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This is a very brief overview about the role of obesity as a disease and its
epidemiology. Unfortunately, obesity is a global tsunami.

This world map shows the prevalence of obesity for men on the left side and for
women on the right side. Yellow and red countries have an obesity incidence
above 20% showing that obesity is truly a worldwide problem.



In 2017, there were 650 million adults with obesity, which correlates to a BMI, body
mass index, of above 30. But there are also 110 million children with obesity worldwide
and this is especially concerning because there is a 95% chance of living a life as obese
adults for obese children. The higher increase in obesity in children compare with
adults, makes this even a more concerning picture. So overall from 1990 to 2015, there
was a doubling of the incidence in most countries that collect these data. More
importantly, severe comorbidities have been linked to obesity that are life threatening
and actually quite costly to society.



This figure shows the long list of different comorbidities, including a number of

pulmonary diseases, gastrointestinal diseases, cardiovascular diseases, etc. and it also

shows that the whole body is affected by obesity as a disease. We can group the

complications into e.g. mechanical complications that describe all the effects coming

from the weight that the body has to bear. Then, and this is the focus of today’s webinar,

there are metabolic and cardiovascular complications. But of course we have to be aware

that there are also psychological complications. And there's even an increased risk of

cancer, if you are affected with obesity.



This slide shows the increased risk of those severe and sometimes life threatening

comorbidities. On the left side the list includes increased cardiovascular diseases, heart

failure, sleep apnoea, osteo-arthritis and diabetes, all of which are interlinked.

The graph in the middle shows that of the 650 million people with obesity only a little

more than 10% actually visit a doctor because of obesity and even less have an adequate

diagnostics. Only 4% are actively managed and only 2% receive an obesity treatment in

terms of a pharmaceutical intervention.

From that perspective, obesity research is really a large field for substantial development

in the future. The right panel shows the global healthcare costs that are estimated

roughly to be 1 trillion US dollars in 2020 and will increase by 20% in the next five years.



The obesity tsunami unfortunately leads to another tsunami that I call the diabetes

tsunami which describes the fastest growing problem in diabetes care.

On the left side there is the increase in diabetes incidence as estimated by the

International Diabetes Federation by the year 2035. The increase worldwide is above

50% and every part of the world will be affected leading to an estimated number of

roughly 600 million people with diabetes in 2035.

Diabetes has a considerable impact on general health at it reduces life expectancy,

roughly by about eight years, and it increases the mortality by 200%. There's a 70%

increase of people with diabetes, that suffer from atherosclerotic diseases or

cardiovascular diseases, and there is an expected increase in the risk of strokes. There is

also a high likelihood that diabetes affects other tissues and organs such as retinopathy,

neuropathy, nephropathy, and an increased risk of cancer and other complications.

Obesity is a problem but linked with diabetes this is an even bigger problem. Thus
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today’s focus is on the use of metabolomics in diabetes and obesity

research.
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What is the Metabolome? The metabolome represents the complexity of all low

molecular compounds in a biological system. Of all biomolecular levels that we can

measure (such as the genome, the transcriptome etc.) the metabolome is

acknowledged as the closest link to the phenotype.

Because the majority of energy transfer in a biological system occurs through molecular

reactions of low molecular weight compounds. Furthermore, all biological

macromolecules are composed of building blocks of small molecules.

The status of the metabolome results from the interaction of all biomolecular levels, the

genome, the transcriptome, the epigenome, the proteome, and in addition, of various

environmental factors. The metabolome is thus a valuable readout of the current status

of a biological system and strategically the metabolome is a perfect starting point for

hypothesis generation. The metabolome provides an overview - the big picture.
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This is the workflow for our untargeted mass spectrometry (MS) based metabolomics

platform.

The first step is the metabolite extraction. For blood metabolome analysis we prefer

EDTA plasma samples. For EDTA plasma extraction we use cold methanol extraction,

where we extract the metabolites overnight in the -80°C freezer. We have also

implemented various extraction methods for tissue and cell culture. To monitor the

analysis performance during the HILIC-HRMS analysis we generate a pooled quality

control sample containing equal aliquots of every study sample. We use a high

resolution MS system – the Q Exactive Orbitrap - coupled to hydrophilic interaction

chromatography to analyze the samples. In our experience this combination provides a

very good coverage of the blood metabolome. With this approach we are able to detect

very hydrophilic compounds e.g. amino acids but also e.g. more lipophilic compounds

such as phospholipids.

