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INTRODUCTION

Rationale

Understanding the diverse metabolic impairments in diseases like diabetes or the metabolic
syndrome is a challenge. Both genetics and profiling approaches such as transcriptomics and
proteomics have shown the complexity of these diseases and have demonstrated the difficulty
in giving meaning to the observed changes. Metabolite profiling now adds a new layer of
complexity to that via the identification of marker metabolites of insulin resistance and
diabetes. Analysis of the metabolite changes is considered to improve diagnosis, allow disease
prediction and add to the understanding of disease mechanisms. Over 50 metabolites have
meanwhile been identified in human plasma that associate with insulin resistance and type 2
diabetes. However, in many cases it is not known why these metabolite changes in plasma
occur and which metabolic processes in tissues contribute to the observed alterations in the

plasma profiles.

Metabolites in blood are the result of uptake into and release from tissues. Within the
experimental work underlying this thesis, metabolite profiles of plasma but and a number of
tissues were analyzed in mice to better understand the contribution of individual organs to
plasma metabolite concentration changes observed in insulin resistance and diabetes. The
choice of three different mouse models representing different stages of diabetes
development (obesity/insulin resistance, type 2 diabetes, type 1 diabetes/late type 2
diabetes) allowed the comparison of metabolite profiles in different stages of disease
progression and across tissues based on a broad metabolite profiling approach combined with

targeted analyses of pathway-specific metabolites. The following questions were addressed:

1. Do the mice display the same plasma metabolite changes as found in humans with insulin
resistance and diabetes?

2. Can model-specific changes in metabolite concentrations be identified that mark specific
developmental stages of diabetes and thus help to better understand the etiology and
causality?

3. Which tissue-specific metabolite patterns relate to changes in plasma metabolite
concentrations?

4. Can individual pathways be identified as origins of metabolite changes in plasma?

A short résumé on obesity-induced type 2 diabetes



Insulin signaling, energy balance and glucose homeostasis

Energy homeostasis is the result of a subtle regulation of anabolic and catabolic processes.
Insulin is responsible for the major signal of anabolic adaptation and is involved in cell growth
and differentiation. It promotes substrate storage in liver, muscle, and adipose tissue by
affecting carbohydrate, lipid, and protein metabolism. Furthermore, insulin is responsible for
a tight regulation of blood glucose levels via inhibition of hepatic gluconeogenesis and
stimulation of hepatic glycolysis, via stimulation of glucose uptake into skeletal muscle and
adipose tissue, and by activation of glycogen synthesis in liver and muscle. Maintenance of
normal blood glucose levels relies on sufficient glucose-stimulated insulin secretion from -
cells and the proper metabolic responses of tissues to insulin. Organs directly responsive to
insulin are liver, muscle, and adipose tissue, but other tissues are affected indirectly. Insulin

signaling is thus central for control of energy balance and glucose homeostasis.
Obesity-induced insulin resistance

Obesity has been identified as a major cause of insulin resistance and type 2 diabetes. The
pathogenesis of obesity-induced insulin resistance has not been completely clarified yet, but
multiple mechanisms have been proposed and various aberrations in the insulin-signaling
pathway have been identified. Accumulation of triglycerides in adipose tissue of obese
individuals causes a large increase in adipose tissue mass accompanied by alterations in
endocrine and metabolic functions of adipose tissue [1]. Secretion of adiponectin is reduced
[2-4], while secretion of leptin is increased [5]. Adiponectin has been shown to improve insulin
signaling and is known as an important stimulator of mitochondrial processes [6, 7]. Impaired
adiponectin signaling is associated with a decreased mitochondrial capacity [8] and an
increase in intermediates of mitochondrial oxidation which contribute to insulin resistance in
peripheral tissues like adipose tissue and muscle [9]. The importance of adiponectin signaling
is also demonstrated by a correction of disturbances of the muscle metabolome and whole
body homeostasis in high-fat fed animals upon adiponectin administration [10]. Similarly,
hepatic lipid accumulation is antagonized by adiponectin [11]. Leptin reduces food intake and
body weight by hypothalamic [12] and peripheral processes [13]. However, in most obese
individuals leptin sensitivity is reduced. Mechanisms for reduced leptin signaling are a
defective leptin transport across the blood-brain barrier [14, 15] and an attenuation of leptin

receptor signaling to which variations of leptin and leptin receptor genes contribute [16, 17].
5



Leptin resistance seems associated with endoplasmic reticulum stress which in turn inhibits
leptin-induced STAT3 signaling [18]. A prolonged exposure of rat adipocytes to leptin has been
shown to reduce adipocyte responsiveness to insulin [19] and chronic hyperleptinemia may

therefore promote insulin resistance.

Besides alterations in hormone secretion, adipose tissue of obese individuals displays and
increased secretion of proinflammatory cytokines such as TNF-a, IL-6, MCP-1 and RBP-4. TNF-
a directly affects insulin signaling in skeletal muscle and adipose tissue [20, 21], as well as in
liver [22]. RBP-4 induces insulin resistance via reduction of PI-3K signaling in muscle and
increases gluconeogenesis in liver [23, 24]. The role of IL-6 in the induction of insulin resistance
remains controversial. Strongest evidence for an induction of insulin resistance by IL-6 has
been found in liver [25]. In contrast to its role in liver, IL-6 was demonstrated to increase
glucose transport and glucose metabolism in human skeletal muscle [26]. Other cytokines like
the monocyte chemoattractant protein 1 (MCP-1) recruit macrophages into the adipose tissue
which produce additional cytokines, resulting in a state of chronic low-grade inflammation,

directly affecting insulin sensitivity and metabolic processes [27-29].

A consequence of adipose tissue inflammation and adipocyte insulin resistance is an increased
lipolysis rate followed by a release of non-esterified fatty acids (NEFA) and glycerol into the
circulation [30]. The increased delivery of NEFA to skeletal muscle results in an increased
accumulation of intramyocellular acyl-CoAs, di- and triacylglycerols and ceramides [31]. These
intracellular lipids in turn inhibit glucose transport into skeletal muscle by affecting proteins

in the insulin signaling cascade [32-34].

In summary, the progressive expansion of adipose tissue is accompanied by altered endocrine
and metabolic function in combination with an enhanced inflammatory tone and an increased
lipolysis rate which all contribute to reduced insulin responsiveness in peripheral and hepatic

tissues in a prediabetic state known as insulin resistance.
Increased insulin output from B-cells counterbalances insulin resistance

Reduced tissue responsiveness to insulin is compensated by an increased pancreatic secretion
of insulin [35]. At least in rats this is accompanied by an increased B-cell mass and size [36-38].
In addition, a reduced insulin clearance in states of decreased insulin sensitivity has been

shown [39-41]. These factors lead to hyperinsulinemia [42]. As long as pancreatic B-cells are
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able to compensate for the insulin resistance, euglycemia is maintained. Hyperinsulinemia per
se causes metabolic alterations and contributes itself to insulin resistance [43]. Most
prominent is the partial insulin resistance observed in the liver, in which suppression of FOXO-
mediated gluconeogenic pathways by insulin is impaired but insulin-stimulated fatty acid de
novo lipogenesis via SREBP-1c remains intact [44-46]. As a consequence, fatty acid de novo
lipogenesis is overstimulated, contributing to the observed dyslipidemia and hepatosteatosis
in obese and type 2 diabetic individuals [47]. Furthermore, the extent of insulin resistance,
and thus the extent of insulin action, might vary between tissues. It has now become clear
that the prediabetic states of impaired glucose tolerance (IGT) and impaired fasting glucose
(IFG) exist in parallel rather than as sequential stages since they originate from insulin
resistance in liver and muscle respectively [48]. Although type 2 diabetes is not yet diagnosed
in these conditions due to a compensatory insulin output that prevents hyperglycemia,
prediabetic individuals already hold metabolic alterations that distinguish them from healthy

individuals.
[-cell exhaustion results in type 2 diabetes

Obesity is the major risk factor for type 2 diabetes, although most individuals who are obese
do not develop diabetes. The progression from a prediabetic to a diabetic state develops in
individuals that are unable to sustain the compensatory response by the B-cells. The
prediction whether and when an individual will progress from a prediabetic insulin-resistant
stage to a stage of pancreatic failure and type 2 diabetes is a major challenge and is essential
for proper and timely intervention. Factors involved in the development of B-cell dysfunction
can be of genetic origin but can also be acquired defects, including defective insulin
biosynthesis and secretion [49] and mitochondrial dysfunction associated with increased
oxidative stress [50]. The result is a lack to completely compensate for hepatic and/or
peripheral insulin resistance in a state called relative insulin deficiency, in which individuals
are hyperinsulinemic but where the insulin resistance outpaces insulin secretion [51]. An
important implication of this is the failure to further inhibit hepatic glucose production, which
is the primary determinant of the fasting plasma glucose concentration. Once hyperglycemia
has established, other factors such as glucolipotoxicity [52], islet inflammation [53] and
oxidative stress [54] enhance the progression of B-cell deterioration leading to B-cell failure

associated with increased B-cell death by apoptosis.



The course of diabetes development

It becomes evident that the time course of diabetes initiation and progression features distinct
metabolic and physiologic stages which depend on B-cell function and tissue responsiveness
to insulin. A summary of the major events in the time course of diabetes development is given

in Figure 1.
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Figure 1. A simplified representation of the paradigm of diabetes development.

A rise in insulin resistance, for which the major causative factor is obesity, is accompanied by a
compensatory increase in insulin output. This compensatory insulin response maintains normal blood
glucose levels. At a certain time point, B-cells can no longer increase their insulin output to compensate
for the progressive insulin resistance and fasting blood glucose levels can no longer be maintained at
a normal level. At the time point of B-cell exhaustion, insulin output decreases and hepatic glucose
production can no longer be effectively suppressed. As a result, blood glucose levels further rise. This
state of hyperglycemia can still be accompanied by insulin levels which are elevated compared to a
healthy state. This condition of relative insulin deficiency enhances B-cell deterioration and can lead
to absolute insulin deficiency.



Metabolite profiling in diabetes research

In the last decade, metabolite profiling has become an element in diabetes research to identify
metabolite changes marking insulin resistance and diabetes to improve diagnosis and allow
early prediction of the disease. Furthermore, exploration of alterations in metabolite levels is
thought to improve fundamental understanding of disease development and its associated
metabolic perturbations. Of course, identification of novel disease-marking metabolites will
aid the fundamental understanding of disease development, while improved understanding
will support the discovery of disease-related metabolite markers. Here, the use of
metabolomics to identify metabolite markers of insulin resistance and diabetes is described
and the interpretation of acylcarnitine profiles to study changes in mitochondrial pathways of

amino acid and fatty acid oxidation is described.
Metabolite profiling to discover markers of insulin resistance and diabetes

Diagnosis and monitoring of insulin resistance and glucose homeostasis are done by
determining blood glucose and glycated hemoglobin Alc (HbAlc, as a measure for long-term
hyperglycemia) and via a homeostasis model assessment as a measure of insulin resistance
and B-cell function [55]. While these are good diagnostic procedures, the early identification
of individuals at risk for diabetes remains challenging and requires markers with proper
prediction quality for identification of subgroups at risk [56]. Metabolite profiling has become
an explorative tool for metabolites with diagnostic and predictive quality for diabetes. Over
50 metabolites have meanwhile been reported as potential biomarkers. Despite large
variation between studies, a number of metabolite changes have been replicated in multiple
studies (see Table 1). Most prominent are elevations of branched-chain amino acids and their
derivatives, including branched-chain keto acids, branched-chain fatty acids and acylcarnitines
[57-63]. Increases of these metabolites have been reported for very early stages in diabetes
development and remain high at all stages including diabetic ketoacidosis [61] and type 1
diabetes [64, 65]. Increased levels of aromatic amino acids (phenylalanine, tyrosine [59]) and
reductions in glycine levels [66] as well as elevations of 2-hydroxybutyrate [67] and 2-
aminoadipate [68] were reported in early stages of insulin resistance. In contrast, other
metabolite changes relate specifically to severe states of hyperglycemia and increased

catabolism in late glucose intolerant and diabetic states. These include increases of several



hexoses and amino-sugars like fructosamine [69, 70], as well as glyoxylate [69] related to
protein glycation. Another prominent marker of hyperglycemia, 1.5-anhydroglucitol, is
strongly reduced in plasma in hyperglycemic states and reflects a reduced renal reabsorption

which is competitive with glucose [69, 70].

Table 1. Metabolite biomarkers most often reported as associated with obesity, prediabetic
conditions, and diabetes.

Metabolite marker Direction of Condition Literature
change
Branched-chain amino acids P Obesity, IFG, IGT, | [57,59-65, 71-
(Val, Leu, Ile) T2DM, T1DM 75]
Aromatic amino acids (Tyr, Phe) ™ Obesity, IR, [57, 59, 62, 63,
T2DM 71, 75, 76]
Glycine N Obesity, T2DM [60, 61, 66, 72,
76]
2-hydroxybutyrate ™ IFG, IGT, T2DM [58, 67, 69, 72]
3-hydroxybutyrate T IGT, T2DM (69, 77]
1,5-anhydroglucitol J IFG, T2DM [58, 69, 70, 77]
Lysophosphatidylcholine C18:2 / J Obesity, IR, [66, 67, 72, 78]
Linoleylglycerophosphocholine T2DM
Lactate ™ IFG, IGT, T2DM [58, 69, 79]
Sugar amines (fructosamine) ™ IFG, IGT, T2DM [69, 70]

Furthermore, late stages of diabetes progression are characterized by increased levels of
ketone bodies (3-hydroxybutyrate, acetone, acetoacetate, [69, 77, 80]) and lactate [58, 69,
79], in conditions of ketoacidosis and lactic acidosis. It is striking to realize that many of these
metabolite concentration changes are known for many decades. As an example, the famous
studies describing changes in circulating amino acid levels in obese and diabetic humans from
Philip Felig date back to the early 1970s [60, 61]. Improved lipidomics technologies now
identify an increasing number of lipid species from various classes that change in insulin
resistant and diabetic conditions. One of the most promising biomarkers in this field is the
decrease in linoleyl-glycerophosphocholine concentrations, which is already being used in the
clinical setting for diabetes prediction [81, 82]. Similarly, various other lipids containing linoleic
acid as well as free linoleic acid were reported to be decreased in plasma in obesity and T2DM
[66, 83-85]. Furthermore, besides prominent increases in long-chain saturated and mono-
unsaturated fatty acids, a general decrease of lysophosphatidylcholines and sphingomyelins
has been observed in obesity and diabetes [71, 76, 78]. Arachidonic acid is discussed in the
context of diabetes as well, but both increases [71] and decreases [77] have been reported in
type 2 diabetes. Different directions of change have also been reported for odd-numbered

and branched-chain fatty acids [58, 67, 77]. In contrast to the rather limited panel of amino
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acids and organic solutes from well-described biochemical pathways which offer starting
points for interpretation of molecular mechanisms and association with altered enzyme
activities, the interpretation of lipidomics changes often remains at the biomarker level and
the information necessary to understand molecular mechanisms of disease is currently

limited.

In summary, whereas changes in plasma levels of various amino acids and other solutes have
been described over 40 years ago and are now “rediscovered” in metabolomics studies to
predict and diagnose insulin resistance and type 2 diabetes, the advance in lipidomics
technologies offers a whole new panel of metabolites for which interpretation is currently
very challenging as the biological information available on origin and fate of the molecules is

very limited.

Acylcarnitines as markers of mitochondrial and peroxisomal pathways of fatty acid and

amino acid oxidation and their alterations in diabetic states

Obesity and diabetes are characterized by changes in fatty acid and amino acid metabolism.
Acylcarnitines are metabolic products derived from mitochondrial and peroxisomal oxidation
of fatty acids and amino acids. These molecules are formed via the conversion of acyl-CoA
intermediates of mitochondrial fatty acid and amino acid oxidation by the action of carnitine
transferases [86]. Whereas conjugation to carnitine is essential for fatty acids to be imported
into the mitochondria for oxidation, a release of acylcarnitines into the cytosol and from there
into circulation becomes important in conditions of impaired mitochondrial utilization in
which export of acylcarnitines may be considered as a spill-over to prevent unwanted effects
of fatty acids in free form and/or in form of CoA-derivatives that can be toxic when
accumulating [87, 88]. Four carnitine transferases have been identified that allow the
conversion of the whole range of acyl-CoA species into acylcarnitines [89]. While most
acylcarnitine species are derived from B-oxidation of fatty acids, branched-chain amino acid
breakdown gives rise to specific branched-chain and odd-numbered acylcarnitine species [59,
90]. In addition, dicarboxylic acylcarnitines are formed in amino acid oxidation [91] and fatty
acid w-oxidation [92]. It has not been completely clarified how acylcarnitines reach the
circulation (both OCTN2 and CPT2/CACT were reported to be involved [93, 94]), but the
determination of acylcarnitine profiles in plasma and urine is widely used to identify inherited

disorders of mitochondrial and peroxisomal oxidation processes [95]. More recently, changes
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in acylcarnitine concentrations in plasma were found to associate with obesity and impaired

insulin signaling (see Table 2).

Table 2. Acylcarnitine markers described in obesity, insulin resistance and T2DM.

Acylcarnitine markers in IR and T2DM Direction of Condition Literature
change
BCAA-derived acylcarnitines ™ Obesity, T2DM [59, 62, 67, 83]
(C3, C5s, isoC4)

Succinylcarnitine (C4-DC) ™ T2DM [96]

Acetylcarnitine (C2) N IGT, T2DM [66, 71, 83]

Medium-chain acylcarnitines (C8, ™ IGT, IFG [58, 67,77, 97, 98]
C10)

Linoleoylcarnitine (C18:2) J T2DM [83]

The various oxidation pathways give rise to many isomeric acylcarnitine species. Since obesity
and diabetes are characterized by changes in both fatty acid and amino acid metabolism,
guantification of individual isomeric compounds is important to be able to identify changes of
individual pathways of fatty acid and amino oxidation. The common measurement approach
using direct infusion tandem mass spectrometry (MS/MS) does not allow this, due to the lack
of chromatography [99]. Recent studies reported a successful chromatographic separation of
isomeric acylcarnitine species [100-103], although the identification of the exact compound
often remains elusive and the abundance of many species in biological samples is often too
low for robust detection and quantification. As part of this thesis, an LC-MS/MS method was
developed that includes the quantification of low-abundant forms with a special focus on
amino acid derived and odd-numbered acylcarnitine species as putative diabetes markers. The
method was applied to quantify acylcarnitine concentrations in plasma and tissues in the
mouse models of obesity and diabetes to better understand mitochondrial and peroxisomal
changes of fatty acid and amino acid oxidation and how these processes affect changes in

plasma metabolite markers.

12



Three animal models representing individual stages of diabetes

progression

For many metabolites reported as diabetes markers in human plasma, the metabolic origin is
often not known. In contrast to humans in which tissues are hard to obtain for analysis,
animals such as mice allow the collection of organs and tissues for fundamental studies of
metabolic processes. Rodents with characteristics of insulin resistance and type 2 diabetes
similar to humans include species with genetic (e.g. ob/ob mice, ZDF rats), nutritional (e.g.
high-fat diet induced obesity), chemical (e.g. streptozotocin-induced diabetes), or
experimental (e.g. surgery-induced diabetes) origin [104]. While all models have their
advantages and disadvantages (see [104]), an important classification should be made based
on the robustness of the pancreas to compensate for a decrease in insulin sensitivity. The
choice of a model prone or resistant to B-cell failure depends on which aspect of the metabolic
syndrome is aimed to study. Thus, models that are rather resistant to developing B-cell failure
and diabetes (e.g. ob/ob mice, Zucker fatty rats) are suitable to study obesity-induced insulin
resistance and hepatic steatosis, whereas models prone to B-cell failure (e.g. db/db mice,
Zucker diabetic rats) can be used to study hyperglycemia-associated pathologies like diabetic

nephropathy and neuropathy.

Box 1. Mouse models studied in this thesis.

C57BL/6J)-Lep®®/°t:, diabetes-resistant”

Defective leptin production
Hyperphagia > Obesity > Insulin-resistance > Pancreas hypertrophy > transitory hyperglycemia

C57BLKS/J-Leprd®/db: diabetes-prone”

Deficient leptin receptor B

Hyperphagia > Obesity > Insulin-resistance > Pancreas atrophy > marked hyperglycemia >
ketotic > progressive weight loss

C57BL/6J: streptozotocin-induced type | diabetes
Intraperitoneal streptozotocin-injection (180 mg/kg BW) > pancreas destruction
Non-obese, insulin-deficiency, severe hyperglycemia, ketotic, weight loss

Another important criterion is the presence or absence of obesity. While obesity models allow

the study of obesity-induced insulin resistance and diabetes, non-obesity models allow the
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study of insulin-deficient conditions per se, dissociated from obesity. The latter group includes
chemically-induced diabetes models by use of alloxan or streptozotocin which are toxic to
pancreatic B-cells. It also includes genetic rodent models such as the AKITA mouse, lacking the
ins2 gene [105] and rodent models with spontaneous autoimmunity or a virally-induced

immune response leading to B-cell destruction.

For the present thesis, mouse models representing disease conditions from early obesity-
induced insulin resistance to late diabetic ketoacidosis were studied (see Box 1), with the
ob/ob and db/db mice as models for obesity and diabetes-resistant or diabetes-prone
conditions, respectively and streptozotocin-treated C57BL6/J mice for a non-obese insulin-

deficient condition.

Leptin-signaling defective ob/ob and db/db mice as models for insulin resistance and type 2

diabetes

Described in 1950 [106] and 1966 [107] respectively as to result from naturally-occurring gene
mutations, the C57BL6/J-Lep®®”/" mice and C57BLKS-Lepr@®/- mice, in the remaining text called
ob/ob and db/db mice respectively, are now known to be defective in leptin signaling [108]. In
ob/ob mice this is due to an autosomal recessive mutation in the leptin gene whereas in db/db
mice an autosomal recessive mutation in the gene coding for the leptin receptor isoform B is
the cause [109, 110]. Leptin, predominantly produced in adipose tissue, is a key satiety
hormone, regulating energy intake and expenditure [12]. Hence, homozygous mutant mice
from both strains are highly hyperphagic and develop massive obesity as well as a strong
insulin resistance. Importantly, the ob/ob mice are on the diabetes-resistant C57BL6/)
background whereas the db/db mice have a diabetes-prone C57BLKS/J background which is a
mixture of C57BL6/J and DBA (dilute brown agouti) strains [111]. As a result, the C57BLKS/)
strain has about one in every eight of its genes from the DBA strain, which has an unstable
pancreas which is more prone to developing B-cell exhaustion. As a consequence, while both
strains develop obesity and insulin resistance as a result of impaired leptin signaling, the ob/ob
mice are able to compensate for the increasing insulin demand with a hypertrophy and
hyperplasia of pancreatic B-cells [112]. The result is a hyperglycemia that is only transient until
around 14 to 16 weeks of age, followed by a normalization of blood glucose levels. Body
weight, however, continues to increase and mice may reach weights of up to 120 grams [107],

which is more than four times the weight of a wild-type control animal. The mice furthermore
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show a severe steatosis of the liver. In contrast, in db/db mice, B-cell expansion fails and islet
atrophy occurs. Hyperinsulinemia develops within one month, followed by a steady decrease
in insulin levels and a severe hyperglycemia. After four months of age, animals become ketotic
and lose weight. These animals don’t survive longer than 8 to 10 months. Important to note
is the study by Hummel et al. in 1972 who transferred the db mutation into a C57BL6/)
background. These C57BL6/J-db/db mice showed the same development as ob/ob mice,
demonstrating that the genetic background is responsible for the different susceptibility to
develop diabetes and that it is not the different defects of leptin hormone or leptin receptor
[113]. Similarly, when introducing the ob gene into the C57BLKs background, mice develop
severe diabetes [114]. Thus, ob/ob mice serve as a model of prediabetes with obesity-induced
insulin resistance but without impairment of pancreatic B-cell function, while db/db mice
serve as model for a more advanced stage of diabetes development with relative insulin

deficiency and hyperglycemia.

Streptozotocin-treated insulin-deficient mice as model for type 1 diabetes or end-stage type

2 diabetes

A common method to induce insulin-deficiency in rodents, mostly in rats, is the use of the
cytotoxic chemicals alloxan and streptozotocin. Both are selectively toxic to pancreatic B-cells
due to their selective uptake via GLUT2 transporters, which are dominantly present in B-cells
[115]. The mechanisms of cytotoxicity of the two compounds are different. Streptozotocin
used here consists of a glucose and a methylnitrosurea moiety. The latter has alkylating
properties, responsible for DNA damage and destruction of B-cells [115]. Rodents treated with
a high dose of streptozotocin display a triphasic blood glucose response. A first hyperglycemic
phase one hour after drug administration is the result from an inhibition of mitochondrial
energy production and processing of insulin in secretory granules leading to a reduced insulin
secretion. A second phase, typically four to eight hours after drug administration, is marked
by a strong hypoglycemia. This is the result of the membrane rupture of B-cells and secretory
granules leading to a release of the complete insulin store into the circulation. A final fourth
phase is a permanent hyperglycemia resulting from a loss of B-cells. In the final phase,
streptozotocin-treated mice display severe hyperglycemia and glucosuria accompanied by
hyperglycemia-related pathologies such as neuropathy, cardiomyopathy and retinopathy

[115]. Furthermore, a hyperlipidaemia and ketoacidosis is observed. Thus, high dose
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streptozotocin-treated mice offer a model for non-obese absolute insulin-deficient

hyperglycemia which occurs as a final stage in type 2 diabetes and in type 1 diabetes.
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MATERIALS AND METHODS

An overview on the study workflow in this thesis is provided in Figure 2. Three different mouse
models of obesity and diabetes were studied. Plasma, urine, and tissues were collected.
Metabolite profiling was performed using targeted and untargeted GC-MS and LC-MS/MS
approaches. Additional methods included osmolarity measurements of urine, determination
of plasma insulin levels and selected gene expression analyses. Statistical analysis and
computational data integration was done using the statistical software environment R [116].

All steps are discussed in detail in the subsequent paragraphs.

Mouse models Collection of tissues, plasma and urine Metabolite profiling Computation analysis
untargeted approaches
@ | - GC-MS - GC-MS -
- Agilent 5975 MSD LC-MS
. > Significance analysis
LIVER ADIPOSE TISSUE s Cluster analysis
L Correlation analysis
9 5'% ECASHA %, targeted approaches
b | '1‘.&?‘
KIDNEY g chi
— C LC-M5/MS LC-M5/MS
Streptozotocin | ABsciexa3zo0 |—] ABSciexassoo ]
URINE aTraq labeling
0 AMINO ACIDS ACYLCARNITINES

Figure 2. Overview of the workflow in this thesis.

Chemicals

Chemicals were obtained from Sigma-Aldrich, Roth, and Merck, unless stated differently in

the corresponding sections.

Mouse models

Three mouse models with phenotypic characteristics resembling different stages of diabetes
progression were studied. Leptin-resistant ob/ob and db/db mice are models of obesity-
induced insulin resistance with or without hyperglycemia, respectively. High-dose
streptozotocin-treated insulin-deficient mice resemble a condition of absolute insulin-

deficient diabetes, as occurring in an end-point stage of type 2 diabetes and in type 1 diabetes.
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A control group of wild-type mice was included for every model. For ob/ob and db/db mice,
these were wild-type mice of the corresponding background strain. For streptozotocin-treated

mice, these were wild-type mice treated with citrate buffer.
Leptin-signaling deficient ob/ob and db/db mice

Male db/db mice and C57BLKS/J wild-type littermates (n=6-10 per group) were purchased
from Charles River Laboratories (Sulzfeld, Germany) at an age of 5 weeks. Male ob/ob mice
and C57BL6/) wild-type littermates (n=6-10 per group), bred at the Research Center of
Nutrition and Food Sciences (ZIEL), were obtained at the age of 5 weeks. Mice were kept on a
standard-chow diet (ssniff V1534-0 R/M-H) for 3 weeks and were then placed on a chemically
defined control diet (CCD; ssniff E15000-04 EF R/M Kontrolle) for 12 weeks. All mice had ad
libitum access to food and water and were housed in the same open mouse facility. Body
weight was determined weekly, and blood glucose was measured shortly before the end of
the feeding trial. Animals were killed in a non-fasted state at an age of 20 weeks. Animal
handling was conducted in accordance with the Principles of Laboratory Care and was

approved by the Veterinary Inspection Services.
Streptozotocin-induced insulin-deficient diabetic mice

C57BL6/N mice (n=10) at an age of 12 weeks were injected intraperitoneally with a single high
dose of streptozotocin (180 mg/kg body weight; streptozotocin was dissolved in 0.1 M citric
acid buffer). C57BL6/N mice (n=10) injected intraperitoneally with citric acid buffer were used
as controls. All mice were kept at a standard chow diet (ssniff V1534-0 R/M-H) during the
whole study and were not fasted. Mice were killed five days post-injection. Body weight and
blood glucose were measured daily. Blood glucose was measured using tail-vein puncture. All
experiments were conducted according to the German guidelines for animal care and were
approved by the state of Bavaria (Regierung von Oberbayern) ethics committee (Reference

number: 55.2.1-54-2532-22-11).
Plasma, urine, and tissue collection

For all mice in the study, the procedure of sample collection was kept the same. For ob/ob
and db/db mice, urine was collected shortly before killing and was snap-frozen in liquid

nitrogen. For streptozotocin-treated mice, urine was collected daily and was snap-frozen in
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liguid nitrogen. All mice were anaesthetized with isoflurane. Before killing, blood was
collected via retro-orbital puncture into EDTA-coated tubes and was centrifuged for 10
minutes at 1200 g and 4°C. Plasma was separated and snap-frozen in liquid nitrogen. Animals
were killed using cervical dislocation. Tissues were collected and immediately snap-frozen in

liquid nitrogen. All samples were stored at -80°C until the day of measurement.
Metabolite profiling

Metabolite profiling was performed using four different platforms combining untargeted and
targeted approaches. Broad metabolite profiles were established via in-house GC-MS
measurements and via LC- and GC-MS measurements in cooperation with Metanomics Health
GmbH (Berlin, Germany). A targeted LC-MS/MS analysis using aTraq labeling was used to
measure amino acids. A second targeted LC-MS/MS method to measure acylcarnitine species

was developed, validated, and applied to mouse samples.
Untargeted broad-metabolite profiling with in-house GC-MS

For broad metabolite profiling of plasma, urine, liver, kidney and muscle in-house GC-MS
analyses were performed as a semi-quantitative approach. Tissues were ground in liquid
nitrogen using pestle and mortar prior to extraction. Metabolites were extracted from 10 to
20 mg tissue (wet weight), 50 ul urine, and 100 pl plasma, using 1 ml of ice-cold methanol
containing paracetamol (0.5 mg/ml) as internal standard. Samples were shaken for 10 minutes
at 4°C and were then centrifuged for 5 minutes at 14.000 g. 900 pl of the supernatant was
transferred to a new tube and vacuum-dried.

Derivatization of dried samples was performed in a two-step process. First, to stabilize
carbonyl moieties in the metabolites, 30 pul methoxyaminehydrochloride (20 mg/ml in
pyridine) was added to the dried sample and samples were shaken at 30°C for 90 minutes.
Second, samples were silylated by addition of 30 ul of the trimethylsilyl (TMS) reagent N-
Methyl-N-(trimethylsilyl) trifluoroacetamide (MSTFA) and 40 minutes shaking at 50°C. The
solution was then centrifuged for 7 minutes at 14.000 g and 45ul of the pellet was transferred

to a glass vial.

Gas chromatographic separation and mass spectrometric analysis was performed using an HP

Agilent 7890 gas chromatograph coupled to an Agilent 5975 Quadrupole mass spectrometer
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(Agilent technologies, Boblingen, Germany). A sample volume of 1 ul was injected and
separation was performed on a VF-5ms capillary column (length 30 m, internal diameter 0.25
mm, film thickness 25 um; VARIAN, Palo Alto, CA, USA). Oven temperature started isocratic at
70°C for 1 minute and then increased with 10°C/min up to 330°C, remaining isocratic for eight
minutes. Masses were scanned at 2.5 spectra/s and mass ranges of 70 to 600 Da. For
determination of retention time index, a mixture of n-alkanes ranging from ten to 36 carbon

atoms was measured after each ten samples.

