating in the project, and 
written consent was requested and required to be included in the study. Enrollment in the 
study was in agreement with the French law protecting human individuals from abuse in the 
field of clinical research (Law Huriet of the 20th of December 1988 as well as the Law of 
Bioethics of the 6th of August 2004). 
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RESULTS  
 
The analysis of the dataset was performed in two steps. First, the study was performed in an 
unsupervised way. The grouping of the patients was only known by the partner at the clinic in 
Montpellier, where the sample taking was performed and the opportunity was taken to check 
the biochemical plausibility with assumed cohorts to ascertain an unbiased sample analysis. In 
the second step, the study was unblinded, and a supervised analysis was made with patients in 
cohorts as described in the materials and methods section. Because of the study design, both 
diabetes and diabetic nephropathy biomarkers could be investigated. In this section, statistics 
and descriptive data are given, and the biochemical interpretation thereof can be found in the 
following discussion section. 

Blinded Data Analysis 
Before the groups to which each patient belonged were revealed, an unsupervised study was 
made to see whether the samples actually did include patients of different cohorts. 
Correlations between known factors to influence diabetes and diabetic nephropathy were 
investigated against other metabolites. The data set used in analyses and referred to in this 
section is the analyzed and pre processed data from those patients where both urine and 
plasma samples were available unless stated otherwise.  
 
Urinary creatinine, a known biomarker for nephropathy, was correlated against different 
metabolites. The urinary biogenic amine isomers symmetric dimethylarginine (SDMA) and 
asymmetric dimethylarginine (ADMA) were both found to correlate well with urinary 
creatinine (Fig. 6A, 6B). SDMA and ADMA also correlate well with each other (Fig. 6E). 
The total urinary sugar excretion (when referred to sugar it is meant reducing mono- and 
oligosaccharides excluding glucose) also showed a high correlation with urinary creatinine 
whereas the total urinary amino acid excretion demonstrated a slightly lower correlation (Fig. 
6C, 6D). Urinary SDMA correlated well with the total concentration of urinary sugars (Fig. 
6F) and urinary ADMA to the concentration of creatinine in plasma (Fig. 6G). The total sugar 
concentration in plasma was also plotted against different metabolites, but did not show any 
good correlations. Neither did other combinations of previously mentioned metabolites in 
urine or plasma (data not shown). 
 
An ANOVA test was made in SPSS software with samples divided into three groups based on 
concentration of glucose in plasma (<7000 µM, 7000-10,000 µM, >10,000 µM). The test 
indicated that the amino acids glutamate (Glu) and alanine (Ala) and the acyl carnitines 
acetylcarnitine (C2), propionylcarnitine (C3) and linoleylcarnitine (C18:2) in plasma had a 
significant change in concentration between the groups. Based on the findings in the 
correlation graphs, the samples were also divided into three groups based on concentration of 
the total urinary amino acid content (high conc. n=20, medium conc. n=19, low conc. n=20) 
The ANOVA test performed in SPSS showed that the amino acids Ala, phenylalanine (Phe), 
histidine (His) and tryptophane (Trp) and the biogenic amines histamine and 
hydroxykynurenine in plasma showed a significant change in concentration between the 
groups. 
 
Several PCA and DA analyses were made with different artificial cohorts, based on factors 
known to have an impact on diabetes or kidney damage, to see whether there would be 
clustering in groups or not. 
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A) B) 

 
C) D)    

 
E) F)    

 
G) 

 
 
Figure 6. Correlation curves of different metabolites analyzed in the assays. 
Urinary creatinine correlated well against A) urinary SDMA B) urinary ADMA C) total urinary sugar excretion 
and D) total urinary amino acid excretion. E) Urinary SDMA and ADMA correlated well, as does F) urinary 
SDMA and total urinary sugar excretion and G) urinary ADMA and creatinine in plasma. 
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Figure 7. PCA of samples grouped in different total sugar concentrations. 
Scores plot on the left hand side and corresponding loadings plot on the right hand side indicate that urinary 
creatinine and total urinary amino acid content significantly influence the separation of the groups. 
 
Scores plot of the first principal component (PC1) versus the second one (PC2) from PCA of 
the data set grouped after total urinary sugar concentration (high conc. n=20, medium conc. 
n=19, low conc. n=20) is shown in Fig. 7. These two components described 47.1 % of the 
total variation in the data set. The loadings plot PC1 explained 35.6% of the total variation in 
the data set and indicated that differences in relative amounts of mainly urinary creatinine, but 
also total urinary amino acid content contributes to the good, but not perfect separation of the 
groups in the scores plot. With these two contributors removed, the two components 
described 19.9% of the total variation in the data set (Appendix C Fig. 1). The loadings plot 
then indicated that separation was mainly based on for example differences in relative 
concentrations of amino acids in urine, particularly the branched chain amino acids, leucin, 
valine and isoleucin.  
 
A second scores plot and its corresponding loadings plot with data set grouped after urinary 
creatinine concentration (high conc. n=20, medium conc. n=19, low conc. n=20) is shown in 
Appendix C Fig. 2. The two principal components explained 20.2% of the total variation in 
the data set. The loadings plot indicated that differences in relative concentrations of urinary 
sugar excretion and amino acids in urine are the main reasons for clustering in the scores plot. 
Histamine and hydroxykynurenine in plasma seem to be at higher concentrations in the cohort 
with elevated creatinine values. 
 
Also plasma concentration of creatinine (high conc. n=20, medium conc. n=19, low conc. 
n=20) was used as a factor for creating cohorts and the scores plot and loadings plot are 
shown in Appendix C Fig. 3. The two components accounted for 19% of the total variation in 
the data set. The separation was not perfect, but clustering of the groups is obvious. The 
loadings plot was not clear to interpret, but as previously, the relative concentrations of 
plasma histamine and hydroxykynurenine seem to play a part in the clustering in the scores 
plot, especially since they recurrently show up in the loadings plots. 
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Last, a PCA analysis was performed on the data set with patients divided into cohorts based 
on plasma glucose concentration (high conc. n=20, medium conc. n=19, low conc. n=20). As 
seen in Appendix C Fig. 4, the components explained 19% of the variability in the data set, 
but no direct conclusions could be drawn about which metabolites mostly contribute to the 
clustering, which in its turn was not as clear as in previous analyses. 

Unblinded Data Analysis 
When the study was unblinded, PCA and DA analyses were repeated in the same way as in 
the blinded approach. Three patients were excluded from the study due to young age. The 
data set used in analyses and referred to in this section is the analyzed and pre processed data 
from all patients. The unblinded data analysis was divided into two parts, namely an analysis 
to look for diabetes biomarkers and a second one to look for nephropathy markers. 

Diabetes Biomarkers 
First, a pair wise comparison between all the diabetics and non diabetics was made in order to 
see which biomarkers influence the pathogenesis of diabetes type 2. 
 
A) B) 

 
 
Figure 8. PCA and DA analysis of diabetics and non diabetics in all stages of CKD. 
A) The scores plot from PCA clearly showed a separation of the diabetics and the non diabetics. B) A DA 
analysis gave a scores plot that showed the sensitivity and specificity of the separation are 90% and 94% 
respectively. 
 
The two principal components in the scores plot describe 52.1% of the total variation in the 
data set (Fig. 8A). The scores plot clearly showed a separation of the diabetics and the non 
diabetics although not perfectly. A DA analysis was then performed which gave a scores plot 
as shown in Fig. 8B. The sensitivity, i.e. the proportion of true positives, and specificity, i.e. 
the proportion of true negatives, of the separation was 90% and 94%, respectively. In the 
loadings profile the mostly up- and down-regulated metabolites for diabetics and non 
diabetics are shown (Appendix D Fig 1). A look at the loadings plot indicated that 
tetrahexose (H4) was the most up-regulated metabolite in diabetics (Appendix D Table 1). A 
t-test was performed, and among the 33 highly significant differences, the top hit was plasma 
glucose, accompanied by plasma tetrahexose (H4). Many urinary sugars and plasma fatty 



27 

acids (FA) were both highly significantly and significantly up-regulated, but only two 
metabolites were found to be down-regulated. 
 
A DA analysis was also made for the data sets of plasma and urine samples separately, whose 
sensitivity and specificity are shown in Table 4 below.  
 

Table 4. Sensitivity and specificity for the different datasets. 

Dataset Sensitivity  Specificity  
Plasma and Urine 90% 94% 

Plasma 88% 92% 
Urine 60% 75% 

 
The pairwise comparison of all diabetics versus non diabetics might be influenced by 
biomarkers from the accompanying nephropathy. To get rid of the confounding factors, pair 
wise comparisons were performed between diabetics and non diabetics at every single stage 
of CKD. This would aid in finding the biomarkers specific for diabetes type 2.  
 
A DA analysis was executed on the data set comparing stage 5 patients, i.e. with end stage 
renal disease, in diabetics and non diabetics. The scores plot indicated a sensitivity and 
specificity of the separation of 100% each and the up- and down regulations of metabolites 
are shown in the loadings plot (Fig. 9). An enhancement of the loadings plot can be found in 
Appendix D Fig 2 and a group of urinary sugars appeared to accumulate in the diabetics. A t-
test generated a much shorter list than before due to the reduced noise from kidney damage 
(Appendix D Table 2). The 2 highly significantly and 11 significantly up-regulated 
metabolites in diabetics were dominated by FA and also plasma glucose as would be 
expected. 
 
A) B) 

 
Figure 9. Scores and loadings plot from a comparison of stage 5 CKD in diabetics and non diabetics with 
DA analysis. 
A) The scores plot showed that the sensitivity and specificity of the separation are 100% respectively and B) the 
up-and down-regulated metabolites are shown in the loadings plot.  
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A) B) 

 
 
Figure 10. Scores plots from comparisons of respectively, stage 4 CKD in diabetics and non diabetics and 
stage 3 CKD in diabetics and non diabetics with DA analysis. 
Both scores plot showed that the sensitivity and specificity of the separation are 100%. 
 
In the same manners as above a DA analysis was applied on the data set comparing the lower 
stage 4 CKD in diabetics and non diabetics. Both sensitivity and specificity of separation 
were 100% (Fig. 10A) and a loadings profile with up- and down-regulations can be found in 
Appendix D Fig 3. Glucose appeared to have the strongest influence on up-regulation and 
urinary sugars seemed to build a small group of up-regulated metabolites in the diabetics, but 
not as prominent as in stage 5. Plasma glucose and H4 were the 2 top hits out of 4 highly 
significantly up-regulated metabolites in diabetics (Appendix D Table 3). Urinary sugars 
were the other noticeable up-regulation among the 14 significantly up-regulated metabolites 
in diabetics. 
 
Also of the lowest stage, stage 3 CKD, a DA analysis was performed on the data set to 
compare the diabetics and the non diabetics. Sensitivity and specificity of the separation were 
both 100% (Fig. 10B). The loadings profile shows up- and down-regulations of metabolites 
(Appendix D Fig. 4) and urinary sugars tended to be a group of up-regulated metabolites also 
in this lower stage of CKD in the diabetics. Plasma glucose was yet again among the 
significantly up-regulated metabolites in the list of p-values obtained from a t-test (Appendix 
D Table 4). Only 1 of the 14 up-regulated metabolites was highly significant, but the pattern 
was still clear that FA concentrations seem to be elevated in diabetics with the exceptions of 
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) both in free and esterified 
forms. Another conspicuous finding is the down regulation of 2 bile acids. 
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Nephropathy Biomarkers 
To find out which biomarkers might mirror the progression or indicate the existence of CKD 
different group comparisons were first performed, to see whether it was possible to 
differentiate the different stages of CKD. Separate comparisons were also performed on 
diabetics and non diabetics to get an insight into whether the pathology of diabetes influences 
the pathomechanisms of renal disease or not. 
 
A comparison of all patients in the different stages of CKD, 3, 4 and 5 was made. The scores 
plot from the DA analysis showed a clear separation of the three groups with the first 
component, D1, explaining 55% of the total variation in the data set, and the second one, D2, 
45% of the variation (Fig. 11A). 
 
As stated in the materials and methods section, samples were provided grouped in three stages 
of renal disease, although the official grouping consists of five. A DA analysis was therefore 
still performed on all stages, 1-5 CKD, in diabetics to see whether there was a clustering of all 
the groups or not. Indeed, an excellent separation could be observed of the 5 different groups 
with each component explaining 25% of the variation in the data set (Fig. 11B). Due to the 
low number of patients in the cohorts of earlier stages CKD, no further analyses were 
performed based on all five stages. 
 
Next, a comparison of the official different stages CKD in this project, 3, 4 and 5, was made 
in the diabetic patients only. A DA analysis was performed and the scores plot gave a full 
separation of the groups (Fig. 11C). The components represented 50.9% and 49.1% of the 
variation in the data set, respectively. The same analysis in the non diabetics also gave a clear 
clustering and each component accounted for 50% of the variation in the data set (Fig. 11D).  
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A) B)    

 
C) D)    

 
 
Figure 11. Scores plots from group wise comparisons of different stages CKD in diabetics and non 
diabetics. 
A) The scores plot for all patients in stage 3-5 CKD showed a full separation of the three groups B) as did the 
scores plot for the diabetics in stage 1-5 CKD. Both C) diabetics and D) non diabetics demonstrated a clear 
clustering of the groups with stage 3-5 CKD. 
 
Since loading plots from multi-group comparisons are not safe and clear to interpret, pair wise 
comparisons were performed in the same manner as with groups described above, with 
different stages of CKD compared in all patients and the diabetics and non diabetics 
separately. 
 
A DA analysis comparing early stage, 3 and end stage, stage 5, of CKD in all patients was 
performed on the data set. The scores plot gave a separation with a sensitivity and specificity 
of 100%, respectively (Fig. 12). The loadings profile enhanced in Appendix D Fig. 5 
indicated which metabolites are mostly up- and down regulated. The t-test summarizes what 
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Figure 12. Scores plot and loading profile from a DA analysis comparing stage 3 CKD and stage 5 CKD in 
all patients. 
The scores plot show a separation of the groups with 100% sensitiviy and specificity, respectively. 
 
the loading profile shows. A very long list of 15 and 69 metabolites were highly significantly 
up-and down-regulated, respectively (Appendix D Table 5). The top findings were plasma 
hydroxykynurenine, histamine, creatinine a dicarboxylated acylcarnitine and ADMA. Yet 
another 7 and 41 metabolites were significantly up- and down-regulated, respectively, in stage 
5 CKD patients. The most conspicuous finding was that there were a lot of metabolites down-
regulated in urine. 
 