After the LC-MS analysis an elaborate data processing workflow starts containing peak

detection, peak alignment through the samples, compound identification and a

comprehensive data set quality evaluation by processing the data generated from the

quality controls. The quality evaluation provides quality parameters (RSD, drift,
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identification quality) for each detected compound. The compounds are

grouped in quality levels which qualifies the data for each compound for

different statistical processing steps. In a last step biological

interpretation by pathway enrichment analysis and pathway mapping are

performed.
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This is an excerpt of a quality report for a give data set. Our workflow always starts with

a targeted data analysis. In this step we focus on known metabolites where

identification is confirmed by an in-house compound library. This library contains more

than 400 compounds (extracellular and intracellular metabolites).

We usually detect more than 200 known metabolites with high quality. The untargeted

data processing detects about 1500-2000 features.

The pie graph on the right shows the compound classes covered by the targeted data

processing approach. All important metabolite classes are represented.

The box plot shows the relative standard deviation (RSD) of the compounds in the

quality controls and in the samples. We usually achieve a median RSD of 8-15% in the

high quality metabolites. Biological information is present in the data set if the RSD of

the quality control samples are lower than the RSD in the samples. The average mass

deviation was below 5 ppm – the mass accuracy expected by the Q Exactive MS.
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This case study was a collaboration with Thomas Pieber as the clinical lead and Frank

Madeo who is a well known researcher in the field of aging with a focus on healthy

aging here in Graz.

Up to date all caloric restrictions have led to extended lifespans in all studied species.

From single-cell organism, nematodes and fruit flies to rhesus monkeys.

The main question was whether alternate day fasting can lead to similar effects?

Currently, alternate day fasting is the latest hype in dietary advice. This means applying

alternated periods of fasting and eating. In this study many readouts were generated –

today I will focus on the metabolomics readouts.
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In this study a specific alternate day fasting protocol also known as 36:12 was used. This

means 36 h of fasting (say one day and one night) and 12 h of eating. The first group

were 30 healthy people that had already performed alternate day fasting 36:12 for at

least 6 months. These 30 subjects were compared with 60 healthy subjects who had not

previously performed ADF.

To examine the short-term effects of ADF after 4 weeks, these 60 healthy subjects

participated in an RCT and were randomized into a control group of 30 subjects who

maintained their usual diet and a second group of 30 subjects who started the ADF

protocol. During fasting no solid or liquid food and no caloric beverages were allowed.

The study had many different readouts (for example proteome, hormones,

inflammation parameters, bone densitometry and body composition, energy

expenditure ), for today’s webinar I will focus on the metabolomics readouts.
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These are the metabolomics results. Overall data show that fasting is a powerful

metabolic intervention.

This slide details the results for free fatty acids and lipids.

More than 50 lipid species were at least 20% increased after fasting. Circulating free

fatty acids are higher due to activated lipolysis.

We also found that a broad range of phospholipids and some bile acids were increased

after the fasting period.

On the left site the pathway for the metabolic conversion of alpha-linoleic acid to longer

polyunsaturated fatty acids (PUFAs) is shown. PUFAs with their known beneficial health

effects were significantly increased after 36 h fasting.
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We also found 49 metabolites that were at least 20% decreased after fasting.

Most of these metabolites were amino acids and related metabolites such as ornithine,

citrulline and taurine.

Note, low systemic concentrations of amino acids, especially methionine have been

shown to be sufficient for lifespan extension in model organism.

A Metabolite Set Enrichment Analysis confirmed a decrease of metabolites in the urea

cycle and ammonia recycling pathways and several pathways associated with amino

acid metabolism. These changes can be attributed to enhanced lipolysis in adipose

tissue coupled to enhanced hepatic capture of amino acids for gluconeogenesis.
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Our metabolomics approach was able to detect more than 100 metabolites that were

significantly changed after fasting. The study revealed some beneficial effects of

alternate day fasting.

Periodic shifts towards increased PUFA levels could be beneficial due to their

immunomodulatory and cardioprotective properties. Furthermore, periodically elevated

ketone bodies such as beta-hydroxybutyrate might contribute to long-term health span

improvements and cardioprotective effects. The Framingham risk score for CVD was

significantly reduced after 4 weeks ADF.