Data processing and quantitation was done using the Metabolite Detector software [117],
which performed automated baseline correction, peak detection, peak deconvolution and
peak integration. The Golm Metabolome Database [118] and the spectral library from the

National Institute of Standards and Technology (NIST) were used for peak identification.
Untargeted broad-metabolite profiling in cooperation with Metanomics health GmbH

Comprehensive metabolite profiles of plasma, liver, muscle, and adipose tissue were obtained
from a collaborative effort with Metanomics health GmbH (Berlin, Germany) using gas
chromatography-mass spectrometry (GC-MS; Agilent 6890 GC coupled to an Agilent 5973 MS
System, Agilent, Waldbronn, Germany) and liquid-chromatography-tandem mass
spectrometry (LC-MS/MS; Agilent 1100 HPLC, API 4000, Applied Biosystems, Darmstadt,
Germany). Proteins were removed from plasma samples by precipitation prior to collection of
polar and non-polar fractions. For LC-MS/MS, both fractions were evaporated and
reconstituted in appropriate solvents and measured with reversed-phase HPLC coupled to
mass spectrometry. For GC-MS, the non-polar fraction was treated with methanol under acidic
conditions to yield fatty acid methyl esters derived from both free fatty acids and hydrolyzed
complex lipids. The polar and non-polar fractions were further derivatized with O-methyl-
hydroxyamine hydrochloride to convert oxo-groups to O-methyloximes and subsequently
with a silylating agent prior to GC-MS analysis. To account for inter- and intra-instrumental
variation in GC-MS profiling, data were normalized to the median of reference samples
derived from a pool formed from aliquots of all samples. Pooled reference samples were run
in parallel through the whole process. Key analytical parameters determined within method
development and reviewed within the present study were taken into account to specify high-

quality metabolites, herein termed as semi-quantitative metabolites.
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Targeted amino acid profiling via LC-MS/MS and aTRAQ™ labeling

For quantitative determination of amino acid concentrations, targeted LC-MS/MS
measurements were performed using aTRAQ™ derivatization (aTRAQ reagent kit 4442671
SCIEX | 500 Old Connecticut Path, Framingham, MA 01701, USA). Tissues were ground in liquid
nitrogen using pestle and mortar and 50 mg tissue was dissolved in 75 pul ice-cold
methanol/water (1/1 v/v). Samples were centrifuged at 10.000 g for 10 min and supernatant
was collected. Further preparation was performed according to the manufacturer’s
instructions. Briefly, 40 pl of plasma or tissue extract were mixed with 10 ul sulfosalicylic acid
(containing norleucine as a first internal standard) to precipitate proteins and the mixture was
centrifuged for 2.5 min at 10.000 g. 10 ul of the supernatant was homogenized with 40 pl
labeling buffer (containing norvaline as a second internal standard) to maintain a basic pH
during derivatization. Next, 10 pl from this mixture was mixed with 5 pl aTraq reagent A8 (6
13C carbon atoms and 2 15N nitrogen atoms, resulting in an additional mass of 8 atomic units)
for 30 min at room temperature. The derivatization reaction was stopped by addition of 5 ul
hydroxylamine. The whole mixture was vacuum-dried in a vacuum concentrator (SPD111V
SpeedVac™ Thermo Savant™, Germany) and subsequently mixed with internal standard
containing all amino acids in the method pre-labeled with aTrag reagent AO (containing no

stable-isotope labeled atoms).

Targeted acylcarnitine profiling via LC-MS/MS and butylation: method development and

application to mouse samples

For the quantification of acylcarnitine species in plasma and tissues of mice, an LC-MS/MS
method was developed and validated which extended the analytical panel of acylcarnitines
and allowed quantitation of structural isomers derived from individual pathways of amino acid
and fatty acid metabolism. The method included several new species, such as odd-numbered
acylcarnitines, which are present at low concentrations. For identification of individual peaks
in the chromatogram, individual acylcarnitine species were synthesized and spiked into
biological samples. The method was applied to plasma and tissue samples of the three mouse

models.
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Here, the sample preparation, chromatographic, and mass spectrometric conditions are
described as applied for the analysis of mouse samples. Furthermore, chemical synthesis of

acylcarnitine species and calibration and validation of the method are described.

Analyses were performed on plasma, liver, muscle, kidney, and adipose tissue. As for the
amino acid profiling procedure, tissues were ground in liquid nitrogen using pestle and mortar.
Metabolites were extracted from 10ul of plasma and 40 mg of ground tissue (wet weight). For
plasma measurements, 10ul of plasma was dissolved under ultra-sonication in 100ul ice-cold
methanol containing 1:1 diluted internal standard (ChromSystems) with deuterium-labeled
amino acid and acylcarnitine species. Samples were than vacuum-dried in a vacuum
concentrator (SPD111V SpeedVac™ Thermo Savant™, Germany). For tissue measurements,
40 mg of ground tissue were dissolved in 1800 ul 100% ice-cold methanol and shaken for 20
min at room temperature. Samples were subsequently centrifuged at 10.000 g for 10 minutes
and supernatant extracts were transferred to a new reaction tube. For muscle and adipose
tissue, with lower concentrations of acylcarnitines compared to kidney and liver tissue, 200 pl
of the extracts were mixed with 20 pul ChromSystems amino acid and acylcarnitine internal
standard and vacuum-dried. For liver and kidney, 200 ul of sample were mixed with 50 pl
ChromSystems internal amino acid and acylcarnitine standard and vacuum-dried.
Acylcarnitines were derivatized to their butyl esters as described by Gucciardi et al. [101].
Briefly, 100 pl n-butanol containing 5% v/v acetyl choline was added to the dried samples,
incubated at 60°C for 20 minutes and subsequently evaporated to dryness. Samples were
reconstituted in 100 pl (for plasma samples) or 200 pl (for tissue samples) acetonitrile/water

and transferred to glass vials.

Samples were automatically injected (PAL HTC-xt, CTC analytics AG, Zwingen, Switzerland) and
chromatographic separation was yielded on a Zorbax Eclipse XDB-C18 column (length 150 mm,
internal diameter 3.0 mm, particle size 3.5 um, Agilent, USA) using the Agilent 1260 Infinity
Quaternary LC System. The mobile phase consisted of 0.1% formic acid, 2.5 mM ammonium
acetic acid and 0.005% heptaflurobutyric acid in water (mobile phase A) or 0.1% formic acid,
2.5 mM ammonium acetic acid and 0.005% heptaflurobutyric acid in acetonitrile (mobile
phase B). Mass spectrometric detection was done using the QTRAP5500 LC-MS/MS system
(AB SCIEX | 500 Old Connecticut Path, Framingham, MA 01701, USA) with positive electron

spray ionization and operating in multiple reaction monitoring (MRM). Peak integration and
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guantification was done using Analyst 1.5® software (AB SCIEX | 500 Old Connecticut Path,
Framingham, MA 01701, USA).

To identify individual peaks in the chromatogram, O-acylated acylcarnitines were synthesized
from carnitine chloride and free fatty acids using a modified protocol from Ziegler et al. [119].
Briefly, 0.5 g of free fatty acid was incubated with 30.5 ul thionylchloride under continuous
shaking for four hours at 70°C to generate fatty acyl chlorides. Carnitine hydrochloride
dissolved in trichloroacetic acid was added to the acyl chloride and incubated at 45°C for 18
hours. After cooling, the product was precipitated and washed three times in cold diethyl
ether. Sodium-(s)-B-hydroxyisobutyric acid was first treated with hydrochloric acid to produce
the free fatty acid, followed by evaporation of water at 90°C for 30 minutes, before incubation

with thionylchloride.

Additional methods

Osmolarity measurements in urine

Osmolarity of urine samples was determined using the om-815 Osmometer (Vogel
Medizintechnik, Fernwald, Germany). This osmometer determines the freezing point
depression of a solution as a measure of osmolarity. The measurement was performed

following the manufacturer’s instructions with the use of 50 pl urine sample.
Plasma insulin measurements using ELISA

Plasma insulin concentrations were measured via enzyme-linked immunosorbent assay
(ELISA) using the Ultra Sensitive Mouse Insulin ELISA kit (Crystal Chem Inc., IL, USA). The assay
was performed in a 96-well microtiter plate according to the manufacturer’s instructions.
Spectrometric analysis was done using the Varioskan plate reader (Thermo Scientific), giving

guantitative measures of color strength.
Gene expression analyses using quantitative real-time PCR

RNA isolation and relative quantification of mRNA expression was performed as described
previously with a few modifications (see [120]). After homogenization of adipose tissue, a
liquid-liquid extraction with phenol-chloroform was performed. Total RNA was then extracted

using the RNeasy Mini Kit (Qiagen). Purity and integrity of the RNA was assessed on the Agilent
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2100 bioanalyzer (Agilent Technologies). For quantitative real-time PCR, 1ug RNA was
transcribed into cDNA using a Reverse Transcription System from Promega. gRT-PCR analysis
was performed with a LightCycler 480 (Roche). The mean of Actb, Gapdh, Hprt1l and 18S rRNA
was used as the reference expression and relative quantification was carried out with the
LightCycler 480 software 1.5 (Roche). Transcripts have been specified with the primers listed
in Table S1.

Statistical analysis and computational data integration

Statistical analysis and computational data integration was done using the statistical
programming language R. Three mouse models were studied. For every model, a
corresponding wild-type group was included. Thus, in total 6 mouse groups were studied.
Significant changes in metabolite concentrations or gene expression were determined as a

comparison between the mouse model and the corresponding wild-type group.

For broad metabolite profiles of plasma and tissues from ob/ob and db/db mice, significance
levels for metabolite concentrations were calculated by computing ANOVA models and using
Student’s t-statistics (unpaired and unequal variance). A significance threshold of a < 0.05 was
defined. Adjustment of p-values according to Benjamini and Hochberg was applied to correct
for multiple testing. For untargeted GC-MS analyses of plasma and tissues of streptozotocin-
treated mice, as well as for targeted amino acid and acylcarnitine profiling, differences
between metabolite concentrations were assessed using unpaired two-sided Student’s t-tests

with unequal variance, applying a significance threshold of a < 0.05.

Several computational data mining strategies were applied in R to integrate metabolomics
data, including principal components analysis, hierarchical and k-means cluster analyses and
pairwise Pearson’s correlation analyses followed by the generation of correlation matrices and

correlation networks.

To examine the grouping of individual mice according to their condition, principal components
analysis to plasma and tissue samples was applied. Missing values were replaced by the mean

of each variable.

Principal components analysis was also applied to identify the main metabolite groups in the

plasma data sets of ob/ob and db/db mice derived from broad metabolite profiling. Five
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principal components were clustered using a k-means clustering algorithm to identify 15 main
metabolite clusters in the data set. Refinement of clustering was done using 20 times
bootstrapping of the k-means clustering algorithm. An overall significant change of each
cluster compared to wild-type animals was calculated by combining for each metabolite in the
cluster its p-value derived from the comparison of its concentrations between knock-out and

wild-type mice using the Fisher’s combined probability test.

Pairwise Pearson’s correlations were calculated and visualized using correlation matrices and
correlation networks. To explore dominance of individual tissues on metabolite levels in
plasma, measures of correlation between plasma and tissues were calculated. To explore
regulated key components and associations between metabolites, measures of correlation
within plasma and tissues were calculated. In addition to the base packages available in R, the
packages ‘FactoMineR’, ‘fpc’, ‘MADAM’, ‘ggraph’ and ’corrplot’ were used for most

calculations and visualizations.
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PUBLICATION 1

Metabolite profiling in plasma and tissues of ob/ob and db/db mice

identifies novel markers of obesity and type 2 diabetes

Metabolomics studies have reported an increasing number of metabolites in human plasma
associated with insulin resistance and type 2 diabetes. Since diabetes is often accompanied by
obesity, it was the aim of the study to identify specific metabolite signatures associated with
obesity and/or with type 2 diabetes. Two mouse strains, the ob/ob and db/db mice, were
studied in comparison to their respective wild type strains (C57BL6 and C57BLKs). Both ob/ob
and db/db mice are deficient in leptin signaling and develop severe obesity and insulin
resistance. Owing to the difference in genetic background, only db/db mice develop B-cell
failure, resulting in a relative insulin deficiency. Metabolite profiling of plasma and tissues
(liver, muscle, adipose tissue) was performed using GC-MS and LC-MS and quantitative amino

acid analysis via LC-MS/MS techniques.

The candidate performed the mouse studies and the tissue collection in support of technical
assistance. The broad metabolite profiling was performed by Metanomics Health GmbH,
Berlin. The candidate performed the quantitative LC-MS/MS amino acid profiling, data
integration and statistical analysis using the statistical software environment R. This included
the evaluation of statistical significances and the generation of heatmaps, principal
component analysis plots, hierarchical cluster analyses and correlation networks. Gene
expression analysis as well as insulin and blood glucose measurements were done by the
candidate. Further contributions of the candidate included drafting, writing and revising of the
manuscript, correspondence to the journal and final approval of the publication.

Giesbertz P, Padberg I, Rein D, Ecker J, Hofle AS, Spanier B, et al. Metabolite profiling in plasma and tissues of
ob/ob and db/db mice identifies novel markers of obesity and type 2 diabetes. Diabetologia. 2015.
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PUBLICATION 2

An LC-MS/MS method to quantify acylcarnitine species including

isomeric and odd-numbered forms in plasma and tissues

Acylcarnitines are intermediates from fatty acid and amino acid oxidation, derived via the
conversion of acyl-CoA by the action of carnitine transferases. They are important diagnostic
markers of mitochondrial and peroxisomal oxidation disorders. Recent metabolomics studies
have identified a number of acylcarnitine species associated with obesity, insulin resistance
and type 2 diabetes. Quantification of acylcarnitines can be a challenge since various species
occur as positional isomers and have very low concentrations. An LC-MS/MS method for the
quantification of 56 acylcarnitine species was developed that allows in particular amino acid-
derived positional isomers and low-abundant odd-numbered acylcarnitine species to be
quantified. Identification of individual species was done via respective acylcarnitine reference
substances which were synthesized via fatty acid esterification to acylcarnitines. The LC-
MS/MS method was validated in plasma and liver samples from mice and showed high
sensitivity, accuracy and precision. In an application to plasma and liver samples from
streptozotocin-treated mice, increased concentrations of acylcarnitine species derived from
branched-chain amino acid breakdown and increased levels of odd-numbered acylcarnitine
species were observed. The developed method thus allows an extended quantification of
acylcarnitine species from individual pathways improving the understanding of metabolite

changes observed in plasma.

The candidate developed and validated the method, including chemical synthesis of
acylcarnitine standards, spiking experiments and peak quantification in support of technical
assistance. Furthermore, the candidate performed drafting, writing and revising of the
manuscript, correspondence to the journal and final approval of the publication.

Giesbertz P, Ecker J, Haag A, Spanier B, Daniel H. An LC-MS/MS method to quantify acylcarnitine species
including isomeric and odd-numbered forms in plasma and tissues. Journal of lipid research. 2015.

27



PUBLICATION 3

Branched-chain amino acids as biomarkers of type 2 diabetes

Elevated levels of branched-chain amino acids in plasma and urine of obese, insulin resistant,
and diabetic humans have consistently been described by numerous studies. They have been
proposed to serve as strong predictors of type 2 diabetes. Various mechanisms that could link
branched-chain amino acid metabolism to diabetes have been proposed but the underlying
mechanisms responsible for the rise in plasma BCAAs levels have not been clarified yet. A
central question is whether BCAA elevations are the cause or the consequence of insulin
resistance and type 2 diabetes. The review addresses recent findings on the link between
BCAA, insulin action, and type 2 diabetes and discusses the role of BCAAs in altering insulin

signaling in the progression of type 2 diabetes.

The candidate performed the literature search, wrote the manuscript and designed the figure.

Giesbertz P, Daniel H. Branched-chain amino acids as biomarkers in diabetes. Curr Opin Clin Nutr Metab Care.
2015.
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PUBLICATION 4 (in preparation)

Signatures of acylcarnitine and acyl-CoA suggest specific regulation
of mitochondrial and peroxisomal oxidation pathways in mouse

models of obesity and diabetes

Obesity, insulin resistance and diabetes are characterized by changes in plasma metabolite
markers of amino acid and fatty acid metabolism. Here, changes in individual metabolic routes
of mitochondrial and peroxisomal amino acid and fatty acid oxidation were determined via
guantification of acylcarnitine levels in plasma and tissues derived from mouse models
representing different stages of obesity and diabetes. ob/ob and db/db mice as models for
obesity and insulin resistance but with a different susceptibility to development of type 2
diabetes were studied as early and advanced stages of diabetes, respectively. Streptozotocin-
induced insulin-deficient mice served as a model for type | diabetes or end-point stage type Il
diabetes with extreme hyperglycemia and ketoacidosis. A sensitive LC-MS/MS method was
used to quantify up to 60 acylcarnitine species including isomers derived from individual
pathways of fatty acid and amino acid oxidation. Since acylcarnitines are derived from the
conversion of acyl-CoA we additionally quantified acyl-CoA species in liver and determined the
correlation with the corresponding hepatic acylcarnitines. Particularly strong increases in
acylcarnitine species derived from branched-chain amino acid metabolism in plasma and
tissues of all mouse models were found and were most pronounced in streptozotocin-treated
animals. All models also displayed increased concentrations of odd-numbered acylcarnitine
species in liver while dicarboxylic acylcarnitines derived from fatty acid omega-oxidation were
strongly decreased in the obese ob/ob and db/db mice. Correlations between acylcarnitine
and acyl-CoA concentrations in liver were strongest for monocarboxylic metabolites, while
dicarboxylic acylcarnitines like malonylcarnitine and succinylcarnitine showed no or negative
correlations with their respective acyl-CoA species. In summary, alterations of metabolic
profiles in specific pathways of fatty acid and amino acid oxidation were found in the mouse
models and could be associated with conditions of obesity, hyperinsulinemia, and diabetes.
These changes give further hints on the involvement of specific metabolic routes of

mitochondrial oxidation during diabetes progression.

29



The candidate performed the mouse experiments, tissue collection, tissue preparation, LC-
MS/MS acylcarnitine measurements and peak quantification. Acyl-CoA measurements were
performed by TU Braunschweig. Statistical analysis, integration and visualization of the data
were performed by the candidate using the software R. Furthermore, the candidate drafted

and wrote the manuscript.
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DISCUSSION

Metabolomics approaches have identified over 50 plasma metabolites with changes in
concentrations that are associated with different states of impaired insulin signaling and
diabetes. The current PhD project was designed to improve the understanding on the origins
of these metabolite markers in plasma by analyzing metabolite changes in tissues. Three
different mouse models were studied which differ in their capacity to secrete insulin from -
cells and represent different stages of diabetes progression. Metabolite profiling of plasma,
liver, muscle, kidney, and adipose tissue was performed by untargeted GC-MS and LC-MS
analysis. Quantitative measures of amino acid and acylcarnitine levels were obtained using
targeted LC-MS/MS analyses. A computational approach was used to integrate metabolomics
data. Correlation measures of metabolite concentrations between plasma and tissues and
within tissues were used to explore the origins of the altered metabolite concentrations
observed in diabetic animals. A novel LC-MS/MS method for analyzing acylcarnitine species
with improved sensitivity and coverage of > 50 entities allowed individual pathways of fatty
acid and amino acid oxidation to be defined as courses for changes in plasma and tissues in

insulin resistant and diabetic conditions.

Mouse models display phenotypic changes characterizing individual

stages of diabetes progression in humans

Three different mouse models which differ in their capacity of B-cells to secrete insulin were
studied. Table 3 and Figure S1 summarize the observed changes in body weight, plasma insulin

and blood glucose levels in the three models.

Table 3. Phenotypic characteristics of the mouse models studied in this thesis.

ob/ob mice db/db mice STZ-treated mice
Body weight ™~ ™~ N2
Plasma insulin ™~ T N2
Blood glucose 4 T ™~
Diabetes progression >

The observed phenotypic changes represent in essence what has previously been reported in

literature. The ob/ob and db/db models, both impaired in leptin signaling, developed a
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massive obesity. Both strains increased insulin output to compensate for an increasing insulin
resistance. The difference in genetic backgrounds was described to be responsible for the
different susceptibility to develop B-cell dysfunction and B-cell failure. Indeed, the ob/ob mice
were normoglycemic suggesting a complete compensation of insulin resistance. In contrast,
the db/db mice were hyperglycemic, indicating that the decreased insulin response of tissues
was only partially compensated, in line with an only mediocre increase plasma insulin levels
in these mice. In contrast to these two models of obesity-induced insulin resistance and
diabetes, streptozotocin-treated animals display a strong reduction in plasma insulin levels, in
accordance with a reduction in body weight and a severe hyperglycemia. With respect to the
course of human diabetes development, the models may thus be categorized based on their
representation of individual stages of diabetes progression as observed in humans. The ob/ob
model represents an early prediabetic stage with obesity and insulin resistance which is
completely compensated by the high insulin output. The db/db model is in a more advanced
stage in which insulin output is increased compared to wild-type animals but not to that
extend to completely compensate for insulin resistance. This state of relative insulin deficiency
results in hyperglycemia. The hypoinsulinemic and hyperglycemic condition of streptozotocin-
treated animals is observed in individuals with type 1 diabetes and an end-point stage of type
2 diabetes with complete pancreatic failure. This is the basis for comparison of metabolite

signatures in these mouse models.

Plasma metabolite signatures in mice represent corresponding

changes observed in human diabetes

Broad metabolite profiling of plasma and tissues in mice using GC-MS and LC-MS/MS
identified most metabolite changes described for human diabetes. Model-specific metabolite
changes were found and could be related to the specific conditions of obesity,
hyperinsulinemia, hyperglycemia and insulin deficiency. Metabolite profiling data of
streptozotocin-treated mice are provided in Tables S2-S5. All models displayed increases of
branched-chain amino acids in plasma. These have been well described as diagnostic and
prediction markers of human diabetes and metabolic disease [57, 59-61, 63, 74, 97]. The
obesity and hyperinsulinemia in ob/ob and db/db mice was reflected by large increases in
saturated and mono-unsaturated long-chain fatty acids (palmitic acid, palmitoleic acid, stearic

acid, and oleic acid). These changes most probably result from an elevated hepatic de novo
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lipogenesis. Whereas insulin’s inhibition of hepatic gluconeogenesis via Foxo was reported to
be truncated under (pre-)diabetic conditions, insulin-stimulated hepatic de novo lipogenesis
via SREBP-1c remains intact [121]. Only in a condition of total absence of insulin signaling, as
is the case for liver-specific insulin receptor knock-out (LIRKO) mice, the SREBP-1c pathway
activity is decreased as well [44, 45]. A similar observation has recently been made in adipose
tissue of ob/ob and mice fed a high-fat diet [122]. This partial insulin resistance is suggested
to be responsible for the characteristic profile of hyperglycemia, hyperlipidemia, and
hypercholesterolinemia observed in human diabetes. Most other metabolite markers
reported in human diabetes were found in mice as well, including 1,5-anhydroglucitol, 3-
hydroxybutyrate, glycine, lactate, 2-hydroxybutyrate and lysophosphatidylcholine C18:2.
Metabolite changes were sorted according to their appearance in either obese or diabetic
models. For instance, the decrease in 1,5-anhydroglucitol, marking hyperglycemia and
impaired glucose tolerance due to its competition with glucose for renal reabsorption via
SGLT2, was only found in the diabetes models but not in normoglycemic ob/ob mice. This was
similarly observed for other hyperglycemia markers like glyoxylate and fructosamine and for
markers of an advanced catabolic condition like 3-hydroxybutyrate. In contrast, other
metabolites, mostly lipid-related species, changed specifically only in ob/ob mice. Taken
together, most metabolite markers known from human diabetes were also found in the mice

and could here be classified as associated with obesity and/or diabetic phenotypes.
Novel metabolite markers of obesity and diabetes in plasma

Besides known markers, various new metabolites with marked changes were found in plasma,
either in both ob/ob and db/db models or specifically only in ob/ob or db/db mice.
Monomethyl branched fatty acids such as 16-methylheptadecanoic acid specifically increased
in db/db, while branched-chain and odd-numbered fatty acids remained unchanged or were
decreased in ob/ob mice. O-phosphotyrosine was also specifically increased in db/db mice.
The origins of these changes remain unclear. O-phosphotyrosine was previously related to
platelet activation [123] which is increased in hyperglycemia [124]. A number of phospholipids
changed markedly in both ob/ob and db/db models for which not only the total mass but as
well the individual fatty acids were determined. Changes in the phospholipid profiles of the
mice were validated and confirmed in metabolite data from a study in human prediabetics
[125].
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A branched-chain amino acid signature observed in all three models

Despite the large differences between the models with respect to plasma insulin levels and
glucose homeostasis, mice from all three models displayed increased plasma concentrations
of branched-chain amino acids. The strongest increase was observed in streptozotocin-
treated animals and the smallest increase was seen in ob/ob mice. Changes in branched-chain
amino acids were already reported in the 1970s by Philip Felig in humans [60, 61] and are now
considered to provide a diagnostic quality with the power to predict diabetes. However, the
origin of the changes in plasma is still not known [57, 59, 74]. In recent years, the adipose
tissue has been recognized as an important organ in BCAA turnover and possibly as an
important determinant of plasma BCAA levels. Enzymatic activity of branched-chain
aminotransferase, branched-chain keto acid dehydrogenase, as well as several downstream
enzymes in BCAA-breakdown was shown to be decreased in the adipose tissue of obese and
insulin resistant humans and rodent models [126-128]. In agreement with this, the strongest
correlations were found between BCAA concentrations in plasma and BCAA levels in adipose
tissue of the ob/ob and db/db mice. Furthermore, a reduction in transcript levels of BCKDHA
was detected, coding for the a-subunit of the BCKDH complex, while transcript levels of BCAT2
remained unchanged. Next to valine, leucine, and isoleucine, the branched-chain keto acid a-
ketoisocaproic acid was increased in both models. Furthermore, specifically in the db/db mice,

3-hydroxyisobutyric acid, a product of valine catabolism, was increased.

In contrast to the ob/ob and db/db mice, an important contribution of adipose tissue to
plasma BCAA levels might not be expected in streptozotocin-treated animals, since the
amount of epididymal adipose tissue in this model was reduced to almost non-detectable
levels. Increased plasma BCAA levels in this model might well be the consequence of increased
muscle proteolysis, due to complete lack of insulin signaling. This lack of inhibition of
proteolysis by insulin increases amino acid release from muscle as demonstrated by increases
of most other amino acids in the plasma of these mice and also of some amino acid breakdown
products and urea. This becomes even more obvious when expressing plasma BCAA levels as
ratio over the total plasma amino acid pool (Figure 4). Only for ob/ob and db/db mice an
increase in this ratio is observed, which is in line with a specific increase of plasma BCAA levels
in these mice, in contrast to streptozotocin-treated mice, for which proteolysis causes a
general increase in circulating amino acid levels.
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This suggests that the increased BCAA levels found throughout the time course of human
diabetes development result from two overlapping processes with different time frames. In
early stages of obesity and insulin resistance BCAA utilization in peripheral tissues, mainly in
white adipose tissue, is reduced leading to higher plasma BCAA levels. As diabetes progresses
and insulin signaling decreases, individuals move gradually towards a more catabolic stage

with increased protein breakdown and elevated release of amino acids into plasma.

Ratio BCAA / All AA (plasma)

Figure 4. BCAA concentrations expressed as ratios of the total amino acid pool calculated for all six
mouse groups.

White adipose tissue as important regulator of circulating BCAA

levels in healthy states and insulin-resistant conditions

White adipose tissue is known as an important metabolic and endocrine organ [1, 129] which
affects overall energy homeostasis via secretion of adipokines such as leptin and adiponectin.
Changes in endocrine and metabolic function of white adipose tissue have been recognized as
early events in obesity-induced insulin resistance and type 2 diabetes [3-5, 130]. This is
thought to result from increased lipid accumulation and an increased inflammatory tone
which is associated with macrophage infiltration [131, 132]. It has become obvious that the
mitochondrial activity and capacity of white adipose tissue is critically involved in the
pathogenesis of obesity and diabetes. Adiponectin is known as an important stimulator of
mitochondrial function via the stimulation of PGC-1a and reduced adiponectin levels in
obesity are thus considered to decrease mitochondrial oxidation capacity in peripheral tissues

[133]. Subcutaneous white adipose tissue from obese individuals shows a decreased activity
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of mitochondrial respiratory chain complexes |-V and a reduced overall oxidative capacity
[134, 135]. In addition, a reduced mitochondrial biogenesis in subcutaneous adipose tissue of
obese individuals was recently observed [136]. Furthermore, a downregulation of genes of the
electron transport chain was observed in visceral fat of type 2 diabetic women [137]. These
observations are supported by animal studies that show a reduction in mitochondrial activity

and capacity in white adipose tissue [138, 139].

In the animal studies described here strong correlations were found between circulating BCAA
concentrations and BCAA concentrations in epididymal adipose tissue in ob/ob and db/db
mice. In addition, a strong reduction in the expression of BCKDHA coding for the a-subunit of
the BCKDH complex was observed. This in line with previous studies in human and rodent
white adipose tissue describing a reduced expression and activity of mitochondrial BCAT and
total BCKD Ela as well as an increased BCKD kinase protein expression in obesity and diabetes
[126-128]. More recently, a reduced expression of BCAA catabolic genes downstream of
BCKDH was reported for adipose tissue and adipocytes in conditions of increased
inflammation and ER stress associated with increased expression of inflammatory cytokines
such as TNF-a [140, 141]. The importance of adipose tissue in overall BCAA metabolism was
demonstrated in wild-type mice in which the rate of BCAA oxidation per mg of tissue was
higher in adipose tissue than in skeletal muscle [127] and recently, circulating BCAA
concentrations were reported to strongly correlate with adiponectin levels [74]. In addition,
adiponectin knock-out mice showed decreased BCKDH activity which could be reverted by
adiponectin treatment [9]. An important link between adiponectin secretion by adipose
tissue, mitochondrial oxidation capacity and circulating BCAA seems evident. Furthermore, it
was recently shown that increased BCAA levels could be completely corrected by leptin
treatment in type 1 diabetes [142], demonstrating a significant involvement of leptin in the
metabolism of BCAA metabolism, most probably relating to hepatic BCAA metabolism. The
adipose tissue thus plays both a regulatory role of BCAA metabolism in hepatic and peripheral
tissues via its endocrine function and contributes to the levels of circulating BCAA via its own
metabolism. Changes in adipose tissue function in obesity, insulin resistance and diabetes thus
affect BCAA metabolism in multiple tissues. Next to this, quantitatively, the adipose tissue may
become more important in obesity, due to the large increase in adipose tissue mass and a

relative decline in skeletal muscle mass.
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A novel LC-MS/MS method to quantify acylcarnitines from individual

routes of amino acid and fatty acid breakdown

A drawback in almost all metabolite profiling approaches is the lack of specificity and the lack
of coverage of metabolite groups from distinct pathways. This means that only in rare cases
changes in metabolite concentrations can be assigned to discrete metabolic processes. As an
example, the marked decrease in plasma glycine levels observed in obese and diabetic humans
and in mice has been related to various metabolic processes which are well-known to change
in conditions of obesity and diabetes. These include the conversion from glycine to glyoxylate
by glycine transaminase [143], the utilization of glycine to restore glutathione levels during
increased oxidative stress [144], the use of glycine in gluconeogenesis [76], an increased
conversion of glycine and succinyl-CoA to 6-aminolevulinate [66], and the recently-reported
conjugation to accumulating fatty acid oxidation intermediates resulting in the formation of
acylglycines [145]. Besides this, analytical approaches are often not able to quantify distinct
compounds even if they are specific intermediates of certain pathways. In diseases like
diabetes, characterized by changes in multiple metabolic pathways of lipid, protein, and

carbohydrate, it is important to identify metabolites specific for those pathways.