Stage 3 CKD and stage 5 CKD were compared in a DA analysis on the diabetics only. The 
scores plot gave a separation with a sensitivity and specificity of 100%, respectively (Fig. 
13A). The loadings profile shows which metabolites were mostly up- and down regulated 
(Appendix D Fig 6). The t-test generated a very long list also with the diabetics analyzed 
separately, but the top hits were the same as in the general comparison; plasma 
hydroxykynurenine, histamine creatinine a dicarboxylated acylcarnitine and ADMA 
(Appendix D Table 6). In total, 9 and 36 metabolites were found highly significantly up-and 
down-regulated, respectively, whereas 5 and 33 metabolites showed a significant up-and 
down-regulation, respectively. 
 
The same comparison was made with the non diabetics. The scores plot from the DA analysis 
demonstrated a separation with sensitivity and specificity of 100% (Figure 13B). The 
loadings profile found in Appendix D Fig. 7 shows which metabolites were mostly up- and 
down-regulated in the stage 5 and stage 3 CKD patients. Exactly as before, a very long list of 
highly significant and significant p-values was generated (Appendix D Table 7). The top hits 
were the same, with the exception for tryptophan (Trp) that was down-regulated in plasma. 
Fifty-seven metabolites had a highly significant change in concentration, and 52 were 
significantly altered between the stages of CKD. 
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A) B) 

 
 
Figure 13. Scores plot from a DA analysis comparing stage 3 and stage 5 CKD in diabetics and non 
diabetics, respectively. 
Both scores plot demonstrated a separation of the groups with 100% sensitivity and 100% specificity. 
 
 
A) B) 

 
 
Figure 14. Scores plot from a DA analysis comparing stage 3 and stage 4 CKD in diabetics and non 
diabetics, respectively. 
Both scores plot demonstrated a separation of the groups with 100% sensitivity and 100% specificity. 
 
Since the patients with stage 5 CKD are all on hemodialysis and due to the very long lists of 
p-values, a comparison between the lower stages of CKD was also implemented both for 
diabetics and non diabetics to see whether the lists would be equally long and if the same top 
findings would turn up. 
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The scores plot from the DA analysis comparing stage 3 CKD and stage 4 CKD in diabetics 
showed a separation with sensitivity and specificity of 100 %, respectively (Fig. 14A). The 
loadings profile can be found in Appendix D Fig. 8. The profile shows which metabolites 
were mostly up- and down-regulated in the stage 3 CKD and stage 4 CKD, and the highly 
significant and significant findings from the t-test can be found in Appendix D Table 8. The 
list was considerably shorter, but three out of the six highly significant hits were the same as 
in the comparisons in later stages of CKD, namely plasma histamine, hydroxykynurenine and 
ADMA. Plasma creatinine was found to be significantly up-regulated together with 9 other 
metabolites, whereas 5 metabolites were significantly down-regulated. 
 
For the non diabetics with stage 3 CKD and stage 4 CKD another DA analysis was 
performed. The scores plot also here showed a separation with sensitivity and specificity of 
100 %, respectively (Fig. 14B). The loadings profile indicates which metabolites were mostly 
up- and down-regulated in the different stages of CKD in the non diabetics (Appendix D Fig. 
9).The list was slightly longer than in the comparison for the diabetics. Twelve metabolites 
were found to be highly significantly up- and down-regulated, and 25 and 21 showed a 
significant up- and down regulation, respectively, in the diabetics with stage 4 CKD. All the 
top hits from previous analyses could also be found in this list. 
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DISCUSSION 
 
The primary aim of this study was to look for metabolic biomarkers in diabetic nephropathy. 
The study was carefully designed to ensure optimal statistical power so all analytical work 
and the initial data handling were carried out without unblinding the clinical cohorts. 
Therefore, before unblinding, it was reasonable to check for biochemical plausibility in the 
data by running correlation analyses between metabolites which are known to be related (e.g. 
ADMA and SDMA) or which are routinely used as diagnostic markers (e.g. glucose, 
creatinine; Fig. 6) Taking the biological variability in clinical routine into account (patients 
not sober when blood was sampled etc.) the correlation coefficients were quite convincing 
and confirmed the general applicability of the analytical methods in this study. 
 
In a second step, advanced statistical methods like principal component analyses were applied 
to try and separate artificially formed groups by variation in plasma and urinary sugar 
concentration, plasma glucose or urinary and plasma creatinine levels. In each approach, three 
equally large sub-cohorts (high, middle and low) were defined, and convincing separations 
without any special pre-processing of the data could be seen (Fig.7, Appendix C Fig. 1-3) 
This was already a strong indication that the sample quality and the thorough selection of the 
patients allowed for good statistical power based on the sample numbers available. 
 
After unblinding the clinical documentation for all samples it was possible to take two 
different diagnostic approaches, more specifically, to identify markers associated with 
diabetes and others associated with progressing kidney disease (as staged according to 
calculated GFR, Table 1). Both groups of findings will be discussed separately since they 
involve different metabolic pathways and, thus, reflect different pathomechanisms. 

Diabetes biomarkers 
Diabetes mellitus is probably the first disease where a metabolic biomarker was used for 
diagnostics. Tasting the sweetness of the patients’ urine was the equivalent of detecting 
elevated glucose concentrations in ancient Egypt. The ‘modern’ metabolomics approach to 
diabetes biomarkers combined with supervised statistical tools such as discriminant analysis 
allowed for a highly sensitive and specific distinction of the groups (90% and 94%, 
respectively, when taking all patients in the study into account, Fig. 8B). When analyzing the 
data sets obtained from the plasma and the urine samples separately the plasma data 
contributed substantially more information on which this separation could be based (Table 4). 
This is mainly due to the fact that the concentrations of most metabolites in peripheral blood 
are strictly regulated (a concept called homeostasis) while the concentrations in urine are 
clearly influenced by undocumented factors such as fluid uptake of the individual, variation in 
daily rhythm of the biological activity and, of course, kidney functions like GFR and tubular 
resorption through specific transporter systems (particularly in this study!). To compensate for 
these confounding factors the metabolic differences between diabetic and non-diabetic 
patients were also analyzed within the individual stages of kidney disease, and in every one of 
these three pair wise comparisons the data allowed for a complete separation of the two sub-
cohorts (i.e. a sensitivity and specificity of 100 %; Fig. 9A, 10) 

Group comparison based on all patients 
In the general comparison of diabetic and non-diabetic patients, the statistically most 
significant finding was an elevated plasma glucose level which is self-explanatory since this 
criterion (together with urinary glucose) was used to clinically diagnose the patients as 
diabetic. As shown in Fig. 15, there is an evident and highly significant (p<<0.01) difference, 
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but still a marked overlap between the cohorts. This suggests that there is a need for other 
diagnostic approaches to be able to describe the biochemical difference in further detail. 
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Figure 15. Boxplots of the plasma glucose levels for diabetics and non diabetics. 
There was a prominent and highly significant (p<<0.01) difference between the cohorts, although still an 
overlap, which emphasizes the need of more markers to distinguish sick and healthy patients with more 
certainty. 
 
In summary, the other statistically most significant findings include (Appendix D Table 1): 
 

• elevated urinary sugar levels (also complex ones) 
• elevated (very) long-chain fatty acid levels in plasma 
• elevated urinary acylcarnitine levels 

Urinary mono- and oligosaccharides 
Among the urinary sugars that had an increase in their concentration, glucose is already an 
established diagnostic marker (as dipstick test), but other oligosaccharides such as 
maltotriose, maltotetraose, and also complex sugars containing uronic acids, sialic acids or N-
acetylglucosamine moieties, which are most likely derived from glycoprotein and glycolipid 
metabolism, [71] significantly contributed to the separation of the cohorts (Appendix D Fig 
1). Additionally, the fact that all the significantly altered urinary sugars were unanimously up-
regulated adds credibility to this finding. 

Plasma fatty acids 
A total of 41 FA (either free or total) were found to be significantly up-regulated in the 
plasma samples of the diabetics. At first sight, this could simply be related to a certain degree 
of hyperlipidemia in diabetics, but as the cholesterol, triglycerides, and lipoprotein values 
(e.g. HDL, LDL, VLDL, etc.) were not available up to now, the mean BMI values were 
compared and were significantly higher (30.2 vs. 26.7, p < 0.01) in the diabetic cohort. Since 
the difference was definitely not dramatic and left a generous overlap between the groups 
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(Fig. 16), it is reasonable to assume that there are additional metabolic effects influencing 
these FA levels. As the majority of the up-regulated FA are long or very long chain species 
this suggest that impaired peroxisomal activity might play a role in this finding, as very long 
chain FA are mainly metabolized by peroxisomal β-oxidation, [72] and a decreased 
throughput of this pathway would lead to accumulation of very long chain FA in peripheral 
blood. Moreover, some of the up-regulated fatty acids are odd-numbered and cannot be 
synthesized by humans. They are very common in bacteria (e.g. C17, C19, etc.) and therefore, 
directly mirroring the influence of the gut flora on the composition of the human metabolome 
showing how metabolomics also take environmental factors into account. [73-74] 
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Figure 16. Boxplot of the BMI values for diabetics and non diabetics. 
The mean BMI values for the diabetic and non diabetic are 30.2 and 26.7 kg/m2, respectively, but  
the cohorts have a marked overlap.  

Urinary acylcarnitines 
The third large group of metabolites that turned out to be at higher concentrations in the 
diabetics were the urinary acylcarnitines. In contrast to published data, which suggest that 
mainly long-chain acylcarnitines were noticeable in diabetic urine, [75] the data from this 
study showed no preference for a certain chain length of the fatty acid residue. Even modified 
species like hydroxylated or dicarboxylated acylcarnitines showed the same degree of 
accumulation as the ‘normal’ ones (Appendix D Table 1). This perfectly agrees with 
previous studies in animal models of type 2 diabetes such as the leptin receptor deficient 
db/db mouse [76] where also no clear correlation of fatty acid chain length and urinary 
excretion could be demonstrated [77]. 

Pair wise comparisons of matched stage of kidney disease 
Even though the general group comparison of all diabetic and non diabetic patients gave an 
excellent separation and highly plausible sets of statistically significant biomarker candidates, 
pair wise analyses of each stage of kidney disease allowed to shorten the list of significant 
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findings by removing the confounding influence of the accompanying nephropathy and, 
consequently, looking at specific findings for diabetes alone. 
 
In short, these analyses confirmed the earlier findings described above and were consistent 
with each other. All pair wise comparisons indicated plasma glucose and some additional 
oligosaccharides at elevated concentrations. At the lowest degree of kidney damage, stage 3 
(Appendix D Table 4), some (very) long chain FA were up regulated in plasma as mentioned 
above. Two important exceptions had to be noted: the ω-3 species EPA and DHA, both 
intensely discussed as important healthy food supplements reducing cardiovascular risk [78] 
Both EPA and DHA were significantly down regulated in plasma, both as free fatty acids and 
as esterified species and this correlates well with the increased cardiovascular risk in diabetes 
patients. In addition, two of the bile acids showed decreased plasma concentrations. This may 
contradict with very recent findings in oral glucose tolerance tests where bile acid levels 
increased after glucose challenge [79],but it has to be noted that the experimental setting 
might not mirror the real pathological situation in type 2 diabetes. On the other hand, bile 
acids have been increasingly recognized as key metabolic regulators [80] and bile acid 
receptors have even been suggested as potential drug targets in metabolic disorders 
[81].Therefore, changes in bile acid homeostasis are likely to play a role in type 2 diabetes as 
well and are an interesting area in metabolic biomarker research. 
 
At stage 4 of kidney disease, plasma and urinary sugars are the dominant findings along with 
some short-chain acylcarnitines and single glycerophospho- and sphingolipid markers 
(Appendix D Table 3) which do not allow make conclusions about any additional pathways 
to be involved in diabetes pathology at this stage. 
 
At stage 5, the (very) long chain FA elevation is even more pronounced than the elevated 
plasma glucose (Appendix D Table 2). This perfectly correlates with the fact, that at end 
stage renal disease, the difference in BMI is also more marked between diabetic and non 
diabetic patients (28.8 vs. 22.8 kg/m², respectively; p<<0.01). 

Nephropathy biomarkers 
When attempting to identify metabolic biomarkers of progressing CKD, the initial step was to 
make a pair wise comparison of stage 3 and stage 5 as this comparison was thought to show 
the most distinct differences. Independently if the analysis was based on all patients or 
separately carried out for diabetics and non diabetics, as expected, there was a very large 
number of significant and highly significant variations between early and late stage CKD 
patients (Appendix D Tables 5-7). Regardless of the high number, the findings from these 
three independent comparisons identified basically the same set of marker candidates. This 
suggests that factors that influence kidney disease have such a dominant effect on metabolism 
that the underlying diabetes only plays a minor role and does not confound the findings as 
discussed in chapter above. 
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Among many others these repeatedly found marker candidates include: 
 

• generally low concentrations of most metabolites in urine 
• elevated plasma creatinine 
• elevated plasma ADMA 
• elevated plasma histamine 
• elevated plasma hydroxykynurenine 

 
The most significant findings gave p-values ranging down to 10-10 or slightly below, which 
means that even after compensation for the statistical overfitting (risk of false positive hits 
due to the fact that more parameters than samples were analyzed) these findings would still 
have been highly significant in an unblinded approach. 

Low concentrations in urine 
The general decrease of urinary concentrations could be seen as a consequence of extremely 
impaired glomerular filtration in stage 5 patients. Although there is no direct functional proof 
for this hypothesis in the data set, the lack of filtration would, of course, lead to diluted urine. 
Isolated publications also describe decreased concentrations of creatinine in urine in animal 
models of diabetic nephropathy such as the Zucker rats [82], but since there is not an equally 
large increase in plasma concentrations across all classes of metabolites there is at least some 
doubt about the actual mechanisms involved. In the end, it also has to be considered that the 
stage 5 patients are all under hemodialysis which could counteract the accumulation in 
plasma. 

Plasma creatinine 
The second finding is much easier to explain. Plasma creatinine is the traditional diagnostic 
marker for assessing glomerular filtration and even calculating an estimate of the GFR as 
mentioned in the introduction. The increase is also very consistent between diabetics and non 
diabetics. Plasma creatinine levels are 150 – 170 % higher in stage 5 than in stage 3 patients. 