Hydroxybutyrate levels were increased also during non-fasted conditions after 4 weeks

ADF. Increased beta-hydroxybutyrate levels indirectly reduce blood pressure caused by

high salt consumption and improve cerebral blood flow in aging brain.

A small note at the end: I was also able to achieve a small personal success with

alternate day fasting. After several weeks of ADF, my blood pressure decreased by 20
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mmHg.

As you can see, our metabolomics approach was able to provide an

overall picture of the changes in metabolites following this fasting

intervention.
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In this study we performed metabolomics analyses before and after bariatric surgery.

Bariatric surgery is a very invasive surgical intervention to treat severe obesity.

We were able to detect many differences in the low molecular weight fraction in the

blood. The cardiovascular risk associated metabolites valine, alanine, choline,

leucine/isoleucine, phenylalanine and tyrosine were significantly decreased after

bariatric surgery. Interestingly TMAO, a metabolite related to the gut metabolome and

related to cardiovascular risk was significantly elevated after this intervention.
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Another interesting preclinical study in adipocyte glucocorticoid receptor deficient mice

was performed together with the University of Veterinary Medicine in Vienna.

We were able to show that the basal metabolic signature of these ad libitum-fed mice

was significantly different with lower metabolites levels compared to the control group.

The majority of these decreased metabolites were related to fatty acid/lipid metabolism

and amino acid metabolites (mainly proteogenic and branched chain amino acids). We

concluded that the glucocorticoid receptor in adipocytes exerts a central but divergent

role in regulating metabolic homeostasis, depending on the energetic state. The

adipocyte glucocorticoid receptor is indispensable for the feeding-fasting transition but

also promotes obesity and associated metabolic disorders in fat-fed and aged mice.
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These are the references for a few more studies that we have done in this field. We do

not only perform studies on diabetes or obesity. We also use our metabolomics

platforms for studies in cancer or for biotechnological issues. This demonstrates the

broad field of application of metabolomics.
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Another interesting method for clinical metabolic research are stable isotope tracers

methods. Stable isotopes have the same (or almost the same) chemical properties, but

a different atomic mass, which can be distinguished by mass spectrometry.

Different metabolites can be labeled with stable isotopes. With these labeled

metabolites, a mass spectrometrically detectable trace can be placed in the living

organism. Stable isotope tracers can be used to determine metabolite turn-over rates,

lipolysis, glucose kinetics, body water content and total energy expenditure and

furthermore to trace metabolic pathways.
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Here is an example how we can trace metabolic pathways by stable isotope labeling.

Metabolomics study can be also profit from adding stable isotope labeling.

We performed a study in mice using 13carbon-labeled acetate as labeled substrate. Via

acetate the label is incorporated into acetyl-CoA, a central or the central metabolite in

the energy metabolism. Via isotopomer analysis we investigated the activity of the

different pathways using acetyl-CoA as substrate.

The incorporation of 13C in to C12-0-fatty acid-CoA in different tissues (brown adipose

tissue BAT, Heart, Liver and white adipose tissue - WAT) is shown here on the right. The
13C-labels can be found in the same way in the different fatty acid CoAs, confirming the

activity of the fatty acid synthesis pathway in the specific tissue.
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This case study shows the application of the glycerol tracer to determine peripheral

lipolysis to study the effect of caloric beverages on metabolism.

This study was led by the University of Zurich to investigate whether fructose in liquid

form in caloric beverages impacts liver metabolism. Fructose is debated to drive the

metabolic syndrome or non-alcoholic fatty liver disease. Our contribution was to analyze

peripheral lipolysis. 94 healthy men were included in this study. 23 subjects were

assigned to the fructose group, 23 to the sucrose group , 24 to the glucose group, and

24 were to the control group. After 4 weeks of sugar sweetened beverage abstinence,

individuals started a 7-week intervention with three times daily consumption of a 2 dl of

sugar sweetened beverage containing 13.3 g/dl of either fructose, sucrose or glucose

with their regular meals, or continued sugar sweetened beverage abstinence.