The metabolite class of acylcarnitines offers various analytical advantages (i.e. stability,
specific fragmentation patterns) and addition includes a large number of metabolites that are
specific to mitochondrial and peroxisomal pathways of amino acid and fatty acid oxidation
(see Figure 5). With the here developed LC-MS/MS method it was aimed to quantify these
specific acylcarnitine species with a focus on the quantification of short-chain isomers derived

from amino acid breakdown.
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l Acyl-CoA intermediates |

Carnitine acetyltransferase
Carnitine octanoyltransferase
Carnitine palmitoyltransferase

Acylcarnitine pool

Figure 5. The acylcarnitine pool as a result of the conversion of acyl-CoA species derived from both
amino acid and fatty metabolism.

The individual isomers were separated chromatographically, identified using reference
compounds, and quantified individually. After validation, a total of 56 acylcarnitine species
were covered by the method. This metabolite panel consists of acylcarnitines derived from
amino acid breakdown, acylcarnitines with an odd-numbered carbon chain, monomethyl-
branched-chain acylcarnitines, and dicarboxylic acylcarnitines. The latter metabolites are
produced during microsomal and peroxisomal fatty acid breakdown processes via a- and w-
oxidation. Since these compounds appear in very low concentrations in plasma and tissues, it

was essential to develop a method with high sensitivity.

Signatures of acylcarnitine and acyl-CoA give insight into altered

amino acid and fatty acid oxidation in tissues

The developed LC-MS/MS acylcarnitine profiling method was applied to plasma and tissue
samples from the mouse models. All mice displayed changes in concentrations of branched-
chain amino acid-related acylcarnitines and these were most pronounced in plasma and
tissues of streptozotocin-treated mice, but were also observed in liver and kidney samples of
ob/ob and db/db mice. The corresponding CoA species increased in liver as well. Hepatic
concentrations of BCAA-derived CoA and carnitine species correlated strongest. BCAA-derived
acylcarnitine species were reported previously as predictors of insulin resistance and type 2

diabetes [59, 62, 67, 83].

Changes in intermediates derived from fatty acid breakdown via a-, B-, and w-oxidation were
observed as well. These changed in different directions in ob/ob and db/db mice as compared
to streptozotocin-treated mice. Both ob/ob and db/db mice displayed increased plasma
concentrations of stearoylcarnitine (C16:1) and oleoylcarnitine (C18:1) and increased hepatic

concentrations of saturated long-chain acylcarnitines. These changes might, like the increased
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fatty acid levels observed by untargeted metabolite profiling, relate to an increased SREBP-
1lc-dependent hepatic de novo lipogenesis that is associated with hyperinsulinemic states [44,
45, 121]. Furthermore, hepatic concentrations of methylmalonyl- and succinylcarnitine,
derived from amino acid breakdown, were increased in ob/ob and db/db mice, whereas longer
longer-chain dicarboxylic acylcarnitines such as glutarylcarnitine (C5-DC) and pimelylcarnitine
(C7-DC) displayed strong decreases in liver of leptin signaling-deficient mice. This finding is in
line with a proposed decreased rate in w-oxidation, based on findings in urine of ob/ob mice
[146] and may relate to the lack of proper leptin signaling in these mice which is known to
resultin a decrease of hepatic PPAR-a activity, affecting peroxisomal oxidation processes [147,
148]. In contrast, streptozotocin-treated animals displayed increased hepatic concentrations
of various medium-chain dicarboxylic acylcarnitines, in line with increased excretion of adipic
and suberic acid in streptozotocin-treated diabetic rats reported before [149]. However,
another study in streptozotocin-treated rats could not demonstrate an increased microsomal
and peroxisomal fatty acid oxidation in liver [150]. Furthermore, increased levels of odd-
numbered acylcarnitine species in streptozotocin-treated animals suggest increased fatty acid

a-oxidation which was previously observed in streptozotocin-treated rats [151].

Taken together, the developed method allowed the detection of differences in the
concentrations of acylcarnitine species that can be attributed to individual pathways of amino
acid and fatty acid oxidation. BCAA-derived acylcarnitine species such as propionyl-, 2-
methylbutyryl-, and isovalerylcarnitine increased in all models, while changes in fatty acid-
derived acylcarnitine species suggest “lipid preserving” states in ob/ob and db/db models as

compared to a “lipid utilizing” state in streptozotocin-treated animals.

Odd-numbered acylcarnitines as products of a-oxidation and

elongation of amino acid-derived odd-numbered carbon primers

Medium- and long-chain odd-numbered molecules, both as free fatty acids and incorporated
into more complex lipids, have recently been associated with insulin resistance and type 2
diabetes [58, 66, 67]. Here, increased concentrations of medium- and long-chain odd-
numbered and monomethyl-branched acylcarnitines were observed in liver samples of obese
and diabetic animals. Elevated odd-numbered carbon-chain (C15 and C17) levels in human

plasma were associated with increased dairy intake [152], which might not be expected here,
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since all mice were fed the same diet which should not contain any dairy ingredient.
Endogenous production of odd-numbered carbon chains is only known to occur via
peroxisomal a-oxidation of even-numbered fatty acids or alternatively via elongation of odd-
numbered acyl primers (see Figure 6). Peroxisomal a-oxidation is known to be essential for
the breakdown of B-methyl branched acyl-chains where B-oxidation is not possible [153]. The
changes in odd-numbered acylcarnitine species in streptozotocin-treated mice are in line with
a reported increase of a-oxidation in fasting state and in streptozotocin-treated diabetic rats
and suggest that a-oxidation might play a particular important role in conditions of
mitochondrial substrate overload in which B-oxidation is at maximal levels [151]. Although a-
oxidation generates odd-numbered fatty acids, it does not provide branched carbon chains.

Figure 6. Endogenous metabolic processes generating odd-numbered carbon chains. a-oxidation is
known as a peroxisomal process of fatty acid degradation in catabolic conditions shortening the fatty
acid by a single carbon and generating odd-numbered carbon chains. In contrast, the elongation odd-

Propionyl-CoA

BCAA =—p Isobutyryl-CoA

Isovaleryl-CoA
2-methylbutyryl-CoA

Odd-numbered fatty acids
Branched-chain fatty acids (iso and anteiso)

odd-numbered fatty acids even-numbered fatty acids

numbered fatty acid primers such as those derived from the breakdown of amino acids can produce
both odd- and branched-chain fatty acids.

Alternatively, odd-numbered acyl chains are produced via the elongation odd-numbered
and/or branched-chain acyl moieties by the fatty acid synthase complex, which was described
to occur in mammalian adipose tissue [154]. Odd-numbered propionyl-CoA and branched-
chain isobutyryl-, 2-methylbutyryl- and isovaleryl-CoA occur as intermediates of branched-
chain amino acid breakdown and elongation of these acyl moieties by fatty acid synthase
would generate longer-chain odd-numbered and iso- and anteiso-branched-chain fatty acids.
Recently, adipose tissue concentrations of C15-C21 iso- and anteiso-fatty acids in obese
individuals were associated with changes in BCAA breakdown and insulin sensitivity [155]. In
the ob/ob and db/db mice, for which increased de novo lipogenesis driven by SREBP-1c was

shown, increased production of odd-numbered and branched-chain fatty acids from
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branched-chain amino acid-derived primers appears the most plausible explanation for the

observed increases in odd-numbered acylcarnitine levels.

Impairment of the electron transport chain as a possible cause of

alterations in the BCAA degradation pathways

As described above, all mouse models displayed increased concentrations of branched-chain
amino acids in plasma and similarly had increased levels of BCAA-derived acylcarnitines. A
decreased mitochondrial breakdown of BCAA in peripheral tissues, particularly adipose tissue,
has been attributed as the major cause for elevated plasma BCAA levels [127, 128, 156].
Profiling in ob/ob and db/db mice showed that the adipose tissue metabolites showed best
correlations to plasma BCAA concentrations. The observed decreased adipose tissue gene
expression levels of BCKDH are in line with previous reports describing decreased protein
levels and decreased activities of enzymes in the BCAA degradation pathway [127, 128, 156].
However, a modestly increased proteolysis rate caused by decreased insulin signaling could
as well contribute to elevated circulating amino acid levels in later stages of diabetes
progression [157]. This seems to dominate in streptozotocin-treated mice as muscle

proteolysis appears especially high in this model [158].

What is of course striking is the fact that both BCAT and BCKDH expression and activities are
reduced whereas BCAA-derived acyl-CoA and acylcarnitine species downstream of these
enzymes are increased. This seemingly paradoxical condition in which lower enzyme activity
is observed together with higher product levels requires an explanation which might be found

in the electron transport chain.

Impairments in mitochondrial electron transport have been identified in type 2 diabetes and
are thought to result from a reduced adiponectin signaling which results in the reduction of
mitochondrial biogenesis [7] and a reduced mitochondrial capacity [8]. In addition, an
increased mitochondrial supply of energy substrates can be expected, especially in insulin-
deficient states like streptozotocin-treated mice, as the lack of insulin signaling results in
elevated lipolysis and proteolysis rates, delivering fatty acids and amino acids to the
mitochondria. Adiponectin plays a role here as well since it inhibits lipolysis and lower

adiponectin levels in obesity thus further lead to increased NEFA-levels [159]. Mitochondrial
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oxidation removes electrons from these substrates and transfers them to the electron carriers
NADH and FADH;. A reduced mitochondrial capacity in combination with an increased
substrate supply might be major causes for a limitation of NAD* and FAD leading to an increase
in the ratios of NADH/NAD* and FADH,/FADH. In the streptozotocin-treated mice, this is also
related to a deficiency of riboflavin [160], which might be the consequence of a higher demand
of oxidized FAD as a cofactor. Riboflavin deficiency affects amino acid and fatty acid
metabolism per se, since dehydrogenases in amino acid and fatty acid breakdown are
dependent on FAD as cofactor [161]. In the electron transport chain, NADH and FADH; transfer
the electrons to coenzyme Q via complex | and the electron-transferring flavoprotein (ETF).
Also, the electrons generated in the oxidation of succinate to fumarate at complex Il and the
electrons derived from glycerol-3-phosphate via mitochondrial glycerol phosphate
dehydrogenase (MGPDH) are transferred to coenzyme Q. It is thus important to realize that
all electron fluxes converge at coenzyme Q (see Figure 7) and a “congestion” here would cause
an upstream accumulation of substrates. It might thus not be surprising that succinylcarnitine
is found as marker of glucolipotoxicity. Succinylcarnitine is derived from succinyl-CoA (and
possibly also from succinate), located at the crossroads of TCA cycle, BCAA-degradation and
fatty acid w-oxidation. Furthermore, electrons from the oxidation of succinate to fumarate
directly enter the electron transport chain at complex Il. A reduced availability of oxidized
coenzyme Q would cause a reduced electron flux from FADH; and a reduced oxidation rate of
succinate to fumarate. The increase of all other BCAA-derived acylcarnitine and acyl-CoA
species could thus simply be the result of a metabolite congestion in breakdown pathways
starting at succinyl-CoA and/or succinate (see Figure 8). In the liver of streptozotocin-treated
mice, this is further accompanied by an increase in N,N-dimethylglycine as a substrate of FAD-
dependent dimethylglycine dehydrogenase. Also the increase of hepatic lysine and glutaric
acid levels could be the result of a decreased conversion of glutaryl-CoA by FAD-dependent
glutaryl-CoA dehydrogenase. Strong evidence for such a mechanism comes from a recent
study in db/db mice that were treated with the complex | inhibitor R419 [162]. The inhibition
of complex |, and thus an inhibition of electron transfer from NADH to coenzyme Q, offers an
increased electron transfer from FADH, and complex Il. Treated mice displayed an increase in

the NADH/NAD" ratio and a decrease in most BCAA-derived acylcarnitine species which is in
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line with an increased transfer of electrons from FADH; to coenzyme Q and an increased

oxidation of succinate to fumarate.

complex|l —— . continue to ep
complex Il and IV
FADH, _/
== mGPDH

Figure 7. Electron transfer in the electron transport chain converges at coenzyme Q. ETF, electron-
transferring flavoprotein; mGPDH, mitochondrial glycerol-3-phosphate dehydrogenase

The increase in BCAA intermediates found in insulin resistance and diabetic states is thus not
due to an increased BCAA breakdown, but likely caused by an accumulation of downstream
compounds at the electron transfer chain, with a reduction of BCKDH enzyme activity due to
allosteric inhibition by its products [163]. This provides an explanation on how BCAA catabolic
enzyme activity can be decreased while the intermediates in the pathway are increased. Since
BCKDH is also responsible for the conversion of a-ketobutyrate to propionyl-CoA, a reduced
BCKDH activity thereby also explains the observed increases in levels of a-keto-, a-hydroxy-
and a-aminobutyrate. Moreover, a-hydroxybutyrate might be particularly high as the result
of a general shift of the redox balance towards a reducing milieu [164]. In contrast to the
increases seen for most intermediates of BCAA breakdown, a prominent decrease in plasma
and most clearly in kidney was seen for 3-hydroxyisobutyrylcarnitine, which is an intermediate
of valine metabolism. This decrease might be explained by the unique characteristic of valine
metabolism, where, in contrast to leucine and isoleucine metabolism, a thiolase reaction
converts the CoA-bound 3-hydroxyisobutyryl-CoA to 3-hydroxyisobutyrate, releasing the CoA
moiety. 3-hydroxyisobutyrate can freely move over the inner mitochondrial membrane,
leaving the mitochondrium and the cell to enter the plasma. From plasma, it can be taken up
by liver to be used as a substrate in gluconeogenesis [165]. Increased levels of 3-
hydroxyisobutyrate have been observed here in db/db mice and have been reported to be
increased in plasma of diabetic subjects [166]. As the flux through the BCAA degradation
pathway might be expected to be decreased owing to the reduced enzymatic activities of
BCAA catabolic enzymes, while at the same time 3-hydroxyisobutyrate can be released, a
reduced supply of 3-hydroxyisobutyrate from upstream reactions would cause 3-

hydroxyisobutyrate and similarly 3-hydroxyisobutyrylcarnitine levels to decline.
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In summary, it seems plausible that a reduced electron transfer in the electron transport chain
causes the accumulation of succinylcarnitine and similar changes in concentrations of other
BCAA-derived acylcarnitine species despite a lower flux of BCAA through the transaminase
and dehydrogenase reactions. This model seems especially valid for streptozotocin-treated
mice, for which most evidence is found but similar mechanisms might occur in ob/ob and

db/db mice although the effects appear to be weaker.
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Figure 8. A model of substrate “congestion” originating at the electron transport chain.

(1) Much evidence points towards a reduced mitochondrial capacity, in combination with an increased
substrate supply as the origin of a reduced electron flux through the electron transport chain. (2) A
lower transfer of electrons from electron carriers causes a decrease of NAD*/NADH and FADH/FADH,
ratios and the limitation of these electron carriers in their oxidized states for reduction reactions. (3)
A defective electron transfer in complex Il causes a reduced conversion of succinate to fumarate and
subsequently an accumulation of succinate, succinyl-CoA and succinylcarnitine. (4) The accumulation
of succinyl-CoA as the end product of fatty acid w-oxidation and BCAA oxidation could result in a
congestion of intermediates resulting in the accumulation of most BCAA-derived CoA intermediates as
well as the corresponding acylcarnitines. (5) Allosteric inhibition of the initial common enzymes in
BCAA degradation (BCAT and BCKDH) by the accumulated products would result in a decreased activity
of these enzymes. (6) A reduced activity of the rate-limiting enzymes results in a decreased pathway
flux. (7) BCKDH is responsible for the conversion of a-ketobutyrate to propionyl-CoA. When BCKDH
activity is reduced, a-ketobutyrate increases. A general shift of the redox balance to a reduced milieu
would encourage the conversion of a-ketobutyrate to a-hydroxybutyrate. (8) Odd-numbered and
branched-chain acyl-CoA species that accumulate can serve as primers in fatty acid de novo lipogenesis
for production of long-chain odd-numbered, iso- and anteiso-monomethyl fatty acids. (9) In the
breakdown pathway of valine, 3-hydroxyisobutyryl-CoA is converted to 3-hydroxyisobutyrate,
releasing the CoA and allowing the 3-hydroxyisobutyrate to exit the mitochondrium. A reduced
substrate supply from upstream reactions causes an intracellular decrease of 3-hydroxyisobutyryl-CoA.
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CONCLUSION AND FUTURE PERSPECTIVES

The number of metabolite biomarkers that associate with human insulin resistance and
diabetes isincreasing steadily. However, despite all technological advancesin NMR techniques
and mass spectrometry, the most “robust” metabolites found in almost all studies are those
known for decades. Amongst the plasma markers, branched-chain amino acids are most
prominently reported. In finding the origins and causes of the increases of BCAA levels in
obesity, insulin resistance and diabetes the adipose tissue was identified as the most
important organ with a major contribution to BCAA turnover. With the mouse models studied
here it could be made reasonable that the increase in circulating BCAA is the consequence of
two main mechanisms with different impact in early and late stages of diabetes development.
In early stages (i.e. in obesity), a decreased breakdown of BCAA in adipose tissue seems to be
the main cause for the rise of circulating BCAA levels. In late stages, elevated proteolysis in
muscle and the subsequent release of amino acids — including BCAA - into the circulation

becomes the more dominant mechanism.

Next to the BCAA, most other biomarkers described in human diabetes were found in the mice
studied here. Metabolite changes specific in only one or two of the models allowed a
categorization of metabolite markers by associating them to obese states with normoglycemia
and/or to states of hyperglycemia and increased catabolism. There is growing evidence that a
decreased mitochondrial activity is the origin for changes in the plasma profiles in insulin
resistance and diabetes. Data obtained here point towards an accumulation of reducing
equivalents at the electron transport chain and a subsequent limitation of FAD for oxidation
reactions as the plausible cause for the accumulation of various metabolites such as BCAAs,
BCAA-derived intermediates, succinylcarnitine, and hydroxy-fatty acids such as a-
hydroxybutyrate. It remains to be determined whether a reduced mitochondrial electron
transport activity is cause or consequence of obesity and insulin resistance. A reduced
mitochondrial activity, however, provides a decent explanation for a large number of the

observed metabolite changes.

A number of intriguing questions remain to be answered and these relate for example to the
exact origin of odd-numbered carbon chains longer than those derived from amino acids. The

described mechanisms, a-oxidation and de novo synthesis/elongation from odd-numbered
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primers, may well occur both and the relative contribution of both mechanisms is an
interesting point of study. It also would be interesting to find the origin of
dicarboxylylcarnitines, especially succinylcarnitine, which has been proposed as a marker of
glucolipotoxicity. In contrast to monocarboxylylcarnitines, an enzyme that can convert
succinyl-CoA to succinylcarnitine has not yet been found. It seems particularly valuable to
employ stable-isotope labeled precursors in combination with isotopologue analysis to trace

the metabolic origin of these diabetes markers.

Current metabolomics approaches are mainly untargeted and serve primarily biomarker
discovery purposes. These studies produce large amounts of data in a high-throughput fashion
and a big challenge is the integration of these data, requiring more intelligent computational
strategies. Although the number of metabolites comprised in metabolomics approaches is
growing and new biomarkers are still discovered, most studies rediscover the “knowns”. It
therefore seems that the “best” diabetes biomarkers have already been found. There is
currently however only one clinical test using metabolite biomarkers [81]. The benefit of
metabolite markers in a clinical setting thus seems limited so far. A closer examination and
association of biomarkers to more refined disease conditions could improve the identification
of metabolites that can predict the transition from an insulin-resistant to a diabetic state.
These biomarkers are especially valuable as they would allow defining the susceptibility of
individuals to proceed from an insulin-resistant state to type 2 diabetes. It seems unlikely that
BCAAs can serve this purpose as they have elevated levels throughout the course of the
disease from an obese state to ketoacidosis. Furthermore, the predictive quality of many
metabolite markers can be discussed, as significant correlations between metabolite
concentrations and disease risk are often obtained from studies in which >2.000 individuals
were used/are needed to obtain a significance level. It seems unlikely that these metabolites
are suitable for the estimation of an individual’s disease risk. Moreover, many epidemiological
studies in search of marker metabolites identify the same metabolites for various diseases,
putting into question how selective the markers are for a certain disease and also whether

analysis at the level of the individual can indeed discriminate between diseases.

Finally, comparison and interpretation of results amongst studies is only possible if a certain
level of standardization is achieved and this applies to conditions of sampling, sample

processing, compound identity and quantification. In this respect it is interesting to note that
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most metabolomics studies do not report absolute concentrations and mainly report ratios of
changes (in time course or between subcohorts) — although NMR- and MS-techniques all
provide the opportunity for quantitative analysis. If marker metabolites are going to be used

in diagnostics or clinical settings, quantitative analysis is a “must”.
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SUMMARY

Obesity and diabetes are associated with significant changes in metabolite concentrations in
plasma and urine. The present thesis describes the analysis of three mouse strains that display
phenotypic changes resembling human diabetes progression. With the use of untargeted and
targeted metabolomics measurements, metabolite signatures in plasma and tissues were
obtained and used to explore the origins and mechanisms of plasma changes found in humans.
Most metabolite markers of human plasma from obese, insulin resistant or diabetic
individuals were also found in the mouse models. In addition, concentration changes in a
number of novel metabolites were observed and by a comparison of metabolite profiles of
obese and diabetic mice, these changes could be assigned to either an early or a more
advanced stage of diabetes progression. Metabolite profiling of individual tissues and
correlation analysis between plasma and tissue concentrations suggests an important role for
white adipose tissue in determining plasma levels of branched-chain amino acids and
derivatives which is in line with studies in humans and animal models. The development of a
new LC-MS/MS method for the quantification of over 50 acylcarnitines and the application to
the profiling of plasma and tissue samples revealed model-specific alterations of
mitochondrial pathways of amino acid and fatty acid utilization which were related to
conditions of obesity and hyperglycemia. Increases in acylcarnitines derived from branched-
chain amino acid metabolism were found in all three mouse models and changes in
intermediates of fatty acid oxidation pathways observed were as well. Based on metabolite
signatures observed in mice and data from literature, a model was proposed by which the
limited availability of oxidized cofactors for mitochondrial electron transport in the respiratory
chain could lead to the accumulation of intermediates of mitochondrial oxidation pathways,

especially in peripheral tissues.

In summary, with the findings from this thesis, known and new metabolite markers could be
assigned to specific stages of diabetes progression, to specific tissues, and to specific
pathways. This broadens our understanding on why or why not plasma metabolite changes
known from human studies occur in insulin resistance and diabetes, going from pure

correlations of metabolite levels and clinical conditions to a more mechanistic understanding.

ZUSAMMENFASSUNG
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Bei Adipositas und Diabetes treten signifikante Veranderungen der Konzentrationen
bestimmter Stoffwechselprodukte in Plasma und Urin auf. In der vorliegenden Dissertation
wurden drei verschiedene Mausmodelle untersucht, die den phanotypischen Veranderungen
verschiedener Stadien des Humandiabetes entsprechen. Mittels untargeted und targeted
metabolomics wurden Metabolitmuster in Plasma- und in diversen Geweben identifiziert, mit
dem Ziel, die zugrundeliegenden Mechanismen der Verdnderungen beim Humandiabetes zu
erforschen. Von den Stoffwechselprodukten, die als Plasmamarker in fettleibigen, Insulin-
resistenten und diabetischen Individuen beschrieben wurden, wurde ein Grof3teil in den hier
untersuchten Mausmodellen wiedergefunden. Zusatzlich wurde eine Reihe bislang noch nicht
beschriebener Plasma-Biomarker identifiziert, die einem frihen oder einem
fortgeschrittenen Diabetesstadium zugeschrieben werden konnten. Die Metabolitprofilierung
einzelner Gewebe und die Korrelationsanalyse von Plasma- und Gewebskonzentrationen
weisen darauf hin, dass das weille Fettgewebes einen wichtigen Beitrag zu den
Konzentrationen von verzweigtkettigen Aminosauren und deren Derivaten im Plasma liefert.
Dieser Befund stimmt mit Erkenntnissen aus anderen Tiermodellen und aus Humanstudien
uberein. Im Rahmen der Dissertation wurde eine neue LC-MS/MS-Methode zur
Quantifizierung von tber 50 Acylcarnitinen entwickelt. Die Anwendung dieser Methode bei
der Metabolitprofilierung in Plasma- und Gewebsproben zeigte Verdnderungen in
mitochondrialen Stoffwechselwegen von Aminosduren und Fettsduren auf, die mithilfe der
Mausmodelle mit Fettleibigkeit und Hyperglykdmie assoziiert werden konnten. In allen drei
Mausmodellen wurden erhéhte Spiegel von Acylcarnitinen gefunden, welche aus
verzweigtkettigen Aminosduren entstehen. Basierend auf den Metabolit-Signaturen in den
untersuchten Mausmodellen und unter Einbeziehung von Literaturbefunden wurde ein
Modell entwickelt. Dieses beschreibt, dass die begrenzte Verfiigbarkeit von oxidierten
Kofaktoren fiir den Elektronentransport in der mitochondrialen Atmungskette zu einer
Anreicherung von  Stoffwechsel-Intermediaten  oxidativer  Stoffwechselwege im

Mitochondrium flihrt —insbesondere in peripheren Geweben.

Zusammenfassend kann festgehalten werden, dass mithilfe der Befunde aus der vorliegenden
Dissertation sowohl bekannte als auch neue Biomarker identifiziert wurden, die spezifischen
Stadien in der Entwicklung von Diabetes, verschiedenen Geweben und spezifischen
Stoffwechselwegen zugeschrieben werden kdnnen. Die simple Korrelation von Metabolit-

Veranderungen und klinischen Konditionen wird so auf eine mechanistische Ebene gehoben
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und vertieft unser Verstandnis der molekularen Ursachen fir das Auftreten von Biomarkern
in Insulinresistenz und Diabetes. Dies ist von hoher Bedeutung fiir die Diagnose und Therapie

von Stoffwechselerkrankungen wie Diabetes oder Fettleibigkeit.
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SAMENVATTING

Obesitas en diabetes worden geassocieerd met significante veranderingen in de concentraties
van stoffwisselprodukten in plasma en urine. Deze thesis beschrijft de studie van drie
muismodellen die qua fenotypische veranderingen individuele stadia in de ontwikkeling van
diabetes weerspiegelen. Met behulp van untargeted en targeted metabolomics werden
metabolietprofielen van plasma en weefsels bepaald. Deze werden gebruikt om de oorsprong
van de veranderingen van metabolietconcentraties in plasma van diabetespatienten te
onderzoeken evenals de bijbehorende mechanismen. De meeste metabolietmarkers die
bekend zijn in plasma bij patienten met obesitas, insulineresistentie en diabetes werden ook
aangetoond in de onderzochte muismodellen. Daarnaast werden veranderingen in de
concentraties van een aantal nieuwe metabolieten gevonden en de vergelijking van
metabolietprofielen in muizen met obesitas met die in muizen met diabetes maakte het
mogelijk om de veranderingen toe te wijzen aan een vroeg of laat stadium in de ontwikkeling
van diabetes. De metabolietprofilering van individuele weefsels en de correlatie-analyse
tussen de concentraties in het plasma en in de weefsels duidde op een grote invloed van wit
vetweefsel bij de bepaling van de plasmaconcentraties van vertakte aminozuren en
metabolieten afgeleid van deze aminozuren. Dit resultaat is in overeenstemming met andere
studies in mensen en diermodellen. De ontwikkeling van een nieuwe LC-MS/MS methode voor
de kwantificering van meer dan 50 acylcarnitines en de toepassing van deze methode bij de
metabolietprofilering van plasma- en weefselmonsters van de muismodellen bracht
veranderingen in mitochondriéle stofwisselwegen van aminozuren en vetzuren aan het licht
die specifiek waren voor een of meerdere modellen. Deze veranderingen werden vervolgens
gerelateerd aan obesitas en hyperglycemie. Verhoogde concentraties van acylcarnitines
afkomstig uit de afbraak van vertakte aminozuren werden geconstateerd in alle drie modellen.
Baserend op de metabolietprofielen in de muizen en literatuurstudies werd een model
ontwikkeld waarbij een beperkte beschikbaarheid van geoxideerde cofactoren, nodig voor
mitochondriéle electronentransport in de elektronentransportketen, leidt tot de accumulatie

van intermediaten bij mitochondriéle oxidatie.

Samenvattend kunnen met behulp van de resultaten van deze thesis bekende en nieuwe
metabolietmarkers worden toegewezen aan specifieke stadia van diabetes, specifieke
weefsels en specifieke stofwisselwegen. De interpretatie van concentratieveranderingen in
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weefsels draagt bij aan het mechanistisch begrijpen van de oorsprong van metabolietmarkers

in plasma.
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ABBREVIATIONS

BCAA
BCAT
BCKDH
EDTA
ELISA
FAD
FOXO
GC-MS
HbAlc
IFG
IGT
IL-6

IR
LC-MS/MS
LIRKO
MCP-1
MRM
NAD*
NADH
PCR
PI-3K
PPAR
RBP-4
SREBP-1c
STZ
T1DM
T2DM
TNF-a
ZDF

Branched-chain amino acids

Branched-chain amino acid transferase
Branched-chain keto acid dehydrogenase

Ethylene diamine tetraacetic acid

Enzyme-linked immunosorbent assay

Flavin adenine dinucleotide

Forkhead box protein O

Gas-chromatography coupled to mass spectrometry
Hemoglobin Alc

Impaired fasting glucose

Impaired glucose tolerance

Interleukin 6

Insulin resistance

Liquid-chromatography coupled to tandem mass spectrometry
Liver insulin receptor knock-out

Monocyte chemoattractant protein

Multiple reaction monitoring

Nicotinamide adenine dinucleotide (oxidized form)
Nicotinamide adenine dinucleotide (reduced form)
Polymerase chain reaction
Phosphatidylinositol-3-kinase
Peroxisome-proliferator activator receptor

Retinol binding protein 4

Sterol-regulator binding protein 1c

Streptozotocin

Type 1 diabetes mellitus

Type 2 diabetes mellitus

Tumor necrosis factor a

Zucker diabetic fatty
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Figure S1. Body weight, plasma insulin, and blood glucose of the mice in this thesis.
Black: knock-out or treated mouse group; White: corresponding control group

Table S1. Forward and reverse primers applied to specify transcripts for quantitative real-time PCR

analysis.
Gene Forward primer Reverse primer

Actb 5°-CTCTGGCTCCTAGCACCATGAAGA-3" 5°-GTAAAACGCAGCTCAGTAACAGTCCG-3°
Bcat2 5°-CCATATTCAAGGCTGCAGACC-3® 5-CAGCCTTGTTATTCCACTCCAC-3°
Bckdha 5°-ACCGGGAGGCAGGTGTGCT-3" 5°-GTGGAGAGGAAATGGTGACGA-3
Bckdk 5°-CACCTTCTGAAAAGTGGCCG-3° 5-TGCAGTATGGTAGGGTTGCAAC-3
Gapdh 5°-CGCCTGGAGAAACCTGCC-3° 5°-AGCCGTATTCATTGTCATACCAGG-3®
Hprtl 5 -GTCGTGATTAGCGATGATGAACC-3" 5 -GTCTTTCAGTCCTGTCCATAATCAG-3"
Ppmik 5°-TCTGCAGATGCAAGCCTCC-3" 5°-CCCGGCTGTCTCCAACAC-3"
18S 5-CTTAGAGGGACAAGTGGCG-3° 5°-ACGCTGAGCCAGTCAGTGTA-3"

Table S2. Plasma concentration ratios of selected metabolites for streptozotocin-treated mice

compared to healthy controls derived from GC-MS measurements.

