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Introduction

Over the past century, traditionally medical care has
centered on standards of care based on epidemiological
studies of large cohorts. However, large cohort studies do not
take into account the genetic variability of individuals within a
population. E.g. at the level of genomics, according the
national human genome research (NHGRI) about 99.9% of the
DNA sequence is identical in all people, but the 0.1%
difference is critical because it represents the genetic
variations in the susceptibility of a person for getting a disease,
the severity of the disease, and what is the impact of the
medical/therapeutic treatment [1]. In “traditional” medicine a
“Personalized Medical Approach” has been limited to the
consideration of a patient’'s family history, social
circumstances, environment and behaviors in tailoring
individual care [2]. The traditional reductionistic approach has
led using animal rodent-models which have uncovered many
potential candidate for diabetes susceptibility genes [3,4]. In
general it as assumed type 2 diabetes T2DM is a polygenic
disorder and is the result of interaction between
environmental factors and a strong hereditary component [5].

However, an “one single gene” approach might only in a few
percentages of the T2DM be the cause. Therefore, a systems-
biology approach is clearly warranted. At the cellular/organ/
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tissue level of the organism one of the challenges of measuring
metabolite levels within the research area metabolomics
approach in human metabolism is determining the significance
of metabolomic changes. Metabolomics is a discipline
dedicated to the systematic study of small molecules (i.e.
metabolites) in cells, tissues, and different bio-fluids.
Metabolite levels can be regarded as amplified responses of
biological systems to genetic or environmental changes [6].

The challenge of a metabolomics approach is not only the
discovery of changes in metabolite profile but it is figuring out
what these changes mean which ultimately can lead to a
biomarker for a pathogenesis. By a systems-biology approach
[7] and the search for new biomarkers applicable for insulin
resistance (IR) and type 2 diabetes (T2DM) in a “Personalized
Medical Approach”, this would provide a scientific baseline for
clinical trials and new medicines to treat IR and T2DM.

A particular area of interest of metabolomics based systems-
biology, will be identification of novel safety lipidomics
biomarkers (Figure 1), that can be used in the assessment of
new intensive treatments both during their discovery phase
and in clinical use to study e.g. metabolism-related diseases
like T2DM in combining the diagnostics with the patient
therapy [8]. A biomarker is defined as a substance used as an
indicator of a biological state. It is characteristic that it is
objectively measured and evaluated as an indicator of normal
biological processes, nutritional intervention, pathogenic
processes, or pharmacological responses to a therapeutic
intervention: exercise, nutritional and pharmacological
intervention [6]. Obesity, excessive caloric input of unhealthy
food, ageing and physical inactivity the disease prevention
therapies are generally well defined for the present T2DM
patients.

The search for reliable in clinical human studies applicable
biomarkers for obesity/T2DM would provide a scientific
baseline in personalized medicine for clinical patient directed
trials of anti-obesity/T2DM medicines and the effects of the
recently development of "functional foods" and give an
estimation of the effect of an exercise protocol exposure
during the treatment of these metabolic diseases [9,10]. A
demand for a biomarker of the lipid fraction is that
homeostatic conditions are needed for the biomarker to
reflect accurately long-term intake and not to be biased by
lipolysis [11]. Fatty acids can be measured as free fatty acids in
serum, components of circulating triacylglycerols, components
of erythrocyte membranes, phospholipids or cholesteryl
esters, or adipose tissue from various sites. In this respect,
molecular mediators in blood plasma are important to study
because they can serve as biomarkers to trace people
vulnerable and susceptible for metabolic diseases like Obesity
and/or IR/T2DM [12].

Recent technological advances in metabolomics [8,13,14]
and lipidomics [15] can potentially make a real contribution in
increasing efficacy of drug development pipelines[6]. In Figure
1 are some common lipid compounds given for non-adipose
tissue which are suitable as biomarker following a systems
biology lipidomics approach. Our initial hypothesis is that in
excessive white adipose tissue (WAT) hypoxia occurs due to a
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low vascularization as depicted in Figure 2 and described
by[16].
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Figure 1 Possible biomarkers from the lipid fraction
detected with LCMS-techniques.
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We hypothesize that in these non-adipose tissues due to the
accumulation of WAT hypoxic conditions will occur with all
kind of deleterious effects on the tissues related to hypoxia
[17]. In addition, in this manuscript we will give the final
results of a high-Fat diet induced obese mouse model in
relation to the found biomarkers in non-adipose tissue. We
hope this manuscript will contribute to elucidate the major
conversions of lipid compounds and will serve as a valuable
resource to a broad range of researchers and students involved
in various aspects of mammalian lipid science [18].