In week 6 peripheral lipolysis was measured by applying a constant infusion of

deuterated glycerol over 4 hours and by enrichment measurements in blood samples.
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Our contribution was to analyze peripheral lipolysis.

Peripheral lipolysis is defined as the lipolysis in the adipocytes. This part of lipolysis can

be analyzed by determining the rate of appearance of glycerol in the blood.

During lipolysis in adipocytes, triglycerides are hydrolyzed by ATGL and HSL to free fatty

acids and glycerol. Glycerol and FFAs are released into the blood. Important to note is,

that there are two FFA recycling mechanisms. One intracellular in adipocytes, where

FFAs are reesterified with glycerol-3-phosphate generated by glycolysis to triglycerides.

Glycerol from lipolysis can not be used for this reesterification. The second extracellular

FFA cycle occurs in the liver, where FFAs and glycerol are esterified to TGs and released

to the blood. TGs can be incorporated into the adipocytes. Therefore, the rate of

appearance of glycerol is a direct measure of adipocyte lipolysis.
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The next two slides show how the rate of appearance of glycerol is determined.

At time 0, a constant infusion of labeled glycerol (0.09 µmol/kg/m in our experiment)

begins. The level of labeled glycerol and the ratio of labeled to unlabeled glycerol - the

so called tracer to tracee ratio - increases in the blood volume. The reached

concentration of labeled glucose in the blood volume depends on the glycerol uptake in

the muscles and in the liver. Uptake of labeled and unlabeled glycerol is equal as there is

no chemical difference. If lipolysis increases in adipocytes, unlabeled glycerol is released

and the ratio of labeled glycerol to unlabeled glycerol decreases. This effect can be used

to calculate the rate of appearance by measuring the enrichment of 2H5-glycerol and

the concentration of glycerol. We analyzed this by GC/MS using the acetylated

derivative of glycerol.
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The rate of appearance is calculated according to Steel. This formula works if we can

assume that glycerol is distributed in only one compartment (e.g. blood). As glucose

has a more complicated distribution, this approximation does not work. For glucose, at

least two compartments (blood, interstitial fluid) contribute significantly to the

distribution dynamics.
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In the case study we observed no differences in energy intake, peripheral lipolysis, total

fatty acids, and fatty acid oxidation. Interestingly, fructose and the glucose/fructose

disaccaride sucrose increased hepatic fatty acid synthesis by a factor of two after 7

weeks of consumption. This suggests that the increased basal hepatic fatty acid

synthesis is likely the first metabolic change induced by regular fructose-containing

sugar-sweetened beverages.
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Here are some selected clinical tracer studies performed at our institute.

In this fist study we tested endogenous glucose production during hypoglycemia in C-

Pep negative and C-Pep positive type 1 diabetes patients.

In the second study we tested SGLT-2 inhibitors and DPP-4 inhibitors on glucagon levels,

EGP and lipolysis in type 2 diabetes patients. We used glucose and glycerol tracer in

parallel to access EGP and lipolysis in eu-, hyper and hypoglycaemia conditions in

humans in-vivo. These studies tested different insulin analogues and their effect on

endogenous glucose production.
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The next topic is also an important part in our analytical research lab.

For clinical studies in metabolic research, reliable, accurate and precise methods are

needed to quantify the peptides that are involved in the regulation of metabolic

processes. The following slides discuss challenges that are associated with the analysis

of glucagon and insulin in clinical studies and present some solutions that we have

implemented at Joanneum Research.
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A challenge in the analysis of endogenous proteins and peptides is that the chosen

analytical method needs to distinguish the target analyte from its precursors and also

from structurally similar proteins and degradation products. For the quantification of

glucagon, this selectivity is a real challenge for most commercially available assays. Most

available assays show at least some cross reactivity to the structurally very similar

glicentin or to oxyntomodulin (figure on the right). Moreover, glucagon is degraded

quickly in-vivo when amino acids are cleaved from the N terminus resulting in a

physiological inactive but analytically very similar degradation product.

We thus implemented a highly sensitive ELISA with improved selectivity for intact

glucagon.
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Here is an example showing the impact of these selectivity issues on analytical results

and on the interpretation of these results. We measured samples of healthy volunteers,

type 1 and type 2 diabetes patients with a routinely used radio immunoassay and our

selective ELISA method.