Plasma Metabolites RATIO TTEST
Glucose 1 3.49429278 p<0.001
Lysine 1.77188908 p<0.001
Threitol 1.96378917 p<0.001
Octadecanoic acid (C18:0) 1.38303905 p<0.005
Glycine 1.55667276 p<0.005
Leucine 1 5.27760484 p<0.005
Isoleucine 1 2.84605907 p<0.005
2-hydroxy-Pyridine 0.72376125 p<0.005
2-oxo-Isovaleric acid 0.67465239 p<0.01
Threonine 2.53398258 p<0.01
Proline 5.05687573 p<0.01
Gulose 2.66641764 p<0.01
Valine 1 2.49356599 p<0.01
Maltose 4.73068915 p<0.01
Serine 2.08454358 p<0.01
Valine 2 2.37526904 p<0.01
9,12-(Z,2)-Octadecadienoic acid (C18:2) 1.81924244 p<0.01
Leucine 2 4.83579037 p<0.01
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Ornithine 2.55846854 p<0.01
Mannose 1.48819995 p<0.05
Phosphoric acid 1.39190746 p<0.05
Glycolic acid 0.77920467 p<0.05
Indole-3-lactic acid 5.07672785 p<0.05
Isoleucine 2 4.15266498 p<0.05
Ornithine 1.96412638 p<0.05
Phenylalanine 1.82240346 p<0.05
Alanine 1.76470461 p<0.05
Glutamic acid 1.71311961 p<0.05
Tyrosine 1.6264549 p<0.05
Rhamnose 0.55619233 p<0.05
Asparagine 2.33492902 p<0.05
Cholesterol 1.13026818 p<0.05
Glucose 2 1.86062701 p<0.05
2-amino-Butanoic acid 3.84733292 p<0.05
2-hydroxy-Butanoic acid 3.82614735 p<0.05
Hexadecenoic acid (C16:1) 0.57278673 p<0.05
Laminaribiose 34.9896982 p<0.05
Pyroglutamic acid 1.6623371 p<0.05
Methionine 1.33008727 p<0.05
Lactic acid 0.76687392 p<0.05

Table S3. Hepatic concentration ratios of selected metabolites for streptozotocin-treated mice
compared to healthy controls derived from GC-MS measurements.

Liver Metabolites RATIO TTEST
Melibiose 7.48754813 p<0.001
Glucuronic acid 3.46759881 p<0.001
2-hydroxy-Butanoic acid 2.1895122 p<0.001
N-acetyl-Glutamic acid 2.25713698 p<0.005
Lysine 1 1.46975735 p<0.005
Glutamic acid 1 2.14768778 p<0.005
N,N-dimethyl-Glycine 2.1347144 p<0.005
Urea 1.76318385 p<0.005
Glutaric acid 8.05304212 p<0.01
Lysine 2 1.7256265 p<0.01
Valine 1 2.3385964 p<0.01
Glucuronic acid 1.39484748 p<0.01
beta-Alanine 1.72388263 p<0.01
Taurine 2.40003415 p<0.05
Mannose 0.75000973 p<0.05
Glutamic acid 2 3.48278695 p<0.05
Valine 2 2.04056329 p<0.05
Glycine 0.69232756 p<0.05
Malic acid 1.48202498 p<0.05
Fumaric_acid 1.72900194 p<0.05
Proline 1.69152016 p<0.05
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Threonine 1.37821651 p<0.05

Galactose 1.18899698 p<0.05
Ethanolaminephosphate 1.1915536 p<0.05
Arabinose 0.532056 p<0.05
Saccharic acid 1.33469168 p<0.05
Proline 4.77740845 p<0.05
Glycerol-3-phosphate 0.83658289 p<0.05
Phenylalanine 1.30638706 p<0.05
3-hydroxy-Butanoic acid 2.20527777 p<0.05

Table S4. Muscle concentration ratios of selected metabolites for streptozotocin-treated mice
compared to healthy controls derived from GC-MS measurements.

Muscle Metabolites RATIO TTEST
Dehydroascorbic acid 0.40310108 p<0.001
myo-Inositol 1.95652028 p<0.001
Glycine 0.61775896 p<0.001
Pyrophosphate 2.18258826 p<0.001
Succinic acid 2.56622189 p<0.001
2-oxo-Butanoic acid 6.79201382 p<0.001
alpha-Tocopherol 2.35104106 p<0.001
Cholesterol 1.31675789 p<0.001
Glucose 4.81746623 p<0.001
Methionine 2.16225034 p<0.001
Isoleucine 3.1803998 p<0.001
Urea 1.97612958 p<0.005
Phenylalanine 2.13344309 p<0.005
Lysine 0.3894316 p<0.005
Pyruvic acid 0.44864239 p<0.005
Fumaric acid 0.4890176 p<0.01
Malic acid 0.66876946 p<0.01
9,12-(Z,Z)-Octadecadienoic acid (C18:2) 1.82181131 p<0.05
Tyrosine 1.52896281 p<0.05
Sulfuric acid 3.4939587 p<0.05
Octadecanoic acid (C18:0) 1.375115 p<0.05
9-(Z)-Octadecenoic acid (C18:1) 1.39289616 p<0.05
alpha,alpha'-D-Trehalose 0.21356543 p<0.05
Oxalic acid 0.84089083 p<0.05
Glucose-6-phosphate 1.19553799 p<0.05

Table S5. Renal concentration ratios of selected metabolites for streptozotocin-treated mice
compared to healthy controls derived from GC-MS measurements.

Kidney Metabolites RATIO TTEST

Glycerophosphoglycerolamine 0.40494582 p<0.001
Tagatose/Psicose 3.63503993 p<0.001
9,12-(Z,2)-Octadecadienoic acid 0.52761117 p<0.001
Glucose-6-phosphate 0.42221914 p<0.001

Cysteinesulfinic acid 0.34109038 p<0.001




Octadecanoic acid (C18:0)
Mannose/ldose/Allose/Galactose
Ethanolamine

Glucose

Fructose

Nicotinamide

sugar alcohol

Malic acid

trisaccharide phosphate
Cysteine

Glycine
Adenosine-5-monophosphate
Hypotaurine

Sulfuric acid

Inosine

Hypoxanthine
D-Glucopyranose
Adenosine-3'-monophosphoric acid
Proline

Valine

Lactic acid

Hexadecanoic acid (C16:1)
9-(Z)-Octadecenoic acid (C18:1)
Pyrophosphate

Citric acid
Ethanolaminephosphate
Glycerol

Uridine

Alanine

Threonine
Mannose-6-phosphate
Pyroglutamic acid

Fumaric acid
9-(Z)-Hexadecenoic acid (C16:1)
Isoleucine

Cholesterol
Glycerol-3-phosphate

0.59075854
1.98670977
0.48380245
9.99051055
4.96457652
0.31249227
0.07928176
1.6671449
0.47297069
0.65609334
0.65879082
0.75183567
1.80009153
0.63117939
0.6754349
0.51527472
4.76616489
0.52252883
2.37311472
1.61339301
1.34708396
0.57378202
0.82594121
2.23691063
1.55973384
0.82556311
0.71949348
0.72564702
1.2741664
2.25774514
1.54426988
0.76224966
1.64016753
0.365071
2.58896781
0.86840501
0.69430307

p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.001
p<0.005
p<0.005
p<0.005
p<0.005
p<0.005
p<0.005
p<0.005
p<0.005
p<0.005
p<0.01
p<0.01
p<0.01
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05
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Abstract

Aims/hypothesis Metabolomics approaches in humans have
identified around 40 plasma metabolites associated with insu-
lin resistance (IR) and type 2 diabetes, which often coincide
with those for obesity. We aimed to separate diabetes-
associated from obesity-associated metabolite alterations in
plasma and study the impact of metabolically important tis-
sues on plasma metabolite concentrations.

Methods Two obese mouse models were studied; one exclu-
sively with obesity (0b/ob) and another with type 2 diabetes
(db/db). Both models have impaired leptin signalling as a
cause for obesity, but the different genetic backgrounds deter-
mine the susceptibility to diabetes. In these mice, we profiled
plasma, liver, skeletal muscle and adipose tissue via semi-
quantitative GC-MS and quantitative liquid chromatography
(LC)-MS/MS for a wide range of metabolites.

Results Metabolite profiling identified 24 metabolites specif-
ically associated with diabetes but not with obesity. Among
these are known markers such as 1,5-anhydro-D-sorbitol, 3-
hydroxybutyrate and the recently reported marker glyoxylate.
New metabolites in the diabetic model were lysine, O-
phosphotyrosine and branched-chain fatty acids. We also
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(doi:10.1007/s00125-015-3656-y) contains peer-reviewed but unedited
supplementary material, which is available to authorised users.
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identified 33 metabolites that were similarly altered in both
models, represented by branched-chain amino acids (BCAA)
as well as glycine, serine, trans-4-hydroxyproline, and various
lipid species and derivatives. Correlation analyses showed
stronger associations for plasma amino acids with adipose
tissue metabolites in db/db mice compared with ob/ob mice,
suggesting a prominent contribution of adipose tissue to
changes in plasma in a diabetic state.

Conclusions/interpretation By studying mice with metabolite
signatures that resemble obesity and diabetes in humans, we
have found new metabolite entities for validation in appropri-
ate human cohorts and revealed their possible tissue of origin.

Keywords Adipose tissue - Branched-chain amino acids -

Insulin resistance - Liver - Metabolomics - Muscle

Abbreviations
AAA Aromatic amino acids

ADMA  N,N-dimethylarginine

BCAA Branched-chain amino acids

BCKDH Branched-chain keto acid dehydrogenase
FAS Fatty acid synthase

IR Insulin resistance

LC-MS  Liquid chromatography-MS

LPC Lysophosphatidylcholine

PCA Principal component analysis

SREBP  Sterol regulatory element-binding protein
TCA Tricarboxylic acid

Introduction

Metabolomics studies in humans have identified plasma me-
tabolite signatures comprising around 40 entities that associate
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with the development of insulin resistance (IR) and type 2
diabetes [1]. The most discriminating metabolites are the
branched-chain (BCAA) and aromatic amino acids (AAA)
as well as glycine and some other amino acid degradation
products. Despite the fact that the changes in plasma BCAA
and glycine have already been described by Felig et al as
resulting from the ‘insulin ineffectiveness characteristic of
obesity’ [2], the mechanisms leading to these changes are still
not known. In addition to the amino acid markers, recent pro-
filing studies have added numerous lipid species such as odd-
chain fatty acids and various triacylglycerol species to the
growing list of diabetes markers (for review see [3]).

A major confounder in studies on human IR and type 2
diabetes is obesity. Although most human studies in search
of diabetes-derived metabolites are corrected for BMI, it is
known that obesity and diabetes have multi-level associations.
In this context, it is thus relevant to ask whether the identified
plasma metabolites have just a reporter status or are also caus-
ative or at least contributing to IR or type 2 diabetes develop-
ment and/or progression. This, for example, has been pro-
posed for the BCAA, which increase in concentration in the
obese state and appear to contribute to IR via a crosstalk of
mechanistic target of rapamycin (mTOR) and insulin signal-
ling pathways [4]. For a separation of obesity-related from
diabetes-dependent changes we here describe findings
employing mouse models for both conditions with assessment
of metabolite changes in plasma and in insulin-sensitive tis-
sues such as liver, muscle and adipose tissue, which may help
to identify the origins of the plasma changes.

Both 0b/0b and db/db mouse models have defective leptin
signalling with a lack of leptin expression in 0b/0b mice and a
leptin-receptor deficiency in db/db mice. Most importantly,
owing to their different genetic backgrounds, they possess
different susceptibilities to develop diabetes. The ob/ob mice
on the C57BL6/J background are able to compensate for IR
and develop only a mild and transient hyperglycaemia associ-
ated with pancreatic hypertrophy and hyperplasia. In contrast,
pancreatic tissue of db/db mice on the CS7TBLKS/J back-
ground undergoes atrophy resulting in a decline in insulin
secretion and severe hyperglycaemia [5]. Coleman and
Hummel showed that the difference in the mutation of the
leptin-signalling components (either hormone or receptor)
plays only a minor role in the susceptibility to develop diabe-
tes [6]. Introduction of the ob mutation in mice with the
C57BLKS/J background revealed the same strong diabetes
phenotype as in C57BLKS/J mice with the db mutation. The
ob/ob model thus develops obesity and milder IR but is rather
resistant to diabetes, whereas the db/db model develops both
obesity and diabetes with loss of beta cells. We used both
models with animals matched by age and sex, and fed identi-
cal diets for 12 weeks for comparative metabolite profiling.
We identified various previously described marker metabo-
lites and also new compounds which we classified as ‘caused

@ Springer

by obesity with normoglycaemia’ or ‘caused by diabetes with
severe hyperglycaemia’.

Methods

Animals Male db/db mice and C57BLKS/J wild-type litter-
mates (n=6—10 per group) were purchased from Charles River
Laboratories (Sulzfeld, Germany). Male ob/ob mice and
C57BL6/J wild-type littermates (2=6—10 per group), bred at
the Research Center of Nutrition and Food Sciences (ZIEL),
were obtained at the age of 5 weeks. Mice were kept on a
standard-chow diet (ssniff V1534-0 R/M-H) for 3 weeks and
were then placed on a chemically defined control diet (CCD;
ssniff E15000-04 EF R/M Kontrolle) for 12 weeks. All mice
had ad libitum access to food and water and were housed in
the same open mouse facility. Body weight was determined
weekly, and blood glucose was measured shortly before the
end of the feeding trial. Animals were killed in a non-fasted
state at an age of 20 weeks. Animal handling was conducted
according with the Principles of Laboratory Care and was
approved by the Veterinary Inspection Services.

Plasma and tissue collection Blood was collected into
EDTA-coated tubes via cardiac puncture and centrifuged at
1,200 g and at 4°C to separate plasma. Plasma and tissues
(liver, quadriceps muscle and epididymal adipose tissue) were
collected, snap-frozen in liquid nitrogen, and stored at —80°C.
Frozen tissues were ground prior to extraction of metabolites.

Sample preparation and metabolite profiling of mouse
samples Broad metabolite profiling of plasma, liver, muscle
and adipose tissue was performed using GC-MS (Agilent
6890 GC coupled to an Agilent 5973 MS System, Agilent,
Waldbronn, Germany) and liquid chromatography-tandem
MS (LC-MS/MS; Agilent 1100 HPLC, API 4000, Applied
Biosystems, Darmstadt, Germany). In addition, for quantita-
tive amino acid profiling of plasma, liver and muscle tissue,
targeted LC-MS/MS (AB SCIEX QTrap 3200 LC-MS/MS
System, AB SCIEX, Framingham, MA, USA) was applied
using the aTRAQ Reagent Kit (Applied Biosystems,
Darmstadt, Germany). Samples were analysed in a blinded
and randomised analytical sequence design. See Electronic
Supplementary Material (ESM) Methods for details on sample
preparation and metabolite profiling.

Data analysis and metabolite selection Plasma metabolite
concentrations in ob/ob and db/db mice were compared with
their respective wild-type background and significantly
changed metabolites were calculated by computing ANOVA
models and using Student’s ¢ statistics (unpaired and unequal
variance). A significance threshold of «v<0.05 was applied.
Adjustment of p values according to Benjamini and
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Hochberg was applied to correct for multiple testing.
Metabolites were categorised based on their significance level
in both mouse models or their specific change in either of the
models compared with respective wild-type mice.

We used principal component analysis (PCA) to identify
the major metabolite groups in the plasma data. Subsequent
k-means clustering on the five principal components identified
15 major metabolite groups in plasma. Refinement of the
clustering results was done by bootstrapping the k~-means clus-
tering algorithm 20 times. The overall significance of each
cluster between ob/ob and C57BL6/J mice, and between db/
db and C57BLKS/J mice, was determined by combining the
p values from each metabolite derived from the comparison of
concentrations between knockout and wild-type groups using
Fisher’s combined probability test. Finally, correlation net-
works for every cluster were calculated using pairwise corre-
lations based on the metabolite concentrations in plasma and
corresponding metabolite concentrations in tissues. The statis-
tical software environment R was used for calculations and
network visualisations [7] applying the packages
‘FactoMineR’, ‘fpc’, ‘MADAM’ and ‘qgraph’. No animals,
samples or data were excluded from the reporting.

Quantitative measurement of phospholipids in human
plasma Phospholipids and sphingomyelins were measured
in samples from human prediabetics and healthy controls
using flow injected MS (MS/MS, QTRAP5500, AB SCIEX,
Framingham, MA, USA). All participants gave written in-
formed consent and the investigations have been approved
by the ethics committee of the Technische Universitit
Miinchen (protocol 2436/09). See Hoefle et al [8] and ESM
Methods for further details.

RNA isolation and quantitative real-time PCR
analysis RNA isolation and relative quantification of
mRNA expression was performed as described previously
with a few modifications [9]. See ESM Methods for further
details and ESM Table 1 for applied primers.

Results

Phenotypic characterisation of ob/ob and db/db mice and
PCA of metabolite profiles Over 12 weeks of feeding, a
dramatic weight gain was observed in both knockout mouse
groups (Fig. 1a). Blood glucose concentrations were only in-
creased in db/db mice (Fig. 1b) and plasma insulin levels were
increased up to 35-fold in ob/ob mice and 2.5-fold in db/db
mice compared with wild-type animals (Fig. 1¢). Furthermore,
increases in liver and adipose tissue mass and decreases in
muscle mass were observed in both ob/ob and db/db mice

(Fig. 1d-9).
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Fig. 1 Phenotypic characteristics of 0b/ob, db/db and wild-type control
mice. (a) Body weight development over the feeding period. White and
black symbols represent wild-type and knockout mice, respectively. Cir-
cles and triangles represent C57BL6/J and C57BLKS/J mice, respective-
ly. (b) Blood glucose concentrations of the 20-week-old animals and (c)
plasma insulin concentrations at week 20. (d) Total weight of all liver
lobes. (e) Total weight of left and right quadriceps muscles. (f) Total
weight of left and right epididymal adipose tissue depots. Data are pre-
sented as means+SEM. ***p<(0.001

PCA of plasma and tissue metabolite profiles showed a
close relationship between wild-type mice from both groups
(Fig. 2), while both knockout groups separated from wild-type
groups and from each other (for plasma and adipose tissue, in
the first and second dimensions; and for liver, in the second
dimension). Muscle tissue of wild-type strains separated in the
second dimension (not shown), while knockout animals dif-
ferentiated in the third dimension.

Plasma metabolite changes From the 170 metabolites quan-
tified in plasma, 33 metabolites changed significantly in both
ob/ob and db/db mice compared with respective wild-type
animals (Table 1). Except for serine, changes in plasma con-
centrations remained significant after adjustment for multiple
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Fig. 2 PCA of metabolite profiles from plasma and tissues. (a) Plasma; (b) liver; (¢) muscle; (d) adipose tissue. bl6, wild-type mice with C57BL6/J
background; blKs, wild-type mice with C57BLKS/J background; PC, principal component

testing. Prominent increases were observed for metabolites
from diverse lipid classes, such as polyunsaturated fatty acids,
(lyso)phosphatidylcholines, sphingomyelins and fatty alco-
hols as well as cholesterol and some cholesteryl ester species,
while behenic acid (C22:0) was decreased. Common increases
were also observed for BCAA and leucine-derived o-
ketoisocaproic acid, while glycine, serine and frans-4-hy-
droxyproline levels were decreased. These metabolites thus
seem to change in the early phases of IR and type 2 diabetes
but mostly as a consequence of obesity.

Twenty-four metabolites changed specifically in the plas-
ma of db/db mice (Table 2), of which 12 remained significant
after p value adjustment. Besides increases in glucose, elevat-
ed levels of glyoxylate were found, which we recently de-
scribed as a diabetes marker [10]. In addition, corticosterone
and 18-hydroxy-11-deoxycorticosterone concentrations were
markedly elevated. Specific increases were also found for the
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branched-chain fatty acids 16-methylheptadecanoic acid and
3-hydroxyisobutyrate, as well as for O-phosphotyrosine,
while lysine, arginine and lignoceric acid (C24:0) were de-
creased. Specific increases in db/db mice were also found
for phospholipids containing linoleic acid. Strong trends for
changes in plasma concentrations of N,N-dimethylarginine
(ADMA) and 3-hydroxybutyrate were found, suggesting a
mild ketogenic condition.

In plasma of 0b/ob mice, 35 metabolites changed signifi-
cantly (ESM Table 2). Of those, 24 remained significant after
p value adjustment, comprising even-numbered fatty acids in
unesterified forms and in ceramides, phospholipids,
sphingolipids and cholesteryl esters with major increases,
while triacylglycerols were reduced. Interestingly, whereas
various branched-chain fatty acids were elevated in db/db
mice, decreases of branched-chain isopalmitic acid and odd-
chain C17:0 lysophosphatidylcholine were found in ob/ob



Diabetologia (2015) 58:2133-2143 2137
Table 1  Plasma metabolites significantly changed in both 0b/ob and db/db mice
Metabolite ob/ob vs C57BL6/] db/db vs C57TBLKS/J
Ratio 0b:WT*  p value Adjusted p Ratio db:WT  p value Adjusted p

Acyl-carriers and related

Pantothenic acid 1.82 0.008 0.029 1.67 0.016 0.061
Amino acids, neutral

Glycine 0.56 0.001 0.005 0.60 1.96x10™*  0.002

Serine 0.83 0.019 0.053 0.77 0.016 0.060
BCAA-related

«-ketoisocaproic acid 1.44 0.029 0.077 1.97 2.08x107* 0.002

Valine 1.44 9.81x10° 0.001 1.58 6.16x107°  0.001

Leucine 1.48 5.73x10°  0.001 159 496x10™*  0.004

Isoleucine 1.51 134x107° 247x10* 1.62 0.002 0.013
Cholesterol and related

Cholesterol, total 2.00 5.63x10°° 1.37x107* 1.90 1.01x10°° 3.42x107°

Cholesterol, free 1.64 3.00x107*  0.003 1.51 0.002 0.012

Cholesteryl ester C20:4 1.87 0.003 0.015 1.87 0.003 0.020
Collagen metabolism

Hydroxyproline 0.42 4.61x107 0.004 0.32 3.79x107*  0.003
Dipeptides

Anserine 0.34 0.014 0.046 0.39 0.008 0.038
Fatty acids, polyunsaturated

Eicosapentaenoic acid (C20:cis[5,8,11,14,17]5) 281 1.49x10°¢ 821x107° 3.24 2.67x10°°%  4.40x10°°

Arachidonic acid (C20:cis[5,8,11,14]4) 2.87 3.83x1077 3.56x10° 234 547107 342x107°

Dihomo-y-linolenic acid (C20:cis[8,11,14]3) 3.09 431x107 3.56x107° 2.36 124x10°% 3.42x10°°
Fatty acids, saturated

Stearic acid (C18:0) 220 3.54x10°° 121x10% 2.04 1.24x10°° 342x107°

Behenic acid (C22:0) 0.50 0.002 0.008 0.66 0.012 0.053
Phospholipids

LPC (C20:4) 127 0.001 0.005 130 3.60x107*  0.003

LPC (C18:1) 1.20 0.001 0.005 1.18 0.002 0.013

LPC (C18:0) 1.14 0.046 0.114 1.19 0.011 0.048

PC (C18:1,C18:2) or PC (C16:0,C20:3) 1.08 0.005 0.019 1.15 8.92x107° 1.84x107*

PC (C18:0,C20:4) 121 3.30x107*  0.003 127 3.83x107°  0.001

PC (C16:0,C16:0) 0.71 0.002 0.010 0.62 7.92x107  0.001

PC (C18:0,C20:3) or PC (C20:1,C18:2) or PC (C20:2,C18:1) 1.66 647x107° 137x107* 149 1.07x107*  0.001

PC (C16:0,C20:5) 1.46 0.007 0.028 139 0.018 0.064

PC (C18:0,C18:1) 1.24 0.001 0.005 1.12 0.045 0.131

Glycerol phosphate, lipid fraction 243 267x107° 441x107* 1.82 2.11x107*  0.002
Polyols

1,5-Anhydrosorbitol 0.18 0.001 0.006 0.03 8.15x1077 3.42x107°
Redox-carrier and related

Coenzyme Q9 7.78 6.66x10°° 137x107* 3.26 0.002 0.013
Sphingomyelins

Sphingomyelin (d18:2,C18:0) 1.53 0.001 0.005 1.46 0.002 0.013

Sphingomyelin (d18:1,C16:0) 121 2.09x107*  0.002 1.11 0.023 0.077
Tocopherols and related
«-Tocopherol 1.70 0.006 0.023 1.57 0.015 0.060
Triacylglycerols

TAG (C18:2,C18:3) 031 0.015 0.046 0.39 0.042 0.125

*Metabolite changes are expressed as ratios of metabolite concentrations in knockout mice compared with the respective control mice

PC, phosphatidylcholine; TAG, triacylglycerol; WT, wild-type
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Table 2 Plasma metabolites significantly changed solely in db/db mice

Metabolite ob/ob vs C57BL6/] db/db vs C5TBLKS/J
Ratio ob:WT* p value Ratio db:WT p value Adjusted p

Amino acids, neutral

Asparagine 1.01 ns. 0.76 0.041 0.124
Ascorbic acid and related

Threonic acid 1.25 n.s 1.61 0.017 0.064
BCAA metabolism

3-Hydroxyisobutyrate 0.92 n.s 1.64 0.020 0.067
Citrate cycle

Succinate 0.94 n.s. 0.89 0.039 0.120
Creatine metabolism

Creatinine 0.72 n.s. 0.64 0.037 0.117
Fatty acids, branched

16-Methylheptadecanoic acid 0.84 n.s. 1.47 0.004 0.021
Fatty acids, polyunsaturated

Linoleic acid (C18:cis[9,12]2) 0.97 n.s. 1.39 0.014 0.059
Fatty acids, saturated

Lignoceric acid (C24:0) 0.74 n.s. 0.59 0.005 0.022
Glycolipids

Glucose, lipid fraction 1.52 n.s. 1.69 0.045 0.131
Glycolysis/gluconeogenesis

Glucose-6-P or fructose-6-P or myo-inositol-P 1.20 ns. 2.15 0.004 0.021

Lactaldehyde 1.01 n.s. 0.66 0.031 0.101
Ketone bodies

3-Hydroxybutyrate 1.19 ns. 1.84 0.014 0.059
Lipid precursors

Glycerol, polar fraction 1.04 ns. 1.37 0.015 0.060
Lysine metabolism

«-Aminoadipic acid 0.83 n.s. 0.69 0.021 0.072

Lysine 1.14 ns. 0.66 0.002 0.013
Miscellaneous

Glyoxylate 147 n.s. 6.06 6.18x107° 0.001
Monosaccharides

Glucose or galactose or gluconic acid or mannitol 1.72 n.s. 4.81 8.06x10°° 1.84x107*
Other hormones

ADMA 1.00 n.s 0.71 0.019 0.066
Phospholipids

Lysophosphatidylcholine (C18:2) 0.95 n.s. 1.41 1.60x10~* 0.002

PC (C16:0,C20:4) or PC (C18:2,C18:2) 1.01 ns. 1.03 0.006 0.029
Steroids and related

18-Hydroxy-11-deoxycorticosterone or 11-deoxycortisol 1.50 ns. 7.18 0.002 0.013

Corticosterone 1.48 n.s. 4.93 0.004 0.022
Tyrosine metabolism

O-phosphotyrosine 0.92 n.s. 1.96 0.004 0.021
Urea cycle

Arginine 0.74 ns. 0.59 2.49x107° 457x107*

#Metabolite changes are expressed as ratios of metabolite concentrations in knockout mice compared with the respective control mice

n.s., not significant; PC, Phosphatidylcholine

mice. Specific increases of phenylalanine and tryptophan
levels were also observed in ob/ob animals, while tryptophan
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breakdown-products kynurenic acid and xanthurenic acid
were reduced. In contrast, indole-3-propionic acid and
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3-indoxylsulfate, arising from bacterial tryptophan breakdown
[11], increased in plasma. Moreover, ob/ob mice displayed
strong increases in ornithine and decreases in «-
aminobutyrate concentrations in plasma.

Metabolite changes in liver, quadriceps muscle and epidid-
ymal adipose tissue Metabolite profiles were obtained from
liver, quadriceps muscle and epididymal adipose tissue as
metabolically important and insulin-dependent organs. An
overview of hepatic metabolite concentration changes in
ob/ob and db/db animals compared with respective wild-
type animals is shown in ESM Fig. 1a,b. Metabolites from
different lipid classes were dramatically increased in both
models with stronger increases in ob/ob mice, while very-
long-chain fatty acid levels were decreased (ESM Fig. 1a).
Furthermore, both models displayed increased BCAA and
reduced glycine and #rans-4-hydroxyproline concentrations.
Most pronounced differences in liver between ob/ob and db/
db mice were found for pentoses and intermediates of the
pentose phosphate pathway with increases in db/db mice
and decreases in 0b/ob mice (ESM Fig. 1b).

ESM Fig. 1c,d show metabolite concentration changes in
muscle tissue in the two knockout mouse groups compared
with the respective control mice. Both models displayed stron-
gest elevations in free long-chain fatty acids, represented by
straight-, branched- and odd-chain forms, with a more pro-
nounced increase in the ob/ob group (ESM Fig. Ic). In con-
trast to liver tissue, no changes were observed for phospho-
lipids. Marked differences between 0b/ob and db/db groups
were found for intermediates of the glycolytic chain compris-
ing fructose-6-phosphate, fructose-1,6-diphosphate, glucose-
6-phosphate and 3-phosphoglycerate, which all increased dra-
matically in ob/ob but only modestly in db/db mice (ESM
Fig. 1d).

Adipose tissue displayed a strong decrease in levels of
saturated very-long-chain fatty acids in both models (ESM
Fig. le). Other fatty acids—in particular monounsaturated
and polyunsaturated species—had increased concentrations.
Furthermore, the tricarboxylic acid (TCA) cycle intermediates
malate and fumarate were increased. Cholesterol showed in-
creased concentrations in ob/ob mice and decreased concen-
trations in db/db mice (ESM Fig. 1f).

Identification of principal metabolite groups
in plasma PCA, with subsequent clustering on principal
components, identified 15 metabolite clusters in plasma.
Metabolites clustered into groups with biochemical similarity
or with common metabolic pathways. ESM Table 3 displays
the overall significance of the clusters reached for the two
knockout models as compared with wild-type mice. Five me-
tabolite clusters displayed high significance for both knockout
models (clusters 4, 8, 10, 13, 15), consisting of phospholipids,
triacylglycerols, AAA and BCAA, as well as glycine,

histidine and trans-4-hydroxyproline. Interestingly, four clus-
ters (clusters 1, 5, 9, 11)—mainly consisting of amino acids,
hexoses and catabolites—showed overall significant changes
only between db/db and C57BLKS/J wild-type mice.
Similarly, two clusters (clusters 3 and 6) showed an overall
significant change only between ob/ob and corresponding
control mice. These clusters consisted of fatty acids, TCA
cycle intermediates and cholesteryl esters.

Correlation networks of plasma and tissue metabolites To
explore which tissue contributes most to the changes in blood
metabolites, correlation networks for every metabolite cluster
between plasma and the different organs were calculated.
Selected networks are displayed in Fig. 3. Clearest differences
between the correlation networks of ob/ob and db/db mice
were obtained for clusters 11 and 13 containing amino acids.
For cluster 11, especially adipose tissue correlated strongly
with plasma in the db/db model, while correlations with liver
metabolites remained weak. In the ob/ob model, in contrast,
liver revealed much stronger correlations. The same interde-
pendence was observed for cluster 13, containing the BCAA.
Most distinct was the network for the db/db model revealing
strong positive correlations for BCAA between plasma and
adipose tissues while correlations with liver were weak. The
product of leucine transamination, x-ketoisocaproic acid, cor-
related negatively with adipose tissue leucine content. In con-
trast, in ob/ob mice, x-ketoisocaproic acid correlated strongest
in a positive manner with liver. The observed clustering sug-
gests an important contribution of adipose tissue to plasma
amino acid concentrations in the db/db and far less so in the
ob/ob model, whereas the liver appears to exert more influ-
ence in the 0b/ob model.