Material and Methods

Experimental animals

In order to find biomarkers in the lipid fraction based on a
lipidomics approach of different non-adipose tissues and
organs (liver, heart-, carcass-, hind limb-muscle, brain including
blood-plasma) we administered two different diets (one
regular and one high-fat [HF] diet) on a specific mouse model,
the mouse strain C57BL/6 and compared the lipid profiles
using LCMS techniques. Purebred male wild-type C57bl6 mice
(age 8-12 weeks), obtained from Charles river (Maastricht, The
Netherlands) were used. Animal experiments were approved
by the animal experimentation committee of the Leiden
University Medical Centre (The Netherlands). Two feeding
regimes were compared: 1. a regular diet (Control) and 2. a
high-dietary situation in which mice received a high-fat diet
during 40 days and then were sacrificed (Treatment). In total,
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13 rodents were used: 6 mice in the Control group and 7 in the
Treatment group. Mice were housed in a temperature-
controlled room (21°C) on a 10 hour dark/14 hour light cycle.
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Adipocytes
(white adipose cells)

Adipose Tissue

Figure 2 White Adipose tissue has a low vascularization so
that low oxygen conditions (hypoxia) can occur. Not solely
around the belly but also due to “the lipid overflow theory”
towards non-adipose tissue like hind limb-, heart-, carcass-
muscle, liver and brain.
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Diet

Mice in the Control group were fed a standard lab chow
(SDS.3, special diet services, Witham, UK) containing about 4.3
energy percent fat (Table 1). The fatty diet that was fed to
mice in the Treatment group contained 21.4% protein, 36%
carbohydrates, 24% fat, 6% fibers and 5.7% water (weight-
percentages). Before the experiment started animals of both
the control group and the treatment group received
unrestricted amounts of food and water. Mice in the Control
group fasted for 4 hours before the start of the experiment in
order to standardize their metabolic rate.

Tissues

A tissue- or feed- homogenate (~10% wet weight/vol) in
PBS (phosphate-buffered saline) was made by stirring the
tissue in a closed tube with small glass beads.

Mass spectrometry (LC-MS)

As described earlier [19-21] fifty pl of the well mixed tissue
homogenate was mixed with 1000 pl IPA containing 4 internal
standards. In addition, blood plasma samples of 10 pl plasma
were extracted with 300 pl of isopropanol (IPA) containing
several internal standards (IS: C17:0 lysophosphatidyl choline,
di-C12:0 phosphatidylcholine, tri-C17:0 glycerol ester, C17:0
cholesterol ester and heptadecanoic acid (C17:0)). Samples
were placed in an ultrasonic bath for 5 minutes.

After mixing and centrifugation (10000 rpm for 3 minutes)
the supernatant was transferred to an autosampler vial.
Thereafterel0 pl of the sample was injected on the LC-MS
Instrument (Thermo Electron, San Jose, USA). A Thermo LTQ is
a linear ion-trap LC-MS instrument (Thermo Electron, San Jose,
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USA). Lipids were separated on a 150 x 3.2 mm i.d. C4
Prosphere column (Alltech, USA) using a methanol gradient in
5 mM ammonium acetate and 0.1% formic acid (mobile phase
A: 5% methanol, mobile phase B: 90% methanol).