The radioimmunoassay (RIA) results were up to 9 times higher which is probably due to

the detection of degradation products and other cross-reactive peptides.

This lack of selectivity masks the significantly higher pathological glucagon secretion in

T2D patients compared to the healthy volunteers. The higher glucagon secretion was

only detected with our selective ELISA method.

These selectivity issues may have also contributed to the limited understanding of the

role of glucagon in diabetes research.
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We also used this selective method for glucagon in a clinical study which investigated

the response to hypoglycemia in newly diagnosed and long term type 1 diabetes

patients.

10 C-peptide positive and 11 C-peptide negative patients underwent a stepwise

hypoglycemic clamp induced by a constant insulin infusion with different glucose

plateaus.

Glucagon was quantified at each glucose plateau and the endogenous glucose

production was determined with the tracer method that was introduced earlier.
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In this graph on the left glucagon concentrations are shown at the different glucose

plateaus. The white bars indicate C-peptide positive patients and the black bars are the

C-peptide negative patients.

Both groups responded to hypoglycaemia: when the glucose concentration decreased,

the glucagon secretion increased.

At all glucose plateaus the C-peptide positive patients had higher glucagon secretion

compared to the C-peptide negative patients.

And again in all samples, the glucagon concentration was lower than previously

reported.
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This findings differ relative to previous studies that reported glucagon secretion

independent from C-peptide status and glycemic level.

A more selective ELISA could have supported the detection of these physiological

differences.
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Here are some results for another peptide: insulin.

Clinical studies that investigate the pharmacokinetics of insulin analogues require

specialized analytics to simultaneously determine the concentration of the investigated

insulin analogue and human insulin.

Currently a selective assay is commercially available only for one insulin analogue. This

makes the analysis of these study samples analytically challenging.
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To simultaneously determine human insulin and insulin analogues, we are using a

combination of a non-selective and a selective ELISA.

With the non-selective insulin ELISA we determine the sum of insulins in the sample and

with the selective ELISA we are measuring only human insulin.

The concentration of the insulin analogue is then calculated from these two

measurements.

We have established and validated this combined approach for insulin aspart in a GLP

compliant process according to EMA guideline on bioanalytical method validation.

The table on the right shows the validation results and shows that we obtained

excellent accuracy and precision for human insulin as well as for insulin aspart.
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We used this combined method also in a Phase 1 study, sponsored by Arecor a

biopharmaceutical company. This study investigated two insulin aspart formulations

that are currently on the market and one newly developed formulation.

The study was performed in a randomized, double blind, cross over design with19 type

1 diabetes patients at the Medical University of Graz.

Before the insulin aspart formulation was administered to the patients, blood glucose

level was kept constant in an euglycaemic clamp at 5.5 mM by using a glucose and

human insulin infusion setup.

Thus, at beginning of the PK profile both insulins were present in the samples and the

PK profile had to be background corrected.
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On the left, the PK profiles of the three different formulations are shown over 8 hours,

with an increase until minute 90 followed by a steady decrease returning to background

levels.

All three formulations have a similar shape but if we look just at the first two hours (on

the right) the differences become obvious.

The new formulation, shown in green, had a significantly faster PK in the blood.
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ELISAs are working well for these clinical studies. But what happens if more than two

insulin analogues have to be analysed or if other selectivity issues have to be

addressed?

An even more selective insulin analysis can be achieved with a combination of an

antibody sample cleanup and high performance liquid chromatography that is coupled

to high resolution mass spectrometry.

To do so, a monoclonal, but not very selective anti-insulin antibody is attached to

magnetic beads. The insulin species in the sample bind to the antibody and can be

separated from the matrix of the sample via a magnet. Then the insulin is eluted from

the antibody and injected into the HPLC-MS.
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We tested this combination of antibody cleanup and HPLC-MS analysis with several

different insulin species.

This chromatogram shows a 80 pM mixed standard in insulin free serum. In the first line

(black) you can see human insulin and insulin lispro. Both insulins have the same

molecular mass and they only differ in the position of two amino acids.

In the next line (turquoise) you can see insulin glargine that has a different molecular

mass and a different retention time. Insulin glulisine (orange) and insulin aspart (blue)

have the same retention time but their molecular mass allows differentiation.

Also with this method the precursor proinsulin and C-peptide can easily be determined

at the same time.
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