Discussion

Obesity, IR and type 2 diabetes in humans cause significant
changes in an array of plasma metabolites of which some have
the quality to predict diabetes development in early phases [1].
In mouse models mimicking the human conditions of type 2
diabetes development, we assessed which metabolite changes
associate mainly with obesity and which are specific for the
diabetic state. Despite a common obesity phenotype, the mice
display different impairments in glucose homeostasis and beta
cell function resembling an obese phenotype with a mild IR
(ob/ob) or a fully developed type 2 diabetes (db/db). By using
appropriate wild-type mice as controls, we eliminated putative
effects of the different genetic backgrounds. In addition to
plasma, we generated metabolite profiles of liver, muscle
and adipose tissue as an explorative approach which could
provide indications on the origins of plasma metabolite chang-
es. With this strategy, metabolites were identified that changed
in concentrations in both the 0b/0b and the db/db mice when
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Fig. 3 Correlation networks of a
selected metabolite clusters. (a,b)
Correlation networks for
metabolite cluster 11 (see ESM
Table 3) for ob/ob (a) and db/db
(b) mice. (¢,d) Correlation
networks for metabolite cluster 13
for 0b/ob (¢) and db/db (d) mice.
Node colours indicate tissue type
(red, plasma; green, liver; blue,
muscle; purple, adipose tissue).
Green and red line colours
indicate positive and negative
correlations, respectively. Line
thickness represents the strength
of the correlation, with thicker
lines indicating stronger
correlations. Aad, o-aminoadipic
acid; EPA, eicosapentaenoic acid;
KIC, -ketoisocaproic acid; PC,
principal component
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compared with their respective wild-type background, and we
also found metabolites that specifically mark the obese state
without diabetes or the diabetic state on a background of
obesity.

In addition, we compared metabolite changes in mice with
alterations observed in two independent human studies com-
prising either prediabetic or diabetic individuals (ESM
Tables 4 and 5). Prediabetic participants were defined by the
WHO's criteria and diabetic patients were defined according
to self-reporting, and/or type-2 diabetes medication, and/or
HbA,. >6.5% (47.5 mmol/mol) and fasting plasma glucose
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levels >5.55 mmol/l. While parts of both studies were recently
published [8, 12], we focused on novel metabolite measure-
ments from these studies and could identify similar changes in
human plasma for various known but also several yet
undescribed metabolites. Interestingly, while most changes
in phospholipid concentrations of prediabetic individuals were
concordant with the alterations in both ob/ob and db/db mice,
metabolite profiles of diabetic individuals showed strongest
similarities to db/db mice, substantiating the discriminant
power of the specific alterations observed in plasma from mice
in this study.
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Common alterations in lipid profiles reflect changes
in de novo lipogenesis as a consequence of impaired
leptin and insulin signalling Most pronounced in both
models were increases in long-chain fatty acids and corre-
sponding phospholipids, in plasma and predominantly in liver.
It is well established that hepatic de novo lipogenesis is in-
creased in obese and IR states leading to non-alcoholic fatty
liver disease (NAFLD) [13]. Leptin is known to suppress
stearoyl-CoA desaturase (SCD-1) which catalyses the synthe-
sis of monounsaturated fatty acids [14]. The primary lack of
leptin signalling in both mouse models may thus explain the
observed increases in hepatic palmitoleic and oleic acid levels.
Insulin controls de novo lipogenesis and both models are
hyperinsulinaemic, which in turn affects liver as an insulin-
dependent organ. Despite a developing IR, the hepatic sterol
regulatory element-binding protein (SREBP)-1c signalling
pathway remains insulin sensitive [15]. Increases in hepatic
levels of long-chain fatty acids, polyunsaturated fatty acids
and related phospholipids may well reflect changes of en-
zymes encoded by SREBP-1-dependent genes [16].
Remarkably, most saturated and monounsaturated fatty acids
of 20-24 carbon units decreased in plasma, liver and adipose
tissue, which could be a consequence of altered elongase-1
levels, the prime enzyme in the production of very-long-
chain fatty acids [17]. Increased levels of isopentenyl pyro-
phosphate suggest enhanced hepatic cholesterol synthesis,
regulated by SREBP-1a [18] and SREBP-2 [19].

Skeletal muscle also showed strong increases in concentra-
tions of long-chain fatty acids in 0b/ob and db/db mice.
Although muscle tissue is not thought to significantly contrib-
ute to overall lipid production, ectopic lipid accumulation is
associated with IR and NEFA in tissues, including muscle,
and is thought to cause lipotoxicity and promote IR.
Although increased fatty acid levels may indicate a larger
supply from plasma by enhanced adipose tissue lipolysis or
decreased fatty acid clearance [20, 21], increased activity of
muscle-specific fatty acid synthase (FAS) might also con-
tribute to increased levels of fatty acids [22].

Specific metabolite changes in db/db mice relate
to hyperglycaemia and comorbidities In contrast to ob/ob
mice, db/db animals are highly hyperglycaemic with only
modestly elevated insulin levels, reflecting the increased sus-
ceptibility of db/db mice to beta cell exhaustion [5]. The db/db
mice displayed specific changes in plasma metabolites, which
were previously reported as associated with hyperglycaemia
and its comorbidities. Decreased ADMA levels, related to
altered endothelial functions, were reported for type 2 diabetes
[23]; and low plasma levels of 1,5-anhydrosorbitol that result
from competitive inhibition of reabsorption via glucose trans-
porters in kidney by the high load of filtered glucose are also
known in type 2 diabetes [24]. Furthermore, glyoxylate, re-
cently described as a new marker for diabetes [12], was

strongly increased in plasma of db/db mice. Decreased creat-
inine concentrations reflect a reduced muscle mass [25] here
showing a stronger decrease in the db/db model. This is asso-
ciated with increased muscle catabolism causing the observed
rise in plasma amino acids and elevated glucocorticoid levels.
Last, the increase in plasma O-phosphotyrosine might relate to
elevated platelet activation as a result of the hyperglycaemic
state [26, 27]. Most interestingly, phosphotyrosine appeared in
the same cluster with glucose and glyoxylate (see ESM
Table 3).

Correlation networks and gene expression analysis
suggest an increased role for adipose tissue in the db/db
mice and for liver in ob/ob mice Both knockout models
showed increased levels of BCAA and o-ketoisocaproic acid,
the transamination product of leucine, in plasma and tissues.
Leptin and insulin both contribute to the maintenance of mus-
cle protein [16, 28]. Disturbances in leptin signalling and IR in
turn increase protein degradation in muscle releasing amino
acids into circulation. While most amino acids are used for
hepatic gluconeogenesis, BCAA show a different fate. A sig-
nificant contribution of adipose tissue to the metabolism of
BCAA has become obvious in recent years. In 2007, She
et al showed a decreased protein level and activity of the
mitochondrial branched-chain amino acid transferase
(BCAT2) and the rate-limiting branched-chain keto acid de-
hydrogenase (BCKDH) complex in obese rodents [29]. The
networks for the BCAA cluster (cluster 13, see Fig. 3c,d)
showed strong correlations between plasma and adipose
tissue in the db/db but not in ob/ob mice. However, analy-
sis of mRNA levels in adipose tissue showed similar de-
creases in both knockout models for Bckdha, the gene
encoding the Elx component of the BCKDH complex,
as well as for the kinase (Bckdk) and for the phosphatase
(Ppmlik) regulating BCKDH activity, while Bcat2
remained unchanged (see ESM Fig. 2). This finding sug-
gests that, in mice, other tissues likely contribute to the
changes in BCAA levels. A recent study describes the ef-
fects of insulin on hepatic protein levels and activity of
BCKDH in controlling BCAA catabolism [30]. Since ob/
ob mice are hyperinsulinaemic, the plasma BCAA concen-
trations may be influenced more strongly by hepatic
BCKDH in ob/ob mice, which is also supported by the
strong correlations of plasma o-ketoisocaproic acid and
hepatic BCAA in the correlation network of the ob/ob
mice.

Changes in branched-chain fatty acids may link to BCAA-
derived precursors Interestingly, plasma concentrations of
odd-numbered and branched-chain fatty acids changed in dif-
ferent directions in the two mouse models. Whereas 16-
methylheptadecanoic acid was specifically increased in db/
db mice, ob/ob mice showed a decrease in C17
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lysophosphatidylcholine (LPC C17:0) levels and a strong
trend for a decrease for isopalmitic acid. In cohort studies,
plasma levels of LPC C17:0 were recently reported to be
reduced in type 2 diabetes patients [1, 31]. How odd-chain
and branched-chain fatty acids link to IR and type 2 diabetes
is currently not known. However, 3-hydroxyisobutyric acid, a
branched short-chain fatty acid derived from valine break-
down, was specifically increased in db/db mice. As shown
in rat epididymal adipose tissue, FAS can generate odd/
branched long-chain fatty acids from propionyl-CoA and
branched-chain C4- and C5-iso-acyl-CoAs as primers which
are all intermediates of BCAA breakdown [32]. An aberrant
availability of short-chain acyl-CoA primers for use in fatty
acid synthesis could explain the changes in odd- and
branched-chain fatty acid concentrations found in plasma in
an insulin-resistant or diabetic state.

Conclusion We compared metabolite profiles in plasma and
selected tissues of two mouse models with obesity but differ-
ent stages of diabetes development. With this approach, we
could define metabolites that change in the obese states and
those that depend on insulin action and are associated with
severe hyperglycaemia. Analysis of liver, muscle and adipose
tissue revealed dominant changes in fatty acid and amino acid
metabolism, with a more dominant role for adipose tissue in
the diabetes model. We also identified new marker metabolites
with significant changes in tissues and plasma and found sim-
ilar changes for various metabolites in plasma from human
prediabetic and diabetic volunteers.
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An LC-MS/MS method to quantify acylcarnitine species
including isomeric and odd-numbered forms in plasma

and tissues®
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Food and Health, 85350 Freising, Germany

Abstract Acylcarnitines are intermediates of fatty acid and
amino acid oxidation found in tissues and body fluids. They
are important diagnostic markers for inherited diseases of
peroxisomal and mitochondrial oxidation processes and
were recently described as biomarkers of complex diseases
like the metabolic syndrome. Quantification of acylcarni-
tine species can become challenging because various spe-
cies occur as isomers and/or have very low concentrations.
Here we describe a new LC-MS/MS method for quantifi-
cation of 56 acylcarnitine species with acyl-chain lengths
from C2 to C18. Our method includes amino acid-derived
positional isomers, like methacrylyl-carnitine (2-M-C3:1-CN)
and crotonyl-carnitine (C4:1-CN), and odd-numbered car-
bon species, like pentadecanoyl-carnitine (C15:0-CN) and
heptadecanoyl-carnitine (C17:0-CN), occurring at very low
concentrations in plasma and tissues. Method validation in
plasma and liver samples showed high sensitivity and excel-
lent accuracy and precision. In an application to samples
from streptozotocin-treated diabetic mice, we identified
significantly increased concentrations of acylcarnitines de-
rived from branched-chain amino acid degradation and of
odd-numbered straight-chain species, recently proposed
as potential biomarkers for the metabolic syndrome.lill In
conclusion, the LC-MS/MS method presented here allows
robust quantification of isomeric acylcarnitine species and
extends the palette of acylcarnitines with diagnostic poten-
tial derived from fatty acid and amino acid metabolism.—
Giesbertz, P, J. Ecker, A. Haag, B. Spanier, and H. Daniel.
An LC-MS/MS method to quantify acylcarnitine species in-
cluding isomeric and odd-numbered forms in plasma and
tissues. J. Lipid Res. 2015. 56: 2029-2039.

Supplementary key words ~diabetes ® fatty acid/oxidation ® mitochon-
dria e liver ® diagnostic tools ® liquid chromatography-tandem mass
spectroscopy

Acylcarnitines are intermediates in fatty acid and amino
acid breakdown generated from the conversion of acyl-
CoA species by the action of carnitine acyltransferases (1).
The formation of carnitine conjugates is crucial for the

Manuscript recetved 8 July 2015 and in revised form 24 July 2015.

Published, JLR Papers in Press, August 3, 2015
DOI 10.1194/jlr.D061721

Copyright © 2015 by the American Society for Biochemistry and Molecular Biology, Inc.

This article is available online at http://www.jlr.org

transport of activated fatty acids (acyl-CoAs) from the cyto-
sol across the inner mitochondrial membrane into the
matrix where fatty acid oxidation takes place. It has now
become clear that a net efflux of acylcarnitine species
from the mitochondria into the cytosol and ultimately into
plasma is particularly important in situations of impaired
fatty acid oxidation to prevent accumulation of potentially
toxic acyl-CoA intermediates in the mitochondrion (2, 3).
How acylcarnitines are released into the extracellular
space is not known, but changes in plasma and/or urinary
acylcarnitine profiles are used to detect disorders in fatty
acid and amino acid oxidation (4). More recently, altera-
tions in plasma acylcarnitine profiles were described as
strongly associated with obesity and type 2 diabetes (5-7).
A broad spectrum of short-, medium-, and long-chain acyl-
carnitine species is generated from multiple metabolic
routes including various fatty acid and amino acid oxida-
tion pathways. A comprehensive quantification that covers
as many as possible of these entities is therefore not only
important for proper clinical diagnosis of inherited enzy-
matic impairments, but also for basic studies of complex
diseases such as the metabolic syndrome.

Acylcarnitine profiles are commonly established by
direct infusion ESI-MS/MS. This technology, however,
does not allow the discrimination of isomeric acylcarni-
tine species. Furthermore, isobaric matrix interferences
can lead to an overestimation of metabolite concentra-
tions producing false positive results, in particular, for
compounds with low abundance (8). Although LC-MS/
MS methods have been developed for successful separa-
tion of isomeric compounds (9-12), the identification of
the exact compound in the chromatogram often remains

Abbreviations: CN, carnitine; CV, coefficient of variation; HFBA,
heptafluorobutyric acid; IS, internal standard; LOD, limit of detection;
LOQ, limit of quantitation; MRM, multiple reaction monitoring; STZ,
streptozotocin.
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elusive. Additionally, the abundance of many species in
biological samples is often too low for robust detection
and quantification.

Here we describe a robust and highly sensitive LC-MS/
MS method for comprehensive quantification of an array
of acylcarnitine species with a special focus on amino acid-
derived intermediates, which often occur at very low con-
centrations and in isomeric forms. Because alterations in
plasma odd-numbered fatty acids were recently shown to
associate with impaired glucose tolerance and diabetes
(13), we also focused on quantification of the correspond-
ing odd-numbered acylcarnitines. The method was validated
and applied to plasma and liver samples from streptozoto-
cin (STZ)-induced insulin-deficient mice, which serve as a
model of type I diabetes.

MATERIALS AND METHODS

Chemicals, solutions, reference substances, and internal
standards

Ammonium acetate, n-butanol (99.7%), thionyl chloride, car-
nitine hydrochloride, formic acid (LC-MS grade), heptafluoro-
butyric acid (HFBA) (=99.5%), acetyl chloride, and acetonitrile
(LC-MSgrade) were purchased from Sigma-Aldrich (Taufkirchen,
Germany). Water (LC-MS grade) and diethyl ether (Baker ana-
lyzed) were obtained from J. T. Baker Chemicals (Center Valley,
PA). Methanol (LC-MS grade) and trichloroacetic acid were pur-
chased from Merck (Darmstadt, Germany). The internal standard
(IS) mixture containing dg-carnitine (0.785 pmol/ul), ds-acetyl-
carnitine (0.327 pmol/pul), ds-propionyl-carnitine (0.086 pmol/pl),
ds-butyryl-carnitine (0.043 pmol/ul), dg-isovaleryl-carnitine
(0.039 pmol/pl), ds-hexanoyl-carnitine (0.046 pmol/pl), ds-oc-
tanoyl-carnitine (0.042 pmol/ul), ds;-decanoyl-carnitine (0.046
pmol/pl), ds-dodecanoyl-carnitine (0.043 pmol/ul), ds-tetradec-
anoyl-carnitine (0.041 pmol/pl), d;-hexadecanoyl-carnitine (0.082
pmol/pl), and ds-octadecanoyl-carnitine (0.074 pmol/ul) was
obtained from ChromSystems (Miinchen, Germany). The free
fatty acids used for synthesis of acylcarnitines (crotonoic acid,
methacrylic acid, tiglic acid, dimethylacrylic acid, isobutyric acid,
2-methylbutyric acid, (S)-3-hydroxybutyric acid, (R)-3-hydroxybu-
tyric acid, sodium-(S)-B-hydroxyisobutyric acid, 3-hydroxyisovale-
ric acid, trans-2-methyl-butenoic acid, heptanoic acid, nonanoic
acid, undecanoic acid, tridecanoic acid, pentadecanoic acid,
heptadecanoic acid, and adipic acid) were obtained from Sigma-
Aldrich. Valeryl-carnitine was acquired from LGC-Standards (Wesel,
Germany), 15-methylhexadecanoic acid was obtained from Laro-
dan (Solna, Sweden), and 3-methylglutaryl-carnitine was pur-
chased at Avanti Polar Lipids (Alabaster, AL).

Synthesis of reference substances

O-acylated acylcarnitines were synthesized from carnitine chlo-
ride and free fatty acids using a modified protocol from Ziegler
ct al. (14). Briefly, the free fatty acid was incubated with thionyl
chloride (15 mg free fatty acid per microliter thionyl chloride)
under continuous shaking for 4 h at 70°C to generate fatty acyl
chlorides. Carnitine hydrochloride dissolved in trichloroacetic
acid was added to the acyl chloride and incubated at 45°C for 18 h.
After cooling, the product was precipitated and washed three
times in cold diethyl ether. Sodium-(s)-B-hydroxyisobutyric acid
was first treated with hydrochloric acid to produce the free fatty
acid, followed by evaporation of water at 90°C for 30 min, before
incubation with thionyl chloride. For (S)-and (R)-3-hydroxybutyric

2030 Journal of Lipid Research Volume 56, 2015

acid and for (S)-B-hydroxyisobutyric acid, this protocol gener-
ated a racemic mixture of both (S)- and (R)- stereoisomers.

Sample preparation and derivatization

Plasma (10 pl) was dissolved in 100 pl ice-cold methanol con-
taining the IS mixture under ultra-sonication to prevent sample
aggregation. Dissolved samples were evaporated to dryness in a
vacuum concentrator. Tissue samples were first grounded in lig-
uid nitrogen using pestle and mortar. Forty milligrams of tissue
were then extracted using 1,800 pl 100% ice-cold methanol and
centrifuged at 10,000 g, 4°C for 10 min. IS was added to 200 wl of
the supernatant before vacuum-drying the samples.

Acylcarnitines were derivatized to their butyl esters as described
by Gucciardi et al. (9). Briefly, 100 pl n-butanol containing 5%
v/v acetyl chloride was added to the dried samples, incubated at
60°C for 20 min at 800 rpm (Eppendorf Thermomixer Comfort;
Eppendorf, Hamburg, Germany) and subsequently evaporated
to dryness. Samples were reconstituted in 100 ul (for plasma
samples) or 200 pl (for tissue samples) methanol/water and
transferred to glass vials.

LC-MS/MS

The analysis was performed on a triple quadrupole QTRAP5500
LC-MS/MS system (AB Sciex, Framingham, MA), equipped with
a 1200 series binary pump, a degasser, and a column oven (Agilent,
Santa Clara, CA) connected to a HTC pal autosampler (CTC
Analytics, Zwingen, Switzerland). A Turbo V ion spray source op-
erating in positive ESI mode was used for ionization. The source
settings were: ion spray voltage, 5,500 V; heater temperature,
600°C; source gas 1, 50 psi; source gas 2, 50 psi; curtain gas, 40
psi; and collision gas (CAD), medium.

Chromatographic separation was achieved on a Zorbax Eclipse
XDB-C18 column (length 150 mm, internal diameter 3.0 mm,
particle size 3.5 wm; Agilent) at a column temperature of 50°C.
Eluent A consisted of 0.1% formic acid, 2.5 mM ammonium ace-
tate, and 0.005% HFBA in water. Eluent B consisted of 0.1% for-
mic acid, 2.5 mM ammonium acetate, and 0.005% HFBA in
acetonitrile. Gradient elution was performed with the following
program: 100% A (0.5 ml/min) for 0.5 min, a linear decrease to
65% A (0.5 ml/min) for 2.5 min, hold for 3 min, a linear de-
crease to 40% A (0.5 ml/min) for 3.7 min, a linear decrease to
5% A (0.5 ml/min) for 1 min. Elution was then carried out at
100% B (1 ml/min) for 0.5 min, hold for 7.3 min (1.5 ml/min).
Re-equilibration was finally performed at 100% A (0.5 m/min)
for 4 min. The complete running time of the program was 22
min. Analytes were measured in scheduled multiple reaction
monitoring (MRM) (total scan time, 0.5 s; scan time window, 0.5
min). Quadrupoles were working at unit resolution.

Calibration and quantification

Calibration was achieved by spiking plasma and liver samples
with different quantities of acylcarnitine standards. A ten-point
calibration was performed by addition of increasing amounts of
each standard and IS, as described in the sample preparation sec-
tion. Calibration curves were constructed and fitted by linear re-
gression without weighting. Data analysis was done using Analyst
1.5% software (AB Sciex).

Animal experiment and sample collection

C57BL6/N mice (n =10), at an age of 12 weeks, were injected
intraperitoneally with a single dose of STZ (180 mg/kg body
weight dissolved in 0.1 M citric acid buffer) and mice (n = 10)
injected intraperitoneally with citric acid buffer served as con-
trols. All mice were fed a standard chow diet (ssniff V1534-0 R/M-H)
and were not fasted prior to sampling of blood and organs. Body
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weight and blood glucose levels were measured daily using tail-
vein puncture. After 5 days, mice were anesthetized with isoflu-
rane. Blood was collected into EDTA-coated tubes and was
centrifuged for 10 min at 1,200 gand 4°C. Plasma was separated
and snap-frozen in liquid nitrogen. Mice were euthanized and
liver tissue was collected and immediately snap-frozen in liquid
nitrogen. All samples were stored at —80°C until the day of mea-
surement. The research was conducted in conformity with the
Public Health Service policy on humane care and use of labora-
tory animals. All experiments were performed according to
the German guidelines for animal care and were approved by the
state of Bavaria (Regierung von Oberbayern) ethics committee
(reference number 55.2.1-54-2532-22-11).

Statistical analysis

Levels of significance between metabolite concentrations in
STZ-treated and control mice were assessed using two-sided inde-
pendent Student’s #tests.

RESULTS

Sample extraction and derivatization

Extraction of acylcarnitine species from plasma and tis-
sue samples was achieved using methanol and analytes
were derivatized to their butyl esters. Because dicarboxylic
acylcarnitines were derivatized at both carboxyl groups
(see Fig. 1), we could discriminate various isobaric acylcar-
nitines, which have different masses as corresponding butyl
esters [e.g., hydroxybutyryl-carnitine (C4-OH-CN, nonder-
ivatized m/z 248, butylated m/z 304) and malonyl-carnitine
(C3:0-DC-CN, nonderivatized m/z 248, butylated m/z 360)].

Acylcarnitine fragmentation

Mass spectrometric analysis of acylcarnitine species was
performed using ESI in positive mode and product ion

spectra were acquired. Butylation of acylcarnitines (espe-
cially of dicarboxylic species) increased the ionization ef-
ficiency (data not shown). Representative fragmentation
patterns for valeryl-carnitine (C5:0-CN; monocarboxylic)
and 3-methylglutaryl-carnitine (C5:0-M-DC-CN; dicarbox-
ylic) are shown in Fig. 1. Fragmentation patterns of acyl-
carnitines were reported to have a prominent fragment
ion at m/z85 in common (15). This fragmention displayed
the highest intensity in our measurements and was thus
used for quantification. It is proposed to be formed due to
loss of the butyl group(s) (m/z56), the acyl chain [m/z 102
and m/z 146 for valeryl-carnitine (C5:0-CN) and 3-methyl-
glutaryl-carnitine (C5:0-M-DC-CN), respectively], and the
trimethylamine fragment (m/z59), as initially described by
Chace et al. (15) in 1997. A compilation of all acylcarni-
tine species covered by our method, including the corre-
sponding MS parameters, is shown in Table 1.

Chromatographic separation and identification of
isomeric acylcarnitine species

Because all acylcarnitines form a similar product ion
(m/z 85) and many compounds are isobaric or occur as
positional isomers, appropriate chromatographic separa-
tion is essential. Chromatographic separation was estab-
lished using a C18-reversed phase HPLC column (length,
15 cm; internal diameter, 3.0 mm; particle size, 3.5 pm).
We favored an HPLC column over an ultra-performance
LC column, because larger sample volumes of complex
matrices were injected. Peaks were well shaped, sharp
(~0.1 min; Fig. 2), and well separated. A coelution of
analyte and IS was achieved, which is important to com-
pensate for matrix effects and varying ionization efficien-
cies during gradient elution (16). The addition of HFBA
to the eluents as an ion-pairing reagent (17) improved peak
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Fig. 1. Production spectra and proposed fragmentation patterns for valeryl-carnitine (C5:0-CN) (A) and

3-methylglutaryl-carnitine (C5-M-DC-CN) (B).
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TABLE 1. MS parameters and retention times
Retention
MRM (m/z) IS ISMRM (m/z)  Time (min) DP (V) EP (V) CE(V) CXP (V)
Free carnitine CO 218.1 = 85.1 dg-CO 227.5 — 85.1 5.9 61 10 23 15
Hydroxypropionyl-carnitine C3-OH 290.1 — 85.1 ds-C3 277.1 - 85.1 6.1 53 10 30 15
Hydroxybutyryl-carnitine a C4-OH a 304.1 — 85.1 d;-C4 291.4 — 85.1 6.2 55 10 32 15
Hydroxybutyryl-carnitine b C4-OH b 304.1 - 85.1 ds-C4 291.4 — 85.1 6.3 55 10 32 15
3-Hydroxyisobutyryl-carnitine 2-M-C3-OH  304.1 — 85.1 d;-C4 291.4 — 85.1 6.4 55 10 32 15
Acetyl-carnitine c2 260.5 — 85.1 ds-C2 263.2 — 85.1 6.4 41 10 18 15
Hydroxyvaleryl-carnitine C5-OH 318.1 = 85.1 dg-Ch 311 — 85.1 6.5 58 10 33 15
Propionyl-carnitine C3:0 274.4 — 85.1 ds-C3 277.1 - 85.1 6.9 46 10 29 15
Hydroxyhexanoyl-carnitine a C6-OH a 3322 - 85.1 d;-C6 319.2 - 85.1 7.3 61 10 35 15
Crotonyl-carnitine C4:1 286.1 — 85.1 d,-C4 291.4 — 85.1 7.3 52 10 29 15
Hydroxyhexanoyl-carnitine b C6-OH b 3322 - 85.1 d;-C6 319.2 - 85.1 7.5 61 10 35 15
Methacrylyl-carnitine 2-M-C3:1 286.1 — 85.1 d,-C4 291.4 — 85.1 7.5 52 10 29 15
Isobutyryl-carnitine 2-M-C3:0 288.2 — 85.1 d;-C4 291.4 — 85.1 7.8 46 10 29 15
Butyryl-carnitine C4:0 288.2 — 85.1 d,-C4 291.4 — 85.1 8 46 10 29 15
Tiglyl-carnitine 2-M-C4:1 300.2 — 85.1 dg-Ch 311 — 85.1 8.2 55 10 31 15
3-Methylcrotonyl-carnitine 3-M-C4:1 300.2 — 85.1 dg-Ch 311 — 85.1 8.4 55 10 31 15
2-Methyl-butyryl-carnitine 2-M-C4:0 302.1 — 85.1 dg-Ch 311 - 85.1 9.5 46 10 29 15
Isovaleryl-carnitine 3-M-C4:0 302.1 — 85.1 dg-C5 311 —» 85.1 9.6 46 10 29 15
Valeryl-carnitine C5:0 302.1 — 85.1 dg-Ch 311 — 85.1 9.7 46 10 29 15
Fumaryl-carnitine C4:1-DC 37255851 dgzC5-DC 3942 — 85.1 9.9 56 10 27 15
Malonyl-carnitine C3-DC 360.2 - 85.1 dgC5-DC  394.2 — 85.1 10.3 55 10 32 15
Succinyl-carnitine C4-DC 3742 - 851 dgzC5-DC 3942 — 85.1 10.8 56 10 33 15
Hexanoyl-carnitine C6:0 316.4 — 85.1 d;-C6 319.2 —» 85.1 10.9 56 10 27 15
Methyl-malonyl-carnitine C3-DC-M 3742851 dgzC5-DC 3942 — 85.1 11.1 58 10 33 15
Glutaryl-carnitine C5-DC 388.3 - 85.1 dgC5-DC  394.2 — 85.1 11.1 61 10 35 15
Glutaconyl-carnitine C5:1-DC 386.3 = 85.1 dgC5-DC 394.2 — 85.1 11.2 60 10 35 15
Adipyl-carnitine C6-DC 402.3 - 85.1 dgC5-DC 394.2 — 85.1 11.3 63 10 37 15
Methylglutaryl-carnitine C5-M-DC 402.3 - 85.1 deC5-DC  394.2 — 85.1 11.4 63 10 37 15
Heptanoyl-carnitine C7:0 330.2 - 85.1 d;-C6 319.2 - 85.1 115 60 10 30 15
Pimelyl-carnitine C7-DC 416.3 - 85.1 dgC5-DC 394.2 — 85.1 11.7 66 10 39 15
Octanoyl-carnitine C8:0 344.1 - 85.1 d;-C8 347.4 — 85.1 11.9 66 10 33 15
Decenoyl-carnitine C10:1 370.2 —» 85.1 d;-C10 375.2 — 85.1 12.1 68 10 40 15
Nonanoyl-carnitine C9:0 358.2 — 85.1 d;-C8 347.4 — 85.1 12.1 66 10 39 15
Decanoyl-carnitine C10:0 372.2 - 85.1 d;-C10 375.2 — 85.1 12.3 56 10 37 15
Iso-undecanoyl-carnitine Iso-C11:0 386.3 — 85.1 d,-C10 375.2 — 85.1 12.4 65 10 40 15
Undecanoyl-carnitine Cl11:0 386.3 — 85.1 d;-C10 375.2 — 85.1 12.5 65 10 40 15
Tetradecadienyl-carnitine C14:2 424.3 — 85.1 d;-C14 431.2 - 85.1 12.6 78 10 47 15
Dodecanoyl-carnitine C12:0 400.3 — 85.1 d;-C12 403.2 — 85.1 12.7 73 10 44 15
Hydroxyhexadecenyl-carnitine C16:1-OH  470.3 — 85.1 d;-C16 459.2 — 85.1 12.8 87 10 53 15
Isotridecanoyl-carnitine Iso-C13:0 414.3 — 85.1 d;-C12 403.2 — 85.1 13 80 10 45 15
Tridecanoyl-carnitine C13:0 414.3 - 85.1 d,-C12 403.2 — 85.1 13.1 80 10 45 15
Hexadecadienyl-carnitine C16:2 452.3 — 85.1 d;-C16 459.2 — 85.1 13.1 83 10 51 15
Tetradecanoyl-carnitine C14:0 428.3 — 85.1 d;-C14 431.2 — 85.1 13.4 86 10 45 15
Hydroxyhexadecanoyl-carnitine a Cl16-OHa 4723 - 85.1 d;-C16 459.2 — 85.1 13.4 87 10 53 15
Hydroxyhexadecanoyl-carnitineb ~ C16-OHb  472.3 — 85.1 d;-C16 459.2 — 85.1 135 87 10 53 15
Hydroxyoctadecenyl-carnitine CI8:1-OH  498.4 — 85.1 d;-C18 487.5 — 85.1 13.5 92 10 57 15
Hexadecenyl-carnitine Cl6:1 454.3 — 85.1 d;-C16 459.2 — 85.1 13.6 84 10 51 15
Isopentadecanoyl-carnitine iso-C15:0 442.3 — 85.1 ds-Cl14 431.2 - 85.1 13.6 85 10 48 15
Pentadecanoyl-carnitine C15:0 442.3 — 85.1 d;-C14 431.2 — 85.1 13.7 85 10 48 15
Octadecadienyl-carnitine C18:2 480.3 — 85.1 d;-C18 487.5 — 85.1 13.7 89 10 54 15
Hexadecanoyl-carnitine C16:0 456.5 — 85.1 d;-C16 459.2 — 85.1 14.3 84 10 51 15
Octadecenyl-carnitine C18:1 482.3 — 85.1 d;-C18 487.5 — 85.1 14.3 89 10 55 15
Isoheptadecanoyl-carnitine Iso-C17:0  470.4 — 85.1 d;-C16 459.2 — 85.1 14.7 90 10 57 15
Heptadecanoyl-carnitine C17:0 470.4 — 85.1 ds-C16 459.2 — 85.1 14.8 90 10 57 15
Dodecadioyl-carnitine C12-DC 486.4 — 85.1 dgC5-DC  394.2 — 85.1 15.6 86 10 45 15
Octadecanoyl-carnitine C18:0 484.4 — 85.1 d;-C18 487.5 — 85.1 15.6 96 10 63 15

DP, declustering potential; EP, entrance potential; CE, collision energy; CXP, collision cell exit potential.

separation and peak sharpness. Addition of ammonium
acetate enhanced ionization efficiency. Figure 2A shows
a typical chromatogram (total ion count) derived from
a liver sample containing acylcarnitines ranging from
0 to 18 carbon atoms. Retention times increased with
the number of carbons and decreased with the number of
double bonds. Because >50 mass transitions were required
to quantify all metabolites, data were acquired in the sched-
uled MRM mode to yield more and shorter scan cycles per
peak, to facilitate peak integration and data analysis.