The flowrate was 0.4 ml/min and the gradient was as
follows: 0-2 min-20% B, 2-3 min-20% to 80% B, 3-15 min-80%
to 100% B, 15-25 min-hold 100% B, 25-32 min-condition at
20% B. The instrument used was a thermo LTQ equipped with
a thermo surveyor HPLC pump. Data were acquired by
scanning the instrument from m/z 300 to 1200 at a scan rate
of approximately 2 scans/s in positive ion ESI mode.
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Figure 3 Elongase- and desaturase- activity of enzymes
based on product-to-precursor ratios of individual LC-MS
measurements of fatty acids.
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Definition of a Biomarker for the
Several Compounds Measured by
LCMS Techniques from the Lipid
Fraction

Definition of a Biomarker from the 6 major
lipid compounds (Figure 1)

At experimental animal (mouse) level a prerequisite for a
biomarker is that it can be distinguished from the Control
group fed a control-chow e.g. in comparison to our, for 40 days
fed a High Fat diet for our C57BL/6 mouse model resulting in
obese IR/T2DM animals e.g. by an elevated concentration in
an organ or tissue:

A) So, in terms of product-precursor ratio the metabolic
route is obstructed, or the enzyme cannot convert in its
metabolic route the precursor to its end product resulting in
an accumulation of the precursor: the detected biomarker.
This means that the metabolic pathways or enzymes are
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blocked in this way resulting in an accumulation of the end
product=> the biomarker.

B) A second prerequisite is that it may not be diet induced
which means that it may not be found in the control-chow or
high-fat diet.

( N
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Figure 4: Depicted are the interconversions and formation
of sphingomyelin from phosphatidylcholine given and vice
versa as described by [18].
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C) A third requisite for a biomarker in the field is that organ/
tissue sampling by biopsy is very uncomfortable, not practical
and sometimes dangerous for e.g. a liver biopsy or impossible
in case of heart muscle. Therefore, the third precondition for a
suitable biomarker is that it not only accumulates in the
specific organ or tissue but also in the blood-plasma. So,
accumulation takes place because of a blockage in a specific
pathway or metabolic route [19].

Table 1 Food composition of the mice chow: “normal” for
Control group (Special Diet Services, SDS No.3, Witham, UK)
and the high-fat = “fatty diet” (Arie Blok, food code 4032.05,
Woerden, The Netherlands) based on bovine lard and 0.25%
cholesterol.

Proximate analysis Standa Proximate analysis Fatty
rd diet
(SDS.3) (4032.05
)
Moisture (%) 10.00 Moisture (%) 5.74
Crude oil (%) 4.25 Crude fat (Bovine Lard) 24.00
(%)
Crude protein (%) 22.39 Crude protein (%) 21.44
Crude fiber (%) 4.21 Crude fiber (%) 6.16
Ash 7.56 Minerals 2.25
Nitrogen free extract 51.20 Nitrogen free extract 36.19
e - Cholesterol 0.25
TOTAL 99.61 Total 96.03
Energy (measured 16.86 Energy 21.46
:)&r;;bé(;l;orlmetw) (measured bomb-
calorimetry) (kJ/g dm)

In case of Lipidomics these are the major metabolic
pathways of n-3 and n-6 PUFA (Figure 3). An approach to get

2016

ISSN 2573-5365 Vol.2 No.2:13

an impression of enzyme activities (endogenous conversion of
desaturases and elongases) in the liver (expressed in: change
in hepatic expression) can be estimated from product-to-
precursor ratios as given in below according to van (Figure 3)
[20-22]. Activity of desaturases and elongases of the
cholesteryl esthers (ChE) of the blood plasma fraction can be
performed using the product-to-precursor ratios of individual
LC-MS measured fatty acids as follows:

e (18:3n6/C18:2n6 ratio=A6-desaturase

e (20:3n6/C18:3n6 ratio=elongase

e (20:4n6/C20:3n6 ratio=A5-desaturase

¢ (16:1n7/C16:0 ratio=A9-desaturase

e D) Toxic lipid species: According to our definition for a
suitable biomarker toxic compounds are excluded from our
bio-medical definition [23-25]. Thus we exclude
sphingomyelin because it can be converted to the toxic
Ceramide which can cause cellular apoptosis [26].

e E) Sphingomyelin (SPM): is a sphingolipid, located mostly
in the outer layer of the plasma membrane. Ceramide is
the second messenger in the sphingomyelin signaling
pathway (Figure 4). Experimental studies revealed that
ceramide might impair insulin action via: 1). maintaining
protein kinase B in an inactive dephosphorylated state; 2).
a reduction of GLUT4 translocation to plasma membrane;
3). a decrease in insulin-stimulated glucose uptake; 4).
Tumor Necrosis Factor (TNF)-a, a well-known mediator of
insulin resistance, acts through activation of neutral
sphingomyelinase (enzyme which hydrolysis sphingomyelin
=> ceramide) and induction of ceramide formation
(reviewed: Straczkowski et al. 2004).