Plasma ADMA 
Over the last fifteen years, ADMA has been identified and discussed as a biomarker for 
kidney damage [83] and repeatedly confirmed in animal models [84] and clinical trials [85]. 
 
Arginine residues in proteins are frequently posttranslationally modified by protein arginine 
methyltransferases (PRMTs) to form two isomers of dimethylarginine, a symmetric form 
(SDMA) with one methyl group on each γ-nitrogen atom and an asymmetric form (ADMA) 
with both methyl groups on the same nitrogen atom (Fig. 17). Whereas SDMA is 
physiologically quite inert, at least usually not metabolized in the body, ADMA is of 
biological importance because of its potential as endogenous inhibitor of nitric oxide synthase 
(NOS) which means elevated ADMA concentrations cause reduced synthesis of NO and, 
consequently, lead to impaired endothelial function. [86] 
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Figure 17. Structures and metabolism of the endogenous isomers ADMA and SDMA. 
PRMT’s transform arginine residues to ADMA and SDMA. 
 
To gain an even clearer understanding of PRMT activity it is useful to calculate the ratio of 
ADMA and arginine, and this ratio is without a doubt highly significantly elevated in stage 5 
patients (Fig. 18). In fact, there is hardly any overlap between the cohorts, so this ratio could 
almost serve as a single diagnostic marker for the progression of CKD, and it is surprising 
that this marker still has not been adopted as a clinical diagnostics tool. This also emphasizes 
a very basic principle in metabolomics. The analysis of relevant ratios like that of a substrate 
and a product of an enzymatic reaction usually removes a big part of the biological variability, 
excluding other possible pathways and therefore allowing a clearer and more certain 
characterization of the pathway or the enzyme of interest. In this case it would mean, PRMT 
activity is most likely the reason for elevated ADMA concentrations in the stage 5 patients. 
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Figure 18. Boxplots of the ADMA/arginine ratio in stage 3 and stage 5 CKD. 
The stage 5 patients had a highly significant (p<<0.01) increase of the ratio compared to stage 3 patients,  
which suggests that an ADMA/arginine ratio is a good biomarker of progression of CKD. 

Plasma histamine 
Advanced kidney disease is often associated with a horrendous itch called the uremic pruritus 
[87]. While many endogenous mediators such as biogenic amines, proteases, neuropeptides, 
opioids, eicosanoids, growth factors and cytokines are discussed to contribute to this symptom 
[88], the most noticeable finding in this study is the increased concentration of histamine in 
stage 5 patients which would suggest that mast cell activation plays an essential role in the 
pathogenesis of uremic pruritus. Figure 19 summarizes how the situation could worsen by the 
endothelial dysfunction mentioned above (decreased NOS activity) since normally 
functioning endothelia are capable of inactivating circulating histamine [87]. A fact that adds 
plausibility to this finding is that even in the unblinded data analysis, histamine was higher in 
the groups that were artificially created with high urinary and plasma creatinine. 
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Figure 19. Scheme of how NOS inhibition might intensify the severity of uremic pruritus. 
ADMA is synthetized when PRMT’s modify arginine (Arg) residues. An elevation of ADMA leads to inhibition 
of NOS, and consequently decreased levels of NO. Also citrulline (Cit) is metabolized through NOS. The 
decrease of NO leads to impaired endothelial function and the histamine released from the mast cells cannot be 
degraded by histamine N-methyltransferase or diamine oxidase in the endothelia, thus leading to increased levels 
of histamine in plasma. 

Plasma hydroxykynurenine 
A less expected, yet extremely significant finding was also consistent in both diabetics and 
non diabetics; elevated levels of hydroxykynurenine in plasma. Hydroxykynurenine is an 
intermediate of one of the main pathways of tryptophan catabolism (others lead to serotonin 
or anthranilate). There are a few publications from a single group in Poland suggesting that 
this pathway plays a role in the pathogenesis of CKD [89-91]. Other studies of the same 
group have mainly focused the observations on the role of kynurenine metabolites in the 
central nervous system [92]. Depending on the tissue the rate limiting enzymes in this 
pathway is either the indoleamine-2,3-dioxygenase (IDO) in the kidneys or the tryptophan-
2,3-dioxygenase (TDO) in the liver which both convert tryptophan to N-formyl-kynurenine, 
which in its turn is catabolized to kynurenine and thereafter hydroxykynurenine. Just as with 
histamine, hydroxykynurenine was already observered to be at higher levels in the artificial 
cohorts symbolizing patients with diabetic nephropathy. 
 
Since, at the same time, the plasma tryptophan levels were highly significantly down-
regulated in stage 5 patients, the ratio of hydroxykynurenine to tryptophan was calculated to 
get an indication of the metabolic flux through this pathway (Fig. 20). As expected, stage 5 
patients have an extremely elevated ratio which, again, would qualify as a single diagnostic 
parameter due to the clearness of the separation between the cohorts. This finding also 
supports the fact that the IDO enzyme in the kidneys has an effect on progression of CKD and 
is very much up-regulated in the stage 5 patients. 
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Figure 20. Boxplots of the hydroxykynurenine/tryptophan ratio in stage 3 and stage 5 CKD. 
The stage 5 patients had a highly significant (p<<0.01) increase of the ratio compared to stage 3 patients,  
which suggests that this ratio may work as a biomarker of progression of CKD. 
 
Since it must be assumed that the severe kidney damage and the hemodialysis treatment at 
stage 5 have very manifest and extensive effects on almost every part of intermediary 
metabolism, thereof the very long lists of significant findings, a second approach compared 
stage 3 and stage 4 patients in order to identify and characterize earlier and less dramatic 
changes in progression of kidney disease. 
 
The most relevant findings of the comparison between stage 5 and stage 3 could be 
reproduced in this second analysis: plasma levels of creatinine, ADMA, histamine, and 
hydroxykynurenine were significantly increased in higher stage kidney disease, completely 
independent of the diabetes status of the patients (Appendix D Tables 8-9). This means that 
all conclusions discussed above are valid to describe pathomechanisms involved at earlier 
stages as well. 
 
Furthermore, one phenomenon became much clearer in this analysis. There is obviously a 
substantial degree of oxidative stress associated with progression of CKD. Methionine-
sulfoxide is one of the most direct indicators of oxidation by reactive oxygen species (ROS) 
[93]. Its plasma levels were significantly higher in stage 4 and stage 5 patients compared to 
stage 3, again independent of the diabetes status. As discussed before, the ratio of methionine-
sulfoxide to the substrate of the oxidation, methionine, is even more informative than the 
product concentration alone. Figure 21 clearly demonstrates that the oxidative stress level in 
fact increases continually with the disease stage and could, therefore, very well serve as a 
progression parameter in the clinical assessment and, potentially, even as a prognostic marker. 
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Figure 21. Boxplots of the methionine-sulfoxide/methionine ratio in all stages of CKD. 
The ratio continually highly signficicantly (p<<0.01) increases with higher stage of CKD. This suggests that the 
level of oxidative stress could serve as a biomarker of progression, and maybe even prognosis, in diabetic 
nephropathy. 
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CONCLUSIONS 
 
The aim of this study was to try and find metabolic biomarker candidates that were able to 
predict appearance or progression of diabetic nephropathy. The analyses were performed both 
in a blinded and unblinded approach, which gave good biochemical plausibility for the way 
the study was set up. Just as desired, cohorts showed highly significantly clear separations and 
several biomarker candidates were found of interest. The study design made it possible, not 
only to look at biomarkers for kidney disease and stages thereof, but also to get an insight of 
which pathomechanisms are involved in diabetes. Even though the patients in this study were 
multi diseased, clear differentiation could be noted between the cohorts, which further 
emphasizes the high statistical power which the study was yielding. These facts prove that 
targeted metabolomics is a powerful tool in biomarker discovery for diseases. Moreover, by 
calculating ratios of for example a substrate and a product of an enzymatic reaction it gives 
straightforward answers about the underlying reason for pathology, by excluding other 
possible pathways. Therefore, this study did not only identify biomarker candidates, but also 
offered biochemical explanations for the majority of them and their changes in concentration. 
In diabetics it was concluded that it is likely that impaired peroxisomal β-oxidation is 
involved in the pathology of the disease as indicated by elevations of very long chain FA in 
plasma. Additionally, urinary sugars and acylcarnitines were found to be significantly up-
regulated in the diabetic patients. The nephropathy biomarkers included the already 
established plasma creatinine as an indicator of the glomerular damage in the kidneys. The 
inhibition of NOS plays a role in the endothelial dysfunction of the kidney. Inhibition thereof 
results from elevated concentrations of ADMA and this phenomenon is also likely to 
contribute to the uremic pruritus, also indicated by high plasma histamine levels, that patients 
with kidney disease often suffer from. Furthermore, the IDO enzyme seems to be altered in 
patients with advanced kidney disease. Lastly, the increase of methionine-sulfoxide to 
methionine ratio in the patients implies that oxidative stress could possibly work as a 
prognostic marker for nephropathy. To sum up, the study shows that there is a lot to discover 
in the area of diabetic nephropathy. There are many markers that have to be further studied 
and evaluated, but that could very well become important as clinical tools in discovering and 
slowing down the progression of diabetic nephropathy in the future. 
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APPENDIX A    LIST AND ABBREVIATIONS OF METABOLITES 
 
  Table 1: Amino acids 

Abbreviation Analyte 
Ala Alanine 
Arg Arginine 
Asn Asparagine 
Asp Aspartate 
Cit Citrulline 
Gln Glutamine 
Glu Glutamate 
Gly Glycine 
His Histidine 
Ile Isoleucine 

Leu Leucine 
Lys Lysine 
Met Methionine 
Orn Ornithine 
Phe Phenylalanine 
Pro Proline 
Ser Serine 
Thr Threonine 
Trp Tryptophane 
Tyr Tyrosine 
Val Valine 

 
 Table 2. Acylcarnitines 

Abbreviation Analyte 
C0 Carnitine (free) 
C2 Acetylcarnitine 
C3 Propionylcarnitine 
C3:1 Propenoylcarnitine 
C3-OH Hydroxypropionylcarnitine 
C4 Butyrylcarnitine / Isobutyrylcarnitine 
C4:1 Butenoylcarnitine 
C4:1-DC  Fumarylcarnitine  
C4-OH 3-Hydroxybutyrylcarnitine 
C5 Isovalerylcarnitine / 2-Methylbutyrylcarnitine / Valerylcarnitine 
C5:1 Tiglylcarnitine / 3-Methyl-crotonylcarnitine 
C5:1-DC  Glutaconylcarnitine / Mesaconylcarnitine  
C5-DC Glutarylcarnitine 
C5-M-DC Methylglutarylcarnitine 
C5-OH 3-Hydroxyisovalerylcarnitine / 3-Hydroxy-2-methylbutyryl 
C6:1 Hexenoylcarnitine 
C7-DC Pimelylcarnitine 
C8 Octanoylcarnitine [Caprylylcarnitine] 
C8:1 Octenoylcarnitine 
C8-DC Octanedioylcarnitine [Suberylcarnitine] 
C9 Nonanoylcarnitine [Pelargonylcarnitine] 
C10  Decanoylcarnitine [Caprylcarnitine] (Fumarylcarnitine) 
C10:1 Decenoylcarnitine 
C10:2 Decadienoylcarnitine 
C10-DC Decanedioylcarnitine [Sebacylcarnitine] 
C12 Dodecanoylcarnitine [Laurylcarnitine] 
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C12:1 Dodecenoylcarnitine 
C12-DC Dodecanedioylcarnitine 
C14 Tetradecanoylcarnitine [Myristylcarnitine] 
C14:1 Tetradecenoylcarnitine [Myristoleylcarnitine] 
C14:1-OH 3-Hydroxytetradecenoylcarnitine [3-Hydroxymyristoleylcarnitine] 
C14:2 Tetradecadienoylcarnitine 
C14:2-OH 3-Hydroxytetradecadienoylcarnitine 
C14-OH 3-Hydroxytetradecanoylcarnitine [Hydroxymyristylcarnitine] 
C16 Hexadecanoylcarnitine [Palmitoylcarnitine] 
C16:1 Hexadecenoylcarnitine [Palmitoleylcarnitine] 
C16:1-OH 3-Hydroxyhexadecenoylcarnitine [3-Hydroxypalmitoleylcarnitine] 
C16:2 Hexadecadienoylcarnitine 
C16:2-OH 3-Hydroxyhexadecadienoylcarnitine 
C16-OH 3-Hydroxyhexadecanolycarnitine [3-Hydroxypalmitoylcarnitine] 
C18 Octadecanoylcarnitine [Stearylcarnitine] 
C18:1 Octadecenoylcarnitine [Oleylcarnitine] 
C18:1-OH 3-Hydroxyoctadecenoylcarnitine [3-Hydroxyoleylcarnitine] 
C18:2 Octadecadienoylcarnitine [Linoleylcarnitine] 
C18:2-OH 3-Hydroxyoctadecadienoylcarnitine [3-Hydroxylinoleylcarnitine] 

 
 
 Table 3. Biogenic amines and polyamines 

Abbreviation Analyte 
ADMA Asymmetric dimethylarginine 
Creatinine Creatinine 
Histamine Histamine 
Hydroxykynurenine Hydroxykynurenine 
Kynurenine Kynurenine 
Methionine-Sulfoxide Methionine-Sulfoxide 
Nitrotyrosine Nitrotyrosine 
Phenyletylamine Phenyletylamine 
Putrescine Putrescine 
SDMA Symmetric dimethylarginine 
Serotonin Serotonin 
Spermidine Spermidine 
Spermine Spermine 
total DMA  Total dimethylarginine 

 
 