2032 Journal of Lipid Research Volume 56, 2015

Various acylcarnitine isomer species were expected to
result from known amino acid and fatty acid breakdown
pathways (18). Indeed, chromatographic separation gen-
erated multiple peaks for various m/z transitions [e.g.,
2-methylbutyryl-carnitine (2-M-C4:0-CN), 3-methylbutyryl-
carnitine (3-M-C4:0-CN), and valeryl-carnitine (C5:0-CN)].
For peak identification, matrix samples were spiked with
individual acylcarnitine reference compounds as shown
in Fig. 2B-D. In general, for saturated acylcarnitines,
branched-chain forms elute earlier than straight-chain
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Fig. 2. Totalion count (TIC) chromatogram (A) and MRM chromatograms of exemplified spiking experi-

ments (B-D).

forms [e.g., isobutyryl-carnitine (2-M-C3:0-CN) < butyryl-
carnitine (C4:0-CN)]. This was also true for odd-num-
bered acylcarnitines, for which two peaks were generally
found (see Fig. 2D). In contrast, for monounsaturated and
dicarboxylic acylcarnitines, branched-chain forms eluted
later [e.g., crotonyl-carnitine (C4:1-CN) < methacrylyl-
carnitine (2-M-C3:1-CN), see Fig. 2B, C]. Furthermore,
hydroxy-acylcarnitines [hydroxybutyryl-carnitine (C4-OH-
CN), hydroxyhexanoyl-carnitine (C6-OH-CN), hydroxy-
hexadecanoyl-carnitine (C16-OH-CN) ], displayed two peaks.
This was in accordance with previous reports suggesting
the presence of S- and R-stereoisomers (9, 11, 19).

Calibration and quantification

For quantification of metabolite concentrations and
to compensate for variation in sample preparation and
ionization efficiency, an acylcarnitine standard mixture
containing 13 deuterium-labeled acylcarnitine species was
added to the samples (Table 2). Calibration lines were
generated by addition of different concentrations of acyl-
carnitine species to a pool of liver and plasma samples.
The ratio between analyte and IS was used for quantifica-
tion (“stable isotope dilution”). For those analytes without

corresponding IS, analyte-IS pairs were selected accord-
ing to the closest retention times and the best accuracies
for these analyte-IS allocations [e.g., nonanoyl-carnitine
(C9:0-CN) to ds-octanoyl-carnitine (ds-C8:0-CN)]. For all
analytes and matrices, calibration curves were linear and
correlation coefficients (r2) were greater than 0.99
(Table 2). Limits of detection (LODs) were determined
as the signal-to-noise ratio of three, and limits of quanti-
tation (LOQs) were calculated as the triple fold of the
LOD and were sufficient enough for quantification
of acylcarnitine species in plasma and liver samples
(Table 2).

Method validation and sample stabilities

The accuracy of the method was tested in three liver and
three plasma samples by spiking with acylcarnitine stan-
dards in concentrations covering the whole calibration
range. Accuracies between 81 and 108% were found for
the liver matrix and between 89 and 120% for the plasma
matrix (Table 3), except for the lowest levels of free carnitine
in liver tissues for which concentrations were overestimated.
Method reproducibility was examined by determining
intra- and inter-day precisions in pools of plasma and liver
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TABLE 2. Calibration data

Calibration Data (Plasma Matrix)

Calibration Data (Liver Matrix)

LOD LO
Calibration 1S LOD LOQ Calibration Range IS Added Correlation  (pmol/mg (pmol(/zmg
Range (pmol/pl) (pmol/ul) Slope R® (pmol/pl) (pmol/ul) (pmol/mgww.) (pmol/mgw.w.) Slope Coefficient (R2) W.W.) W.W.)
COo 1.5-500 7.70 0.28 0.999 0.089 0.266 1.5-1,000 180.55 0.0088 0.990 0.275 0.824
C2 0.375-125 3.21 0.34 0.999 0.038 0.113 0.375-250 75.21 0.0099 0.999 0.074 0.222
C3 0.075-25 0.84 1.37 0.999 0.008 0.024 0.075-50 19.78 0.0389 0.999 0.003 0.008
C4 0.075-25 0.42 3.40 0.999 0.008 0.023 0.075-50 9.89 0.098 0.999 0.008 0.011
2-M-C3 0.075-25 0.42 349 0.999 0.007 0.021 0.075-50 9.89 0.101 0.999 0.004 0.012
Ch 0.075-25 0.38 5.67 0.999 0.006 0.018 0.075-50 8.97 0.159 0.999 0.003 0.009
3-M-C4 0.075-25 0.38 5.95 0.999 0.007 0.021 0.075-50 8.97 0.158 0.999 0.003 0.009
C6 0.075-25 0.45 3.18 0.999 0.013 0.038 0.075-50 10.58 0.098 0.999 0.008 0.024
C8 0.075-25 0.41 2.27 0.997  0.006 0.020 0.075-50 9.66 0.071 0.999 0.002 0.006
C10 0.075-25 0.45 2.43 0.993  0.009 0.028 0.075-50 10.58 0.083 0.999 0.005 0.014
C12 0.15-50 0.42 2.45 0.992  0.009 0.027 0.15-100 9.89 0.093 0.999 0.004 0.012
Cl4 0.15-50 0.40 2.56 0.996 0.009 0.028 0.15-100 9.43 0.104 0.999 0.003 0.009
C16 0.15-50 0.80 1.80 0.998  0.002 0.007 0.15-100 18.86 0.064 0.999 0.002 0.005
C18 0.15-50 0.73 1.31 0994 0.021 0.065 0.15-100 17.02 0.049 0.999 0.021 0.063

Calibration lines were generated by plotting the area ratios of analyte/IS against the spiked concentrations. Concentrations in liver are given

per milligram of liver wet weight. w.w., wet weight.

samples (Table 4). With a few exceptions, intra- and inter-
day coefficients of variation (CVs) for liver and plasma
samples were below 10% for high-abundant acylcarnitines
(>0.01 pmol/mg tissue; >0.01 pmol/pl plasma) and be-
tween 10 and 20% for low-abundant acylcarnitines. Re-
coveries were calculated as the difference between area
ratios of prespiked samples (addition of standards before
extraction) and postspiked samples (addition of standards
to the methanol extract). Recoveries between 59 and
99% were found (supplementary Table 1). Matrix effects
were determined by comparing the peak areas of acylcar-
nitine species spiked in matrix samples (three plasma and
three liver samples) and corresponding amounts dis-
solved in methanol at two levels (supplementary Tables 2, 3).
The area ratios of spiked acylcarnitine species in plasma
samples ranged between 110 and 120% compared with
nonmatrix samples. Area ratios of spiked acylcarnitine
species in liver were between 85 and 122% compared
with nonmatrix samples, with a few exceptions for short-
chain species.

To assess sample stability in plasma, samples were stored
at room temperature for 1 h before extraction and peak
areas were compared with samples that were directly ex-
tracted. Acylcarnitines in plasma remained stable over 1 h
at room temperature. For liver tissue, thawing of samples
in three freeze-thaw cycles strongly affected the abun-
dance of various analytes, but postpreparative storage of
plasma and liver samples at —20°C showed a high stability
of most analytes. See supplementary Table 4 for a sum-
mary on plasma and liver sample stabilities.

Method application

The developed method was applied to plasma and liver
samples from STZ-treated insulin-deficient and healthy
control mice. STZ causes pancreatic B-cell destruction
resulting in insulin-deficient type I diabetes (20). STZ-
treated animals showed very low circulating insulin levels
accompanied by a dramatic weight loss and a severe in-
crease in blood glucose levels 5 days after treatment (see
supplementary Table 5).
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We found that concentration ranges of acylcarnitine
species in plasma and liver were in good agreement with
levels reported previously (21), with highest concentra-
tions for saturated short-chain species [acetyl-carnitine
(C2:0-CN, ~20%), propionyl-carnitine (C3:0-CN, ~5%),
and butyryl-carnitine (C4:0-CN, ~2%)] and lowest concen-
trations for odd-numbered medium- and long-chain species
[undecanoyl-carnitine (C11:0-CN), tridecanoyl-carnitine
(C13:0-CN), and pentadecanoyl-carnitine (C15:0-CN)].
Whereas almost all acylcarnitine species could be found in
liver samples, the concentrations in plasma were generally
far lower and a number of species (especially monounsatu-
rated species like crotonyl- and 3-methyl-crotonyl-carnitine)
could not be detected.

Comparison of acylcarnitine concentrations between
diabetic and healthy mice revealed strong increases in the
concentrations of various branched-chain amino acid-de-
rived compounds in plasma and liver of diabetic mice
(Fig. 3A-D). These included leucine-derived isovaleryl-
carnitine (3-M-C4-CN) and 3-methylcrotonyl-carnitine
(3-M-C4:1-CN) and isoleucine-derived 2-methylbutyryl-
carnitine (2-M-C4-CN) and 2-methylcrotonyl-carnitine
(2-M-C4:1-CN), as well as propionyl-carnitine (C3-CN) and
methylmalonyl-carnitine (C3-M-DC-CN). In contrast, 3-hy-
droxyisobutyryl-carnitine (2-M-C3-OH-CN), which is derived
from valine breakdown, showed a marked decrease, both
in plasma and liver. Furthermore, elevated levels of various
straight-chain odd-numbered acylcarnitines were observed
in diabetic mice, most strongly in liver samples (Fig. 3E, F),
whereas decreased levels were found for hexadecenoyl-carni-
tine (C16:1-CN) in plasma and liver and tetradecanoyl-carni-
tine (C14:0-CN) in liver. Supplementary Table 6 provides
concentrations of all acylcarnitine species quantified in
liver and plasma of healthy and diabetic mice in our study.

DISCUSSION

Acylcarnitines have recently gained considerable inter-
est as markers for impairments in fatty acid and amino

9102 'Sz Arenigad uo ‘NIHONININ NL ¥e Bio ' mmm woly pspeojumoq


http://www.jlr.org/
http://www.jlr.org/content/suppl/2015/08/03/jlr.D061721.DC1.html 
http://www.jlr.org/content/suppl/2015/08/03/jlr.D061721.DC1.html 

SASBMB

JOURNAL OF LIPID RESEARCH

_html

Supplemental Material can be found at:
http://www.jlr.org/content/suppl/2015/08/03/jlIr.D061721.DC1

TABLE 3. Accuracies

Liver Spiked Plasma Spiked
(pmol/mg w.w.)  Accuracy (%) (pmol/pl) Accuracy (%)

CO 30 261.8 20 119.7
150 87.4 150 95.5

500 89 300 97.8

C2 7.5 106.7 5 116.1
37.5 102.7 37.5 97.7

125 97.1 75 97.9

C3:0 1.5 104.2 1 116.3
7.5 98.1 7.5 94.2

25 98.7 15 97.8

C4:0 1.5 96.2 1 115.5
7.5 101 7.5 92.2

25 101 15 93.3

2-M-C3:0 1.5 82.9 1 120.0
7.5 97.2 7.5 93.3

25 96.4 15 93.9

3-M-C4:0 1.5 84.3 1 113.9
7.5 94.3 7.5 89.5

25 94.2 15 96.0

Ch:0 1.5 84.1 1 108.3
7.5 95.8 7.5 91.8

25 94.1 15 97.6

C6:0 1.5 90.8 1 115.4
7.5 100.8 7.5 102.6

25 102 15 100.6

C8:0 1.5 90.3 1 110.1
7.5 105 7.5 104.7

25 107.9 15 100.9

C10:0 1.5 86.3 1 109.8
7.5 99.3 7.5 103.6

25 98.1 15 106.6

C12:0 3 87.2 2 108.7
15 95.8 15 107.5

50 96.5 30 105.7

C14:0 3 89.3 2 119.1
15 91.7 15 109.2

50 90 30 105.8

C16:0 3 81.7 2 112.3
15 90.3 15 102.4

50 92.4 30 102.1

C18:0 3 82.5 2 107.8
15 99.6 15 106.0

50 98.5 30 104.0

The displayed accuracy is the average of the assayed concentration
(corrected by endogenous levels of plasma and liver samples) in
percent of the actual spiked concentration. Concentrations in liver are
given per milligram of liver wet weight. w.w., wet weight.

acid oxidation associated with the metabolic syndrome
(5-7). Moreover, the metabolites were proposed to have
predictive quality for disease initiation and progression
(5). Various acylcarnitines occur as positional isomers and
many species often appear at very low concentrations. Even
though several LC-MS/MS methods have been described
for quantification of isomeric acylcarnitine species (9-12),
a comprehensive method that covers low-abundant spe-
cies and includes odd-numbered acylcarnitines is lacking.

Here we describe a sensitive and robust method for
quantification of individual isomeric acylcarnitine species,
including low-abundant amino acid-derived forms (see
Fig. 4). In addition, our method includes acylcarnitines
with odd-numbered acyl-chain lengths, which gained in-
creased attention recently as metabolite markers in dis-
ease states (5, 22, 23).

We applied ESI in positive mode for ionization. Colli-
sion-induced dissociation produced an intense product

ion at m/z 85 for all analytes, which was described to be a
specific product ion of acylcarnitine fragmentation (15).
LC with a Cl8-reversed phase HPLC column allowed the
chromatographic separation of isomeric acylcarnitine
species, and by spiking with reference compounds, we
could subsequently assign the individual isomers to the
respective peaks. Proper chromatographic separation is
mandatory because positional isomers have similar mass
transitions [e.g., crotonyl-carnitine (C4:1-CN) and meth-
acrylyl-carnitine (2-M-C3:1-CN), m/z 286 — m/z 85]. In
addition, quantification of acylcarnitine concentrations in
a direct infusion approach is challenged by potential inter-
fering matrix components which lead to an overestima-
tion of analyte concentrations (9). Although a separation
of underivatized acylcarnitine isomers has been described
(11), we applied a butylation to achieve an enhanced
sensitivity, particularly for dicarboxylic acylcarnitines, as
described previously (24). To further improve chromato-
graphic separation and to enhance peak shapes, the ion
pairing agent, HFBA, was added to the eluents in very low
concentrations (0.005%). HFBA was favored over the
stronger trifluoroacetic acid, which is more commonly
used (9), because trifluoroacetic acid causes very strong
ion suppression (25). We could achieve baseline separa-
tion of all acylcarnitine species including positional iso-
mers, and all peaks were well shaped. The total running
time of 22 min is in the range of other reported methods
(9-11).

Calibration was performed by stable isotope dilution.
A coelution of standards and available ISs was achieved,
which is important for compensation of matrix effects
and differences in ionization efficiency (16). LODs and
LOQs were sufficient to determine analytes in plasma
and/or liver (supplementary Table 6). In addition,
we observed that matrix effects of liver tissue are compa-
rable to other tissue types such as muscle, heart, or kid-
ney tissue, and thus suggest that the method can be
applied to other tissues to determine analyte concentra-
tions in these matrices (data not shown). Importantly,
extraction of increased tissue quantities (>40 mg) does
not improve method performance, because this leads
to increased noise and reduced signal-to-noise ratios. In
general, for comparison of analyte concentrations be-
tween samples, it is recommended to extract similar
quantities of tissue to reduce variation resulting from ma-
trix effects.

To evaluate LC-MS/MS method performance, we vali-
dated our method in plasma and liver samples as described
previously (26). Precisions showed CVs <15% for high-
abundant metabolites and CVs <20% for low-abundant
compounds. Accuracies displayed CVs of +10% with a
few exceptions. This is a major improvement over previ-
ously published methods, for which up to 30% varia-
tion was reported in plasma (9), or for which no measures
were reported at all (11). We observed that plasma sam-
ples were stable when stored for 1 h at room temperature
prior to preparation. Furthermore, most acylcarnitine
species in plasma and liver showed a high postpreparative
stability.
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TABLE 4.

Intra- and inter-day precisions

Intra-day Liver (n

=5)

Inter-day Liver (n =5)

Intra-day Plasma (n = 5)

Inter-day Plasma (n =5)

Mean + SD Mean + SD
Name (pmol/mg w.w.) CV (%) (pmol/mg w.w.) CV (%) Mean + SD (pmol/pl) CV (%) Mean + SD (pmol/pl) CV (%)
COo 230.91 £ 17.61 7.6 228.47 + 9.35 4.1 34.99 + 3.29 9.4 33.34 +2.01 6.1
C3-OH 0.0098 + 0.001 14.6 0.013 + 0.001 13.2 — — — —
C4-OH a 1.62 + 0.099 6.1 1.71 £ 0.075 4.4 0.051 +0.01 12.7 0.049 + 0.01 15.4
C4-OH b 3.89 £ 0.21 5.5 4.09 £ 0.10 2.5 0.10 £ 0.01 11.7 0.098 + 0.01 7.8
2-M-C3-OH 0.17 £ 0.006 4.2 0.17 £ 0.009 5.5 0.062 + 0.00 14.2 0.059 + 0.00 8.3
C2 60.01 +5.23 8.7 61.26 + 2.34 3.8 16.73 + 1.34 8.0 15.34 + 0.69 4.6
C5-OH 0.68 + 0.056 8.3 0.67 £ 0.015 2.3 0.067 + 0.00 10.6 0.067 + 0.00 14.3
C3:0 12.73 + 1.31 10.3 12.69 + 0.48 3.8 0.52 + 0.05 9.7 0.51 £ 0.04 9.7
C6-OH a 0.14+0.013 9.8 0.14 +£0.003 2.2 0.005 + 0.00 10.4 0.005 + 0.00 14.5
C4:1 0.0046 + 0.000 8.4 0.0046 + 0.000 11.5 0.003 + 0.00 11.0 0.003 + 0.00 11.4
C6-OH b 0.051 + 0.004 9.3 0.051 + 0.002 4.0 0.005 + 0.00 12.3 0.005 + 0.00 15.2
2-M-C3:1 0.010 +0.001 11.9 0.0099 + 0.001 13.2 — — —
2-M-C3:0 1.29 +0.10 8.0 1.35 + 0.094 7.0 0.16 £ 0.01 9.5 0.15+0.01 10.3
C4:0 5.34 + 0.45 8.5 5.40 + 0.22 4.1 0.45 + 0.04 8.9 0.43 £ 0.03 9.3
2-M-C4:1 0.011 +0.001 17.8 0.011 + 0.000 7.3 0.005 + 0.00 8.9 0.005 + 0.00 12.9
3-M-C4:1 0.0053 + 0.000 13.8 0.0049 + 0.000 13.8 — — —
2-M-C4:0 0.72 £ 0.060 8.4 0.70 + 0.026 3.8 0.054 + 0.00 12.3 0.054 + 0.00 12.4
3-M-C4:0 0.18 £ 0.018 10.1 0.18 £ 0.008 5.0 0.070 +0.00 9.7 0.070 + 0.00 11.3
C5:0 1.56 +0.17 10.8 1.56 + 0.072 4.6 0.011 +0.00 11.4 0.011 + 0.00 11.0
C4:1-DC 0.024 + 0.002 11.4 0.025 + 0.002 12.2 0.001 + 0.00 12.7 0.001 + 0.00 14.2
C3-DC 4.61 +0.44 9.5 4.78 £ 0.23 4.7 0.039 + 0.00 11.1 0.038 + 0.00 11.0
C4-DC 1.51 £0.16 10.6 1.49 + 0.039 2.6 0.029 + 0.00 8.8 0.029 + 0.00 9.3
C6:0 1.33+0.13 10.0 1.31 +0.059 4.6 0.068 + 0.00 10.9 0.066 + 0.00 10.3
C3-DC-M 0.11 +£0.010 9.6 0.11 +£0.010 10.0 0.010 + 0.00 18.6 0.011 £ 0.00 16.8
C5-DC 5.87 £0.53 9.0 5.84+0.13 2.3 0.032 +0.00 11.7 0.030 + 0.00 11.0
Ch:1-DC 0.91 +£0.16 17.1 0.92 +0.074 8.1 0.017 £ 0.00 13.2 0.020 + 0.00 12.1
C6-DC 4.92 +0.53 10.9 4.81 £ 0.20 4.2 — — — —
C5-M-DC 0.095 +0.014 15.3 0.097 +0.009 9.3 0.043 + 0.00 10.7 0.039 + 0.00 8.1
C7:0 0.19 £ 0.026 14.0 0.20+0.013 6.8 0.001 +0.00 19.9 0.001 +0.00 17.0
C7-DC 2.59 + 0.27 10.3 2.53 £ 0.10 4.1 0.011 +0.00 9.1 0.010 + 0.00 10.8
C8:0 0.19 £ 0.017 8.9 0.20 £ 0.006 3.2 0.009 + 0.00 9.0 0.008 +0.00 12.5
C10:1 — — — 0.004 + 0.00 11.8 0.007 £ 0.00 19.5
C9:0 0.038 + 0.003 10.3 0.038 + 0.002 5.7 — — — —
C10:0 0.10 £ 0.010 10.9 0.092 + 0.008 9.2 0.010 + 0.00 13.6 0.009 + 0.00 14.9
Iso-C11:0 0.0094 + 0.000 17.7 0.0086 + 0.000 3.1 — — — —
C11:0 0.0055 + 0.000 18.6 0.0060 + 0.001 12.7 — — — —
C14:2 0.047 + 0.002 5.1 0.044 + 0.005 12.5 0.001 +0.00 10.9 0.001 + 0.00 19.9
C12:0 0.090 + 0.011 13.2 0.082 + 0.002 3.1 0.015 + 0.00 19.9 0.013 £ 0.00 19.8
C16:1-OH 0.031 +0.013 44.6 0.033 + 0.004 12.5 — — — —
Iso-C13:0 0.0035 + 0.000 20.0 0.0039 + 0.000 14.2 0.000 + 2.37 7.9 0.000 + 3.54 12.6
C13:0 0.0035 £ 0.000 18.4 0.0039 + 0.000 14.2 0.001 +0.00 18.8 0.001 +0.00 16.8
C16:2 0.089 + 0.009 10.3 0.087 +0.003 4.4 0.011 +0.00 18.4 0.010 + 0.00 25.3
C14:0 0.22 +0.021 9.5 0.21 £ 0.009 4.3 0.048 + 0.00 16.5 0.044 + 0.00 19.6
C16-OH a 0.050 + 0.005 10.3 0.049 + 0.002 4.7 0.003 + 0.00 19.0 0.010 + 0.00 24.7
C16-OH b 0.0098 + 0.001 13.4 0.0098 + 0.001 11.1 0.002 + 0.00 16.3 0.002 + 0.00 23.7
C18:1-OH 0.11 + 0.022 19.5 0.13+0.013 10.6 — — —
C16:1 0.54 +0.053 10.0 0.57 £ 0.021 3.8 0.049 + 0.00 18.9 0.045 +0.01 31.1
Iso-C15:0 0.011 +0.001 15.2 0.030 + 0.001 3.8 0.001 +0.00 18.7 0.000 + 0.00 20.0
C15:0 0.012 + 0.000 6.5 0.011 +0.001 9.6 0.002 + 0.00 15.2 0.002 + 0.00 13.5
C18:2 1.45+0.18 12.6 1.50 + 0.049 3.3 0.051 +0.01 20.9 0.051 +0.01 38.7
C16:0 1.40 +0.12 8.3 1.35 + 0.050 3.7 0.18 £ 0.03 19.5 0.17£0.03 18.5
C18:1 2.67 +0.25 9.4 2.74 + 0.045 1.7 0.11 +£0.02 22.6 0.11 £ 0.03 36.9
Is0-C17:0 0.019 + 0.001 9.8 0.018 + 0.000 4.4 0.001 + 0.00 16.3 0.001 +0.00 17.4
C17:0 0.029 + 0.004 14.2 0.025 + 0.001 6.9 0.001 +0.00 16.1 0.001 +0.00 14.0
C12-DC 0.0048 + 0.000 18.2 0.0045 + 0.001 24.1 — — — —
C18:0 0.91 + 0.081 9.0 0.93 + 0.038 4.1 0.028 + 0.00 17.8 0.027 + 0.00 19.2

Intra- and inter-day precisions were assessed by calculating average concentrations and CVs from five individual plasma and liver samples.
Concentrations in liver are given per milligram of liver wet weight. w.w., wet weight.

We applied our method to plasma and liver samples of
STZ-treated insulin-deficient mice. STZ is selectively taken
up into the pancreas and causes (3-cell toxicity via alkylation,
resulting in B-cell necrosis (20). STZ-treated mice showed
very low circulating insulin levels paralleled by a strong in-
crease in blood glucose and a dramatic decrease in body
weight (see supplementary Table 5).

2036 Journal of Lipid Research Volume 56, 2015

We found that, particularly, the branched-chain acylcarni-
tines, as intermediates of branched-chain amino acid degra-
dation, were increased in plasma and liver, and among them,
moststrongly, propionyl-carnitine (C3:0-CN),2-methylbutyryl-
carnitine (2-M-C4:0-CN), and isovaleryl-carnitine (3-M-C4:0-
CN), as well as 2-methylcrotonyl-carnitine (2-M-C4:1-CN)
and 3-methylcrotonyl-carnitine (3-M-C4:1-CN). Interestingly,
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Fig. 3. Levels of acylcarnitine species in plasma and liver tissue samples obtained from STZ-treated animals and controls determined with
our LC-MS/MS method. A, D: High-abundant branched-chain amino acid-derived species. B, E: Low-abundant branched-chain amino acid
derived species. C, F: Odd-numbered species. Concentrations in liver are given per milligram of liver wet weight. White and black bars
represent metabolite concentrations in controls and diabetic animals, respectively. *P < 0.05, **P < 0.01, and ***P < 0.005.

we also detected elevated levels of the 5-carbon straight-
chain valeryl-carnitine (C5:0-CN), for which the metabolic
origin is obscure. Increases in plasma levels of 3-carbon-
chain and b5-carbon-chain acylcarnitines derived from
breakdown of branched-chain amino acids, as deter-
mined by a direct infusion MS/MS approach, were re-
cently reported as important predictors for type 2
diabetes (5). Furthermore, while concentrations of 3-hy-
droxybutyryl-carnitine (C4-OH-CN) were strongly in-
creased (by ~40%), in diabetic mice, probably as a result
of increased ketone body production (27), levels of 3-hy-
droxyisobutyryl-carnitine (2-M-C3-OH-CN), an interme-
diate in valine breakdown, displayed a strong decrease
(by ~50%) in both plasma and liver. For a correct inter-
pretation of changes in these different pathways, it is
thus necessary to include LC separation prior to MS for
individual quantification of these metabolites. Similarly,
while using direct infusion MS/MS, Mihalik et al. (6) re-
ported C4-dicarboxyl-carnitine as a marker for glucoli-
potoxicity in type 2 diabetes, but did not discriminate
between succinyl-carnitine (C4-DC-CN) and methylmal-
onyl-carnitine (C3-M-DC-CN), which are interconverted
via methylmalonyl-CoA mutase. With our method, we
found that only levels of methylmalonyl-carnitine (C3-M-
DC-CN) were significantly increased in diabetic mice,

while alterations in succinyl-carnitine (C4-DC-CN) con-
centrations remained insignificant. Finally, we found ele-
vated levels of several odd-numbered acylcarnitines in
diabetic animals, most significantly the short-chain spe-
cies, propionyl-carnitine (C3-CN), valeryl-carnitine (C5-CN),
and heptanoyl-carnitine (C7-CN) in liver. Interestingly, odd-
numbered fatty acids were recently proposed as potential
markers of the metabolic syndrome (22). The origin and
cause for these alterations in disease states is not known.

In summary, we have developed a sensitive and robust
method which allows quantification of a large number of
acylcarnitine species, including isomeric forms derived
from a variety of metabolic pathways in amino acid and
fatty acid oxidation. Compared with existing methods, we
expanded the palette of analytes with novel acylcarnitine
species, including low-abundant odd-numbered forms.
Our LC-MS/MS method was validated in plasma and liver
samples from mice and was applied to samples from STZ-
treated type I diabetic mice. These mice display increased
concentrations of BCAA-derived and odd-numbered acyl-
carnitine species, which were recently proposed as poten-
tial biomarkers for the metabolic syndrome .l

The authors thank Mena Eidens for excellent participation in
conduction of mouse experiments and sample collection.
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Branched-chain amino acids as biomarkers

in diahetes

Pieter Giesbertz and Hannelore Daniel

Purpose of review

Numerous human studies have consistently demonstrated that concentrations of branched-chain amino
acids (BCAAs) in plasma and urine are associated with insulin resistance and have the quality to predict
diabetes development. However, it is not known how altered BCAA levels link to insulin action and
diabetes. This review addresses some recent findings in BCAA metabolism and discusses their

role as reporter molecules of insulin sensitivity and diabetes and their possible contribution to disease
progression.

Recent findings

Changes in plasma and urine levels result mainly from altered metabolism in tissues and recent studies
have thus focused on organ-specific changes in BCAA handling using animal models and human tissue
samples. A decreased mitochondrial oxidation has been demonstrated in peripheral tissues and that was
shown to be associated with an increased inflammatory tone and changes in adipokine levels (adiponectin
and leptin). These changes appear already before insulin resistance is established. Key findings
demonstrating the discordance between changes in BCAA and insulin resistance are derived from studies
using insulin sensitizers and from data collected in patients undergoing Roux-en-Y bypass bariatric surgery.
Intermediates derived from BCAA breakdown rather than BCAA itself were recently proposed to contribute

to the development of insulin resistance and studies now explore the biomarker qualities of these

metabolites.

Summary

Understanding the mechanisms and putative causalities in the alterations in BCAA levels as found in
obesity, metabolic syndrome and diabetes is crucial for any intervention options but also for the use of
BCAA and derivatives as biomarkers in clinical routine.

Keywords

biomarkers, branched-chain amino acids, diabetes, impaired mitochondrial oxidation, insulin resistance

In the early 1970s, elevated plasma concentrations
of branched-chain amino acids (BCAAs) leucine,
valine, and isoleucine in patients with impaired
insulin signalling were first described [1,2]. During
the last 5 years, an overwhelming number of pub-
lications have consistently demonstrated increased
plasma BCAA levels related to obesity, insulin resist-
ance, and diabetes in large prospective and cross-
sectional human studies [3-5,6%,7]. For type 2 dia-
betes (T2DM), BCAA levels are now considered as
predictive markers of disease development [8—10].
Evidence that BCAAs may not only have a ‘reporter
quality’ but may as well contribute to the develop-
ment of insulin resistance and T2DM comes from
animal and cell culture studies proposing a persist-
ent activation of the mammalian target of rapamy-
cin complex 1 (mTORC1) [3,11]. The relationship of

www.co-clinicalnutrition.com

BCAAs and insulin resistance is further supported by
the dramatic reduction in circulating BCAA levels in
patients undergoing Roux-en-Y gastric bypass
surgery, coinciding with improvements in insulin
sensitivity, glucose homeostasis, and overall health
[12]. Together with these proposed biomarker qual-
ities, new methods such as capillary electrophoresis
allowing separation and quantification of BCAAs in
no more than 3min [13] may bring BCAA analysis
into the clinical routine.
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KEY POINTS

e Despite an overall consistency of results showing strong
correlations of circulating BCAAs and insulin sensitivity,
effects are stronger in men and variations related to
age and ethnicity have been observed.

e Increases in circulating and urinary BCAAs were shown
to relate to changes in hormone/cytokine secretion and
mitochondrial utilization in peripheral tissues.

e Impaired mitochondrial oxidation appears to be the
prime cause for increases in BCAAs, independent of
established insulin resistance.

o Studies suggest that intermediates, such as branched-
chain keto acids, branched-chain fatty acids, and
various acylcarnitines of BCAA oxidation may induce
insulin resistance. Various intermediates have as well
been proposed to serve as biomarkers that reflect
insulin resistance and could predict diabetes.

o A supplementation of BCAAs might be beneficial or
harmful in diabetes, depending on disease state.