Calculations and statistics

For all parameter, the mean value of the control mice group
was compared to the mean value of the fatty-diet group.
Statistics were performed via SPSS using a two-tailed t-test for
differences between the control group and the treatment
(fatty-diet) group. P < 0.05 was considered as statistically
significant. Normality of the data and homogeneity of
variances were checked by Kolmogorov-Smirnov and Fax
tests, respectively.

Results

LC-MS-results

An example of a chromatogram of hind limb muscle is
displayed in Figure 5. Three groups of chemical compounds
can be clearly distinguished in these Figure: A): after 9-11
minutes retention time the lysophosphatidyl cholines (LPC)
become visible with at 12 minutes the Internal Standard di-
lauroyl-phoshatidyl choline (IS); B): after 13-16 minutes the
phosphatidylcholines (PC), Sphingomyelins (SPM) and
phosphatidylethanolamines (PE) become visible; and C): after
17-19 minutes the triacylglycerols (TG) and cholesterol-esters
(ChE).

4 This article is available from: http://cellular-molecular-medicine.imedpub.com/
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Figure 5 Lipid profiles determined by reversed phase liquid
chromatography coupled to mass spectrometry (LCMS) in
hind limb-muscle homogenate of a mice exposed for 40
days to a fat diet. Principle of the method is separation
based on mass and polarity.
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In this study, we observed clearly tissue specific differences
between several non-adipose tissues/organs: liver, heart-,
carcass-, hind limb-muscle, brain including blood-plasma in the
high fat (HF) diet group in comparison to the control group. As
described in the result section (Annex 1), these differences
consider mainly cholesteryl esters (ChE), lysophosphatidyl
cholines (LPC), phosphatidylcholines (PC) and sphingomyelin
(SPM) but due to interconversions and/or toxic compounds we
clearly restricted the definition of a bio-medical biomarker.
Comparisons of LPC, PC and SPM show no general pattern.
Sometimes these compounds were significantly higher or
lower in the several non-adipose tissues and organs. Related to
hepatic enzymatic activity as defined under M and M we will
concentrate on elongase activity because this will result in
increased fat =>white adipose tissue (WAT). From Tables 2 and
3 we see that under conditions of starvation elongase activity
is significantly not increased but non-significantly decreased
until =80% in comparison to the co-group but under high-fat
diet conditions significantly (P<0.0003***) increased with
304%. So, high-fat diet conditions lead to fat formation
according to elongase/desaturase enzymatic acitivity (Figure
3). Because of the interconversion of phosphatidylcholine (PC)
towards lysophosphatidyl choline (LPC) in the “Lands Cycle”
only the PC lipids are considered as interesting biomarkers.
Because sphingomyelin can be converted to the toxic
Ceramide (Figure 4) it is not suitable as a biological biomarker
[27,28].

Table 2 Enzyme activity of desaturases and elongases in blood
plasma. With LC-MS techniques the individual fatty acids of
the Cholesterol fraction in blood plasma were determined in a
Control (N=7) and a 24 hours-starvation (N=7) C57BIl/6 mouse
group. Endogenous conversions by desaturases and elongate
were estimated from product-to-precursor ratios as given in
Material and Methods.

© Copyright iMedPub
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Change in Control- 24-h P-value %
hepatic blood starvation change
expression
AB- 0.031 + 0.036 + 0.005 P <0.034 118.0%
desaturase 0.003 1
Elongase 1.142 + 0.914 £ 0.312 P <0.170 80.0% =

0.272
A5- 15.780 32.584 + P < 206.5%
desaturase 1.273 7.321 0.0008*** 1
A9- 2.366 + 1.388 £0.173 P < 58.7 % |
desaturase 0.342 0.0001™"

Table 3 Enzyme activity of desaturases and elongases in blood
plasma. With LC-MS techniques the individual fatty acids of
the Cholesterol fraction in blood plasma were determined in a
40 days Control-diet (N=5) and a 40 days high-fat diet (N=6),
C57BI/6 mouse group. Endogenous conversions by desaturases
and elongase were estimated from product-to-precursor ratios
as given in Material and Methods.