 Table 4. (lyso)-phosphatidylcholines 

Abbreviation Analyte 
lysoPC a C14:0 Lysophosphatidylcholine with acyl residue C14:0 
lysoPC a C16:0 Lysophosphatidylcholine with acyl residue C16:0 
lysoPC a C16:1 Lysophosphatidylcholine with acyl residue C16:1 
lysoPC a C17:0 Lysophosphatidylcholine with acyl residue C17:0 
lysoPC a C18:0 Lysophosphatidylcholine with acyl residue C18:0 
lysoPC a C18:1 Lysophosphatidylcholine with acyl residue C18:1 
lysoPC a C18:2 Lysophosphatidylcholine with acyl residue C18:2 
lysoPC a C20:3 Lysophosphatidylcholine with acyl residue C20:3 
lysoPC a C20:4 Lysophosphatidylcholine with acyl residue C20:4 
lysoPC a C24:0 Lysophosphatidylcholine with acyl residue C24:0 
lysoPC a C26:0 Lysophosphatidylcholine with acyl residue C26:0 
lysoPC a C26:1 Lysophosphatidylcholine with acyl residue C26:1 
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lysoPC a C28:0 Lysophosphatidylcholine with acyl residue C28:0 
lysoPC a C28:1 Lysophosphatidylcholine with acyl residue C28:1 
lysoPC a C6:0 Lysophosphatidylcholine with acyl residue C6:0 
PC aa C24:0 Phosphatidylcholine with diacyl residue sum C24:0 
PC aa C26:0 Phosphatidylcholine with diacyl residue sum C26:0 
PC aa C28:1 Phosphatidylcholine with diacyl residue sum C28:1 
PC aa C30:0 Phosphatidylcholine with diacyl residue sum C30:0 
PC aa C30:2 Phosphatidylcholine with diacyl residue sum C30:2 
PC aa C32:0 Phosphatidylcholine with diacyl residue sum C32:0 
PC aa C32:1 Phosphatidylcholine with diacyl residue sum C32:1 
PC aa C32:2 Phosphatidylcholine with diacyl residue sum C32:2 
PC aa C32:3 Phosphatidylcholine with diacyl residue sum C32:3 
PC aa C34:1 Phosphatidylcholine with diacyl residue sum C34:1 
PC aa C34:2 Phosphatidylcholine with diacyl residue sum C34:2 
PC aa C34:3 Phosphatidylcholine with diacyl residue sum C34:3 
PC aa C34:4 Phosphatidylcholine with diacyl residue sum C34:4 
PC aa C36:0 Phosphatidylcholine with diacyl residue sum C36:0 
PC aa C36:1 Phosphatidylcholine with diacyl residue sum C36:1 
PC aa C36:2 Phosphatidylcholine with diacyl residue sum C36:2 
PC aa C36:3 Phosphatidylcholine with diacyl residue sum C36:3 
PC aa C36:4 Phosphatidylcholine with diacyl residue sum C36:4 
PC aa C36:5 Phosphatidylcholine with diacyl residue sum C36:5 
PC aa C36:6 Phosphatidylcholine with diacyl residue sum C36:6 
PC aa C38:0 Phosphatidylcholine with diacyl residue sum C38:0 
PC aa C38:1 Phosphatidylcholine with diacyl residue sum C38:1 
PC aa C38:3 Phosphatidylcholine with diacyl residue sum C38:3 
PC aa C38:4 Phosphatidylcholine with diacyl residue sum C38:4 
PC aa C38:5 Phosphatidylcholine with diacyl residue sum C38:5 
PC aa C38:6 Phosphatidylcholine with diacyl residue sum C38:6 
PC aa C40:1 Phosphatidylcholine with diacyl residue sum C40:1 
PC aa C40:2 Phosphatidylcholine with diacyl residue sum C40:2 
PC aa C40:3 Phosphatidylcholine with diacyl residue sum C40:3 
PC aa C40:4 Phosphatidylcholine with diacyl residue sum C40:4 
PC aa C40:5 Phosphatidylcholine with diacyl residue sum C40:5 
PC aa C40:6 Phosphatidylcholine with diacyl residue sum C40:6 
PC aa C42:0 Phosphatidylcholine with diacyl residue sum C42:0 
PC aa C42:1 Phosphatidylcholine with diacyl residue sum C42:1 
PC aa C42:2 Phosphatidylcholine with diacyl residue sum C42:2 
PC aa C42:4 Phosphatidylcholine with diacyl residue sum C42:4 
PC aa C42:5 Phosphatidylcholine with diacyl residue sum C42:5 
PC aa C42:6 Phosphatidylcholine with diacyl residue sum C42:6 
PC ae C30:0 Phosphatidylcholine with acyl-alkyl residue sum C30:0 
PC ae C30:1 Phosphatidylcholine with acyl-alkyl residue sum C30:1 
PC ae C30:2 Phosphatidylcholine with acyl-alkyl residue sum C30:2 
PC ae C32:1 Phosphatidylcholine with acyl-alkyl residue sum C32:1 
PC ae C32:2 Phosphatidylcholine with acyl-alkyl residue sum C32:2 
PC ae C34:0 Phosphatidylcholine with acyl-alkyl residue sum C34:0 
PC ae C34:1 Phosphatidylcholine with acyl-alkyl residue sum C34:1 
PC ae C34:2 Phosphatidylcholine with acyl-alkyl residue sum C34:2 
PC ae C34:3 Phosphatidylcholine with acyl-alkyl residue sum C34:3 
PC ae C36:0 Phosphatidylcholine with acyl-alkyl residue sum C36:0 
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PC ae C36:1 Phosphatidylcholine with acyl-alkyl residue sum C36:1 
PC ae C36:2 Phosphatidylcholine with acyl-alkyl residue sum C36:2 
PC ae C36:3 Phosphatidylcholine with acyl-alkyl residue sum C36:3 
PC ae C36:4 Phosphatidylcholine with acyl-alkyl residue sum C36:4 
PC ae C36:5 Phosphatidylcholine with acyl-alkyl residue sum C36:5 
PC ae C38:0 Phosphatidylcholine with acyl-alkyl residue sum C38:0 
PC ae C38:1 Phosphatidylcholine with acyl-alkyl residue sum C38:1 
PC ae C38:2 Phosphatidylcholine with acyl-alkyl residue sum C38:2 
PC ae C38:3 Phosphatidylcholine with acyl-alkyl residue sum C38:3 
PC ae C38:4 Phosphatidylcholine with acyl-alkyl residue sum C38:4 
PC ae C38:5 Phosphatidylcholine with acyl-alkyl residue sum C38:5 
PC ae C38:6 Phosphatidylcholine with acyl-alkyl residue sum C38:6 
PC ae C40:0 Phosphatidylcholine with acyl-alkyl residue sum C40:0 
PC ae C40:1 Phosphatidylcholine with acyl-alkyl residue sum C40:1 
PC ae C40:2 Phosphatidylcholine with acyl-alkyl residue sum C40:2 
PC ae C40:3 Phosphatidylcholine with acyl-alkyl residue sum C40:3 
PC ae C40:4 Phosphatidylcholine with acyl-alkyl residue sum C40:4 
PC ae C40:5 Phosphatidylcholine with acyl-alkyl residue sum C40:5 
PC ae C40:6 Phosphatidylcholine with acyl-alkyl residue sum C40:6 
PC ae C42:0 Phosphatidylcholine with acyl-alkyl residue sum C42:0 
PC ae C42:1 Phosphatidylcholine with acyl-alkyl residue sum C42:1 
PC ae C42:2 Phosphatidylcholine with acyl-alkyl residue sum C42:2 
PC ae C42:3 Phosphatidylcholine with acyl-alkyl residue sum C42:3 
PC ae C42:4 Phosphatidylcholine with acyl-alkyl residue sum C42:4 
PC ae C42:5 Phosphatidylcholine with acyl-alkyl residue sum C42:5 
PC ae C44:3 Phosphatidylcholine with acyl-alkyl residue sum C44:3 
PC ae C44:4 Phosphatidylcholine with acyl-alkyl residue sum C44:4 
PC ae C44:5 Phosphatidylcholine with acyl-alkyl residue sum C44:5 
PC ae C44:6 Phosphatidylcholine with acyl-alkyl residue sum C44:6 

 
 

  Table 5. Sphingomyelins 
Abbreviation Analyte 
SM (OH) C14:1 Hydroxysphingomyelin with acyl residue sum C14:1 
SM (OH) C16:1 Hydroxysphingomyelin with acyl residue sum C16:1 
SM (OH) C22:1 Hydroxysphingomyelin with acyl residue sum C22:1 
SM (OH) C22:2 Hydroxysphingomyelin with acyl residue sum C22:2 
SM (OH) C24:1 Hydroxysphingomyelin with acyl residue sum C24:1 
SM C14:0 sphingomyelin with acyl residue sum C14:0 
SM C16:0 sphingomyelin with acyl residue sum C16:0 
SM C16:1 sphingomyelin with acyl residue sum C16:1 
SM C18:0 sphingomyelin with acyl residue sum C18:0 
SM C18:1 sphingomyelin with acyl residue sum C18:1 
SM C20:2 sphingomyelin with acyl residue sum C20:2 
SM C22:3 sphingomyelin with acyl residue sum C22:3 
SM C24:0 sphingomyelin with acyl residue sum C24:0 
SM C24:1 sphingomyelin with acyl residue sum C24:1 
SM C26:0 sphingomyelin with acyl residue sum C26:0 
SM C26:1 sphingomyelin with acyl residue sum C26:1 
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    Table 6. Eicosanoids 
Abbreviation Analyte 
12S-HETE  12(S)-hydroxy-5Z,8Z,10E,14Z-eicosatetraenoic acid 
13S-HODE  13(S)-hydroxy-9Z,11E-octadecadienoic acid 
14(15)-EpETE  (±)14(15)-epoxy-5Z,8Z,11Z,17Z-eicosatetraenoic acid 
15S-HETE  15(S)-hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid 
15S-HpETE  15(S)- hydroperoxy-5Z,8Z,11Z,13E-eicosatetraenoic acid 
5S-HpETE 5(S)-hydroperoxy-6E,8Z,11Z,14Z-eicosatetraenoic acid 
6-keto-PGF1a  6-keto-Prostaglandin F1alpha 
8-iso PGF2a  8-iso-Prostaglandin F2alpha 
9S-HODE  (±)9-hydroxy-10E,12Z-octadecadienoic acid 
AA Arachidonic acid 
DHA Docosahexaenoic acid 
LTB4  Leukotriene B4 
LTD4 Leukotriene D4 
PGD2  Prostaglandin D2 
PGE2  Prostaglandin E2 
PGF2a  Prostaglandin F2alpha 
TXB2  Tromboxane B2 

 
 
Table 7. Reducing mono- and oligosaccharides 
Abbreviation Analyte 
(HNAcS-UA)2-HNAc di(N-acetylhexosamine-sulfate-uronic acid)-(N-acetylhexosamine) 
(HNAc-UA)2 di-(N-acetylhexosamine-uronic acid) 
(HNAc-UA)2-S di(N-acetylhexosamine-uronic acid)-sulfate 
(UA-HNAcS)2-UA di(uronic acid-N-acetylhexosamine-sulfate)-uronic acid 
dH deoxyhexose 
Glucosone glucosone (= 2-keto-glucose) 
H1 (Glucose etc.) hexose [glucose etc.] 
H2 dihexose [maltose, lactose, etc.] 
H2-dH dihexose-deoxyhexose 
H2-dH2 dihexose-dideoxyhexose 
H2-HNAc2 dihexose-di(N-acetylhexosamine) 
H2-HNAc3 dihexose-tri(N-acetylhexosamine) 
H2-NANA dihexose-(N-acetylneuraminic acid) (= sialyllactose) 
H3 trihexose [maltotriose etc.] 
H3-HNAc2 and  
UA-HN-UA-HNAc-UA 

trihexose-di(N-acetylhexosamine) and uronic acid-hexosamine-uronic acid 
-(N-acetylhexose)-uronic acid 

H3-HNAc2-NANA trihexose-di(N-acetylhexosamine)-(N-acetylneuraminic acid) 
H3-HNAc3 trihexose-tri(N-acetylhexosamine) 
H3-HNAc4 trihexose-tetra(N-acetylhexosamine) 
H3-HNAc5 trihexose-penta(N-acetylhexosamine) 
H4 tetrahexose [maltotetraose etc.] 
H4-HNAc2 tetrahexose-di(N-acetylhexosamine) 
H4-HNAc2-NANA tetrahexose-di(N-acetylhexosamine)-(N-acetylneuraminic acid) 
H4-HNAc3 tetrahexose-tri(N-acetylhexosamine) 
H5 pentahexose [maltopentaose etc.] 
H5-HNAc3 pentahexose-tri(N-acetylhexosamine) 
H6 hexahexose [maltohexaose etc.] 
H7 heptahexose [maltoheptaose etc.] 
H-dH hexose-deoxyhexose 
H-HNAc-NANA hexose-(N-acetylhexosamine)-(N-acetylneuraminic acid) 
HNAc N-acetylhexosamine 
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HNAc(S)-UA (N-acetylhexosamine)-sulfate-uronic acid 
HNAc(S2) (N-acetylhexosamine)-disulfate 
HNAc2-H-dH di(N-acetylhexosamine)-hexose-deoxyhexose 
HNAc-dH (N-acetylhexosamine)-deoxyhexose 
HNAc-H (N-acetylhexosamine)-hexose 
HNAc-H2 (N-acetylhexosamine)-dihexose 
HNAc-H2-dH (N-acetylhexosamine)-dihexose-deoxyhexose 
HNAc-H2-dH2 (N-acetylhexosamine)-dihexose-dideoxyhexose 
HNAc-H3 (N-acetylhexosamine)-trihexose 
HNAc-H3-dH (N-acetylhexosamine)-trihexose-deoxyhexose 
HNAc-H3-dH2 (N-acetylhexosamine)-trihexose-dideoxyhexose 
HNAc-H4 (N-acetylhexosamine)-tetrahexose 
HNAc-H4-dH (N-acetylhexosamine)-tetrahexose-deoxyhexose 
HNAc-H4-dH2 (N-acetylhexosamine)-tetrahexose-dideoxyhexose 
HNAc-H5 (N-acetylhexosamine)-pentahexose 
HNAc-H5-dH (N-acetylhexosamine)-pentahexose-deoxyhexose 
HNAc-H6 (N-acetylhexosamine)-hexahexose 
HNAc-H-dH (N-acetylhexosamine)-hexose-deoxyhexose 
HNAcS N-acetylhexosamine-sulfate 
HNAc-UA (N-acetylhexosamine)-uronic acid 
HNAc-UA-HNS-UA N-acetylhexosamine-uronic acid-(hexosamine-sulfate)-uronic acid 
HNAc-UA-HNS-UA(S) N-acetylhexosamine-uronic acid-(hexosamine-sulfate)-uronic acid-sulfate 
HNS-UA N-uronosylhexosamine-sulfate 
HN-UA N-uronosylhexosamine 
H-P hexose-pentose 
Neu5Gc-HNAc-H3 (N-glycolylneuraminic acid)-(N-acetylhexosamine)-trihexose 
P  pentose [ribose etc.] 
Phospho-H phosphohexose, hexose-6-phosphate 
UA uronic acid 
UA-HN uronic acid-hexosamine 
UA-HNAc uronic acid-(N-acetylhexosamine) 
UA-HNAc-S uronic acid-(N-acetylhexosamine)-sulfate 
UA-HNAc-UA uronic acid-(N-acetylhexosamine)-uronic acid 
UA-HNAc-UA(S) uronic acid-(N-acetylhexosamine)-(uronic acid-sulfate) 
UA-HNAc-UA(S2) uronic acid-(N-acetylhexosamine)-(uronic acid-disulfate) 
UA-HNAc-UA-
HNAc(S2)  uronic acid-(N-acetylhexosamine)-uronic acid-(N-acetylhexosamine-disulfate) 
UA-HNS uronic acid-(hexosamine-sulfate) 
UA-HNS-UA uronic acid-(hexosamine-sulfate)-uronic acid 