The review discusses recent findings on mam-
malian BCAA metabolism and the role of BCAAs and
their breakdown products as biomarkers of insulin
resistance and diabetes, including variations
because of age, sex, and ethnicity. By expanding
the review to research in cells and experimental
animals, we discuss how BCAAs on a mechanistic
basis may contribute to the development of insulin
resistance and T2DM.

A large number of metabolomics approaches have
identified characteristic metabolite profiles associ-
ated with insulin resistance and diabetic conditions
and the metabolites changing most robustly in
plasma [3,4,7-10] and urine [5] are the BCAAs. This
reproduces and extends the findings of Philip Felig
in the early 1970s describing elevations in plasma
BCAA levels associated with impaired insulin signal-
ling [1,2]. Despite an overall consistency in reports
describing elevated BCAA levels in states of insulin
resistance and diabetes, effect sizes are quite differ-
ent and seem to depend on age, sex and ethnicity. In
general, men appear to display stronger correlations
[14,15] and this was recently proposed to originate
from variations in the catabolic activity of liver [16].
Findings on differences between young and adult
volunteers in the relationship of BCAA levels and
insulin resistance [17,18] could not be observed in

1363-1950 Copyright © 2015 Wolters Kluwer Health, Inc. All rights reserved.
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two more recent studies [10,19]. Although studies in
Asian subpopulations suggest that BCAAs are suit-
able for diagnosis and prediction of insulin resist-
ance and T2DM in these ethnic groups [9,20%,21,22],
a recent study in American-Indians could not
observe predictive quality of BCAAs for develop-
ment of T2DM [23].

Altered systemic BCAA levels have been found to
associate with various clinical parameters for insulin
resistance and glucose homeostasis, such as BMI,
waist circumference, homeostasis model assessment
for insulin resistance (HOMA-IR), haemoglobin Alc,
and fasting blood glucose. A recent study in almost
3000 volunteers found the strongest correlations
amongst various parameters between plasma BCAA
levels and visceral fat area, HOMA-IR, fasting insulin
levels, and measures of obesity [9]. A strong positive
correlation of BCAA levels and HOMA-IR was also
foundin healthy Japanese study participants [22] and
in T2DM patients whereas negative correlations were
found between BCAA and adiponectin concen-
trations [6™].

There is currently a lack of understanding by which
mechanism changes in BCAA levels link to insulin
resistance and T2DM. However, an important role for
the adipose tissue in BCAA metabolism has become
evident. Expansion of adipose tissue, accompanied
by altered hormone and cytokine secretion, an
enhanced inflammatory tone, and the invasion of
macrophages have been recognized as early events in
obesity-induced insulin resistance [24]. Studies in
human and rodent adipose tissue have demonstrated
reduced expression and activity of mitochondrial
branched-chain aminotransferase (BCATm) and
branched-chain keto acid dehydrogenase (BCKDH)
in obese and diabetic conditions [25-28]. These are
the first two enzymes by which all three amino acids
are transaminated and thereafter decarboxylated and
dehydrated. More recently, a reduced expression of
BCAA catabolic genes downstream of BCKDH was
shown, associated with increased expression of
inflammatory cytokines such as TNFa [29]. A
decreased degradation of radiolabeled [14C]-leucine
in adipocytes treated with proinflammatory cyto-
Kkines supports the concept that mitochondrial BCAA
breakdown in adipose tissue is markedly impaired in
an inflammatory state [30™]. These findings match
with studies comparing lean humans and obese
humans classified as metabolically healthy obese
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and metabolically unhealthy obese individuals. The
metabolically healthy obese individuals were char-
acte rized by preserved insulin sensitivity, reduced
inflammatory status, and a normal plasma lipid pro-
tile compared with metabolically unhealthy patients.
However, the increase in circulating BCAA concen-
trations and the decrease in expression of most BCAA
catabolic genes in subcutaneous adipose tissue was
similar in metabolically healthy and unhealthy
obese individuals [31]. This suggests that part of
the observed changes in circulating BCAAs — despite
their strong correlation with insulin resistance -
originates from a decreased mitochondrial oxidation
rate occurring independent of insulin resistance. This
might also be concluded from insulin-sensitizer
studies. Whereas a study using thiazolidinediones
as insulin sensitizer revealed that changes in adipose
tissue expression of genes in BCAA degradation
correlated positively with insulin sensitivity [32], a
recent study employing a combination of thiazolidi-
nediones and metformin failed to observe an
expected decrease in systemic BCAA levels, despite
increased insulin sensitivity [33""]. Nevertheless, the
downregulation of almost all genes in the BCAA
degradation pathway in both visceral and subcu-
taneous adipose tissue was shown to be exacerbated
in obese individuals with T2DM as compared with
equally obese individuals with abnormal glucose tol-
erance [34].

Evidence for a decreased mitochondrial BCAA
oxidation also comes from recent research in mice
lacking adiponectin. When these mice were fed a
high-fat diet, a decreased BCKDH activity in muscle
was observed, which could be corrected upon adipo-
nectin treatment [35""]. This was shown to occur
partially via a mechanism depending on AMP-
activated protein kinase (AMPK) and involving
BCKDH kinase and BCKDH phosphatase, which
reversibly modify BCKDH activity via phosphoryl-
ation and dephosphorylation, respectively. A critical
role of adiponectin was also suggested by findings
from an observational study in humans showing
strong negative correlations between plasma BCAAs
and adiponectin levels [6™]. A key regulator of mito-
chondrial metabolism, the transcription factor
peroxisome proliferator-activated receptor gamma
coactivator 1 alpha (PGC-1a), was shown to regulate
the expression of enzymes in BCAA metabolism. In
skeletal muscle overexpressing PGC-1a, expression
levels of BCATm and BCKDH increased, whereas
BCKDH kinase remained unchanged [36] and BCAA
levels in muscle tissue decreased [37"]. Effects of
adiponectin signalling via the adiponectin receptor
and PGC-la as a downstream target [38] suggest
that the effects of adiponectin may be mediated by
PGC-1a.

50 www.co-clinicalnutrition.com

Whereas a reduced mitochondrial degradation
of BCAA in peripheral tissues in an insulin resistant
state has been consistently observed, the role of
the liver in overall BCAA homeostasis remains to
be defined. Studies employing genetic models of
obesity and diabetes, such as ob/ob mice, Zucker
diabetic fatty rats, and obese Zucker rats, all describe
a decreased hepatic BCKDH activity and increased
circulating BCAA levels [26,39]. Studies in rodent
models of diet-induced obesity, in contrast, reported
increased hepatic BCKDH activities and near to
normal plasma BCAA levels [40,41]. It is suggested
that this increased BCKDH activity in liver in diet-
induced obesity may represent a compensatory
mechanism for the reduced activity in peripheral
tissues. In support of this, it was recently shown that
hepatic BCKDH activity is stimulated by insulin-
dependent hypothalamic signalling leading to a
reduction in circulating BCAA levels [16]. The fact
that the genetic mouse models showing decreased
hepatic BCKDH levels are either leptin deficient or
leptin resistant in an early stage of disease suggests
that impaired adipokine signalling (leptin versus
adiponectin) is a key element in the obesity-driven
changes in circulating BCAA levels [16] and that
these effects might occur earlier as well as partially
independent from any changes in insulin sensi-
tivity. However, it can be easily anticipated that
insulin has an effect on systemic BCAA as well by
its inhibitory effect of protein breakdown and thus a
reduced release of amino acid into circulation [42].
With a reduced sensitivity of tissues to insulin, a
slightly but constitutively increased protein break-
down and thus amino acid release into circulation
may as well contribute to the elevated BCAA levels
in insulin resistance and diabetic conditions. This
impaired response to insulin may also explain the
observed retarded changes in circulating BCAA
to return to fasting levels when an oral glucose
tolerance test is performed in volunteers of poor
metabolic health [43-45]. The proposed insulin-
dependent and independent mechanisms by
which BCAA levels are affected are not mutually
exclusive.

The studies described above suggest that altered
systemic BCAA levels originate likely from impaired
protein homeostasis and reduced mitochondrial
oxidation in peripheral tissues. Evidence that BCAAs
may not only serve as ‘reporters’ of insulin resistance
and T2DM but may also be causative or at least
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contribute to disease development comes from a
study on rats. In this study, a BCAA supplement-
ation in animals fed a high-fat diet was reported to
cause a similar degree of insulin resistance compared
to animals fed a high-fat diet only, despite a reduced
food intake and a reduction in weight gain [3]. This
observation is extended by a recent human study
showing that a supplementation with essential
amino acids decreased glucose infusion rates needed
to maintain euglycemia at different levels of insulin
infusion. This suggests that these amino acids
decreased peripheral insulin sensitivity [46]. This
however could not be confirmed in another recent
study with an acute elevation of plasma BCAA con-
centrations in young healthy volunteers, which
failed to affect insulin-dependent glucose disposal
[47%]. A difference between both studies is that the
first study provides other essential amino acids on
top of the BCAAs, which by sharing and competing
for common uptake pathways into cells may alter
insulin-mediated intracellular response pathways.
Mechanistic studies in cell cultures and rodent
models suggest a role for BCAAs — especially of
leucine - to promote insulin resistance via a stimu-
lation of mTORCI1 and S6 kinase and phosphoryl-
ation of the insulin receptor substrates 1 and 2
[3,11,48]. In support of this, it was recently shown
that deprivation of individual BCAAs in mice and in
cell lines could improve insulin sensitivity, involv-
ing both mTORC1/S6K and AMPK signalling path-
ways [11]. BCATm knock-out mice, which have
markedly increased plasma BCAA levels [49,50]
show a tissue-specific BCAA activation of mTOR
and display increased insulin sensitivity. These find-
ings suggest that elevated plasma BCAAs per se are
not harmful, but that BCAA-derived intermediates
are likely to be responsible for the effects. This is also
suggested by a study in overweight individuals sub-
mitted to a 6-month exercise program that success-
fully increased insulin sensitivity without changes
in plasma BCAA levels when compared with
untrained volunteers but with differences in some
BCAA intermediates conjugated to glycine and car-
nitine [51]. Additional evidence that BCAA degra-
dation products and in particular the keto acids can
induce mitochondrial dysfunction is derived from
studies in rat brain [52].

Paradoxically, results from some studies suggest
that BCAAs should have ameliorating effects on
diabetes progression. BCAAs were shown to increase
muscle protein synthesis in healthy individuals and
ameliorate liver pathologies [46,53,54]. Leucine
administered directly into the brain was shown to
induce hypothalamic satiety signalling, which
could improve weight loss and secondarily improve
insulin sensitivity. However, these central effects of
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leucine were not consistently observed (for a recent
review see [55]). Another direct target organ of
BCAAs is f3-cells. All three BCAAs, but especially
leucine, were shown to be insulinotropic and
capable to lower blood glucose levels in humans
[56]. The beneficial effects of milk proteins, especi-
ally whey, on glucose homeostasis in diabetes are
suggested to be at least partly a consequence of the
high BCAA content in whey [57]. A recent study in
streptozotocin-induced insulin deficient rats reports
that BCAAs can reduce oxidative stress in pancreatic
islets and ameliorate B-cell dysfunction, involving
c-Jun N-terminal kinase, protein kinase D1 and
pancreatic/duodenal homeobox-1 [58"]. However,
the BCAA dose of 1.25 g/kg/day used in this rat study
would translate into a dose in humans far exceeding
leucine tolerance levels in humans [59]. It appears
thus that health effects of a BCAA supplementation
on insulin resistance and T2DM may depend on the
disease stage. Whereas supplementing BCAA in
healthy individuals does not cause any harm by a
rapid oxidation with functional mitochondrial
machinery, in obese individuals, or in animals fed
with a high-fat diet BCAA supplementation appears
to cause metabolic disturbances by a substrate over-
load of mitochondria and impaired amino acid
oxidation. In a diabetic stage with B-cell dysfunc-
tion, effects of BCAAs on the B-cell might be
beneficial to ameliorate dysglycemia.

Recent metabolomics studies in search of new dia-
betes markers reported changes in plasma levels of
BCAA-derived branched-chain keto acids [7,42]
and short branched-chain fatty acids as new enti-
ties [5]. Newgard ef al. demonstrated that odd
numbered 3 and S-carbon acylcarnitines — which
are likely products of BCAA catabolism - have a
predictive power for diabetes development [3].
Acylcarnitines appear in plasma and urine and
have gained interest as robust and easily measur-
able metabolites marking conditions of impaired
mitochondrial oxidation. Various acylcarnitines
derived from BCAA breakdown could be associated
with insulin resistance and T2DM in recent studies
[16,19,60]. Particularly strong evidence was found
for succinyl-carnitine as a marker for glucolipotox-
icity as an intermediate at the crossroads of tricar-
boxylic acid cycle, respiratory chain, and BCAA
breakdown [60]. We recently described a new
LC-MS/MS method allowing the analysis of an
extended palette of acylcarnitines including those
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A proposed aetiology of increased BCAA levels in insulin resistance and T2DM that includes novel findings. The
adipose tissue in obese state is characterized by an accumulation of fat, an increased proinflammatory state, and changes in
hormone and cytokine secretion, which are proposed to be the basis for an impaired mitochondrial function in peripheral
tissues. Incomplete oxidation of branched-chain amino acids results in the accumulation of toxic intermediates, which interfere
with insulin signalling. Impaired insulin signalling in muscle causes an increased proteolysis, leading to a further release of
BCAA:s in the circulation and a further supply of substrates for mitochondrial oxidation. A supplementation of BCAAs at this
time point of the disease might be toxic, since it further provides a substrate supply to the mitochondria. Pancreatic B cells
respond to insulin resistance by increasing insulin secretion, up to the point of B-cell exhaustion. At this stage, BCAA
supplementation might improve glucose homeostasis by ameliorating B-cell toxicity. Lastly, the role of BCAAs in this disease
pathology seems to vary depending on age, gender, and ethnicity.

derived from BCAA catabolism [61]. Recently, acyl-
CoA species of BCAA breakdown were determined
as well [16]. Additional new biomarkers related to
BCAA catabolism are long-chain monomethyl and
odd-numbered fatty acids. They could originate
from an odd-chain starter CoA with chain
elongation in the fatty acid synthase complex.
Our work in leptin-deficient mice [28] and other
studies in adipose tissue with decreased BCKDH
activity [62"] revealed decreased levels of mono-
methyl fatty acids. Whether these derivatives of
BCAA breakdown better reflect the different states
of obesity, insulin resistance, and T2DM than the
BCAAs needs to be further studied. A disadvantage
of these new marker metabolites as compared with
BCAAs is the lower plasma and tissue concen-
trations of several species, resulting in higher
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analytical variation; with some compounds also
having lower stability.

A synopsis of the current status in understanding
why BCAAs and their intermediates serve as bio-
markers of the metabolic syndrome and T2DM and
how they could contribute to disease progression
is depicted in Figure 1. It builds on the findings that
early changes in adipose tissue increasing the pro-
inflammatory tone cause a reduced peripheral
BCAA catabolic activity. There is growing evidence
that reduced adiponectin secretion in obese states
affects in an autocrine and paracrine manner the
oxidation of BCAA in adipose tissue and muscle.
Based on the need to oxidize larger quantities of
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amino acids provided by the high protein intake
in modern diets, this reduced capacity of BCAA
catabolism in adipose and muscle tissues may be
the prime cause of the elevated plasma levels and
this can occur before the establishment of insulin
resistance. Evidence for this comes from a study in
metabolically healthy obese individuals, which
have preserved insulin sensitivity but already dis-
play increased circulating BCAAs. A further discor-
dance between BCAA changes and insulin resistance
can be observed in studies using insulin sensitizers
and in patients undergoing Roux-en-Y bypass
surgery. However, when insulin resistance is devel-
oping - to which intermediates of fatty acid and
BCAA breakdown could contribute — a reduced
inhibition of proteolysis by insulin in muscle would
further elevate plasma BCAA levels. Under those
conditions, a supplementation of BCAAs appears
particularly detrimental as it further increases the
substrate load for mitochondrial oxidation. With
progressing pancreatic dysfunction and lack of
insulin secretion a further increase in extracellular
BCAA pools by increased proteolysis would occur
but here higher BCAA levels as well as BCAA
supplementation could be beneficial by their insu-
linotropic effects that could improve glucose
homeostasis.
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branched-chain fatty acids, which are likely derived from BCAAs, is demonstrated,

providing novel potential BCAA-related biomarkers in diabetes.
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Abstract

Obesity, insulin resistance and diabetes are characterized by changes in plasma metabolite
markers of amino acid and fatty acid metabolism. We sought to determine changes in
individual metabolic routes of mitochondrial amino acid and fatty acid oxidation by
determining acylcarnitine profiles in plasma and tissues derived from mouse models
representing different stages of obesity and diabetes. The ob/ob mouse with a leptin
deficiency served as a model for insulin resistance with pancreas hypertrophy whereas the
db/db mouse is a model for obesity and insulin resistance with pancreatic failure and
consequently severe hyperglycemia. Streptozotocin-induced insulin-deficient mice served as
a model for type | diabetes or end-point stage type Il diabetes with extreme hyperglycemia
and ketoacidosis. A sensitive LC-MS/MS method was used to quantify about 60 acylcarnitine
species including isomers derived from individual pathways of fatty acid and amino acid
oxidation. We furthermore determined concentrations of odd-numbered fatty acids. Since
acylcarnitines are derived from the conversion of acyl-CoA we additionally quantified acyl-
CoA species in liver and determined the correlation with the corresponding hepatic
acylcarnitines. Particularly strong increases in acylcarnitine species derived from branched-
chain amino acid metabolism in plasma and tissues of all mouse models were found and
were most pronounced in streptozotocin-treated animals. All models also displayed
increased concentrations of odd-numbered acylcarnitine species in liver while dicarboxylic
acylcarnitines derived from fatty acid omega-oxidation were strongly decreased in the obese
ob/ob and db/db mice. Correlations between acylcarnitine and acyl-CoA concentrations in
liver were strongest for monocarboxylic metabolites, while dicarboxylic acylcarnitines like
malonylcarnitine and succinylcarnitine showed no or negative correlations with their
respective acyl-CoA species. In summary, alterations of metabolic profiles in specific
pathways of fatty acid and amino acid oxidation were found in the mouse models and could
be associated with conditions of obesity, hyperinsulinemia, and diabetes. These changes give
further hints on the involvement of specific metabolic routes of mitochondrial oxidation

during diabetes progression.
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Introduction

Metabolomics studies have identified acylcarnitines as important markers and predictors of
obesity-induced insulin resistance and type 2 diabetes. Increases in these conditions were
reported for medium-chain acylcarnitines, BCAA-derived acylcarnitines [1], and
succinylcarnitine [2]. Acylcarnitines are derived from the conversion of acyl-CoA species via
the action of carnitine acyltransferases. The origin for acylcarnitines in plasma is not known
but it is suggested that the conversion of acyl-CoA to acylcarnitines prevents the
accumulation of acyl-CoA species if mitochondrial or peroxisomal function is impaired. This
would allow the recovery of the inner-mitochondrial/peroxisomal free CoA pool and the
release of potentially toxic fatty acid intermediates to the cytosol and ultimately to the
plasma. It was previously shown that plasma acylcarnitine levels poorly reflect acylcarnitine
concentrations in tissues, possibly because plasma levels results from the contribution of
various tissues [3]. Furthermore, active transport processes maintain concentration
gradients between plasma and tissues. A dominant role of liver in the determination of
plasma acylcarnitine levels was recently demonstrated in a porcine model via transorgan flux
analysis. However, other tissues as well release acylcarnitines or take up acylcarnitines for
oxidation. The underlying processes causing the marked alterations in plama acylcarnitine
species and levels in states of obesity, insulin resistance and diabetes are in essence
unknown and understanding these changes requires a global interpretation of metabolic
changes in tissues. In addition, it is not known to which extent acyl-CoA species are
converted into acylcarnitines under these conditions. Acylcarnitines can be formed from the
whole range of Acyl-CoA species via the concerted action of carnitine acetyl-, octanoyl- and
palmitoyltransferases. However, correlations between acyl-CoA and acylcarnitine levels in
tissue might depend on the localization of the enzymes at the cytosolic or
mitochondrial/peroxisomal side of membranes and on the acyl-CoA pools in individual cell

compartments such as cytosol, mitochondrium, or peroxisome.

We here employ three mouse models representing different stages of diabetes development
and study concentrations of acylcarnitine species in plasma and in different tissues (liver,
muscle, kidney, and adipose tissue). We use leptin-deficient ob/ob mice as a model of
obesity-induced insulin resistance at an early stage with normoglycemia, due to a pancreas
hypertrophy. Leptin-resistant db/db mice are used to study a more advanced stage of

3
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diabetes with obesity-induced insulin resistance associated with hyperglycemia. As a model
for type | diabetes or end-point stage type Il diabetes, a streptozotocin-treated insulin-
deficient mouse with severe hyperglycemia and ketoacidosis is used. For quantitation of
acylcarnitine concentrations a sensitive LC-MS/MS method was developed which covers
acylcarnitine species derived from fatty acid and amino acid breakdown pathways as well as
odd-numbered acylcarnitine species with chain-length between C3 and C17. Next to that, we
measure acyl-CoA levels in liver and determine correlations between individual
concentrations of acylcarnitine and acyl-CoA. With this approach we aimed to better
understand the origins for the changes in plasma acylcarnitine levels observed in obesity and

diabetes.

Materials and Methods

Leptin-signaling deficient ob/ob and db/db mice

Male db/db mice and C57BLKS/J wild-type littermates (n=6-10 per group) were purchased
from Charles River Laboratories (Sulzfeld, Germany) at an age of 5 weeks. Male ob/ob mice
and C57BL6/J wild-type littermates (n=6-10 per group), bred at the Research Center of
Nutrition and Food Sciences (ZIEL), were obtained at the age of 5 weeks. Mice were kept on
a standard-chow diet (ssniff V1534-0 R/M-H) for 3 weeks and were then placed on a
chemically defined control diet (CCD; ssniff E15000-04 EF R/M Kontrolle) for 12 weeks. All
mice had ad libitum access to food and water and were housed in the same open mouse
facility. Body weight was determined weekly, and blood glucose was measured shortly
before the end of the feeding trial. Animals were killed in a non-fasted state at an age of 20
weeks. Animal handling was conducted in accordance with the Principles of Laboratory Care

and was approved by the Veterinary Inspection Services.
Streptozotocin-induced insulin-deficient diabetic mice

C57BL6/N mice (n=10) at an age of 12 weeks were injected intraperitoneally with a single
high dose of streptozotocin (180 mg/kg body weight; streptozotocin was dissolved in 0.1 M
citric acid buffer). C57BL6/N mice (n=10) injected intraperitoneally with citric acid buffer

were used as controls. All mice were kept at a standard chow diet (ssniff V1534-0 R/M-H)

4
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during the whole study and were not fasted. Mice were killed five days post-injection. Body
weight and blood glucose were measured daily. Blood glucose was measured using tail-vein
puncture. All experiments were conducted according to the German guidelines for animal
care and were approved by the state of Bavaria (Regierung von Oberbayern) ethics

committee (Reference number: 55.2.1-54-2532-22-11).
Plasma and tissue collection

Blood was collected into EDTA-coated tubes via cardiac puncture and centrifuged at 1200 g
and at 4°C to separate plasma. Plasma and tissues (liver, quadriceps muscle, and epididymal
adipose tissue) were collected, snap-frozen in liquid nitrogen, and stored at -80°C. Frozen

tissues were ground in liquid nitrogen prior to extraction of metabolites.
Acylcarnitine profiling via targeted HPLC-MS/MS

Acylcarnitine profiles of plasma and tissues were determined using LC-MS/MS as described
recently [4]. Briefly, metabolites were extracted from 10 pl of plasma or 40 mg of ground
tissue (wet weight). For plasma measurements, 10 ul of plasma was dissolved under ultra-
sonication in 100ul ice-cold methanol containing internal standard (ChromSystems,
Minchen, Germany) with deuterium-labeled amino acid and acylcarnitine species. Samples
were than dried in a vacuum concentrator (SPD111V SpeedVac™ Thermo Savant™,
Germany). For tissue analysis, 40 mg of ground tissue were dissolved in 1800 pl 100% ice-
cold methanol and shaken for 20 min at room temperature. Samples were subsequently
centrifuged at 10.000 g for 10 minutes and supernatants were transferred to a new reaction
tube. For muscle and adipose tissue, with lower concentrations of acylcarnitines compared
to kidney and liver tissue, 200 pl of the extracts were mixed with 20 ul of the labeled amino
acid and acylcarnitine standard and vacuum-dried. For liver and kidney, 200 pl of sample
were mixed with 50 pl internal standard and vacuum-dried. Acylcarnitines were derivatized
to their butyl esters as described by Gucciardi et al. [5]. Briefly, 100 ul n-butanol containing
5% v/v acetyl choline was added to the dried samples, incubated at 60°C for 20 minutes and
subsequently evaporated to dryness. Samples were reconstituted in 100 pl (for plasma

samples) or 200 pl (for tissue samples) of acetonitrile/water and transferred to glass vials.

Samples were automatically injected (PAL HTC-xt, CTC analytics AG, Zwingen, Switzerland)

and chromatographic separation was yielded on a Zorbax Eclipse XDB-C18 column (length
5
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150 mm, internal diameter 3.0 mm, particle size 3.5 um, Agilent, USA) using the Agilent 1260
Infinity Quaternary LC System. The mobile phase consisted of 0.1% formic acid, 2.5 mM
ammonium acetic acid and 0.005% heptaflurobutyric acid in water (mobile phase A) or 0.1%
formic acid, 2.5 mM ammonium acetic acid and 0.005% heptaflurobutyric acid in acetonitrile
(mobile phase B). Mass spectrometric detection was done using the QTRAP5500 LC-MS/MS
system (AB SCIEX | 500 Old Connecticut Path, Framingham, MA 01701, USA) with positive
electron spray ionization and operating in multiple reaction monitoring (MRM). Peak
integration and quantification was done using Analyst 1.5® software (AB SCIEX | 500 Old
Connecticut Path, Framingham, MA 01701, USA).

Acyl-CoA profiling using targeted HPLC-MS/MS

Coenzyme A esters were extracted from frozen, ground tissue samples, which were lysed
using a Precellys 24 homogeniser (Peqlab, Germany) at -10 °C in 1 ml methanol containing
biochanin A as internal standard. The procedure included three cycles of homogenisation
(6800 rpm, 30 s with equivalent breaks). The lysate was transferred to 10 ml of ice cold
ammonium acetate (25 mM, pH 6) and centrifuged (5 min at 10,000 g, 4 °C). CoA derivatives
were extracted on a Strata XL-AW solid phase extraction column (Phenomenex, Germany).
The column was equilibrated with 1 ml methanol followed by 1 ml methanol: H,0: formic
acid (50: 45: 5) and 1 ml H,0. Cell lysate was loaded onto the column (800-900 mbar
vacuum, 5 min), washed with 1 ml ammonium acetate (25 mM, pH 7.2) and 1 ml methanol,
followed by short drying. CoA esters were eluted in 1000 pl methanol, containing 5 % (v/v)

ammonia. The eluate was dried in a vacuum concentrator with rotation (15 °C, overnight).

Buffers, eluents, column and flow rates for HPLC-MS analysis of CoA derivatives were used
as described by [6]. Dried extracts were resolved in 200 ul sample buffer (25 mM ammonium
acetate pH 3.5, 2 % methanol) and 50 pl were injected on a Dionex ultimate 3000 system
(Thermo Scientific Inc., Germany) coupled to a Bruker MicroTOF Qll mass spectrometer
(Bruker Daltonik GmbH, Germany) equipped with an electrospray ionisation interface.
Separation of CoA-intermediates was carried out on a C;g analytical column (Gemini 150 - 2.0
mm, particle size 3 um; Phenomenex, Germany) at a constant temperature of 35 °C using
the following gradient: 1 min 5 % B (methanol): 95 % A (50 mM formic acid: ammonia pH

8.1), 18 min gradient to 30 % B: 70 % A, 7 min gradient to 95 % B: 5 % A and a final step at 95
6
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% B: 5% A for 4 min. MS analysis was done using positive ESI mode with 3 Hz data

acquisition and automated MS? acquisition with full scan mass spectra from 90 to 1178 m/z.

Data export to mzXML format and internal mass calibration using sodium formiate cluster
was carried out with DataAnalysis software (version 4.0 SP 5 (Build 283)). Raw data were
processed using the XCMS package [7-9] for R (version 3.0.3). After peak detection The XCMS
methods 'group' and 'rector' in two iterations were used for peak alignment and retention
time correction and missing values were estimated using the 'fill peaks' method. Retention
times of available CoA standards and the accurate masses of M + 2H ions were used for peak
identification. If no synthetic standard was available for a certain compound, calculation of
molecular mass from M + 2H and M + H ions, sum formula prediction from the accurate
mass and isotopic pattern were combined for identification, using the DataAnalysis software.
Whenever possible, MS? fragmentation was used to confirm the presence of the CoA moiety.
Data were normalised to the median relative peak area of all metabolites detected in at least

36 of the 45 samples, including the internal standard biochanin A.
Statistics and data integration

Plasma and tissue concentrations in streptozotocin-treated mice were compared to healthy
control mice and significantly-changed metabolites were calculated using unpaired two-
sided Student’s t-tests, assuming unequal variance. A significance threshold of alpha < 0.05
was applied. Pairwise Pearson correlations were determined for metabolite concentrations
within tissues and between plasma and tissues. These were visualized using correlation
matrices and correlation networks. The statistical software environment R was used for

calculations and visualizations using the packages ‘corrplot’, ‘gplots’ and ‘qgraph’.
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Figure 1. Phenotypic parameters of the different mouse models used in the study. A) Body weight. B) Blood
glucose concentrations. C) Plasma insulin concentrations. D) Quadriceps muscle weight. E) Liver weight. F)

Epididymal adipose tissue weight.

Figure 1 shows the phenotypic parameters of the studied mice. For the ob/ob and db/db
mice, animals were analyzed at an age of 20 weeks. For the streptozotocin-treated mice,
measurements were obtained five days after streptozotocin injection. Leptin signaling-
deficient ob/ob and db/db mice showed a dramatic increase in body weight associated with
increased liver and adipose tissue weights, while their muscle mass decreased. In contrast,
STZ-mice displayed a dramatic reduction in body weight of around 20% five days after
injection and this was reflected by a complete depletion of white adipose tissue and a
reduction in liver mass while muscle mass was only slightly reduced. Kidney weight did not
change between mouse groups. While ob/ob mice displayed dramatically increased plasma
insulin levels and a normoglycemia, the hyperinsulinemia in db/db mice was much less

pronounced and was accompanied by increased blood glucose levels. For streptozotocin-
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treated mice, blood glucose levels followed the well-described three-phasic response,
consisting of an initial short hyperglycemic phase, followed by a rapid decrease into
hypoglycemia and finally a permanent severe hyperglycemic phase. Plasma insulin in

streptozotocin-diabetic mice was reduced to levels below detection.

Changes in acylcarnitine profiles in plasma and tissues

Acylcarnitine concentrations were quantified in plasma and different tissues. The
concentration ranges of individual acylcarnitine species in plasma and tissues are shown in
Figure 2. Generally, liver and kidney displayed the highest concentrations of acylcarnitines,
while concentrations in plasma were lowest. Short-chain saturated acylcarnitine species
were at highest concentrations whereas odd-numbered species had lowest levels.
Dicarboxylic acylcarnitine species were generally highest in liver and were very low in

muscle.

Plasma
Liver
Muscle
Kidney

‘ ‘ . I Adipose
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Figure 2. Level plot showing the concentration range of individual acylcarnitine species in plasma and

different tissues.