Change in 40-days 40-days P-value %
Z:p::scswn Control-diet high-fat change
p diet
A6- 0.031 +| 0.092 + P <| 296.3 %
desaturase 0.001 0.006 0.00000"" 1
Elongase 1.046 + 3.181 + P < 304.0 %
0.092 0.617 0.0003™" 1

A5- 12.751 +| 39N t| P <| 30.67 %
desaturase 0.629 0.768 0.00000"" !
A9- 2.661 +| 891 t| P <| 33452
desaturase 0.532 1.200 0.00000"" % 1
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Figure 6 Search for biomarkers in the phosphatidylcholine
fraction.
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A 36:1 Phosphatidylcholine (PC) 36:1 PC rose significantly in
this same mouse model in heart muscle with 403% (P < 0.002)
and in hind limb muscle with 196% (P < 0.025) and in blood
plasma significantly with +1493% (P < 0.00001). Both
components were not found in the food.

A number of cholesteryl esters increased significantly in the
heart of the animals on a high-fat diet (Figure 6). Most
important observations of this study was that in the high-fat
diet induced IR mouse model a 20:3 cholesteryl-ester (20:3-
ChE) rose significantly in heart muscle with +1317% (P< in the
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high-fat diet exposed group (in comparison with the Control
group) and in blood plasma with +1013% (P < 0.000001)
(Figure 7) [29,30].

TGs are not interesting biomarkers because they are
determined in great extent by the food.
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Figure 7 Search for biomarkers in the lysophosphatidyl
choline fraction.
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Figure 8 Search for biomarkers in the sphingomyelin
fraction.
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Discussion

Metabolomics provides a direct functional read-out of the
physiological status of an organism and is in principle ideally
suited to describe someone’s health status [31]. A demand for
a biomarker of the lipid fraction is that homeostatic conditions
are needed for the biomarker to reflect accurately long-term
intake and not to be biased by lipolysis [11]. Fatty acids can be
measured as free fatty acids in serum, components of
circulating triacylglycerols, components of erythrocyte
membranes, phospholipids or cholesterol esters, or adipose
tissue from various sites. In this respect molecular mediators in
blood plasma [12] are important to study because they can
serve as biomarkers to trace people vulnerable and susceptible
for metabolic diseases like Obesity and/or IR/T2DM. Recent
technological advances in Metabolomics [13,14,25] and
Lipidomics [15] can potentially make a real contribution in
increasing efficacy of drug development pipelines (Figure 8)

[6].
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Recently we succeeded to find in a C57bl6 mouse model-
using similar LCMS techniques using a lipidomics based
approach-in liver homogenates of the 24 h starvation group a
49:4-TG with an odd number of C atoms appeared which was
not present in the control group [19]. Odd triacylglycerols are
rare and can possibly be used as biomarkers in case of
starvation for “functional foods” [9] or in case of starvation
[19].

In contrast in this research manuscript with a C57BI6 high-
fat diet obese induced mouse model we found two potential
biomarkers of two different lipid fractions for type 2 diabetes
(T2DM): a 20:3 cholesteryl ester (ChE) and a 36:1
Phosphatidylcholine (PC) in hearth muscle [21]. Interestingly
the 20:3 ChE biomarker has also been found and classified as a
potential T2DM biomarker in a human cohort of the Uppsala
longitudinal study of adult men (ULSAM). This is a cohort
which includes 2,322 50-year old mean who have been
followed for 35 years with detailed measurements every 10
years and classified as dihomo-y-linolenic (20:3 n-6) [32]. With
respect to this 20:3 ChE one of the most interesting yet
controversial dietary approaches has been the possible
prophylactic role of dietary y-linolenic acid (GLA) in treating
various chronic disease states. This strategy is based on the
ability of diet to modify cellular lipid composition and
eicosanoid (cyclooxygenase and lipoxygenase) biosynthesis
(Figure 9). Recent studies demonstrate that dietary GLA
increases the content of its elongase product, dihomo-y-
linolenic acid (DGLA), within cell membranes without
concomitant changes in arachidonic acid (AA). Subsequently,
upon stimulation, DGLA can be converted by inflammatory
cells to 15-(S)-hydroxy-8,11,13-eicosatrienoic acid and
prostaglandin E1 (Figure 10).