UA-HNS-UA-HNAc-UA 
uronic acid-(hexosamine-6-sulfate)-uronic acid-(N-acetylhexosamine)-uronic 
acid 

UA-HN-UA(S2) uronic acid-hexosamine-(uronic acid-disulfate) 
UA-HN-UA-HNAc-UA uronic acid-hexosamine-uronic acid-(N-acetylhexosamine)-uronic acid 
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 Table 8: Bile acids 
Abbreviation Analyte 
CA Cholic Acid 
CDCA Chenodeoxycholic Acid 
DCA Deoxycholic Acid 
GCA Glycocholic Acid 
GCDCA Glycochenodeoxycholic Acid 
GDCA Glycodeoxycholic Acid 
GLCA Glycolithocholic Acid 
GLCAS Glycolithocholic Acid sulfate 
GUDCA Glycoursodeoxycholic Acid 
LCA Lithocholic Acid 
TCA Taurocholic Acid 
TCDCA Taurochenodeoxycholic Acid 
TDCA Taurodeoxycholic Acid 
TLCA Taurolithocholic Acid 
TLCAS Taurolithocholic Acid sulfate 
TUDCA Tauroursodeoxycholic Acid 
UDCA Ursodeoxycholic Acid 

 
 

 
   Table 9: Free and total fatty acids 

Abbreviation Analyte 
C6:0 Caproic acid  
C8:0 Caprylic acid 
C10:0 Capric acid  
C11:0 Undecanoic acid  
C12:0 Lauric acid  
C13:0 Tridecanoic acid  
C14:0 Myristic acid  
cis-C14:1w5 Myristoleic acid  
C15:0 Pentadecanoic acid  
cis-C15:1w5 cis-10-Pentadecenoic acid  
C16:0 Palmitic acid  
cis-C16:1w9 cis-7-Hexadecenoic acid 
cis-C16:1w7 Palmitoleic acid  
C17:0 Heptadecanoic acid  
cis-C17:1w7 cis-10-Heptadecenoic acid  
C18:0 Stearic acid  
trans-C18:1w9 Elaidic acid  
cis-C18:1w9 Oleic acid  
cis-C18:1w7 Vaccenic acid  
trans-C18:2w6 Linolelaidic acid  
cis-C18:2w6 Linoleic acid  
C19:0 Nonadecanoic acid  
cis-C18:3w6 γ-Linolenic acid  
cis-C18:3w3 Linolenic acid  
18Me-C19:0  
cis-C18:4w3 Stearidonic acid  
C20:0 Arachidic acid  
cis-C20:1w9 cis-11-Eicosenoic acid  
cis-C20:2w6 cis-11,14-Eicosadienoic acid  + Mead acid  
cis-C20:3w9 Mead acid  
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C21:0 Heneicosanoic acid  
cis-C20:3w6 cis-8,11,14-Eicosatrienoic acid  
cis-C20:4w6 Arachidonic acid  
cis-C20:3w3 cis-11,14,17-Eicosatrienoic acid  
C22:0 Behenic acid  
cis-C20:5w3 (EPA) EPA (cis-5,8,11,14,17-Eicosapentaenoic acid) 
cis-C22:1w9 Erucic acid  
cis-C22:2w6 cis-13,16-Docosadienoic acid  
C23:0 Tricosanoic acid  
cis-C22:4w6 cis-7,10,13,16-Docosatetraenoc acid  
C24:0 Lignoceric acid 
cis-C22:5w3 cis-7,10,13,16,19-Docosapentaenoic acid  
cis-C24:1w9 Nervonic acid  
cis-C22:6w3 (DHA) DHA (cis-4,7,10,13,16,19-docosahexaenoic acid) 
cis-C22:5w6(2E) 2(E),7(Z),10(Z),13(Z),16(Z)-Docosapentaenoic acid 
C7:0  
C9:0  
9Me-C10:0  
8Me-C18:0  
cis-C11:1w5  
12Me-C13:0  
cis-C13:2w3  
cis-C14:1w9  
cis-C14:1w7  
13Me-C14:0  
12Me-C14:0  
cis-C15:2w9  
14Me-C15:0  
cis-C16:1w13  
cis-C16:1w11  
cis-C16:1w5  
15Me-C16:0  
14Me-C16:0  
cis-C17:1w9  
cis-C17:1w5  
cis-C17:2w9  
15Me-C16:0  
cis-C17:2w7  
cis-C17:2w6  
cis-C18:1w11  
cis-C18:1w6  
17Me-C18:0  
2Me-C18:0  
cis-C19:2w6  
cis-C19:2w3  
cis-C20:2w3  
cis-C20:5w6  
cis-C20:4w3  
21Me-C22:0  
cis-C23:2w9  
cis-C22:3w3  
cis-C24:2w3   
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APPENDIX B    SUPPLEMENTAL METHODS AND MATERIALS 
 

Amino acids- and amines assay / Acylcarntines- and lipids assay  
 
Reagent buffer 
The reagent buffer is prepared by pipetting 1000 µL EtOH, 1000 µL Milli-Q water and 1000 
µL pyridine together into a 12 mL sample vial under a fume hood and then vortexed for 30 
seconds. 
 
5% v/v PITC reagent 
The 5% v/v PITC reagent is prepared immediately before use by pipetting 100 µL PITC and 
1900 µL Reagent buffer at RT into a 2 mL sample vial and mixed until the solution is not 
cloudy anymore. 
 
Extraction solvent 
On the day of assay processing 192.7 mg 5mM ammonium acetate is dissolved in 500 mL 
HPLC-grade MeOH under fume hood. 
 
QC samples  
The QC sample (Dunn Labortechnik GmbH, Asbach, Germany) with spiked analytes are 
thawed at RT and vortexed for 30 seconds before loading. 
 
Zero sample 
10 µL of HPLC-grade water is pipetted into well.  0.8 g of human serum albumin (HSA) is 
weighed in and diluted in 20 ml 0.01 M phosphate buffed saline (PBS) pH 7.4 under a fume 
hood. Thereafter mixed and sonicated. 
 
Internal standards 
 
  Table 1. Internal standards added. 

Name 
Conc. 

[µmol/L]  Supplier 

Creatinine-methyl-d3  100 Isothermal Technology Limited (Southport, England) 
Putrescine-d4 2 C/D/N Isotopes Inc. (Quebec, Canada) 
Serotonine-d4 2 C/D/N Isotopes Inc.  

ADMA-d7 2 C/D/N Isotopes Inc.  

 
Calibrators 
 
 Table 2. Calibrators for LCMS. 

No. Calibrator (Cal) Cal7-Conc. [µM] 

1 Glycine 2500 

2 L-Alanine 1000 

3 L-Arginine 500 

4 L-Aspartic-Acid 500 

5 L-Asparagine 500 

6 L-Citrulline 500 

7 L-Glutamic-Acid 500 

8 L-Glutamine 1000 
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9 L-Histidine 500 

10 L-Isoleucine 500 

11 L-Leucine 500 

12 L-Lysine H2O 500 

13 L-Methionine 500 

14 L-Ornithine-HCl 500 

15 L-Phenylalanine 500 

16 L-Proline 500 

17 L-Serine 500 

18 L-Threonine 500 

19 L-Tryptophan 500 

20 L-Tyrosine 500 

21 L-Valine 500 

22 ADMA 25 

23 SDMA 10 

24 Methionine sulfoxide 1000 

25 L-Kynurenine 10 

26 
3-Hydroxy-DL-
kynurenine 10 

27 Putrescine 2HCl 10 

28 Spermidine 10 

29 Spermine 10 

30 Serotonine HCl 10 

31 Histamine 10 

32 Creatinine 100 
 Supplier: Sigma 
 
The Calibrators are prepared by diluting with 90% HPLC grade MeOH in concentrations as 
following: 
 
Table 3. Dilution factors for Cal1-Cal6. 

Name Cal 1 Cal 2 Cal 3 Cal 4  Cal 5 Cal 6 Cal 7 

Dilution factor 1:100 1:50 1:10 1:1.5 1:3.33 1:2.5 1:1 
 based on cal 7 

 
 
Sugar assay 
 
PMP solution 
Made fresh by weighing 4360 mg of PMP and adding 100 mL of 400 mM ammonia solution 
25%. Shake well, approximately 5 min, until dissolved or sonicate if needed at RT. 
 
External standards 
             Table 4. External standards 

Name 
Conc. 

[µmol/L] 

H1 2000 
H2 50 
dH 50 
H3 50 
H4 50 
H6 50 
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H7 50 
HNAc 50 
P 500 
Phosho-H 50 
UA 50 

            Supplier Sigma 
 
Internal standards 
 
   Table 5. Internal standards 

Name 
Conc. 

[µmol/L]  Supplier 
13C6-Glucose 2000 Cambridge Isotope Laboratories Inc, Andover, USA 

Methyl Lactose 50 Sigma 

 
 
Eicosanoids assay 
 
Elution solvent - 85% aqueous MeOH  
85 mL MeOH -LiChrosolve and 15 mL Milli-Q water are added to a 100 mL bottle and 
vigorously mixed.  
 
1% Butylated hydroxytoluene (2,6-di-tert-butyl-4-methylphenol) BHT in MeOH  
0.05 g BHT is weighed into a 12 mL sample vial and filled upp with MeOH to 5.0 g. 
 
Standard solvent - 90% MeOH, 0.001% BHT  
90 mL MeoH, 10 mL Milli-Q water and 100 µl 1% BHT in MeOH are added to a 100 mL 
bottle. Solution is mixed vigorously. 
 
Mobile phase A: Milli-Q water, 0.05% formic acid  
1000 mL Milli-Q water, 500 µL formic acid p.a. are added to a 1000 mL bottle and mixed 
vigorously. 
 
Mobile phase B: ACN, 0.05% formic acid  
1000 mL ACN-LiChrosolve and 500 µL formic acid, 98 – 100 % p.a. are added to a 1000 mL 
bottle and mixed vigorously. 
 
Internal standards 
 Table 6. Internal standards 

Name Conc. [nM] 

12(S)-HETE-d8 200 
TXB2-d4 200 
PGD2-d4 200 
PGE2-d4 200 
PGF2α-d4 200 
6-keto PGF1α-d4 200 
DHA-d5 3000 

 Supplier: Cayman Europe, Tallinn, Estonia 
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Calibrators 

   Table 7. Concentrations in nM of calibrators cal1–cal6 (diluted with standard solvent). 

Name cal 1 cal 2 cal 3 cal 4 cal 5 cal 6 

12(S)-HETE  5 20 50 100 250 500 

15(S)-HETE  5 20 50 100 250 500 

13(S)-HODE  1 4 10 20 50 100 

LTB4  5 20 50 100 250 500 

TXB2 5 20 50 100 250 500 

PGD2  5 20 50 100 250 500 

PGE2 5 20 50 100 250 500 

PGF2a 5 20 50 100 250 500 

8-iso-PGF2a 5 20 50 100 250 500 

6-keto-PGF1a 5 20 50 100 250 500 

(+-)9-HODE 50 200 500 1000 2500 5000 

14(15)-EpETE 22 88 220 440 1100 2200 

5(S)-HpETE 17.8 71.3 178.3 356.6 891.6 1783.2 

15(S)-HpETE 47.6 190.2 475.5 951 2377.6 4755.2 

LTD4 12.1 48.3 120.8 241.6 604 1208.1 

AA 400 1600 4000 8000 20000 40000 

DHA  200 800 2000 4000 10000 20000 

 
Bile acids assay 
 
Elution solvent - 85% MeOH  
Add 85 mL MeOH–LiChrosolve and 15 mL Milli-Q water is added to a 100 mL bottle and 
vigorously mixed.  
 
Calibrators 
 
 Table 8. Concentrations in µM of calibrators cal1–cal6 (diluted with MeOH). 

Name Supplier Cal 1 Cal 2 Cal 3 Cal 4 Cal 5 Cal 6 

Taurocholic Acid. Steraloids 0.005 0.1 1 10 25 50 

Glycocholic Acid Steraloids 0.005 0.1 1 10 25 50 

Taurolithococholic Acid Steraloids 0.005 0.1 1 10 25 50 

Glycolithococholic Acid Steraloids 0.005 0.1 1 10 25 50 
Taurochenodeoxycholic 
Acid 

Sigma 
0.005 0.1 1 10 25 50 

Glycochenodeoxycholic Acid Steraloids 0.005 0.1 1 10 25 50 

Tauroursodeoxycholic Acid Steraloids 0.005 0.1 1 10 25 50 

Glycoursodeoxycholic Acid Steraloids 0.005 0.1 1 10 25 50 

Taurodeoxycholic Acid Sigma 0.005 0.1 1 10 25 50 

Glycodeoxycholic Acid Steraloids 0.005 0.1 1 10 25 50 
Taurolithocholic Acid 
sulphate 

Sigma 
0.005 0.1 1 10 25 50 

Glycolithocholic Acid 
sulphate 

Sigma 
0.005 0.1 1 10 25 50 

Cholic Acid Sigma 0.005 0.1 1 10 25 50 

Deoxycholic Acid Sigma 0.005 0.1 1 10 25 50 

Chenodeoxycholic Acid Sigma 0.005 0.1 1 10 25 50 
 Steraloids Inc. (New Port, Rhode Island, USA) 
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Internal standards 
 
 Table 9. Internal standards 

Name Supplier 
Conc. 
[µM] 

d4GCDCA Toronto Research Chemical (Toronto, Canada) 1 

d4TCDCA Toronto Research Chemical 1 

7-KetoDCA Steraloids 5 

 
 
FAME assay 
 
Zero sample  
0.8 g of human serum albumin (HSA) is weighed in and diluted in 20 ml 0.01 M phosphate 
buffed saline (PBS) pH 7.4 under a fume hood. Thereafter mixed and sonicated. 
 