Tables 1 to 4 display changes in acylcarnitine concentrations relative to the levels in
corresponding control mice for amino acid-derived, fatty acid-derived, dicarboxylic, and odd-
numbered acylcarnitines, respectively. All models displayed increases in BCAA-derived
acylcarnitine species with most prominent increases for propionyl-, methylmalonyl-,
succinyl-, isovaleryl-, and 2-methylbutyrylcarnitine. In ob/ob mice, these increases were
found in liver and kidney, while decreased levels were found in adipose tissue. A similar
trend for liver and kidney was observed in db/db mice, although less pronounced. STZ-mice
additionally showed increases of BCAA-derived species in muscle. Glutarylcarnitine, an
intermediate in lysine and tryptophan breakdown, showed a strong reduction in ob/ob and

db/db mice in all tissues and in plasma.

Table 1. Amino acid-derived acylcarnitines in plasma and tissues

(expressed as ratios relative to control mice)



Ratio OB/WT [ Ratio DB/WT [ Ratio STZ/CTRL
short name full name Plasma ILiver IMuscle IKidney Adipose | |Plasma [Liver [Kidney | [Plasma ILiver Muscle |Kidney
C2:0 acetylcarnitine 0.51 0.99] 0.96 0.96 1.14{<LOQ
C4:.0 butyrylcarnitine . . 0.41 1.43] 1.53 1.14] 1.03| 2.08 1.20) 6
2-M-C4:.0 2-methylbutyrylcarnitine k . 0.97 0.66 1.02]  2.60] 1.30 1.36 418 1.61
2-M-C4:1 tiglylcarnitine . X 1.05 1.23 146 0.62 2.41 1.89] 2.42| 3.98 46
2-M-C4-OH 2-methyl-3-hydroxybutyrylcarnitine . . 1.01] 0.92 0.51 0.97| 1.04] 128 0.76| 1.41] 2.02 1.02.
C3:0 propionylcarnitine 1.33 90 114 1.23 0.32 0.84| 108/ 1.08 1.52|<LOQ
C4-DC succinylcarnitine 1.70 0 1.07 1.63 0.48 1.13] 1.37] 156 2.07] 1.53 148 122
C3-DC-M methylmalonylcarnitine 1.55 0 1.06) 1.56 0.29 1.46) 4 1.53 1.39( 1.88 1.35. 0.6
C5-M-DC methylglutarylcarnitine 0.89] 0.52|<LOQ | 1.11|<LOQ 1.06) 0.85| 0.73 0.44 j<LoQ 0.87]
3-M-C4:0 isovalerylcarnitine 2.88| 1.53 1.32 1.69 0.44 145 1.91 1.62 ] 4.15 6.59] 6
3-M-C4:1 3-methylbutyrylcarnitine <L0Q |<LOQ |<LoQ |<LOoQ [<LoQ <L0Q |<LOQ |<LOQ [|<LOQ :7l<LoQ [<LoQ
3-OH-3-M-C4:0 | 3-hydroxyisovalerylcarnitine <L0Q |<LOQ |<LOoQ |<LoQ [<LOQ <L0Q |<LOQ |<LoQ |[<LOoQ 1.45[<L0Q |<LOQ
C5-DC glutarylcarnitine [X34 0:20 0.56( 0.43 0.11 0 0.24) 0.19 121 144 Rl 0.48
C5:1-DC glutaconylcarnitine <L0Q |<LloQ |<LoQ |<LoQ |<LoQ 0.78|<L0Q |<LOQ 1.82[<L0Q |<LOQ |<LoQ
C4:1 crotonylcarnitine <L0Q 1.19 2.84 1.40] 0.63] 0.72 0 1.96| |<LOQ 1.21] 2.16 1.31
C4-OHa 3-hydroxybutyrylcarnitine 0.65| 1.32 1.22] 1.45] 0.48| 0.83 1.23] 1.42[ 0.96 1.31 4
2-M-C3:0 isobutyrylcarnitine 2.10] 1.02 0.92 111 0.43 0.75| 112 0.8 1.01) 1.79] 489 118
2-M-C3:1 methacrylylcarnitine <L0Q 1.06) 0.84 1.41] 1.04] 0.84| 2.37] 2.46|[<LOQ 1.16 4 8
248 2.M-C3-0H__|3-hydroxyisovalerylcarnitine 067 oso<toa | o062 053 0.55] _o.44] [ICIIEA <Loa [k

249 Increased, p <0.01 Increased, 0.01<p<0.05 | Decreased, 0.01<p <0.05 [I0 Tt AL

250 Table 2 displays the changes observed in fatty acid-derived acylcarnitine species. Most
251  pronounced in ob/ob mice were the elevated levels of short- and medium-chain
252  acylcarnitines, as well as of hexadecanoyl- and octadecanoylcarnitine in liver, which were
253  partially observed as well in plasma. The increase in short- and medium-chain acylcarnitines
254  was much less pronounced in livers of db/db mice and significant changes were only found
255  for octanoylcarnitine. In addition, db/db mice displayed elevated hepatic concentrations of
256  3-hydroxybutyrylcarnitine, a metabolite derived from the ketone body D-3-hydroxybutyrate.
257  Most prominent in STZ-mice were the decreases of medium- and long-chain acylcarnitine

258  species in muscle, which were partially also found in kidney.

259 Table 2. Fatty acid-derived acylcarnitines in plasma and tissues
260 (expressed as ratios relative to control mice)
Ratio OB/WT [ Ratio DB/WT [ Ratio STZ/CTRL

short name full name Plasma |Liver |Muscle |Kidney |Adipose | |Plasma |Liver lKidney Plasma [Liver [Muscle |Kidney
C2:0 acetylcarnitine 1.36) 1.28| 1.07. 1.16| 0.51 0.96/ 0.96/ 1.14[<LOQ
C4:1 crotonylcarnitine <LoQ 1.19 2.84 1.40| 0.63! 1.96| |<LOQ 1.21 2.16 1.31]
C4:0 butyrylcarnitine X 08 1.33 0.41 1.14] 1.03| 2.08 1.20 6
C4-OHa 3-hydroxybutyrylcarnitine 0.65| 1.32| 1.22! 1.45. 0.48| 0.83| 1.23] 1.42| 0.96 1.31] 4
C4-OHb 3-hydroxybutyrylcarnitine 1.23] 6 1.43 1.12, 1.30) 0.55] 0.77 0.83] 0.94 1.39 1.78
C6:0 hexanoylcarnitine 66 9 0.92| 0.87 0.71 0.57| 3.13] 1.07| 0.48| 2.22] 0.61] 1.12
C6-OH a hydroxyhexanoylcarnitine 0.30] 4 0.92| 0.80] 3.55 0.50| 1.75] 1.43] 1.38] 6 0.73 1.01
C6-OH b hydroxyhexanoylcarnitine 0.50] 64 0.65| 0.76 1.92 0.51| 1.41] 1.24] 0.52] 0 0.73] 0.59
C8:0 octanoylcarnitine 1.78| 88 0.62 0.65 0.84] 0.47) 2.84 084 0.67) 1.52] 0.48 0.76]
C10:0 decanoylcarnitine 1.22] 0.58 0.69 0.73 0.53] 1.40, 0.82 0.53| 1.01] 0.34 0.58|
c10:2 decadienoylcarnitine <toq | 137[<toa | 176<i0q 093] va1[JE¥H |<toa |<toa [0 1.10)
C12:0 dodecanoylcarnitine 134 1.61 0.62 0.92 1.06) 0.51] 0.53| 0.91 0.65| 0.67| 0 0.50
C12:1 dodecenoylcarnitine 0.84{<LOQ 0.58[<LOQ |<LOQ <L0Q [<LOQ |<LOQ ||<LOQ 0.92 0.40 0.77,
C14:0 tetradecanoylcarnitine 1.05| 1.38] 0.60 0.97' 1.10] 0.54| 0.56| 0.96/ 0.73|88 0 0
C14:1 tetradecenoylcarnitine <L0Q |<LlOQ |<LOQ [<LOQ |<LOQ <L0Q |<LOQ |<LOoQ |[<LOQ 0.63] 0.37 (3e]e}
C16:0 hexadecanoylcarnitine 0.85 44 1.01f 0.99 1.49 0.58| 0.75] 1.04] 0.83| 0.86] 0 0.6
C16:1 hexadecenoylcarnitine 9 2.34] 1.00[ 1.14] 1.35! 0.68| 1.57| 1.32] 0.37| 0.37| 0 0.64]
C16:2 hexadecadienoylcarnitine <L0Q |<LOQ 0.58|  0.90) 0.73| [<LOQ [<lOQ 1.12] 0.97| 1.08| 0.52| 1.15
C16-OH hydroxyhexadecanoylcarnitine o83 oo |<toa | os54] o7s]| 186] osafIEA o068
C18:0 octadecanoylcarnitine 0.80[ 0.94 0.64| 0.68] 1.39] 1.13] 1.15| 1.43 0.35) 0.69
C18:1 octadecenoylcarnitine 1.83 1.29 2.02 0.85| 2.88| 1.47 0.72| 0.85] 0.44 0.89
C18:2 octadecadienoylcarnitine 0.76! 0.81] 1.01 0.76| 0.77| 1.04] 1.06| 1.59 0.59 1.21]

261 C18:1-0H hydroxyoctadecenoylcarnitine 138] _ 1u7jER <o | 211 123[| o7e] o8] o036 114

262 Increased, p <0.01 Increased, 0.01< p <0.05 I Decreased, 0.01< p <0.05 [SEETEEL RN

263 A number of dicarboxylylcarnitine species were measured which originate partially from
264  amino acid degradation and from microsomal omega oxidation (Table 3). The ob/ob and

265 db/db mice display elevated hepatic and renal concentrations of amino acid-derived
10
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methylmalonyl- and succinylcarnitine, while longer chain dicarboxylylcarnitine species were
all reduced. This is in contrast to STZ-mice which displayed the strongest elevation of

methylmalonyl- and succinylcarnitine in muscle and plasma, while liver is characterized by

elevations of methylglutaryl- and pimeloylcarnitine.

Table 3. Dicarboxylic acylcarnitines in plasma and tissues

(expressed as ratios relative to control mice)

Ratio OB/WT Ratio DB/WT Ratio STZ/CTRL ]
short name full name Plasma |Liver |Muscle Kidney |Adipose | |Plasma [Liver [Kidney | |Plasma |Liver [Muscle [Kidney
C3-DC malonylcarnitine 0.84 0.40| |<LOQ. 1.40[ 0.75]

C4-DC succinylcarnitine 1.07 0.48 1.13| 1.37| 1.56
C3-DC-M methylmalonylcarnitine 1.06] 0.29

C4:1-DC fumarylcarnitine 1.00 0.30 (3 ¥eJe}

C5-DC glutarylcarnitine 0.56| 0.43 0.11

C5:1-DC Elutaconylcarnitine <L0Q |<LOQ |<LOQ |<LoQ [<LoQ

C6-DC adipoylcarnitine 0.87| 0.22 0.56|  0.70) 0.05

c7-DC pimeloylcarnitine 0.49 0.67ﬁ< L0Q

C5-M-DC methylglutarylcarnitine 0.89] 0.52|<LOQ 1.11|<LOQ . . .
c12-DC dodecanedioylcamnitine 0.84]133.46] 079 095 o071]] o8] 151 1.3

Increased, p <0.01 Increased, 0.01< p <0.05 I Decreased, 0.01< p <0.05 Decreased, p <0.01

Next to propionyl-, 2-methylbutyryl-, and isovalerylcarnitine, derived from BCAA
metabolism, all models display increased hepatic concentrations of longer-chain odd-
numbered acylcarnitine species of up to 13 carbons (see Table 4). Similar changes were also
found in kidney, while muscle tissue of ob/ob and STZ-mice displayed decreased levels of
odd-numbered acylcarnitine species of carbon chain length between C9 and C17.
Table 4. Odd-numbered acylcarnitines in plasma and tissues
(expressed as ratios relative to control mice)

Ratio OB/WT Ratio DB/WT Ratio STZ/CTRL

short name full name Plasma |Liver |Muscle |Kidney [Adipose | [Plasma [Liver [Kidney | [Plasma [Liver [Muscle |Kidney
C3:0 propionylcarnitine 1.33 90 1.14] 1.23 0.32/ 0.84| 1.08| 1.08 1.52|<LOQ

C5:0 valerylcarnitine 2.42 1.36] 1.76 0.30] 1.02) 1.80 1.29] 1.94| 2.57 2.44] 8

2-M-C4:.0 2-methylbutyrylcarnitine 2.46 04 0.97 1.52 0.66 1.02) 2.60 1.30] 1.36 S 4.18] 1.61
3-M-C4:0 isovalerylcarnitine 2.88] 1.53 1.32] 1.69 0.44 1.45| 1.91 1.62] “y 4.15 6.59] 6
C7:0 heptanoylcarnitine <LoQ 6 1.01] 1.57, 0.64| 0.78] 2.54] 1.29 1.88] 1.93 0.83 1.81)
iso-C7:0 isoheptanoylcarnitine <LoQ 48 1.07! 1.20 0.70[ |<LOQ. 4 0.94] |<LOQ 1.37,
C9:0 nonanoylcarnitine <LoQ 1.74] 1.32 0.87' 0.52| 2.94] 1.20| |<LOQ 1.17]
C11:0 undecanoylcarnitine <LoQ 89 0.59] 1.11] 0.76] |<LOQ. 2.28 1.06| |<LOQ 0.93
iso-C11:0 isoundecanoylcarnitine <LoQ <L0Q 0.94|<LOQ <LoQ 6.58 1.14| |<LOQ 0.82
C13:0 tridecanoylcarnitine <LoQ 0.53| 0.97 0.83 0.78| 0.84] 1.11] 1.21] 0.91
iso-C13:0 isotridecanoylcarnitine <L0Q |[<LOQ 0.4 0.72! 1.16 0.83( 2.76 1.12 1.15 0.86
C15:0 pentadecanoylcarnitine 0.69] 1.39 0.48 1.06 0.93] 0.69| 0.58| 1.10 1.25 1.00]
iso-C15:0 isopentadecanoylcarnitine <L0Q |<LoQ 0.4 0.83 0.87 0.70| 1.30] 1.04] 1.64] 1.01
C17:0 heptadecanoylcarnitine 0.71] 1.40| 0.65|  0.86! 0.85 0.72| 0.76] 1.20| 1.25] 1.03
is0-C17:0 isoheptadecanoylcarnitine <toa | 172] o051 o076] o075[| o074 140] 120[ 142 148] o047 107

Increased, p <0.01 Increased, 0.01< p <0.05 I Decreased, 0.01< p <0.05 Decreased, p <0.01

Correlations between concentrations of acylcarnitines and amino acids within tissues

We previously reported changes in amino acid concentrations from the mice in this study
[10, 11]. Individual concentrations of acylcarnitines and amino acids within tissues were
cross-correlated. Correlation matrices for ob/ob mice for a very early stage and STZ-mice for

a final stage of diabetes development are shown in Figure 3 for muscle and in Figure 4 for
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liver. In both models BCAA concentrations and levels of BCAA-derived acylcarnitines
correlate in muscle, albeit much stronger in streptozotocin-treated than in ob/ob mice.
Medium- and long-chain acylcarnitine species correlate as well and form a large cluster in
both models, while amino acids other than BCAA display poor correlations amongst each
other and with acylcarnitines. A different clustering of butyryl- (C4) and
hydroxybutyrylcarnitine (C4-OH) is observed between both models. In ob/ob mice, these
metabolites correlate positively with other short-chain acylcarnitines and negatively with
medium- and long-chain acylcarnitines. In contrast, C4 and C4-OH species correlate

positively with longer-chain acylcarnitines in STZ-mice.

Compared to muscle, both models displayed less obvious correlations between BCAAs and
BCAA-derived acylcarnitines in liver. However, a clustering of medium- and long-chain
acylcarnitines is observed. Whereas in STZ-mice, odd- and even-numbered species form a
single large cluster, a specific clustering of odd- and even-numbered species in individual
clusters is seen in ob/ob mice. The cluster of odd-numbered species includes succinyl- (C4-
DC), propionyl- (C3), valeryl- (C5), heptanoyl- (C7), nonanoyl- (C9), and tridecanoylcarnitine
(C13), as well as branched odd-numbered species like a methyl-branched

undecanoylcarnitine (C11).
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Figure 3. Correlation matrices for metabolite concentrations in muscle of

STZ-mice (lower triangle) and ob/ob mice (upper triangle).
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Figure 4. Correlation matrices for metabolite concentrations in liver of

STZ-mice (lower triangle) and ob/ob mice (upper triangle).

Correlations of acylcarnitine concentrations between plasma and tissues

0.8

0.6

0.4

0.2

-0.2

-0.4

-06

-0.8

Correlation network analysis was used to explore the correlations between plasma and

tissues. Correlation networks are shown in Figure 5 for STZ-mice and in Figure 6 for ob/ob

mice. In STZ animals, three main clusters were identified. Plasma levels of amino-acid

derived acylcarnitines clustered with those in muscle, kidney, and liver as one group. Fatty

acid-derived acylcarnitine levels correlated with those in liver and kidney, but not with those

in muscle. Concentrations of fatty acid-derived acylcarnitines in muscle correlated amongst

each other, forming a separate third group.
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Figure 5. Correlation network of acylcarnitine levels in plasma and individual tissue compartments in

streptozotocin-treated mice.

The correlation network obtained for samples of ob/ob mice showed weaker correlations
between plasma and tissue compartments. Here, BCAA-derived acylcarnitines in plasma
correlate with each other but not with those in tissues. Most obvious were the correlations

between fatty acid-derived acylcarnitine species in kidney and adipose tissue.
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changes in hepatic acyl-CoA levels relative to corresponding control mice.

Table 5. Ratios of hepatic acyl-CoA levels in studied diabetes models

(expressed relative to those in control animals)
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Figure 6. Correlation network of acylcarnitine levels in plasma and individual tissue compartments in ob/ob

Hepatic concentrations of Acyl-CoA species and correlations with acylcarnitine levels

For all three models in this study, hepatic concentrations of acyl-CoA species were

determined from the identical samples as used for acylcarnitine profiling. Table 5 displays
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350

351

352

353

354

355

356

357

358

359

full name short name 0B/WT] [oB/WT] [sTZ/CTRL |
free CoA Free CoA 101 1.32]
acetyl-CoA C2-CoA 0.87 0.88

propionyl-CoA C3:0-CoA 1.26 0.83| 1.37|
butyryl-CoA C4:0-CoA 0.99
isobutyryl-CoA 2-M-C3:0-CoA 0.90 1.05) 1.54
2-methylbutyryl-CoA 2-M-C4:0-CoA 1.39) 1.43

isovaleryl-CoA 3-M-C4:0-CoA 1.33 2.73
hydroxybutyryl-CoA C4-OH-CoA 0.84 1.15| 0.77
2-methyl-hydroxybutyryl-CoA |2-M-C4-OH-CoA 0.87 0.94 1.35
crotonyl-CoA C4:1-CoA 1.19) 1.21) 1.51
3-methylcrotonyl-CoA 3-M-C4:1-CoA 1.11 0.89

succinyl-CoA C4-DC-CoA 0.76| 0.82
methylmalonyl-CoA C3-DC-M-CoA 1.25 1.18| 5.75
|glutaryl-CoA C5-DC-CoA 0.39] 0.37| 3.25
methylglutaconyl-CoA C5:1-M-DC-CoA 1.06 0.39] 1.53
hydroxymethylglutaryl-CoA  |C5-M-DC-OH-CoA 0.93] 1.21] 0.87
glutaconyl-CoA C5:1-DC-CoA 1.10] 0.56 0.56
Elutaconyl—CoA C5:1-DC-CoA 1.08 0.77|

methylsuccinyl-CoA C4-DC-M-CoA 1.30) 1.87| 1.42]
acetoacetyl-CoA 3-0-C4-CoA 0.86 1.03| 0.88
hydroxypropionyl-CoA C3-OH-CoA 0.88 1.06) 0.84]
pentanoyl-CoA C5:0-CoA 1.40) 1.32] 1.38]
hexanoyl-CoA C6:0-CoA 8 1.22]
heptanoyl-CoA C7:0-CoA 1.21 0 1.25]
octanoyl-CoA C8:0-CoA 9 1.53]
hydroxyhexanoyl-CoA C6-OH-CoA 1.30) 9 0.90
hexenoyl-CoA C6:1-CoA 6 06 1.28]
hydroxyoctanoyl-CoA C8-OH-CoA 1.12 1.35) 0.80
octenoyl-CoA C8:1-CoA 1.27] 1.17] 1.23
malonyl-CoA C3-DC-CoA 0.92 0.67 0.82
adipoyl-CoA C6-DC-CoA 0.25 0.24 0.53
pimeloyl-CoA C7-DC-CoA 0.34 0.09 0.71

Increased, p <0.01 Increased, 0.01 <p <0.05 I Decreased, 0.01< p <0.05 Decreased, p <0.01

All models displayed increased hepatic concentrations of BCAA intermediates (propionyl-
CoA, isobutyryl-CoA, 2-methylbutyryl-CoA and isovaleryl-CoA). In addition, ob/ob and db/db
mice displayed increases in medium-chain acyl-CoA species, including pentanoyl- and
heptanoyl-CoA whereas reduced levels of dicarboxylic acyl-CoA species were observed in all

three models but most pronounced in db/db mice.

A total of 23 acyl chains were both quantified as acyl-CoA and acylcarnitine. Figure 7 displays
the correlations between hepatic acyl-CoA and corresponding acylcarnitine species.
Concentrations of most acyl-CoA and acylcarnitine species correlated positively. Strongest
correlations were found for species with saturated acyl-chains, such as 2-methylbutyryl- and
pentanoyl-CoA/carnitine. Differences for some metabolite pairs, including acetyl-
CoA/carnitine, adipoyl-CoA/carnitine, and hydroxyhexanoyl-CoA/carnitine were found
between the non-diabetic ob/ob mice and the diabetic models. Lowest correlations were
found for concentrations of dicarboxylic fatty acid species. Concentrations of succinyl-
CoA/carnitine even showed negative correlations in the diabetic mice. In Figure 8,
correlations in diabetes models are plotted against correlations in corresponding control
groups. It becomes clear that more acyl-CoA/carnitine show stronger correlations in
diabetes models as compared to control groups (metabolites located below diagonal). In
particular metabolites marked with the blue circle display correlations above 0.8 in diabetes

models, while a correlation in control lines is lacking.
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Figure 7. Correlations between hepatic acylcarnitine and acyl-CoA species in the three mouse models with

coefficient of correlation plotted against acyl-CoA/carnitine pairs
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indicates metabolite pairs with higher correlations in controls why every point below it represents stronger
correlations in diabetes models.
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Discussion

Elevated levels of BCAA-derived acylcarnitines are apparent in different stages of diabetes

development but might have different origins

Changes in levels of acylcarnitines derived from branched-chain amino acids have been
repeatedly reported as early markers of insulin resistance and diabetes with disease-
predictive quality [1, 2, 12]. We here describe that non-diabetic ob/ob mice already show
such increases in BCAA-derived acylcarnitines in plasma, liver and kidney, while such
changes were also observed in severely diabetic STZ-mice in plasma and all tissues analyzed
here. We recently speculated that the origin of these increases might differ in early and late
stages of diabetes development [13]. In animal models and human subjects with an early
state of obesity-induced insulin resistance, increases in BCAA and BCAA-derived compounds
are thought to originate from adipose tissue dysfunction, accompanied by a decreased
activity of BCKDH, the rate limiting enzyme in BCAA breakdown [14]. In support of this, we
previously reported decreased gene expression of BCKDH in ob/ob mice [11]. We observed
here that only the adipose tissue of ob/ob mice contained decreased levels of BCAA-derived
acylcarnitines, including isovaleryl-, propionyl-, methylmalonyl-, and succinylcarnitine. It is
thus very likely that a decreased BCAA breakdown in adipose tissue causes the increased
plasma BCAA levels observed in obesity and diabetes. In contrast to adipose tissue, the
increased levels of BCAA-derived acylcarnitines in liver suggest an increased breakdown of
BCAAs in this tissue. An increased BCKDH activity in liver to compensate for the decreased
activity in adipose tissue was previously discussed for obese mice fed a high fat diet [15].
Furthermore, elevated levels of BCAA-derived acylcarnitines in kidney could relate to an
increased excretion of these metabolites, which was previously described in obese Zucker

rats [16].

In contrast to the ob/ob mice, STZ-mice show a loss of adipose tissue mass which can be
explained by increased lipolysis [17]. As increased proteolysis was reported as well, these
animals will eventually loose skeletal muscle mass [18]. The elevated levels of BCAA
intermediates in STZ-mice could result from an increased proteolysis and increased amino
acid oxidation rates, as caused by the lack of insulin, which strongly inhibits proteolysis in a

healthy condition. The increased levels of BCAA-derived acylcarnitine in muscle and the close
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proximity of the muscle for these metabolites in the correlation network, suggests a more
dominant role of muscle in determining plasma levels of BCAA-derived acylcarnitines in the
STZ model. A further indication of elevated amino acid breakdown in muscle tissue of STZ-
mice is the correlation of acylcarnitine concentrations that could be grouped according to

their degradation pathway and the corresponding amino acid precursor.
Fatty acid-derived acylcarnitine concentrations differ between obese and non-obese mice

Strongest differences in levels of fatty acid-derived acylcarnitines were found between the
obese mice and the non-obese STZ-mice and may relate to an effect of the hyperinsulinemia
observed in ob/ob and db/db mice. It is described that these mice display a partial
impairment of hepatic insulin signaling pathways. While insulin’s inhibitory action on
gluconeogenesis is impaired, stimulation of de novo lipogenesis via SREBP-1c remains intact
and is amplified in hyperinsulinemic conditions [19]. The observed increases of hexadecenoyl
(C16:1)- and oleoyl (C18:1)-carnitines match with the reported increases of free C16:1 and
C18 fatty acids in plasma and liver and are in line with an increased activity of stearoyl-CoA
desaturase [11]. In accordance with this, the hypoinsulinemic STZ-mice display decreased
levels of C16:1 and C18-carnitines as well as most other fatty acid-derived acylcarnitine

species.

Changes in medium-chain dicarboxylic acylcarnitine concentrations indicate differences in

hepatic omega oxidation

The difference of anabolic and catabolic signaling between the obese animals and the lean
and diabetic STZ mice might as well be the cause of the changes observed in dicarboxylic
acylcarnitines. Except for methylmalonyl-, and succinylcarnitine, derived from amino acids,
the ob/ob and db/db mice showed dramatic decreases in hepatic concentrations of medium-
chain dicarboxylic acylcarnitines. Recently, these medium-chain dicarboxylic acylcarnitines
were described as markers of peroxisomal omega oxidation in liver [20]. A decreased omega
oxidation was previously proposed in ob/ob mice based on the finding of decreased urinary
adipic acid secretion compared to lean mice [21]. Reduced fatty acid oxidation might be
expected since ob/ob and db/db mice are hyperinsulinemic and lack leptin signaling, thus

favouring the conservation of fatty acids.
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In contrast, STZ-mice displayed increased levels of glutaryl (C5-DC)- and pimeloyl (C7-DC)-

carnitine.

Odd-numbered acylcarnitines as products from the elongation of BCAA-derived

intermediates

Odd-numbered acylcarnitine species with more carbon units than the amino acid-derived C3
and C5 species were found at increased concentrations most strongly in livers of ob/ob mice
(up to chain length C13) but also in livers of db/db and STZ-mice (up to C7). Changes in
concentrations of odd-numbered fatty acids have been described in conditions of impaired
insulin signaling and diabetes but they might have different origins. Only very recently, the
synthesis of odd-numbered fatty acids from BCAAs and BCAA-derived methylmalonyl-CoA
shown in adipocytes [22]. This dates back to the 1960s were the synthesis of odd-numbered
fatty acids from propionyl-CoA was shown in mammalian adipocytes [23]. A similar
mechanism of fatty acid synthesis from propionyl- or methylmalonyl-CoA may be speculated
in liver in obese and hyperinsulinemic conditions as in ob/ob mice and may even be
enhanced as the precursor levels are also elevated. In support of this is the clustering of odd-
numbered acylcarnitine species that separate from even-numbered species in livers of ob/ob
animals. This is in contrast to the other tissues and animal models in which even- and odd-
numbered acylcarnitines form a mixed cluster with metabolites clustering according to chain
length (i.e. C18 correlates best with C17, etc.) Furthermore, the finding of increased levels of
methyl-branched  longer chain  acylcarnitines such as  isoheptanoyl- and
isotridecanoylcarnitine suggests that also branched fatty acyl-CoAs such as isovaleryl-CoA or
isobutyryl-CoA might be used in fatty acid de novo synthesis and elongation. This is in
support of our previous findings showing increases of monomethyl branched fatty acids in
db/db mice [11]. Alternatively, it may well be that peroxisomal alpha oxidation — shown to
be increased in a STZ rat model [24] - causes the generation of the odd-numbered
acylcarnitines. Alpha oxidation, however, cannot be responsible for the increase in the levels

of branched acylcarnitine forms.

Hepatic acyl-CoA and acylcarnitines correlate best for BCAA-derived and worst for

dicarboxylic compounds

21



457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

Hepatic levels of acylcarnitine and acyl-CoA correlated well for most saturated short-chain
species. Best correlations were observed for BCAA-derived species. This is in support of
previous findings comparing acylcarnitine and acyl-CoA species in mice fed a high-fat diet
[25]. Specifically in the STZ-mice, a strong positive correlation was observed for the ketone-
derived hydroxybutyryl-CoA/carnitine pair. BCAA-derived acyl chains as well as the ketone-
derived hydroxybutyrylcarnitine in STZ-mice are all compounds that accumulate in these
animals. This is in line with the concept that the formation of acylcarnitines from acyl-CoA
species is important in conditions of accumulating CoA species which might become toxic at
high levels. Since it is the spill-over that leads to an increased formation of acylcarnitines,
particularly accumulating species display ‘sharp’ correlations. The conversion of non-

accumulating CoA species and their carnitine conjugates are less synchronized.

In contrast, only weak correlations were found for several dicarboxylic acylcarnitine species.
Succinyl-CoA and succinylcarnitine even displayed negative correlations in the diabetic mice.
Whereas hepatic succinylcarnitine levels were increased in all three models, succinyl-CoA
levels were reduced. The reason for this poor correlation between CoA and carnitine species
is not known. It is intriguing that the enzyme responsible for the conversion of dicarboxylic
acyl-CoA to acylcarnitines has not been identified yet [26] and only a low conversion rate of
long-chain CoA species (C14 and C16-CoA) to carnitine species was reported in liver
homogenates [27]. In contrast, a microsomal dicarboxylyl-CoA synthethase was previously
described [28]. Nevertheless, considerable concentrations of succinylcarnitine can be found
in plasma and tissues. In this respect, it is important to consider the different cellular
compartments and locations of carnitine acyltransferases. Whereas carnitine
acetyltransferase and palmitoyltransferase 2 are located at the matrix side of the
mitochondrium, carnitine palmitoyltransferase 1 is located at the cytosolic side and carnitine
octanoyltransferase is located in peroxisomes. Succinyl-CoA is generated as the end-product
of amino acid breakdown (BCAAs, threonine and methionine) and is as well an intermediate
in the peroxisomal breakdown of dicarboxylic fatty acids such as suberic and sebacic acid,
which are generated by microsomal omega oxidation. Characterization of the different
cellular compartments in view of dicarboxylic acid metabolism is an interesting subject for

future studies to understand the lack of correlation for dicarboxylic species.
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Taken together, we studied mouse models resembling different stages of human type 2
diabetes development - from obesity to insulin resistance and insulin deficiency - and
showed marked alterations in acylcarnitine profiles in plasma and selected organs. Overall,
the changes observed in plasma match with those reported from human studies along the
disease trajectory. We extended the set of marker compounds by using a targeted and highly
sensitive LC-MS/MS method. We also obtained tissue profiles of acylcarnitines and used
correlation network analysis to obtain indications on the origin of the plasma changes. Via
the parallel assessment of corresponding CoA and carnitine derivatives in liver tissue, we
demonstrate that the majority of acyl-CoA/acylcarnitine pairs, especially accumulating
species, display positive correlations, defining carnitine derivatives as good reporters of
changes in CoA pools. However, for dicarboxylic species, in particular succinyl-CoA/carnitine

even an inverse hepatic relationship was observed.
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