This is noteworthy because these compounds possess both
anti-inflammatory and anti-proliferative properties [33]. Most
important EFA is gamma-linolenic acid (GLA)-18 carbons, one-
carboxylic, non-branched fatty acid with 3 double cis-bonds
(the last is situated by 6-th carbon from methylic end). Modern
research of GLA and others EFA's is concerned mainly on
therapeutic impact on the inflammatory process. The biogenic
amines, cytokines, prostaglandins, thromboxanes and
leukotrienes are the main inflammatory mediators. The last
three are described with the common name eicosanoids (eico-
twenty). Eicosanoids are synthesized from 20-carbon

6 This article is available from: http://cellular-molecular-medicine.imedpub.com/
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unsaturated fatty acids: dihomo-gamma-linoleic (DGLA) (20:3,
cis delta [8,11,14], omega6), arachidonic acid (AA-20:4, cis
delta (5,8,11,14), omega6), and eicosapentanoic acid
(EPA-20:5, cis delta (5,8,11,14,17, omega3). Derivatives of
gamma and gamma-linolenic acids regulate the inflammatory
process, through their opposed activity.
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Figure 10 Search for biomarkers in the triacylglycerol
fraction.
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PG2, leucotrien C4 and tromboxan A2 have the strongest
proinflammatory action. Derivatives of alpha-linolenic acid 15-
HETE and prostaglandin E1 (PGE1l) have weak pro-
inflammatory action, or even anti-inflammatory (PGE1), and
additionally, they inhibit the transformation of arachidonic
acid (AA) to leukotriens. deltab-desaturase (transforms
linolenic acid into gamma-linolenic acid by making additional
double bond) is the slowest step of the fatty acid metabolism.
It's activity is impaired by many physiological and pathologic
factors and leads to gamma-linolenic acid (GLA) deficiency
(Figure 3) [34].

In contrast, the 36:1 PC has until this moment not yet been
classified in a human cohort as biomarker for T2DM and/or
consequently cardiovascular diseases. Indeed the levels of
(poly-unsaturated) fatty acids and lyso-phospholipids may be
significantly increased during hypoxia or ischemia [35,36].
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Figure 11 Conversion of phosphatidylcholine towards
lysophosphatidyl choline in the “Lands Cycle” modified after
(Christie 2006).
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A relationship has been reported between the fatty acid
composition  of  phosphatidylcholine (PC) and or
Lysophosphatidyl choline (LPC) with PC as membrane
phospholipids, its membrane fluidity, and its sensitivity to
insulin. PC, (once given the trivial name ‘lecithin’) is usually the
most abundant phospholipid in animals and plants (up to 50%)
and is as such obviously the key building block of membrane
lipid bilayers [30]. Changes in the concentrations of PC may
affect the properties of the membrane lipid bilayer.
Phosphatidylcholine can be converted by enzymatic activity of
phospholipase Al towards lysophosphatidyl choline in the
“lands cycle” [30] (Figure 11).

Very important, in this context, is to remark that
cardiovascular disease are one of the major complication of
T2DM resulting in 17 million deaths a year [37]. For this 36:1
PC biomarker until presently no plausible mechanisms for its
formation are mentioned in the literature. We suggest the
following biochemical explanation.