BHT 1 M stock solution 
500 mg BHT, purity 99% is mixed in 10 mL EtOH. 
 
Volume standard – stock solution 
10.2 mg 18-Me-C19:0 is dissolved in 10 mL n-Hexane. Thereafter 100 µL BHT stock 
solution is added. 
 
Volume standards – working solutions 
20 µL of volume standard stock solution is added into 10 mL n-Hexane, giving a 
concentration of the volume standard solution is 2 µg/mL 18Me-C19:0 in n-Hexane. This 
solution is further diluted 2x with an equal volume of Hexane giving a working volume 
standard solution with a concentration of 1 µg/mL 18Me-C19:0. Working solutions of volume 
standards are to be prepared freshly before the preparation of each sample batch.  
 
External standards  
 Table 10. External standard stock solution 

No. External Standard 
Conc. 
[µM] 

Supplier  

A 37-FAME-Mix 60-300 Sigma 

1 C6:0 303 Sigma 

2 C8:0 253 Sigma 

3 C10:0 215 Sigma 

4 C11:0 100 Sigma 

5 C12:0 187 Sigma 

6 C13:0 88 Sigma 

7 C14:0 165 Sigma 

8 C14:1w5 83 Sigma 

9 C15:0 78 Sigma 

10 cis-C15:1w5 79 Sigma 

11 C16:0 222 Sigma 

12 cis-C16:1w7 75 Sigma 

13 C17:0 70 Sigma 

14 cis-C17:1w7 71 Sigma 

15 C18:0 134 Sigma 

16 trans-C18:1w9 67 Sigma 

17 cis-C18:1w9 135 Sigma 
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18 trans-C18:2w6 68 Sigma 

19 cis-C18:2w6 68 Sigma 

20 cis-C18:3w6 68 Sigma 

21 cis-C18:3w3 68 Sigma 

22 C20:0 122 Sigma 

23 cis-C20:1w9 62 Sigma 

24 cis-C20:2w6 62 Sigma 

25 C21:0 59 Sigma 

26 cis-C20:3w6 62 Sigma 

27 cis-C20:4w6 63 Sigma 

28 cis-C20:3w3 62 Sigma 

29 C22:0 113 Sigma 

30 cis-C20:5w3 63 Sigma 

31 cis-C22:1w9 57 Sigma 

32 cis-C22:2w6 57 Sigma 

33 C23:0 54 Sigma 

34 C24:0 105 Sigma 

35 cis-C24:1w9 53 Sigma 

36 cis-C22:6w3 (DHA) 58 Sigma 

B cis-C16:1w9 75 Cayman 

C cis-C18:1w7 98 Fluka 

D C19:0 48 Larodan 

E cis-C18:4w3 69 Cayman 

F cis-C20:3w9 62 Larodan 

G cis-C22:4w6 145 Larodan 

H cis-C22:5w3 58 Larodan 

I cis-C22:5w6(2E) 58 Larodan 

 
The external standard stock solution is diluted with n-Hexane 2x stepwise until 256x dilution 
is reached, i.e. a series of external standard solution with 2x, 4x, 8x, 16x, 32x, 64x, 128x and 
256x diluted, respectively. Use the equal volume of each of these external standard solutions 
and the 2 µg/mL volume standard solution to make the working external standard solution 
series, i.e. 4x, 8x, 16x, 32x, 64x, 128x, 256x and 512x diluted from the stock solution with 
1µg/mL (3.2 µM) volume standard 18Me-C19:0 in n-Hexane. Working solutions are to be 
prepared immediately prior to analysis. 
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APPENDIX C   SUPPLEMENTAL RESULTS – SUPERVISED DATA 
ANALYSIS 
 

 
Figure 1. Principal component analysis of samples grouped in different total sugar concentrations. The 
scores plot showed a separation of the groups and corresponding loadings plot indicated which metabolites 
influence the separation mostly, e.g. branched chain amino acids, valine (Val), leucine (Leu) and isoleucin (Xle) 
in urine. 
 
 

 
Figure 2. Principal component analysis of samples grouped in different urinary creatinine concentrations. 
The scores plot showed a differentiaton of the groups and corresponding loadings plot indicated which 
metabolites influence the separation. Urinary sugars and amino acids tend to separate the clusters, but also 
histamine and hydroxykynurenine are two factors that might influence this behaviour. 
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Figure 3. Principle component analysis of samples grouped in different plasma creatinine concentrations. 
The scores plot showed moderate separation of the groups and corresponding loadings plot indicated which 
metabolites influence the separation. Histamine and hydroxykynurenine seem to play a big role in clustering 
since they repeatedly showed up in different plots. 
 
 

 
Figure 4. Principle component analysis of samples grouped in different plasma glucose concentrations. 
The scores plot showed moderate clustering of the groups and corresponding loadings plot indicated which 
metabolites influence the separation. Urinary amino acids might contribute to the separation. 
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APPENDIX D    SUPPLEMENTAL MATERIALS – UNBLINDED DATA ANALYSIS 
 

 
Figure 1. The loadings profile from a DA analysis comparing diabetics and non diabetics.  The profile shows which metabolites that are mostly up- and down regulated. 
The metabolites pointing up are up-regulated whereas the metabolites pointing down are down-regulated for diabetics and vice versa for non diabetics. 
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Table 1. Highly significantly and significantly up- and down-regulated metabolites compared in diabetics 
and non diabetics. The p-values were obtained with the standard t-test implemented in the MarkerView 
Sofware. A positive log fold change and a coloured field represent an up-regulation of the metabolite in the 
diabetics and vice versa. 

Metabolite P/U Class p-value  
(<0.01) 

log fold  
change 
 (D/ND) 

Metabolite P/U Class  p-value  
(<0.05) 

log fold  
change 
 (D/ND) 

H1 P SU 5.86E-06 0.20 (UA-HNAcS)2-UA  U SU 0.0103 0.77 

H4 P SU 2.87E-05 0.26 H-HNAc-NANA  U SU 0.0106 0.74 

H2-dH  U SU 1.02E-03 0.59 cis-C20:2w3 P TFA 0.0108 0.09 

cis-C18:3w6 P TFA 0.0014 0.20 cis-C16:1w9  P TFA 0.0111 0.09 

H2-dH2  U SU 0.0014 0.35 cis-C22:4w6  P TFA 0.0113 0.11 

C14:0 P TFA 0.0018 0.17 H2-HNAc3  U SU 0.0115 0.56 

cis-C17:1w9 P TFA 0.0019 0.14 C4-OH  U AC 0.0137 0.21 

cis-C22:3w3 P FFA 0.0020 0.22 HNAc-H3-dH  U SU 0.0142 0.84 

12Me-C14:0 P TFA 0.0027 0.17 C12:0  P TFA 0.0145 0.20 

cis-C20:3w9  P TFA 0.0028 0.24 (HNAc-UA)2  U SU 0.0153 0.27 

13Me-C14:0  P TFA 0.0031 0.16 9Me-C10:0  P TFA 0.0157 0.38 

H2-NANA  U SU 0.0033 0.37 C10:0  P TFA 0.0163 0.24 

H-P  U SU 0.0034 0.35 cis-C24:1w9  P TFA 0.0166 -0.08 

cis-C22:3w3  P TFA 0.0037 0.13 cis-C18:1w9  P TFA 0.0175 0.08 

cis-C20:5w6 P TFA 0.0041 0.27 cis-C19:2w3  P TFA 0.0175 0.10 

cis-C18:1w11 P FFA 0.0042 0.22 C6:1 U AC 0.0176 0.22 

H-dH  U SU 0.0042 0.42 H5  U SU 0.0183 0.29 

C11:0  P TFA 0.0043 0.32 2Me-C18:0 P FFA 0.0184 0.21 

2Me-C18:0 P TFA 0.0046 0.14 Creatinine   U BN 0.0189 0.24 

cis-C14:1w5  P TFA 0.0048 0.24 cis-C16:1w11  P FFA 0.0222 1.00 

UA  U SU 0.0052 0.38 C14:2-OH  U AC 0.0222 0.40 

cis-C20:3w9  P TFA 0.0053 0.31 cis-C20:4w6 P TFA 0.0237 0.07 

H1  U SU 0.0054 0.88 cis-C16:1w7  P TFA 0.0250 0.18 

cis-C18:1w11 P TFA 0.0055 0.16 Lys  U AA 0.0289 0.34 

C13:0  P TFA 0.0055 0.17 SM C16:0 P SM 0.0296 -0.04 

cis-C18:3w6  P TFA 0.0066 0.16 C9  U AC 0.0303 0.28 

12Me-C13:0 P TFA 0.0068 0.17 HNAc-H  U SU 0.0310 0.23 

Glucosone  U SU 0.0077 0.33 C16:0  P TFA 0.0311 0.06 

C5-DC U AC 0.0083 0.26 SM C22:3 P SM 0.0324 0.07 

H3  U SU 0.0091 0.44 C3-OH  U AC 0.0338 0.16 

cis-C20:2w3  P FFA 0.0091 0.25 C7-DC  U AC 0.0342 0.22 

H4  U SU 0.0092 0.28 14Me-C16:0  P TFA 0.0354 0.08 

cis-C19:2w6  P TFA 0.0094 0.15 C16:2  U AC 0.0357 0.24 

     cis-C14:1w7  P TFA 0.0369 0.26 

     H2-dH2  P SU 0.0376 0.51 

     PC aa C36:4 P PC 0.0383 0.07 

     cis-C19:2w6 P FFA 0.0391 0.13 

     C14:1-OH  U AC 0.0396 0.50 

     14Me-C15:0  P TFA 0.0438 0.07 

     C14:2  U AC 0.0461 0.35 

     cis-C15:2w9 P TFA 0.0473 0.09 

     C8:0  P FFA 0.0479 0.13 

          C8:0  P FFA 0.0479 0.13 
Abbreviations: D, diabetic; ND, non diabetic; P, plasma; U, urine; AC, acyl carnitine;  SU, sugar; BN, biogenic amine;, SM, 
sphingomyelin; TFA, total fatty acid; FFA, free fatty acid.
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Figure 2. The loadings profile from a DA analysis comparing diabetics and non diabetics with stage 5 CKD.  The profile shows which metabolites that are mostly up- 
and down regulated. The metabolites pointing up are up-regulated whereas the metabolites pointing down are down-regulated for diabetics with stage 5 CKD and vice versa 
for non diabetics. 
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Table 2. Highly significantly and significantly up- and down-regulated metabolites compared in diabetics 
and non diabetics with stage 5 CKD. The p-values were obtained the standard t-test implemented in the 
MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the diabetics with stage 5 CKD and vice versa. 

Metabolite P/U Class p-value  
(<0.01) 

log fold  
change 

 (D5/ND5) 
Metabolite P/U Class p-value  

(<0.05) 

log fold  
change 

 (D5/ND5) 

cis-C18:3w6  P TFA 0.0011 0.35 cis-C18:3w6  P FFA 0.0144 0.26 

cis-C18:4w3 P TFA 0.0096 0.61 cis-C16:1w13 P TFA 0.0144 0.27 

     SM C24:1  P SM 0.0160 0.30 

     cis-C14:1w7  P TFA 0.0248 0.44 

     H1  P SU 0.0274 0.11 

     cis-C20:5w6  P TFA 0.0325 0.55 

     H2-dH2  P SU 0.0359 0.44 

     cis-C16:1w9  P TFA 0.0361 0.17 

     cis-C19:2w3  P TFA 0.0375 0.17 

     trans-C18:1w9  P TFA 0.0392 0.13 

          PC aa C36:3  P PC 0.0436 0.12 
Abbreviations: D, diabetic; ND, non diabetic; P, plasma; U, urine; SU, sugar; PC, phosphatidylcholine, SM, sphingomyelin; 
TFA, total fatty acid; FFA, free fatty acid. 
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Figure 3. The loadings profile from a DA analysis comparing diabetics and non diabetics with stage 4 CKD.  The profile shows which metabolites that are mostly up- 
and down regulated. The metabolites pointing up are up-regulated whereas the metabolites pointing down are down-regulated for diabetics with stage 4 CKD and vice versa 
for non diabetics. 
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Table 3: Highly significantly and significantly up- and down-regulated metabolites compared in diabetics 
and non diabetics with stage 4 CKD. The p-values were obtained with the standard t-test implemented in the 
MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the diabetics with stage 4 CKD and vice versa. 

Metabolite P/U Class  p-value  
(<0.01) 

log fold  
change  

(D4/ND4) 
Metabolite P/U Class p-value  

(<0.05) 

log fold  
change 

 (D4/ND4) 

H4  P SU 0.0002 0.49 C4-OH  U AC 0.0189 0.31 

H1  P SU 0.0010 0.27 SM C24:1 P SM 0.0263 -0.06 

H2-Dh U SU 0.0053 0.51 HNAc-H3  U SU 0.0334 0.76 

H2-dH2  P SU 0.0063 0.55 C5-M-DC  U AC 0.0335 0.38 

     SM C22:3  P SM 0.0347 0.10 

     H4  U SU 0.0349 0.50 

     H-dH  U SU 0.0354 0.70 

     Methionine-Sulfoxide  U BN 0.0419 0.50 

     Cit  P AA 0.0421 0.15 

     H1  U SU 0.0443 1.30 

     H2-HNAc3 U SU 0.0453 0.90 

     PC aa C36:4 P PC 0.0462 0.11 

     cis-C20:3w9  P TFA 0.0477 0.24 

     C14:0  P FFA 0.0478 0.17 

          SM C16:0  P SM 0.0499 -0.06 
Abbreviations: D, diabetic; ND, non diabetic; P, plasma; U, urine; AA, amino acid; AC, acyl carnitine;  SU, sugar; BN, 
biogenic amine; PC, phosphatidylcholine, SM, sphingomyelin; TFA, total fatty acid; FFA, free fatty acid.
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Figure 4. The loadings profile from a DA analysis comparing diabetics and non diabetics with stage 3 CKD.  The profile shows which metabolites that are mostly up- 
and down regulated. NOTE:  The metabolites pointing up are down-regulated whereas the metabolites pointing down are up-regulated for diabetics with stage 3 CKD and 
vice versa for non diabetics. 
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Table 4. Highly significantly and significantly up- and down-regulated metabolites compared in diabetics 
and non diabetics with stage 3 CKD. The p-values were obtained with the standard t-test implemented in the 
MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the diabetics with stage 3 CKD and vice versa. 

Metabolite P/U Class  p-value  
(<0.01) 

log fold  
change  

 (D3/ND3) 
Metabolite P/U Class  p-value  

(<0.05) 

log fold  
change 

 (D3/ND3) 

cis-C22:3w3 P FFA 0.0013 0.33 H1 P SU 0.0124 0.21 

     cis-C20:2w3 P FFA 0.0144 0.39 

     cis-C22:6w3 (DHA) P TFA 0.0149 -0.14 

     H1 U SU 0.0155 0.67 

     C11:0  P TFA 0.0222 0.53 

     H4  P SU 0.0242 0.29 

     cis-C22:4w6  P TFA 0.0252 0.13 

     Lys   U AA 0.0278 0.50 

     cis-C22:4w6  P FFA 0.0286 0.12 

     Pro  U AA 0.0294 0.41 

      cis-C20:5w3 (EPA)  P TFA 0.0304 -0.21 

      cis-C22:3w3  P TFA 0.0328 0.15 

      cis-C17:1w9  P FFA 0.0350 0.18 

      cis-C20:5w3 (EPA)  P FFA 0.0369 -0.18 

      GCA  P BA 0.0372 -0.34 

      TDCA  P BA 0.0383 -0.85 

      cis-C17:2w6  P TFA 0.0413 0.18 

      H2-dH  U SU 0.0455 0.57 

          cis-C22:6w3 (DHA)  P FFA 0.0495 -0.09 
Abbreviations: D, diabetic; ND, non diabetic; P, plasma; U, urine; AA, amino acid; AC, acyl carnitine;  SU, sugar; BA, bile 
acid, TFA, total fatty acid; FFA, free fatty acid. 
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Figure 5. The loadings profile from a DA analysis comparing stage 5 CKD and stage 3 CKD in all patients.  The profile shows which metabolites that are mostly up- 
and down regulated. The metabolites pointing up are down-regulated whereas the metabolites pointing down are up-regulated for patients with stage 5 CKD and vice versa 
for patients with stage 3 CKD.
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Table 5. Highly significantly and significantly up- and down-regulated metabolites compared in stage 5 
and stage 3 CKD in all patients. The p-values were obtained with the standard t-test implemented in the 
MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the patients with stage 5 CKD and vice versa. 

Metabolite P/U Class p-value  
(<0.01) 

log fold  
change 

 (5/3) 
Metabolite P/U Class  p-value  

(<0.05) 

log fold  
change 

 (5/3) 

Hydroxykynurenine P BN 4.78E-11 0.60 Asp U AA 0.0107 -0.51 

Histamine  P BN 2.12E-09 0.67 PC aa C34:4 P PC 0.0112 -0.17 

Creatinine  P BN 2.98E-09 0.42 cis-C17:2w7  P TFA 0.0114 -0.13 

C5-DC P AC 3.78E-09 0.98 PC ae C36:5 P PC 0.0121 -0.10 

ADMA  P BN 4.26E-08 0.46 TDCA  P BA 0.0138 0.60 

Trp  P AA 2.93E-05 -0.33 H-P  U SU 0.0139 -0.35 

C10:1  U AC 1.31E-04 -0.93 cis-C17:2w9  P TFA 0.0139 -0.10 

C5-OH  U AC 1.64E-04 -0.67 C12  U AC 0.0141 -0.33 

ADMA   U BN 1.66E-04 -1.12 cis-C18:1w7 P FFA 0.0142 0.12 

Dopamin  U BN 2.59E-04 -1.44 cis-C17:2w7  U FFA 0.0145 -0.11 

C9 P AC 2.75E-04 0.51 Thr  P AA 0.0152 -0.12 

Serotonin  U BN 1.12E-03 -1.14 PC ae C42:4 U PC 0.0153 -0.07 

C4 U AC 2.10E-03 -0.88 C8:1 P AC 0.0158 0.39 

total DMA  U BN 4.10E-03 -0.74 PC ae C40:1 P PC 0.0159 -0.08 

C7-DC  P AC 1.37E-02 0.98 C16:2  U AC 0.0170 -0.28 

P  U SU 3.47E-02 -0.77 lysoPC a C28:1 P PC 0.0173 -0.19 

SDMA  U BN 5.34E-02 -0.65 lysoPC a C17:0 P PC 0.0179 -0.12 

Creatinine   U BN 8.71E-02 -0.57 cis-C22:1w9  P TFA 0.0187 0.10 

C3-OH  U AC 8.99E-02 -0.45 cis-C15:1w5 P TFA 0.0191 -0.09 

dH  U SU 9.97E-02 -0.88 PC ae C36:4  P PC 0.0192 -0.08 

C0  U AC 1.50E-01 -0.85 PC ae C34:2 P PC 0.0194 -0.08 

C10  U AC 1.62E-01 -0.57 PC ae C38:3  P PC 0.0210 -0.08 

HNAc U SU 1.62E-01 -0.69 Ser  P AA 0.0218 -0.09 

C9  U AC 1.75E-01 -0.73 C14:1  U AC 0.0219 -0.34 

C5:1-DC U AC 2.24E-01 -0.78 (HNAc-UA)2  U SU 0.0225 -0.28 

lysoPC a C20:3 P PC 2.35E-01 -0.20 HNAcS U SU 0.0248 -0.36 

C4:1-DC U AC 2.38E-01 -0.89 C10:2 U AC 0.0251 -0.86 

C0 P AC 2.71E-01 -0.22 HNAc-H U SU 0.0263 -0.28 

C3:1 U AC 3.97E-01 -0.41 TCA  P BA 0.0266 0.58 

Cit   P AA 7.49E-01 0.22 C3  P AC 0.0268 -0.17 

His U AA 8.35E-01 -0.72 Phospho-H U SU 0.0269 -0.32 

C7-DC U AC 0.0001 -0.50 PC ae C40:4 P PC 0.0283 -0.07 

H4 U SU 0.0001 -0.46 Gln  U AA 0.0287 -0.34 

lysoPC a C14:0 P PC 0.0002 -0.33 cis-C15:1w5  P FFA 0.0287 -0.08 

Trp   U AA 0.0002 -0.57 cis-C17:2w9  P FFA 0.0289 -0.10 

C5-DC U AC 0.0002 -0.42 PC ae C44:5  P PC 0.0291 -0.07 

C6:1 U AC 0.0002 -0.47 C8  P AC 0.0331 0.34 

H2-Dh2 P SU 0.0002 1.11 PC aa C36:5 P PC 0.0333 -0.13 

Ser  U AA 0.0004 -0.45 SM C22:3  P SM 0.0342 -0.09 

lysoPC a C20:4 P PC 0.0004 -0.18 SM (OH) C24:1  P SM 0.0385 -0.07 

C12:1 U AC 0.0007 -1.14 Asn  U AA 0.0386 -0.30 

C3 U AC 0.0008 -0.75 Leu  P AA 0.0413 -0.12 

SM (OH) C22:1  P SM 0.0008 -0.11 8Me-C18:0 P FFA 0.0429 -0.36 

lysoPC a C16:0 P PC 0.0011 -0.13 PC ae C38:0  P PC 0.0441 -0.10 

Methionine-Sulfoxide  P BN 0.0011 0.14 Thr  U AA 0.0442 -0.28 

lysoPC a C18:2  P PC 0.0012 -0.19 cis-C18:1w9 P FFA 0.0443 0.13 

C14:1-OH U AC 0.0012 -0.69 Phe   U AA 0.0446 -0.31 

Tyr   P AA 0.0012 -0.16 H2  U SU 0.0457 -0.42 
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PC ae C42:3 P PC 0.0013 -0.11       

C23:0 P TFA 0.0014 -0.14       

SM (OH) C22:2 P SM 0.0014 -0.10       

C14:2-OH U AC 0.0016 -0.50       

C8:1 U AC 0.0017 -0.69       

Tyr   U AA 0.0017 -0.49       

C2 U AC 0.0018 -0.72       

Ala  P AA 0.0018 -0.13       

lysoPC a C18:0 P PC 0.0022 -0.14       

lysoPC a C18:1 P PC 0.0022 -0.14       

C5  U AC 0.0025 -0.52       

trans-C18:1w9 P FFA 0.0026 0.24       

GCA  P BA 0.0028 0.42       

PC ae C44:4 P PC 0.0028 -0.09       

C14:2 U AC 0.0029 -0.41       

C4-OH U AC 0.0031 -0.34       

Val P AA 0.0033 -0.12       

cis-C11:1w5  P FFA 0.0036 -0.52       

PC ae C42:2 P PC 0.0037 -0.11       

Gly  U AA 0.0039 -0.42       

C5:1-DC P AC 0.0043 0.28       

PC ae C34:3  P PC 0.0045 -0.13       

PC ae C38:2  P PC 0.0047 -0.10       

Arg  P AA 0.0051 -0.11       

C21:0  P TFA 0.0055 -0.11       

C8 U AC 0.0056 -0.69       

Met  P AA 0.0061 -0.13       

PC ae C36:3  P PC 0.0066 -0.09       

C6:1  P AC 0.0066 1.03       

lysoPC a C16:1 P PC 0.0070 -0.15       

H5  U SU 0.0070 -0.36       

PC ae C38:1 P PC 0.0074 -0.10       

Methionine-Sulfoxide U BN 0.0082 -0.43       

Lys   P AA 0.0089 -0.10       

Arg  U AA 0.0094 -0.43       

Pro  P AA 0.0097 0.12       
Abbreviations: P, plasma; U, urine; AA, amino acid; AC, acyl carnitine;  SU, sugar; BA, bile acid; BN, biogenic amine; EI, 
eicosanoid; PC, phosphatidylcholine, SM, sphingomyelin; TFA, total fatty acid; FFA, free fatty acid. 
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Figure 6. The loadings profile from a DA analysis comparing stage 5 CKD and stage 3 CKD in diabetics.  The profile shows which metabolites that are mostly up- and 
down regulated. The metabolites pointing up are up-regulated whereas the metabolites pointing down are down-regulated for diabetics with stage 5 CKD and vice versa for 
diabetics with stage 3 CKD.
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Table 6: Highly significantly and significantly up- and down-regulated metabolites compared in stage 5 
and stage 3 CKD in diabetics. The p-values were obtained with the standard t-test implemented in the 
MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the diabetics with stage 5 CKD and vice versa. 

Metabolite P/U  Class p-value  
(<0.01) 

log fold  
change  
(D5/D3) 

Metabolite P/U Class p-value  
(<0.05) 

log fold  
change  
(D5/D3) 

Creatinine  P BN 2.34E-06 0.41 lysoPC a C20:3 P PC 0.0109 -0.16 
Hydroxykynurenine  P BN 2.92E-06 0.57 Met  P AA 0.0116 -0.50 
Histamine P BN 2.07E-04 0.69 SM C24:1  U SM 0.0123 -0.25 
ADMA  P BN 3.71E-04 0.49 C8:1  U AC 0.0130 -0.71 
C5-DC P AC 8.71E-03 0.95 C8  U AC 0.0152 -0.66 
C10:1  U AC 3.05E-02 -0.93 Tyr  U AA 0.0165 -0.45 
ADMA  U BN 4.58E-02 -1.01 C14:1-OH  U AC 0.0183 -0.48 
Dopamin U BN 1.93E-01 -1.55 TDCA  P BA 0.0186 -1.15 
C0  P AC 4.44E-01 -0.25 C2 (U) U AC 0.0194 -0.58 
Serotonin  U BN 4.66E-01 -1.13 Thr  U AA 0.0205 -0.42 
C5-OH  U AC 5.62E-01 -0.57 C3  U AC 0.0215 -0.63 
C9  P AC 8.81E-01 0.38 cis-C16:1w13 P TFA 0.0222 0.21 
C4  U AC 0.0002 -0.95 Cit  P AA 0.0227 0.18 
Trp  P AA 0.0002 -0.30 PC ae C42:3  P PC 0.0229 -0.11 
H2-dH2  P SU 0.0005 -1.00 TCA  P BA 0.0237 -1.31 
dH  U SU 0.0005 -0.73 C14:2  U AC 0.0243 -0.38 
cis-C17:2w7  P FFA 0.0006 -0.16 C5-DC U AC 0.0246 -0.32 
total DMA  U BN 0.0009 -0.63 Phospho-H  U SU 0.0252 -0.39 
C0  U AC 0.0009 -0.95 H4  U SU 0.0254 -0.34 
C4:1-DC  U AC 0.0010 -0.88 lysoPC a C14:0 P PC 0.0257 -0.27 
GCA  P BA 0.0012 0.70 Spermidine  P PA 0.0272 -1.05 
Methionine-Sulfoxide P BN 0.0014 0.16 cis-C17:2w6  P TFA 0.0275 -0.20 
cis-C17:2w7  P TFA 0.0014 -0.17 C23:0  P TFA 0.0288 -0.14 
C9  U AC 0.0018 -0.59 C14:1  U AC 0.0291 -0.37 
C10  U AC 0.0019 -0.50 trans-C18:1w9  P FFA 0.0316 0.21 
P  U SU 0.0021 -0.62 C14:2-OH U AC 0.0348 -0.44 
C7-DC  P AC 0.0028 0.90 C4-OH  U AC 0.0372 -0.29 
C10:2  U AC 0.0030 -0.61 lysoPC a C18:1  P PC 0.0373 -0.14 
C5:1-DC  U AC 0.0037 -0.76 Methionine-Sulfoxide  U BN 0.0394 -0.38 
Creatinine  U BN 0.0041 -0.48 GDCA P BA 0.0397 0.40 
SDMA   U BN 0.0044 -0.54 Arg  U AA 0.0398 -0.33 
cis-C17:2w9  P TFA 0.0046 -0.16 lysoPC a C16:0 P PC 0.0398 -0.12 
His  U AA 0.0047 -0.61 Ser  P AA 0.0406 -0.12 
cis-C15:1w5  P TFA 0.0047 -0.13 Phe  U AA 0.0413 -0.40 
Trp  U AA 0.0048 -0.55 Pro  P AA 0.0413 0.13 
C12:1  U AC 0.0060 -0.92 PC ae C44:4  P PC 0.0422 -0.09 
Ser  U AA 0.0066 -0.45 lysoPC a C20:4 P PC 0.0431 -0.14 
C7-DC U AC 0.0068 -0.44 lysoPC a C18:2  P PC 0.0435 -0.19 
cis-C17:2w9  P FFA 0.0076 -0.15       
HNAc  U SU 0.0076 -0.52       
cis-C15:1w5  P FFA 0.0080 -0.12       
PC ae C34:3  P PC 0.0086 -0.15       
C6:1  U AC 0.0090 -0.42       
C3:1  U AC 0.0092 -0.33       
C3-OH  U AC 0.0099 -0.34           
Abbreviations: D, diabetic; P, plasma; U, urine; AA, amino acid; AC, acyl carnitine;  SU, sugar; BA, bile acid; BN, biogenic 
amine; PC, phosphatidylcholine, SM, sphingomyelin; TFA, total fatty acid; FFA, free fatty acid. 
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Figure 7. The loadings profile from a DA analysis comparing stage 5 CKD and stage 3 CKD in non diabetics.  The profile shows which metabolites that are mostly up- 
and down regulated. The metabolites pointing up are up-regulated whereas the metabolites pointing down are down-regulated for non diabetics with stage 5 CKD and vice 
versa for non diabetics with stage 3 CKD.
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Table 7: Highly significantly and significantly up- and down-regulated metabolites compared in stage 5 
CKD and stage 3 CKD in non diabetics. The p-values were obtained with the standard t-test implemented in 
the MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the non diabetics with stage 5 and vice versa. 