In order to conserve the energy from glucose as ATP, three
major metabolic pathways are involved three metabolic
pathways are involved in the mitochondria (Figure 12), directly
linked to the oxidative phosphorylation outside in the cytosol.
The glycolysis, the Krebs-cycle (TAC) and the B-oxidation
[23,24]. So our perception is that in white adipose tissue (WAT)
low oxygen (hypoxia) are the case as outlined in the research
article of and the review of [38,39]. So as stated earlier and
depicted in Figure 1 of WAT ischemic and/or hypoxic
conditions may occur. Under these conditions, it can be
questioned how the TCA cycle persist in its activity and the
redox balance maintained. Since the early work at hypoxic
conditions at fish clearly reviewed and outlined by van Raaij in
his PhD-thesis [40] and recently in tumor research [41,42] two
hypothesis has been postulated related to these two research
topics: fatty chain elongation and anaerobic endogenous
reduction of unsaturated fatty acids [23,24]. We suggest in this
overall publication of an obese/type-2 diabetes C57bl6 mouse
model the following two mechanisms:

A): The concept of anaerobic fatty chain elongation involves
the coupling of acetyl-CoA units to fatty acids via a reversal of
the B-oxidation. The first three reactions are identical to the B-
oxidation. However, the last reaction is catalyzed by the NAD-
dependent enoyl-CoA reductase instead of the Co-Q
dependent acetyl-Co-A dehydrogenase. In this way, the
reaction is thermodynamically favored in the direction of chain
elongation -which corresponds to fat synthesis [43]. Since fatty
chain elongation consumes 2 moles of NADH in each cycle, this
pathway provides a suitable mechanism to maintain the
mitochondrial redox balance [23,24] (Figure 13).

Indeed, fatty acid chain elongation (i.e. lipid synthesis)
during anoxia could be stimulated in vitro by addition of TCA-
cycle intermediates such as glutamine [42] which is indicative
for the redox coupling between TCA-cycle activity and fatty
acid chain elongation.
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Figure 12 Biochemical overview of the three major
pathways in the mitochondria: the glycolysis, the Krebs
cycle (TCA) and the B-oxidation. Under hypoxic conditions-
which is the case in excessive WAT-tissue-both the TCA-
cycle and the B-oxidation needs to maintain their redox-
balance which is on one hand performed lipid synthesis and
by “reversed B oxidation” (fatty chain elongation) also
leading to fat synthesis => so a vicious circle is observed
during severe obesity; modified: [23,24].
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Fatty acid chain elongation (i.e. lipid synthesis) during
anoxia/ischemia has been demonstrated in various organisms
starting with invertebrate models and finding its way towards
biomedicine [43,44]. But most important for cardiovascular
diseases FA chain elongation has been observed in ischemic
arterial tissue [35] and ischemic mammalian heart [45]. In the
sections above, the lipid metabolism has been proposed as a
suitable mechanism to maintain redox balance in anoxic
tolerant invertebrates [44]. However, hypoxia may have also
adverse effects on lipid metabolism, resulting in a decreased
cellular functional integrity and eventually tissue damage.
Especially in mammalian tissues being essentially hypoxia
intolerant, these effects have received large attention [17].

When oxygen availability is decreased, the oxidative
phosphorylation is inhibited and as a result of the
accumulating reducing equivalents (NADH, FADH2), the fluxes
through the TCA-cycle and B-oxidation are impaired. Since the
flux through the B-oxidation is high during normoxic conditions
[23,24], fatty acids and their metabolites rapidly accumulate
during anaerobiosis [46]. In addition, during hypoxia or
ischemia, the cellular energy status may be affected. A number
of ionic rearrangements occur due to the inhibition of ATP-
dependent membrane associated ion pumps and intracellular
acidosis. This may activate phospholipases which results in a
marked hydrolysis of membrane lipids [23,24]. But when an
appropriate biomarker for a complex human disease like T2DM
is found it can lead to a “personalized medical treatment” [25]
were per individual the effects of nutritional intervention
exercise protocol or drug therapy should be considered part of
a lifestyle strategy to prevent or manage T2DM (Figure 14).

Figure 13 Schematic representation of the redox coupling
between the TCA-cycle and fatty acid chain elongation. (1):
Normal B-oxidation; (2): reversed B-oxidation (modified:
Marcel van Raaij, PhD-thesis 1994).
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Figure 14 Visualization of “personalized medical treatment”
and this approach seeks to provide an objective basis for
the consideration of individual differences between
patients. It is often defined as “the right treatment for the
right person at the right time”.
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