Metabolite P/U Class  p-value 
(<0.01) 

log fold  
change 

(ND5/ND3) 
Metabolite P/U Class  p-value  

(<0.05) 

log fold  
change 

(ND5N/D3) 

C5-DC P AC 5.01E-04 1.02 SM (OH) C22:2 P SM 0.0103 -0.14 

Hydroxykynurenine P BN 1.53E-02 0.64 PC aa C38:4 P PC 0.0109 -0.17 

Trp  P AA 5.30E-02 -0.36 C14:2-OH  U AC 0.0114 -0.60 

Histamine   P BN 5.51E-02 0.65 C4:1-DC U AC 0.0114 -0.89 

Creatinine  P BN 2.34E-01 0.43 Lys  P AA 0.0119 -0.13 

ADMA P BN 4.13E-01 0.41 Arg  P AA 0.0121 -0.12 

C3-OH  U AC 4.54E-01 -0.65 lysoPC a C16:0 P PC 0.0124 -0.14 

Creatinine  U BN 6.80E-01 -0.75 PC ae C38:2  P PC 0.0127 -0.14 

C9  P AC 1.00E+00 0.71 cis-C22:1w9 P TFA 0.0131 0.15 

SDMA   U BN 0.0001 -0.86 PC ae C38:1  P PC 0.0131 -0.15 

C5-OH  U AC 0.0001 -0.85 PC ae C38:0  P PC 0.0133 -0.17 

total DMA   U BN 0.0002 -0.92 PC ae C40:1  P PC 0.0142 -0.12 

C7-DC  P AC 0.0002 1.08 C3  U AC 0.0157 -1.00 

C4  U AC 0.0002 -0.79 Trp  U AA 0.0158 -0.58 

C5:1  U AC 0.0003 -0.91 Gly   U AA 0.0203 -0.48 

Dopamin  P BN 0.0003 -1.20 PC aa C34:3 P PC 0.0211 -0.18 

H4 U SU 0.0003 -0.71 lysoPC a C18:0 P PC 0.0214 -0.16 

PC aa C34:4  P PC 0.0004 -0.38 Thr  P AA 0.0224 -0.12 

HNAc  U SU 0.0005 -1.22 His   P AA 0.0232 -0.09 

C5-DC U AC 0.0005 -0.63 PC ae C38:3  P PC 0.0232 -0.14 

HNAcS  U SU 0.0006 -1.23 Asp U AA 0.0232 -0.53 

ADMA   U BN 0.0007 -1.13 PC ae C36:4 P PC 0.0233 -0.13 

P U SU 0.0007 -1.05 C12  U AC 0.0236 -0.46 

Cit  P AA 0.0008 0.28 HNAc-H2-Dh U SU 0.0238 -0.74 

lysoPC a C20:3 P PC 0.0010 -0.25 C23:0 P TFA 0.0251 -0.14 

C10:1  U AC 0.0011 -0.92 Val  P AA 0.0266 -0.15 

Serotonin  U BN 0.0011 -1.36 PC aa C38:5 P PC 0.0270 -0.13 

C3:1 U AC 0.0013 -0.55 C21:0  P TFA 0.0290 -0.11 

C5:1-DC U AC 0.0021 -0.81 PC ae C38:4 P PC 0.0292 -0.12 

H-P  U SU 0.0022 -0.59 12S-HETE P EI 0.0293 -0.60 

lysoPC a C14:0 P PC 0.0025 -0.40 PC ae C42:2  P PC 0.0301 -0.12 

C5  U AC 0.0025 -0.70 PC ae C42:3 P PC 0.0301 -0.11 

HNAc-H  U SU 0.0026 -0.55 Ser  U AA 0.0304 -0.45 

C6:1 U AC 0.0028 -0.56 C2 U AC 0.0305 -0.87 

C9  U AC 0.0037 -1.47 lysoPC a C18:1 P PC 0.0323 -0.14 

cis-C11:1w5  P FFA 0.0037 -0.74 PC ae C44:3  P PC 0.0343 -0.12 

lysoPC a C20:4 P PC 0.0040 -0.23 (HNAc-UA)2 P SU 0.0351 -0.45 

H5  U SU 0.0040 -0.63 HNAc(S2) U SU 0.0358 -0.54 

C10 U AC 0.0043 -0.66 PC ae C44:4 P PC 0.0377 -0.10 

lysoPC a C28:1 P PC 0.0048 -0.38 PC ae C36:3 P PC 0.0382 -0.11 

C8  P AC 0.0051 0.94 PC aa C36:3  P PC 0.0389 -0.14 

Ala  P AA 0.0052 -0.16 cis-C18:4w3 P TFA 0.0391 -0.56 

lysoPC a C16:1 P PC 0.0053 -0.25 C4-OH U AC 0.0393 -0.41 

SM C22:3  P SM 0.0054 -0.18 C0 P AC 0.0401 -0.19 

C5:1-DC P AC 0.0055 0.49 trans-C18:1w9  P FFA 0.0412 0.28 

dH  U SU 0.0058 -1.12 PC ae C40:4 P PC 0.0420 -0.10 

C7-DC U AC 0.0061 -0.59 C16:2 U AC 0.0420 -0.35 

Tyr  P AA 0.0062 -0.18 Tyr  U AA 0.0449 -0.54 
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H2-NANA U SU 0.0064 -0.49 PC aa C36:5 P PC 0.0460 -0.18 

SM (OH) C22:1 P SM 0.0065 -0.15 cis-C20:5w3 (EPA) P TFA 0.0484 -0.21 

C0  U AC 0.0065 -0.73 C8:1  U AC 0.0489 -0.64 

His   U AA 0.0071 -0.85 cis-C20:3w6 P TFA 0.0492 -0.17 

PC aa C36:6 P PC 0.0084 -0.22       

lysoPC a C18:2 P PC 0.0087 -0.20       

Met  P AA 0.0090 -0.14       

PC aa C36:4 P PC 0.0098 -0.18       

SM C20:2 P SM 0.0098 -0.19           
Abbreviations: ND non diabetic, P, plasma; U, urine; AA, amino acid; AC, acyl carnitine;  SU, sugar; BN, biogenic amine; 
EI, eicosanoid; PC, phosphatidylcholine, SM, sphingomyelin; TFA, total fatty acid; FFA,  free fatty acids. 
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Figure 8. The loadings profile from a DA analysis comparing stage 4 CKD and stage 3 CKD in diabetics.  The profile shows which metabolites that are mostly up- and 
down regulated. The metabolites pointing up are up-regulated whereas the metabolites pointing down are down-regulated for diabetics with stage 4 CKD and vice versa for 
diabetics with stage 3 CKD.
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Table 8: Highly significantly and significantly up- and down-regulated metabolites compared in stage 4 
CKD and stage 3 CKD in diabetics. The p-values were obtained with the standard t-test implemented in the 
MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the diabetics with stage 4 CKD and vice versa. 

Metabolite P/U Class  p-value  
(<0.01) 

log fold  
change 
 (D4/D3) 

Metabolite P/U Class  p-value 
(<0.05) 

log fold  
change 
 (D4/D3) 

Histamine P BN 0.0021 0.34 C5-DC P AC 0.0114 0.49 

Hydroxykynurenine  P BN 0.0054 0.25 Creatinine   P BN 0.0119 0.18 

C4:1  P AC 0.0063 0.29 Methionine-Sulfoxide  P BN 0.0124 0.20 

ADMA  P BN 0.0075 0.26 Cit  P AA 0.0134 0.19 

PC aa C42:4  P PC 0.0084 0.11 C4  U AC 0.0139 -0.35 

ADMA  U BN 0.0091 -0.36 cis-C22:6w3 (DHA) P TFA 0.0188 0.13 

     Serotonin   U BN 0.0240 -0.37 

     Gly   U AA 0.0314 -0.39 

     C7-DC  P AC 0.0354 0.72 

     Phe  P AA 0.0398 0.08 

     total DMA  U BN 0.0433 -0.27 

     cis-C22:5w3 P TFA 0.0438 0.10 

     GDCA P BA 0.0460 0.47 

     cis-C17:2w6  P TFA 0.0471 -0.19 

          PC ae C38:4  P PC 0.0488 0.08 
Abbreviations: D, diabetic; P, plasma; U, urine; AA, amino acid; AC, acyl carnitine; BN, biogenic amine; PC, 
phosphatidylcholine; TFA, total fatty acid. 
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Figure 9. The loadings profile from a DA analysis comparing stage 4 CKD and stage 3 CKD in non diabetics.  The profile shows which metabolites that are mostly up- 
and down regulated. The metabolites pointing up are up-regulated whereas the metabolites pointing down are down-regulated for non diabetics with stage 4 CKD and vice 
versa for non diabetics with stage 3 CKD.
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Table 9: Highly significantly and significantly up- and down-regulated metabolites compared in stage 4 
CKD and stage 3 CKD in non diabetics. The p-values were obtained with the standard t-test implemented in 
the MarkerView Sofware. A positive log fold change and a coloured field represent an up-regulation of the 
metabolite in the non diabetics with stage 4 CKD and vice versa. 

Metabolite P/U  Class  p-value 
(<0.01) 

log fold  
change 

(ND4/ND3) 
Metabolite P/U Class  p-value 

(<0.05) 

log fold  
change 

(ND4/ND3) 

Hydroxykynurenine P BN 5.60E-01 0.40 C5-DC U AC 0.0103 -0.30 
C5-DC P AC 0.0005 0.72 PC aa C42:0 P PC 0.0104 0.13 
Creatinine  P BN 0.0006 0.24 H2-dH2  U SU 0.0109 -0.29 
Histamine  P BN 0.0007 0.39 PC ae C32:2  P PC 0.0117 0.11 
C18:2 P AC 0.0009 0.30 C14:2  U AC 0.0118 -0.80 
total DMA   U BN 0.0013 -0.53 C4 U AC 0.0119 -0.34 
Creatinine  U BN 0.0013 -0.37 12S-HETE P EI 0.0123 -0.84 
SDMA  U BN 0.0015 -0.46 dH  U SU 0.0126 -0.76 
H4  U SU 0.0017 -0.46 PC aa C42:1  P PC 0.0138 0.14 
C14:2-OH  U AC 0.0018 -0.90 cis-C18:1w7 P TFA 0.0144 0.11 
H5 U SU 0.0018 -0.69 C9  U AC 0.0180 -0.56 
C10 P AC 0.0024 0.30 SM C26:1  P SM 0.0180 0.07 
ADMA  U BN 0.0028 -0.72 C7-DC P AC 0.0182 0.85 
C9 P AC 0.0038 0.41 PC ae C32:1 P PC 0.0187 0.09 
Serotonin  U BN 0.0049 -0.72 C5  P AC 0.0189 0.19 
P U SU 0.0049 -0.59 C5:1-DC P AC 0.0197 0.40 
PC ae C44:6 P PC 0.0049 0.15 ADMA  P BN 0.0197 0.19 
Methionine-Sulfoxide  P BN 0.0053 0.21 C5:1-DC  U AC 0.0201 -0.41 
C8 P AC 0.0060 0.98 SM C16:0  P SM 0.0208 0.07 
Dopamin  U BN 0.0065 -0.51 cis-C20:2w6  P FFA 0.0211 0.10 
HNAc  U SU 0.0068 -0.57 C10  U AC 0.0212 -0.39 
C18:1  P AC 0.0075 0.13 Cit  P AA 0.0229 0.15 
C5-OH  U AC 0.0076 -0.34 cis-C18:1w7 P FFA 0.0243 0.15 
C10:1  P AC 0.0087 0.66 (HNAc-UA)2 U SU 0.0266 -0.42 
     Orn P AA 0.0269 0.14 
     HNAc-H  U SU 0.0276 -0.28 
     Asn P AA 0.0302 0.08 
     Asp U AA 0.0306 -0.65 
     C14:1  U AC 0.0311 -0.67 
     cis-C18:2w6 P FFA 0.0313 0.11 
     C10:1 U AC 0.0313 -0.35 
     PC aa C30:2  P PC 0.0313 0.09 
     SM C16:1  P SM 0.0320 0.08 
     H-P  U SU 0.0325 -0.28 
     Phe P AA 0.0340 0.09 
     PC aa C42:2 P PC 0.0359 0.11 
     C4:1-DC U AC 0.0361 -0.53 
     C4:1-DC P AC 0.0364 0.41 
     Trp  U AA 0.0371 -0.42 
     PC aa C38:0  P PC 0.0396 0.12 
     cis-C18:2w6 P TFA 0.0396 0.07 
     C8:1 P AC 0.0402 0.37 
     H2-NANA U SU 0.0404 -0.25 
     Trp  P AA 0.0412 -0.13 
     His U AA 0.0440 -0.47 
          SM (OH) C16:1  P SM 0.0491 0.08 
Abbreviations: ND, non diabetic; P, plasma; U, urine; AA, amino acid; AC, acyl carnitine;  SU, sugar; BN, biogenic amine; 
EI, eicosanoid; PC, phosphatidylcholine, SM, sphingomyelin; TFA, total fatty acid; FFA, free fatty acids. 
 


